INVESTIGATING THE LOSS OF SODIUM/PROTON EXCHANGER

ISOFORM 6 (NHE6) FUNCTION IN CHRISTIANSON SYNDROME

By

Andy Yuan Lee Gao, B. Sc.

Integrated Program in Neuroscience

McGill University

Montréal, Québec, Canada

December 2020

A thesis submitted to McGill University in partial fulfillment of the requirements of the degree

of Doctor of Philosophy

© Andy Gao, 2020



TABLE OF CONTENTS

ABSTRACT
RESUME 6
ACKNOWLEDGEMENTS 10
ABBREVIATIONS 12
PREFACE 17
CONTRIBUTIONS TO ORIGINAL SCIENCE 19
CHAPTER 1. INTRODUCTION 22
1.1 OVERVIEW OF CHRISTIANSON SYNDROME 22
1.2 PHYSIOLOGY OF CENTRAL SYNAPSES 25
1.2.1 The DIPPOCAIMIPUS .....ceiiiiiiiiiiiiiiieieeete ettt st st saesae e s 25
1.2.2 Dendritic spines and synaptic PIASICILY ........ccceciiuiruiiriiiiniiiiiieeieeeere et 29
1.2.3 Dendritic spines in neurological diSOIAETS ............ccuciiiiiiiiiiiiiiieieieeee e 34
1.3 ENDOMEMBRANE TRAFFICKING 35
1.3.1 Overview of the endolySOSOmMAl SYSTEIM........ccciiuiiiiiiiiiiiiiiieicete et 35
1.3.2 Membrane trafficking in excitatory Synaptic PLAStICILY .........c.cceveeieiririeniiiiiiiinicie e 37
1.3.3 Membrane trafficking in inhibitory synaptic plastiCity..........ccccceeeeieirininiiiiniiiiciereceeee e 42
1.3.4 pH regulation in the endolySOSOmMAl SYSIEIM .........ccueiiiiiiiiiiiiiiieieieeee e 45
1.4 Na*/H* EXCHANGERS 47
141 OVErvIiew Of NHES .......cooiiiiiiiiiiiice et 47
1.4.2 NHESs in nervous System fUNCHOM . ........cccoiriiiiiiiiiiiiiice ettt 49
1.4.3 NHES6 function in cellular phySiolOZY .......ccccceoiiiiiiiiiiiiiiiiiiieieeeeeee e 53
1.4.4 Insights from N6 KO IMUCE .......ooueiiiiiiiriiiiiiiiicii ettt 55
1.4.5 Insights from patient-derived NHEO MULAtIONS .......c.ccovuiviiiiiiiiniiiiiiieieiereeeee et 59
1.4.6 Involvement of NHEG6 in other neurological diSOrders............ccceueviiiriniiniiiiniiinicieiiccese e 62
1.5 RATIONALE AND OBJECTIVES 64
CHAPTER 2. A CHRISTIANSON SYNDROME-LINKED DELETION MUTATION
(A(287)ES(288)) IN SLC9A6 IMPAIRS HIPPOCAMPAL NEURONAL PLASTICITY .......... 66
FOREWARD 66
2.1 ABSTRACT 68
2.2 INTRODUCTION 69
2.3 METHODS 71
24 RESULTS 78
2.4.1 NHEG6 AES reduces eXcitatory Synaptic denSity ........c.coeeeerueuirieueeirieuerinueriniereenreseseeresesseseseesesessesessesesessesesesens 78
2.4 .2 Differential intracellular localization of NHE6 WT and AES ...........ccccoiiiiiiiiiiiniinecnceeeeeceeeecenee 81
2.4.3 NHEG6 AES disrupts AMPA receptor traffiCking...........cccouveuiriruecinieicnineinieccniecneectnieceeeeseeveee e 84
2.4.4 NHE6 AES impairs the response to glycine-mediated chemical LTP..........cccccoeveviiiiniinninnieinccneiceee 86
2.4.5 Restoring spine density and remodeling in NHE6 AES-eXpressing NeUrons ..............coceeeeeeveereereneerecnnerenenene 91
2.5 DISCUSSION 96
2.6 REFERENCES 102
2.7 SUPPLEMENTAL DATA 107



CHAPTER 3. IMPAIRED HIPPOCAMPAL EXCITATORY NEUROTRANSMISSION AND
PLASTICITY ASSOCIATED WITH LOSS OF THE CHRISTIANSON SYNDROME

PROTEIN SLC9A6/NHE6 1S AMELIORATED BY 7,8-DIHYDROXYFLAVONE................ 109
FOREWARD 109
3.1 ABSTRACT 111
3.2 INTRODUCTION 112
3.3 METHODS 115
34 RESULTS 127

3.4.1 Assessing excitatory synaptic number and function in Nie6 KO.............coocceviininiiiininiiiiniceeee 127
3.4.2 Investigating potential changes in NMDAR-dependent LTP in Nhe6 KO.........ccccccveiiiniiiiiinininiciiiee 133
3.4.3 Evaluating Nhe6 KO animals in behavioural paradigms ............cccoceeueeiiiiiniiiiiininciiiienceeceeseeeeeeseeenes 139
3.4.4 Restoring losses in Nhe6 KO synaptic density and plasticity using a TrkB agonist ...........ccccceveveniiinininnne. 141
3.5 DISCUSSION 145
3.6 REFERENCES 155

CHAPTER 4. DYSREGULATION OF INHIBITORY NEUROTRANSMISSION PROMOTES
HYPEREXCITABILITY OF HIPPOCAMPAL CIRCUITRY IN THE SLC9A6/NHE6

KNOCK-OUT MODEL OF CHRISTIASON SYNDROME 164
FOREWARD 164
4.1 ABSTRACT 166
4.2 INTRODUCTION 167
4.3 METHODS 171
4.4 RESULTS 179

4.4.1 Verifying hippocampal circuitry hyperexcitability in Nie6 KO ..........ccocooioiiiiiniiiiiiniiiiincccceeees 179
4.4.2 Evaluating inhibitory synaptic regulation in Nhe6 KO area CAL ........ccoccooiviiiiniiiininiiiiccneeeeceeees 182
4.4.3 Examining GABAergic transmission on to Nhe6 KO CA1 principal cells ..........occcevininiiiiiniinincnnninene 186
4.4 4 Recapitulating inhibitory synaptic changes in a clinical NHE6 mutant in vitro.............ccccccecvveniniicninncnn. 192
4.5 DISCUSSION 196
4.6 REFERENCES 205

CHAPTER 5. DISCUSSION AND CONCLUSIONS 213
5.1 SUMMARY 213
5.2 DISCUSSION 214

5.2.1 Prospective concerns over comparing SLC9A6 KO and variants ..............ccceeevinenienininenienincnenenieeeeseens 214

5.2.2 Activity-dependent NHEG trafficking in structural LTP ..........cccccoocooiiiiiiiiiiiiiccccecceeens 218

5.2.3 Potential for epileptogenesis via enhancement of TrkB activation.............cccccvvivievieiiiininiciinineneeceenens 221

5.2.4 Additional considerations of cation-Cl cotransporter dysregulation in Nhe6 KO .........c.cccccceiviniiiinnninns 224

5.2.5 Possible crosstalk between cellular excitability and excitatory synaptic density ...........cocceeeveevenuesiecieenennns 228

5.2.6 Divergent and compensatory mechanisms from NHEO ... 230

5.3 FUTURE DIRECTIONS 234
5.4 CONCLUSIONS 238
REFERENCES 240
APPENDIX 274




ABSTRACT
The formation, maintenance, and plasticity of synaptic connections between neurons are critical
to allow for the processing and retention of new information in the brain. Perturbations in these
tightly regulated yet dynamic mechanisms can impair neural transmission and remodeling in
response to environmental stimuli, eventually resulting in neurological deficits. An example of
this occurs in Christianson syndrome (CS), a neurodevelopmental/neurodegenerative disorder that
commonly presents with moderate to severe intellectual disability, epileptic seizures, truncal
ataxia, and autistic traits. CS is an X-linked monogenic disorder resulting from deleterious
mutations in the SLC9A6 gene that encodes (Na* or K+)/H* exchanger isoform 6 (NHEO6), a
regulator of endosomal alkalinisation. Widely expressed throughout the body, NHE6 is enriched
in the brain and primarily localizes to early and recycling endosomes to regulate cargo transport
to and from the cell surface. In particular, NHE6 has recently been shown to be critical for the
trafficking of ionotropic glutamatergic AMPA receptors, which mediate the majority of fast
excitatory neurotransmission in the central nervous system, as well as tyrosine receptor kinase B
(TrkB), the high-affinity receptor for brain-derived neurotrophic factor (BDNF). Although these
data underscore the importance of NHEG in synaptic transmission and plasticity, its function within
the brain is only beginning to be elucidated. As such, the consequences of ablating NHE6 function
are also unclear, and clinical interventions for individuals suffering from CS are currently lacking.
In my thesis, I hypothesized that the lack of NHE6 function could (1) disrupt AMPA
receptor trafficking to and from synapses, (2) impair synaptic remodeling in response to cellular
learning paradigms, and (3) disrupt the balance of excitatory/inhibitory neurotransmission that
could favour the development of epileptiform activity. In order to evaluate my hypotheses, I used

a wide variety of techniques, including molecular biology, immunofluorescence, confocal



microscopy, electrophysiology, and behavioural paradigms, upon in vivo, ex vivo, and in vitro
murine models incorporating either a whole gene Slc9a6/Nhe6 knock-out (KO) or a patient-
derived loss-of-function variant of SLC9A6 (p.Glu287_Ser288del; AES). To address these
questions, I focused on the hippocampus given its well-defined trisynaptic circuitry and inherent
involvement in learning and memory in the brain.

A major aspect of my research focused upon excitatory synaptic function and plasticity.
Initially, I found that both Nhe6 KO and AES NHE6-transfected hippocampal neurons exhibited a
reduction in the number of mature dendritic spines, or excitatory postsynaptic sites. AMPA
receptor protein levels and localization in dendrites were also downregulated when compared to
wild-type (WT) neurons. In primary hippocampal neurons expressing AES NHE6, AMPA
receptors were mistargeted to late endosomes and lysosomes for presumptive degradation.
Consequently, AES-transfected neurons subjected to chemical long-term potentiation (LTP)
stimulation were unable to recruit AMPA receptors to postsynaptic sites and undergo both
functional and structural potentiation. However, I was able to rescue receptor trafficking and
synaptic remodeling by treating AES-positive cells with a lysosomal inhibitor.

In light of these results, I then investigated how LTP could be impacted at the level of the
whole hippocampal circuit in Nhe6 KO animals. Upon LTP induction, KO hippocampal slices
showed significantly less potentiation when compared to WT animals. Similar to my findings on
the AES mutant, primary KO neurons were unable to properly traffic AMPA receptors and
consequently showed impairments in spine motility and remodeling. Interestingly, application of
a TrkB agonist, 7,8-dihydroxyflavone (7.8-DHF), ameliorated synaptic density and plasticity.

Taken together, these data indicate that removing NHE6 function disrupts the trafficking of AMPA



receptors through the endosomal system, and excitatory synapses were thus unable to be properly
strengthen and mature in response to LTP induction.

Finally, I sought to uncover how hyperexcitability could develop within Nhe6 KO circuitry
by focusing on transmission through the inhibitory neurotransmitter y-aminobutyric acid (GABA).
I first found that Nhe6 KO hippocampi were prone to displaying hyperexcitable firing, even in
response to minor elevations in activity. Subpopulations of inhibitory interneurons and molecules
involved in GABAergic function, including ionotropic GABA , receptors and K*/Cl- cotransporter
2 (KCC2), were also decreased in KO tissue. As such, I then uncovered evidence from adult Nhe6
KO hippocampi suggesting that the polarity of GABAergic transmission itself may be
dysregulated, possibly attenuating the inhibitory function of GABA. Interestingly, these findings
in GABA, receptor trafficking could be recapitulated in primary hippocampal neurons transfected
with AES NHEG6 as well. These results suggest that the loss of NHE6 function disrupts the
trafficking of molecules involved in inhibitory GABAergic transmission, which could lead to the
development of hyperexcitability in Nhe6 KO.

In summary, my results comprise some of the first to investigate the role of NHE6 in
excitatory LTP mechanisms and GABAergic inhibition. Importantly, I also uncovered novel
therapeutic avenues that could be taken to potentially address cognitive deficits and epilepsy in
CS. With my thesis work, I hope to have furthered our understanding of NHE6 within the brain,
and how the consequences of removing NHE6 function could be targeted to improve patient

outcomes in CS and other neurological disorders involving endosomal dysfunction.



RESUME

La formation, le maintien et la plasticité des connexions synaptiques entre les neurones sont
essentiels pour permettre le traitement et la rétention de nouvelles informations dans le cerveau.
Dans ces mécanismes dynamiques mais étroitement régulés, les perturbations peuvent altérer la
transmission et le remodelage neuronaux en réponse a des stimulations environnementales, ce qui
peut entrainer a terme des déficits neurologiques. C'est le cas du syndrome de Christianson (SC),
une maladie neurodéveloppementale/neurodégénérative qui se présente généralement sous la
forme d'une déficience intellectuelle modérée a sévere, de crises d'épilepsie, d'ataxie troncale et de
traits autistiques. Le SC est un trouble monogénique li€ a 1'X résultant de mutations déléteres dans
le géne SLC9A6 qui code l'isoforme 6 de 1'échangeur (Na* ou K*)/H* (NHE6), un régulateur de
l'alcalinisation endosomale. Largement exprimé dans tout 1'organisme, NHE6 est enrichi dans le
cerveau et se localise principalement dans les endosomes précoces et de recyclage pour réguler le
transport protéique vers et depuis la surface cellulaire. En particulier, il a récemment été¢ démontré
que NHEG6 est essentiel pour le trafic des récepteurs au glutamate ionotropiques AMPA, qui
assurent la majorité de la neurotransmission excitatrice rapide dans le systéeme nerveux central,
ainsi que pour le récepteur a la tyrosine kinase B (TrkB), le récepteur a haute affinité pour le facteur
neurotrophique dérivé du cerveau (BDNF). Bien que ces données soulignent l'importance de
NHE6 dans la transmission synaptique et la plasticité, sa fonction dans le cerveau commence
seulement a €tre élucidée. Ainsi, les conséquences de la perte de NHE6 ne sont pas claires, et les
interventions cliniques pour les personnes souffrant de SC sont actuellement inexistantes. Dans le
cadre de ma these, j'ai émis I'hypotheése que 1'absence de fonction NHEG6 pourrait (1) perturber le
trafic des récepteurs AMPA vers et depuis les synapses, (2) entraver le remodelage synaptique en

réponse aux modeles d'apprentissage cellulaire, et (3) perturber 1'équilibre de la neurotransmission



excitatrice/inhibitrice au sein des circuits neuronaux, ce qui pourrait favoriser le développement
de l'activité épileptique convulsive ou épileptiforme. Afin d'évaluer mes hypotheses, j'ai utilisé une
grande variété de techniques, notamment la biologie moléculaire, 1'immunofluorescence, la
microscopie confocale, 1'électrophysiologie et les paradigmes comportementaux, sur des modeles
murins in vivo, ex vivo et in vitro incorporant soit un gene entier Slc9a6/Nhe6 knock-out (KO), soit
une variante de perte de fonction de SLC9A6 dérivée du patient (p.Glu287_Ser288del ; AES). Pour
répondre a ces questions, je me suis concentré sur l'hippocampe, étant donné son circuit tri-
synaptique bien défini et son implication fondamentale dans l'apprentissage et la mémoire dans le
cerveau.

Un aspect majeur de mes recherches a porté sur la fonction synaptique excitatrice et la
plasticité. Au départ, j'ai constaté que les neurones de 1'hippocampe Nhe6 KO et AES NHEG6-
transfectés présentaient une réduction du nombre d'épines dendritiques matures, ou sites
postsynaptiques excitateurs. Les niveaux de protéines des récepteurs AMPA et la localisation dans
les dendrites ont également été sous-régulés par rapport aux neurones de type sauvage (WT). Dans
les neurones primaires de 'hippocampe exprimant AES NHE6, les récepteurs AMPA ont été mal
ciblés vers les endosomes et lysosomes tardifs pour une dégradation supposée. Par conséquent, les
neurones transfectés AES soumis a une potentialisation a long terme (PLT) chimique n'ont pas pu
recruter de récepteurs AMPA sur les sites postsynaptiques et dont réaliser une potentialisation a la
fois fonctionnelle et structurelle. Cependant, j'ai pu rétablir le trafic de récepteurs et le remodelage
synaptique en traitant les cellules AES-positives avec un inhibiteur lysosomal. A la lumiére de ces
résultats, j'ai ensuite étudié comment la PLT pouvait étre affecté au niveau de I'ensemble du circuit
hippocampique chez les animaux Nhe6 KO. Lors de l'induction de la PLT, les tranches

d'hippocampe KO ont montré une potentialisation significativement moindre par rapport aux



animaux WT. Tout comme mes conclusions sur le mutant AES, les neurones KO primaires étaient
incapables de faire circuler correctement les récepteurs AMPA et ont donc montré des déficiences
dans la motilité et le remodelage des épines. Il est intéressant de noter que l'application d'un
agoniste TrkB, 1a 7,8-dihydroxyflavone (7,8-DHF), a amélioré la densité synaptique et la plasticité.
Ensemble, ces données indiquent que 1'élimination de la fonction NHEG6 perturbe le trafic des
récepteurs AMPA a travers le systéme endosomal, et que les synapses excitatrices n'ont donc pas
pu étre correctement renforcées et maturées en réponse a l'induction du PLT.

Enfin, j'ai cherché a découvrir comment 1'hyperexcitabilité pouvait se développer dans le
circuit Nhe6 KO en me concentrant sur la transmission par le neurotransmetteur inhibiteur GABA
ou acide y-aminobutyrique. J'ai d'abord découvert que les hippocampes NHE6-KO étaient enclins
a afficher une hyperexcitabilit¢, méme en réponse a une légere augmentation de l'activité. Des
sous-populations d'interneurones inhibiteurs et de molécules impliquées dans la fonction
GABAergique, y compris les récepteurs ionotropiques GABA, et le co-transporteur 2 de K*/CI-
(KCC2), ont également ét¢ diminuées dans le tissu KO. A ce titre, j'ai ensuite découvert des
preuves provenant d'hippocampes Nhe6 KO adultes suggérant que la polarité de la transmission
GABAergique elle-méme pourrait étre dérégulée, ce qui pourrait atténuer la fonction inhibitrice
du GABA. Il est intéressant de noter que ces découvertes sur le trafic des récepteurs GABA,
pourraient étre réitérées dans les neurones primaires des hippocampes transfectés avec AES NHE6
également. Ces résultats suggerent que la perte de la fonction NHE6 perturbe le trafic des
molécules impliquées dans la transmission inhibitrice du GABA,, ce qui pourrait conduire au
développement d'une hyperexcitabilité dans le modele animal Nhe6 KO.

En résumé, mes résultats sont parmi les premiers a étudier le role de NHE6 dans la LTP

des neurones excitations et dans l'inhibition GABAergique. Il est également important de noter



que j'ai découvert de nouvelles voies thérapeutiques qui pourraient €tre utilisées pour traiter les
déficits cognitifs et 1'épilepsie dans le SC. Avec mon travail de these, j'espere avoir fait progresser
notre compréhension de NHE6 dans le cerveau, ainsi ouvert de nouvelles pistes thérapeutiques
pour les patients atteints du SC et d'autres troubles neurologiques impliquant un

dysfonctionnement endosomal.
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WT: wild-type

XLID: X-linked intellectual disability

AES: in-frame deletion mutation of amino acid residues glutamic acid 277 and serine 278 in NHE6
AWST: in-frame deletion mutation of tryptophan 370, serine 371, and threonine 372 in NHE6
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PREFACE
This thesis is written in manuscript form in compliance with thesis preparation guidelines issued
by Graduate and Postdoctoral Studies of McGill University and contains three manuscripts.

Chapters 2, 3, and 4 of my dissertation are modified versions of the following manuscripts:

1. Gao AYL,Ilie A, Chang PKY, Orlowski J, McKinney RA (2019). A Christianson syndrome-
linked deletion mutation (A287ES288) in SLC9A6 impairs hippocampal neuronal

plasticity. Neurobiol Dis. 130:104490. DOI: 10.1016/j.nbd.2019.104490

e AYLG generated and analyzed all of the data in the present study and prepared the
figures in the manuscript. Al designed, generated, and helped to transfect DNA
constructs. PKYC helped to collect electrophysiological data. JO and RAM contributed
to study design, supervision, and coordination. AYLG and RAM wrote the manuscript

with contributions from all authors.

2. Gao AYL, Inglebert Y, Nagpal A, Wiebe S, Shi R, Popic J, Sonenberg N, Orlowski J,
McKinney RA (2020). Impaired hippocampal excitatory neurotransmission and plasticity
associated with loss of the Christianson syndrome protein Slc9a6/Nhe6 is ameliorated by 7,8-
dihydroxyflavone. In preparation.

e AYLG and RAM designed experiments. AYLG collected and analyzed all of the data
except for electrophysiological field recordings (performed by YI), mouse behaviour
experiments (performed by AN and SW), and synaptic density drug treatments
(performed by RS). JP also contributed to sample preparation. AYLG prepared all

figures and wrote the manuscript with RAM.
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. Gao AYL, Masson LC, James TF, Glasgow SD, Orlowski J, McKinney RA (2020).

Dysregulation of inhibitory neurotransmission promotes hyperexcitability of hippocampal
circuitry in the Slc9a6/Nhe6 knock-out model of Christianson syndrome. In preparation.

e AYLG and RAM designed experiments. AYLG collected and analyzed all of the data

except for electrophysiological action potential recordings (performed by TFJ and

SDG). LCM contributed to immunohistochemistry data collection and analysis. AYLG

prepared all figures and wrote the manuscript with RAM.

Over the course of my doctoral work, I have also co-authored other publications pertaining to

SLC9YA6 mutations using similar methods as those presented here. However, I have not included

them in the main body of my thesis because they do not directly relate to my research focusing on

synaptic function and plasticity. The following manuscripts appear in my Appendix:

1.

Ilie A, Gao AY, Reid J, Boucher A, McEwan C, Barriere H, Lukacs GL, McKinney RA,
Orlowski J (2016). A Christianson syndrome-linked deletion mutation (A(287)ES(288)) in

SLC9A6 disrupts recycling endosomal function and elicits neurodegeneration and cell

death. Mol Neurodegener. 11(1):63. DOI: 10.1186/513024-016-0129-9

Ilie A, Gao AYL, Boucher A, Park J, Berghuis AM, Hoffer MJV, Hilhorst-Hofstee Y,
McKinney RA, Orlowski J (2019). A potential gain-of-function variant of SLC9A6 leads to

endosomal alkalinization and neuronal atrophy associated with  Christianson

Syndrome. Neurobiol Dis. 121:187-204. DOI: 10.1016/j.nbd.2018.10.002
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CONTRIBUTIONS TO ORIGINAL SCIENCE

My findings reveal novel ways in which ablating or mutating NHE6 impairs synaptic function
within murine hippocampal circuitry, which may parallel molecular mechanisms in individuals
with Christianson syndrome.

Although not included in the main body of my thesis, I initially contributed to a manuscript
entitled “A Christianson syndrome-linked deletion mutation (A(287)ES(288)) in SLC9A6 disrupts
recycling endosomal function and elicits neurodegeneration and cell death” published in the
journal Molecular Neurodegeneration. For this manuscript, I prepared primary hippocampal
neuron cultures and transfected a patient-derived SLC9A6 variant (p.E287_S288del, or AES) to
demonstrate the ensuing neurodegeneration. This publication primarily focused on the effects of
this particular mutation upon its biochemical characteristics and impacts upon cellular physiology,
as elucidated by members of Dr. J. Orlowski’s laboratory. Using a plasmid constructed by Dr. A.
Ilie, I collected and analyzed data on changes in neuronal branching, endocytosis, and apoptosis
induced by the AES variant. I also prepared representative images and quantifications for Dr. J.
Orlowski for Figures 11, 12, and 13 of this paper. Readers seeking to gain a background
understanding of this mutation are first directed to this manuscript in my Appendix.

Extending this initial publication on AES NHE®6, I then studied the effects of the mutation
specifically upon neuronal function and plasticity. These data are presented in Chapter 2 of my
thesis and published in a manuscript entitled “A Christianson syndrome-linked deletion mutation
(A287ES288) in SLC9A6 impairs hippocampal neuronal plasticity” published in Neurobiology of
Disease. For this study, I found additional impairments in neuronal dendritic spine density, AMPA
receptor trafficking, and long-term potentiation (LTP) mechanisms upon transfection of the AES

variant. However, I was able to restore these deficits in synaptic number and plasticity by applying
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leupeptin, an inhibitor of lysosomal proteases. For this publication, Dr. P. K.-Y. Chang helped to
collect the electrophysiological data. I collected and analyzed all of the data and prepared all of
the figures and wrote the published manuscript with Dr. R. A. McKinney.

In a similar vein, I have also contributed to another manuscript entitled “A potential gain-
of-function variant of SLC9A6 leads to endosomal alkalinization and neuronal atrophy associated
with Christianson Syndrome,” which was also published in Neurobiology of Disease and can be
found in my Appendix. For this study, I assessed the impact of another patient-derived NHE6
mutation (p.Gly218Arg; G218R) upon neuronal function. I again prepared primary hippocampal
neurons and expressed G218R NHE6 into them. I then collected and analyzed data from
transfected cells to study dendritic branching, spine density, and vesicular pH measurements with
Dr. A. Ilie. I then provided representative images and data values for Dr. J. Orlowski for Figures
7 and 8 of the manuscript.

In Chapter 3, I subsequently investigated how the complete ablation of NHE6 impacts
excitatory synaptic function and plasticity in the murine hippocampus. For these experiments, I
purchased Slc9a6/Nhe6 knock-out (KO) mice from Jackson laboratories and crossbred them with
Thy1-mGFP (L15 mice) (generously provided by Dr. P. Caroni, FMI, Basel) to generate a line of
NHEG6 deficient mice expressing mGFP in a subset of hippocampal pyramidal neurons. I then
found that dendritic spine density, excitatory neurotransmission, AMPA receptor trafficking, and
functional and structural plasticity were disrupted in these KO animals. However, by applying a
tyrosine receptor kinase B (TrkB) agonist, 7,8-dihydroxyflavone (7,8-DHF), I was able to rescue
the deficits in spine density and remodeling. Surprisingly, A. Nagpal and S. Wiebe from Dr. N.
Sonenberg’s laboratory found that adult KO male mice did not show deficits in hippocampal-

dependent learning paradigms, although they showed strong locomotor impairments while
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performing in these tasks. For this manuscript, Dr. Y. Inglebert collected and analyzed the field
LTP data, Dr. J. Popic provided brain tissue and assistance with immunoblotting experiments, and
R. Shi helped with imaging and analyzing spine counts for the 7,8-DHF rescue experiments. I
generated and analyzed the remainder of data and prepared all of the figures for the manuscript.
In Chapter 4, I sought to elucidate mechanisms that could underlie seizure generation in
Nhe6 KO mice. Together with Drs. T. F. James and S. D. Glasgow, we found that acute
hippocampal slice preparations from KO animals were more susceptible to showing burst
discharges in response to subthreshold concentrations of the convulsant 4-aminopyridine,
confirming that the hippocampal circuitry of these mice was indeed hyperexcitable. With L. C.
Masson, we then uncovered reduced counts of parvalbumin-expressing interneurons across time
points in KO hippocampi. Accordingly, I then found that the trafficking of inhibitory synaptic
molecules, including GABA 4 receptors and gephyrin, were reduced, which also lead to alterations
in inhibitory neurotransmission in CA1 pyramidal neurons. Interestingly, I was able to recapitulate
similar findings from primary hippocampal neurons transfected with the AES NHE6 mutant.
Furthermore, I noted a significant increase in NKCC1 protein with a concomitant decrease in
KCC2 protein in adult KO hippocampi, which was suggestive of a dysregulation in Cl- homeostasis
and a possible change in the polarity of GABA. I collected and analyzed all of the data for these

experiments (except where noted) and prepared all of the figures for this chapter.
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CHAPTER 1. INTRODUCTION

1.1 OVERVIEW OF CHRISTIANSON SYNDROME

Neurodevelopmental disorders comprise a heterogeneous group of conditions that result from
disturbances in early brain development. One such condition is the recently characterized
Christianson syndrome (CS) (OMIM 300243). CS was first described in 1999 as a form of severe
X-linked intellectual disability (XLID) syndrome in a cohort of South African patients with non-
verbalism, truncal ataxia, musculoskeletal malformations, and cerebellar atrophy [1]. Initially
localized to a gene locus within chromosomal region Xq24-q27, mutations in the SLC9A6 gene
encoding (Na* or K*)/H* exchanger (NHE) isoform 6 (NHE6) were later identified as the
underlying cause of CS [2]. As I will elaborate upon later, NHEG6 is a mediator of endosomal pH
and cargo trafficking in various cell types, including brain cells. Over the past decade, additional
insights into a greater cohort of patients revealed numerous other clinical findings, including
developmental delay, hyperkinesis, epilepsy, and postnatal microcephaly. Some patients
additionally present with abnormal eye movements (such as strabismus), gastrointestinal issues,
and low height and/or weight gain (for further details on existing clinical findings, see [3.,4]).
Altered somatosensory processing, including reduced sensitivity to pain, has also been reported
recently [5]. In spite of the severity of CS, insights into the molecular mechanisms that lead to its
broad phenotypic spectrum are only beginning to be elucidated.

To date, over 80 mutations in the human SLC9A6 gene have been identified worldwide,
including in-frame deletions, missense mutations, splice variants, single nucleotide variations,
microduplications, and others [2,5-18] (see also ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)

and DECIPHER (https://decipher.sanger.ac.uk/) (Fig. 1). Although it is typically considered a

“rare” disease, CS may actually comprise 1-2% of all forms of XLID, with a frequency between
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10% to 50% that of Fragile X Syndrome (FXS), the most common form XLID. As such, it is
presently estimated to affect between 1 in 16,000 to 1 in 100,000 people worldwide [5,12]. In fact,
SLC9AG6 is one of the six most commonly mutated loci in patients with XLID, autistic traits, and
seizures [12]. While both inherited and de novo SLC9A6 mutations have been characterized in
hemizygous males with CS, females heterozygous for mutant SLC9A6 alleles show a more
intermediate phenotype ranging from being asymptomatic to having mild cognitive impairments
that may only be evident with standardized neuropsychological testing [1,5,9,14]. Consequently,
recent reports have suggested a diverse range of impairments in female carriers that are reminiscent
of male CS patients, including developmental delays, mood disorders, and deficits in attention,
visuospatial processing, and executive function [19,20]. These findings underscore the impact of

SLC9A6 mutations upon proper nervous system function, even in heterozygous carriers.
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Figure 1: Schematic of the predicted membrane topology of the longest mammalian splice variant
of NHE6 (NHE6v1) as extrapolated from the structure of NHEI, with predicted N-linked
glycosylation sites on extracellular loop 2 (EL2) shown. Locations of some Christianson syndrome
mutations, as identified by [2], are indicated by red points. The blue shading in EL2 indicates the
location of the 32 extra amino acids (residues 145-176) present in the NHE6v1 variant that are
absent in NHE6v0. This figure is a modified version from [83], published in Molecular
Neurodegeneration, © Springer Nature and distributed under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

23



Although life expectancy data is currently limited, CS patients have been reported to pass
away within the second to fifth decades of life [2]. Anecdotal evidence suggests that epileptic
seizures, including sudden unexplained death due to epilepsy (SUDEP), are often a root cause of
death [14]. Post-mortem data from adult CS patients have shown substantial neurodegeneration
and gliosis accompanied by tau depositions in the cerebellum, brain stem, and additional
subcortical brain areas [13]. Brain transcriptome analyses have additionally revealed a correlation
between decreased SLC9A6 expression and the density of tau tangles [20]. Furthermore, at least a
third of male CS patients also show regression in their symptoms between 15 months and 16 years
of age, including the loss of previously acquired skills such as motor abilities, use of basic words
or sounds, and facial recognition [5,13,14,16,17]. Interestingly, neuroimaging data from older
female carriers have likewise demonstrated signs of neurodegeneration, including atrophy of the
frontoparietal lobe and cerebellum [20]. Accordingly, heterozygous females have also shown signs
of atypical Parkinsonism and corticobasal degeneration [7,15,20]. These results indicate that
alterations in NHE6 function may also contribute to the pathogenesis of neurodegenerative
disorders, such as Alzheimer’s disease (AD) and Parkinson’s diseases (PD).

It should be noted that many patients with SLC9A6 mutations were initially misdiagnosed
as having Angelman syndrome (AS) or cerebral palsy. These conditions share several aspects in
their clinical presentation with CS, including intellectual disability, ataxia, epilepsy, and autistic
traits [14,21,22]. However, patients that initially presented with CS were not found to have
mutations in the UBE3A gene that give rise to AS [2,21], leading to the conclusion that CS was a
monogenic disorder specifically arising from mutations in the SLC9A6 gene. CS also presents with
some key differences from AS. For instance, although developmental regression and cerebellar

atrophy are common symptoms of CS patients after the first decade of life [5], these are not
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commonly seen in AS [23]. Obesity is also often observed in AS by young adulthood [23], while
CS patients remain lean [2,5]. Genetic screening to specifically identify SLC9A6 mutations is thus
required to confirm diagnosis of CS versus other similar disorders. To date, interventions
employed to improve the quality of life for CS patients have primarily focused on alleviating
gastrointestinal symptoms and seizures [3,4]. Indeed, CS patients have been reported to display a
wide range of seizure types, including tonic-clonic, tonic, myoclonic, atonic, and absence seizures,
with some patients experiencing up to 15 seizures each day (reviewed further in [24]). Electrical
status epilepticus during slow-wave sleep (ESES) has also been reported in many CS patient case
studies [7,25]. Currently, the precise cause of seizure generation in CS is virtually unknown, and
CS patients frequently become resistant to standard antiepileptic drug treatment and consequently
develop refractory seizures [24]. Therefore, there is a clear necessity to gain a greater
understanding of the role that NHEG6 plays at both excitatory and inhibitory synapses, and how the
absence of NHEG function may underlie the pathogenesis of CS as well as other neurodegenerative

disorders, including AD and PD.

1.2 PHYSIOLOGY OF CENTRAL SYNAPSES

1.2.1 The hippocampus

To gain insights into the function of NHEG6 in the central nervous system (CNS), I opted to study
its function within the hippocampus, a medial temporal lobe structure that has long been implicated
in learning and memory [26]. It has long been recognized that patients with lesions or damage to
the hippocampus display a profound anterograde amnesia, or an inability to form new memories
[27]. Evidence from freely moving animals has also implicated the hippocampus in navigation and

the formation of spatial memory [28,29]. Additionally, the hippocampus is particularly vulnerable
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to epileptic seizures [30], and the temporal lobe is often a focal point for epileptic seizures and
other psychiatric disorders [31]. The hippocampus is thus an ideal system in which to study
learning and memory deficits, as well as epileptogenesis, in CS.

Furthermore, the hippocampus offers numerous advantages as an experimental model. For
instance, its well-ordered morphology and layered anatomy remains relatively consistent between
animals of the same species and developmental stage. Moreover, the unidirectional trisynaptic
excitatory circuitry of the hippocampus has been well-characterized after decades of scientific
advancements. The perforant pathway from the entorhinal cortex sends projections to granule cells
in the dentate gyrus, which then send mossy fibres to pyramidal neurons in area cornu ammonis
(CA) 3. Next, these neurons project Schaffer collaterals (SCs) onto pyramidal neurons in area CA1
(Fig. 2) [32]. These synapses utilize the neurotransmitter glutamate to mediate fast excitatory
neurotransmission from one region to the next. Additional information between the hippocampus
and other cortical and subcortical brain areas flows reciprocally through the subiculum and
entorhinal cortex [33]. Area CA1 pyramidal cells thus serve as a key output from the hippocampus,
and the synapses between CA3 and CA1 pyramidal neurons are some of the most studied CNS
synapses [34-36]. Interestingly, a case study of two deceased CS patients reported that CA1
pyramidal neurons were preferentially lost over other cells in the hippocampus [13], giving me

further reason to focus on neurons and connections within this specific hippocampal area.
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Figure 2: Illustration of the hippocampal formation, highlighting some of the major pathways
within. Mossy fibres emanating from granule cells in the dentate gyrus (DG, orange) synapse upon
pyramidal neurons in area CA3 (blue), which then send Schaffer collateral (SC) axons to area CA1
(green) pyramidal neurons that then project (arrow) to the entorhinal cortex. Figure adapted from
[32] published in Nature Reviews Neuroscience © Springer Nature, license #4896610683445.

Area CAl pyramidal cells are orderly arranged in stratum pyramidale and can be
compartmentalized into a soma or cell body (~20 um in mice), dendritic branches, and a single
axon. The soma contains the nucleus and other organelles carrying out metabolic processes, such
as protein synthesis and degradation, that allow the neuron to maintain basic cellular homeostasis
and function. From the soma, one primary dendritic branch emanates apically into the stratum
radiatum, while two primary dendritic branches project basally into the stratum oriens; these
branches segregate into higher order secondary and tertiary dendrites as well [37,38]. SCs typically
target proximal dendritic segments, while distal sections of dendrite in the stratum lacunosum-
moleculare receive perforant path inputs from the entorhinal cortex and thalamus [39,40]. In
addition to excitatory connections, pyramidal cell activity is regulated by the action of inhibitory
interneurons, a heterogenous group of cells that synthesize and release the inhibitory
neurotransmitter y-amino-butyric acid (GABA). GABAergic interneurons differ from one another

in terms of their morphology, molecular expression, axonal projections, and firing patterns [41].
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In the hippocampus, interneurons expressing the Ca?* buffering protein parvalbumin (PV) usually
form axoaxonic and axosomatic connections, whereas those containing the neuropeptide
somatostatin (SOM) synapse upon the distal sections of dendrites [42—44]. The activity of these
cells is further gated by the action of additional upstream GABAergic interneurons that express
other markers, such as vasoactive intestinal peptide (VIP) or calretinin (CR) [45,46]. In spite of
their importance, GABAergic regulation is much less well understood, although they are believed
to play important roles in tampering the excitability of neuronal circuitry as a whole [29,47].
Inhibitory interneurons are also responsible for generating patterns of activity that allow
for proper circuit function and memory formation. Throughout the cortex and hippocampus,
extracellular field potential recordings typically show oscillations of neuronal activity at different
frequencies that allow for efficient information encoding and processing of spiking neurons [48—
50]. For instance, the coupling of theta (4-12 Hz) and gamma (35-85 Hz) oscillations are thought
to underlie cognition during memory tasks, spatial navigation, and paradoxical rapid eye
movement sleep [51-57]. Interestingly, the hippocampus can generate its own theta rhythms when
isolated in vitro. This occurs, in part, through the action of GABAergic interneurons, which
regulate the spiking activity of postsynaptic neurons to generate these synchronous activity
patterns [58,59]. Two major populations of interneurons are hypothesized to be key players in theta
wave generation. These include axodendritic SOM+ cells in the stratum oriens and stratum
lacunosum-moleculare, as well as axosomatic and axoaxonic PV+ basket cells in stratum
pyramidale [58,60-62]. Indeed, a recent study using optogenetic stimulation to activate PV+ cells
has definitively proven their role in synchronizing principal cell firing and theta rhythm generation
[63]. PV+ interneurons also reciprocally regulate each other and can be further gated by inhibitory

afferents from the medial septum as well as other interneuron populations (such as CR- and VIP-
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positive cells), lending further complexity to their function [64-66]. Thus, in addition to
modulating the activation of individual neurons, GABAergic interneurons are also critical for the
synchronization of circuit oscillations that can underlie cognitive processing and memory

formation through the hippocampus.

1.2.2 Dendritic spines and synaptic plasticity

Along the dendrites of area CA1 pyramidal neurons, the axon boutons of SCs impinge upon
dendritic spines, small (1 um) protrusions that emanate from the dendritic shaft [67,68]. First
observed in the avian cerebellar cortex by Santiago Ramén y Cajal during the 19% century, Cajal
hypothesized that these spines maximized the dendritic surface area to accommodate the number
and complexity of connections that could be made upon one neuron [69,70]. Indeed, the dendritic
arbor of a single neuron can be populated by more than 100,000 spines [71]. With the development
of high-resolution microscopy techniques, these microscopic structures have become a fascinating
field of research in the study of excitatory synaptic function in both health and disease.

In general, spines contain a “head” structure joined to the dendritic shaft by a thinner
“neck” apparatus [72]. Observations from electron micrographs have revealed that the heads of
dendritic spines contain an electron-dense region known as the postsynaptic density (PSD) in direct
apposition to the presynaptic active zone [73,74]. The PSD contains hundreds of proteins involved
in excitatory postsynaptic signaling, including ionotropic glutamatergic a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors. While
AMPA receptors (AMPARSs) are non-specific cation channels that propagate fast excitatory
neurotransmission, NMDA receptors (NMDARS) are also permeable to Ca**, and their activation

can go on to trigger downstream signaling cascades that alter synaptic strength [67]. Because
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bigger spines typically contain a larger PSD and presumably more AMPARSs, it is widely believed
that spine size correlates with the strength of the corresponding synapse [75]. PSDs additionally
contain metabotropic glutamate receptors, scaffolding proteins such as PSD-95, and downstream
effectors such as Ca?*/calmodulin kinase II (CaMKII). Functionally, spines serve as a means of
biochemical and electrical compartmentalization to concentrate ions, signaling molecules, and
gene expression within the spine head. This allows the cell to fine-tune the activity and efficacy of
specific synapses, thus lending greater computational capacity to the neuron [71,76].

During development, spines mostly appear as long (>2 um) filopodia-like structures that
lack a discernible head. As filopodia have limited synaptic functionality, they are generally
regarded as transient or immature. However, these structures are highly labile and can become
more stable dendritic spines in response to activity. In rodents, synaptogenesis begins during the
first postnatal week, with spines and synaptic specificities becoming apparent by the following
week [77,78]. Heterogeneous in shape, spines can be broadly sorted into stubby, thin, and
mushroom subtypes (Fig. 3) [72,79]. Short (<0.5 um) stubby spines lack a discernable separation
between their head and neck regions and, in conjunction with immature filopodia-like structures,
comprise ~10% of all spines [72,77,80]. Larger mushroom-type spines, which account for ~25%
of all spines in the adult hippocampus and neocortex, are believed to be “memory” spines that can
persist for months and even years in vivo [81]. Accordingly, they contain larger PSDs with more
AMPARSs that allow for stronger functional synapses. Mushroom spines are also more likely to
possess a spine apparatus, a modified section of smooth endoplasmic reticulum (ER) that can
regulate [Ca*] in the spine, as well as polyribosomes and monosomes for local protein synthesis
[68,82,83]. In contrast, long (>1 wm) thin spines, which make up ~65% of all spines, have a smaller

PSD and thus contain fewer AMPARs. Although these synapses are functionally weaker, they
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contain a greater proportion of NMDARs and are thus considered as “hot spots” for activity-

dependent synaptic plasticity [68,84,85].

Figure 3: Three-dimensional reconstruction of the tertiary dendrite of a CA1 pyramidal cell (i),
showing a diverse distribution of different spine subtypes. The three major subtypes of dendritic
spines include short, stubby spines (i7), mushroom-type spines with short necks and a large head
(iii), and long, thin spines, with long necks and a small head (iv). Scale bar: 1 um. Figure adapted
from [44] published in Journal of Physiology, © John Wiley & Sons, license #4896610479624.

Indeed, dendritic spines are not static structures but are highly dynamic and can rapidly
remodel in response to activity or experience. Unlike the dendritic shaft, which is primarily made
up of microtubules, spines possess a rich underlying actin cytoskeleton that lends itself well to
rapid structural modifications [86,87]. The actin cytoskeleton of naive spines is generally in an
equilibrium of filamentous (F)-actin polymerization and depolymerization from globular (G)-actin
(known as F-actin treadmilling). Changes in the rates of F-actin treadmilling thus allow for spine
head remodeling, as well as the delivery of polyribosomes and plasticity-related proteins into the
spine [82]. To study synaptic plasticity, long-term potentiation (LTP) and long-term depression
(LTD), or the strengthening and weakening of synaptic strength, respectively, have long been used
as cellular correlates of learning and memory in the hippocampus and other brain areas. In vitro

measurements of cultured hippocampal neurons initially revealed bidirectional changes in spine
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morphology, with spine growth in response to LTP and spine shrinkage following LTD [88-90].
Changes in spine volume and morphology are thus regarded as structural correlates of plasticity.

In response to the onset of LTP, F-actin treadmilling within the core of the spine is
stabilized while polymerization mostly occurs in peripheral regions, thus allowing spine head
enlargement [91,92]. To mediate these changes in actin dynamics, activated forms of numerous
molecules involved in actin depolymerization, branching, and stabilization, such as cofilin, actin-
related protein 2/3 (Arp2/3), and epidermal growth factor receptor kinase substrate 8 (Eps8),
respectively, undergo precise spatiotemporal trafficking into spines following LTP induction
[93,94]. The translocation and regulation of these actin-associated proteins into spines is thus
critical for their volumetric enhancements. Consistent LTP induction further leads to the formation
of new spines within close proximity with one another while enhancing the elimination of inactive
spines [95]. LTP induction of the CA3-CA1 synapse in the hippocampi of postnatal day (PD) 15
rats lead to a similar increase in spine number, suggesting that these patterns apply in vivo as well
[96]. In the opposite direction, LTD induction leads to spine shrinkage or retraction due to actin
depolymerization [82,90,97]. Given these lines of evidence, it is hypothesized that short-term
memory relies predominantly upon changes in spine size and synaptic strength [32,98], whereas
longer forms of memory may depend upon the formation of new spines or the loss of existing
synapses [81]. As I will discuss later, rapid spine remodeling is known to be highly dependent
upon the function of the endosomal system, of which NHEG6 is implicated.

While classical LTP and LTD paradigms employ exaggerated forms of neuronal activity,
more contemporary reports on in vivo imaging experiments of fluorescently-labeled cortical
neurons from awake, behaving mice has confirmed that spines consistently remodel in response to

physiological stimuli [99—-101]. For instance, spines in the motor and somatosensory barrel cortices
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can dynamically remodel in mice subjected to novel motor learning tasks or sensory experiences,
respectively. Specifically, spines were formed within hours of exposure, and a small fraction of
these de novo spines were found to persist for months thereafter [102,103]. Like in vitro
experiments performed on hippocampal slices, persistent training also lead to the elimination of
unutilized spines as well [102,103]. These studies suggest that changes in spine morphology reflect
the fine-tuning of synaptic connections during learning paradigms that allow for memory
formation. Interestingly, a recent study has shown that destabilizing the actin cytoskeleton within
newly formed motor cortical spines can eliminate learned motor behaviours [104], suggesting that
spine dynamics themselves may actually be important for learning. Taken together, it is evident
that changes in spine shape and number are not only an anatomical correlate for cognitive function
but are intrinsically involved in the acquisition and retention of new memories as well.

Due to the technical challenges of imaging the hippocampus in vivo, the majority of these
insights have come from studies of the neocortex. More recent advances in two-photon imaging
have allowed longitudinal in vivo imaging of hippocampal cells, which has revealed that spines
along the dendrites of CA1 hippocampal neurons also undergo a high degree of structural plasticity
[105]. Additional studies on freely moving mice have shown that spines along area CAl
hippocampal neurons turnover at a much faster rate than what has previously been reported for
cortical spines [106,107], with a recent report estimating that ~40% of CA1 spines may turnover
every 4 days [107]. Interestingly, thin and mushroom spines were found to be replaced at about
the same rate, in contrast to the idea that larger spines are “memory” spines [108]. As
methodologies for imaging subcortical structures continue to evolve, we will undoubtedly gain
further insights into how hippocampal spine dynamics can directly influence learning and

behaviour.
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1.2.3 Dendritic spines in neurological disorders

Notably, alterations in the density and relative proportion of spine subtypes are considered
to be hallmarks of neuropsychiatric conditions. It is typically assumed that the dysgenesis of spines
is indicative of the perturbances in excitatory neurotransmission and cellular learning, which may
underlie the cognitive deficits observed in such disorders. For instance, hippocampal dendritic
spines are both shorter and fewer in number in patients and mouse models of AS [109,110].
Similarly, post-mortem tissue from individuals with Rett’s syndrome (RS), another
neurodevelopmental disorder involving intellectual disability and epilepsy that primarily affects
females heterozygous for mutations in the MECP2 gene, show decreases in spine density with
notable reductions in the proportion of larger, mushroom-type spines [111-113]. Spine
morphology is also dysregulated in FXS: while younger FXS patients appear to exhibit an increase
in spine density, these spines have a “torturous” appearance that more greatly resemble filopodia
and are suggestive of an impairment in spine maturation [114-116]. However, these excess spines
may be properly pruned upon adulthood, although they still appear long and thin [86]. Moreover,
in neurodegenerative diseases such as AD, the loss of dendritic spines is believed to be one of first
morphological changes to occur in the neurons of AD patients [117,118].

Therefore, it is evident that quantifying changes in different dendritic spine subtypes, as
well as their overall density, can serve as a reliable measure of cognitive impairments in various
neurological disorders. While there are currently no reports of hippocampal spine density taken
from human CS patients, it is more than likely that such neuropathological findings will eventually
show similar changes in dendritic spine density and subtype distribution in the cortex and

hippocampus.
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1.3 ENDOMEMBRANE TRAFFICKING

1.3.1 Overview of the endolysosomal system

Although studies of spines dynamics often focus on actin remodeling, the endolysosomal system
is equally as important for the development, maturation, and remodeling of synapses [119,120].
Aside from basic mechanisms of protein turnover common to all cells, endocytic mechanisms are
important in regulating a number of neuron-specific functions, including neurotrophin signaling,
presynaptic vesicle recycling, axonal growth cone migration, and synaptic plasticity [121-123].
However, the distinctive morphology of neurons establishes a remarkable complexity in the
compartmentalization and regulation of protein transport and degradation [124]. As NHE®6 is a
regulator of endosomal pH and thus endosomal trafficking in neurons, I will briefly overview this
system and its strong involvement in synaptic plasticity.

Cells of all types internalize molecules from the extracellular space by endocytosis,
including ligand-bound membrane receptors localized at their surface. This can occur through
clathrin/adaptor protein 2 (AP2)-mediated endocytosis (CME). This process is usually initiated by
membrane receptor complexes that bind and recruit AP2 and clathrin to invaginate a portion of the
cell membrane to form a clathrin-coated pit, which is cleaved by the GTPase fission protein
dynamin to form an endocytic vesicle [125]. Following clathrin uncoating, these carrier vesicles
then transport cargos to early endosomes (EEs) for sorting. From the EE, the majority of
internalized cargos may undergo “fast” recycling back to the plasmalemma, shuttled into a “slow”
recycling cycle to recycling endosomes (REs), or sent for degradation through late endosomes
(LEs) and degradative lysosomes [119] (Fig. 4). In neurons and other cell types, resident proteins
specific to each endolysosomal structure are typically used to distinguish between them. These

include the small GTPase Rab5, as well as early endosomal antigen 1 (EEA1), for EEs; Rabs§,
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Rabl1, and syntaxin-13 (stx-13) for REs; Rab7 for LEs; and lysosomal-associated membrane

protein 1 (LAMPTI) for lysosomes [119,126,127].
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Figure 4: Schematic of endomembrane compartments of mammalian cells, with luminal pH values
given. Inset shows a schematic of early and recycling endosomes with directionality of ion flow
mediated by NHEG6, the vacuolar H*-ATPase pump (V-ATPase) and the 2CI/1H* exchanger
(CLC). Figure adapted from [241] published in Journal of Physiology © Springer Nature, license
#4896601351984.

The recycling of proteins back to the cell surface can be mediated by specific endosomal
proteins, such as Rabl1 and Eps15 homology domain-containing proteins (EHDs) in canonical
“slow” recycling [119] and sorting nexins and the retromer complex in “fast” recycling [128—
130]. Cargos targeted by degradation are instead ubiquitinated by E1-3 enzymes. These ubiquitin
tags are then recognized by endosomal sorting complexes required for transport (ESCRT), which
mediate the delivery of targeted substrates to LEs [131]. Finally, LEs either directly receive
hydrolase content from a lysosomal compartment via a transient “kiss-and-run” mechanism or
undergo complete fusion with lysosomes, thereby forming either endolysosomes or

autolysosomes, respectively [132]. Lysosomes are responsible for degrading a variety of
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macromolecules, including nucleic acids, proteins, lipids, and carbohydrates, as well as in the
clearance of protein aggregates and damaged organelles in a process known as macroautophagy
(or cellular “self-eating”) [133—136]. The products of these degradative processes can then be
recycled to form new biosynthetic reactions [124]. In neurons, autolysosomal degradation is
primarily responsible for the degradation of synaptic proteins and vesicles as well as pathogenic
protein aggregates [124,137—139]. It follows that disturbances in proteolysis are associated with
neurodevelopmental irregularities and neurodegeneration [140,141].

Being complex, polarized cells, the spatial organization of the endolysosomal system is
particularly noteworthy. For instance, while lysosomal membrane proteins may be detected in
more distal neurites using immunofluorescence, hydrolase-containing lysosomes with degradative
capacity are mostly found in perisomatic regions [133,142]. Conversely, REs are found throughout
the axon, soma, and dendrites of the neuron [143—145]. In hippocampal CA1 pyramidal neurons,
~70% of dendritic endosomes are found at the base of a spine, while approximately a third are
found within the spine itself [146]. Thus, cargos targeted for degradation must undergo retrograde
transport back to the cell soma with the use of molecular motor proteins [133,142]. However,
recent ultrastructural analyses have also suggested the presence of lysosomes and local degradation
directly at synapses [147]. While still understudied, local protein degradation may thus also be a

prominent mediator in the rapid regulation of synaptic function.

1.3.2 Membrane trafficking in excitatory synaptic plasticity

In neurons, endosomal trafficking is particularly important during synaptic plasticity, including
during excitatory LTP. At SC-CA1 synapses, LTP is dependent upon NMDAR opening following

postsynaptic depolarization and relief of the Mg?* block upon these receptors, which then allows
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Ca* influx into postsynaptic cell and the activation of various downstream mediators, such as
CaMKII and protein kinase A (PKA) [148,149]. In the early stages of LTP, these mechanisms
enable excitatory synaptic strengthening through an enhancement of AMPAR function, which may
arise from changes in AMPAR channel conductance, open probability, and synaptic density [150—
157]. AMPARs usually assemble as tetramers made up of two homodimers of two out of four
possible subunits (GluAl-4). In CAl pyramidal neurons, the majority of AMPARs are
GluA1/GluA2 and GluA2/GluA3 heteromers, with a small amount of GluA1 homomers as well
[158]. It is generally believed that GluA1/GluA2 heteromers are the principal population of
receptors that initially traffic to excitatory synaptic sites during LTP, whereas GluA2/GluA3
heteromers are more involved in constitutive AMPAR recycling to maintain synaptic strength
[159-161]. Following the induction of LTP, biochemical and immunofluorescent microscopy
techniques have revealed a rapid increase in GluA1-containing AMPAR clustering at postsynaptic
sites, which is believed to underlie the immediate potentiation in synaptic strength during the
earlier stages of LTP (E-LTP) [155,162-164]. To mediate AMPAR clustering, two major pools of
extrasynaptic AMPARs exist: those that undergo lateral diffusion throughout the cell membrane,
or those that are added to the cell surface from intracellular stores (Fig. 5). Determining which of

these two sources is predominant during LTP has long been a source of controversy.
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Figure 5: Basic schematic of AMPA receptor (AMPAR) trafficking around excitatory sites under
control conditions (left) and during long-term potentiation (LTP, right). AMPARSs (brown) at the
cell surface laterally diffuse via Brownian motion through the plasma membrane and can become
trapped at the heads of dendritic spines by postsynaptic density 95 (PSD95) scaffolds (blue).
AMPARSs at endocytic zones (EZs) are internalized through endocytic vesicles (EnV) into the early
endosome (EE), where they may then be reinserted into the membrane through the recycling
endosome (RE) or subjected to degradation through the late endosome (LE) and lysosome (lys).
NHES® (red) is also localized at the same EEs and REs. Upon LTP induction, RE exocytosis near
dendritic spines contributes additional AMPARSs and expands spine head volume. Arrowheads
indicate direction of movement; arrow widths indicate relative extent of movement.

Early studies demonstrated that exposing neurons to toxins interfering with soluble N-
ethylmaleimide sensitive factor attachment protein receptor (SNARE) family protein interactions,
such as N-ethylmaleimide and botulinum neurotoxin B, blocked membrane fusion and disrupted
LTP expression [165] as well as surface AMPAR upregulation [144,164,166,167]. These findings
support the hypothesis that LTP primarily relies upon the exocytosis of AMPAR-containing

vesicles to the cell surface. To mediate these exocytic events, dendritic REs mobilize to spines and

undergo stx13-dependent plasmalemmal fusion in response to LTP induction, suggesting that REs
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are responsible for supplying additional AMPARSs during LTP [168—173]. Whether these fusion
events occur directly within the activated spine or along the dendrite remains uncertain, although
disparate yet complementary studies have suggested that RE exocytosis at both sites can occur
[172,174]. However, more recent evidence has implicated that the lateral diffusion of surface
AMPARS that are localized extrasynaptically may play a greater role in the immediate phase of
LTP. Normally, AMPARs mobilize throughout the cell membrane via Brownian diffusion (i.e.,
random movements due to thermodynamic energy) [175,176]. Freely diffusing AMPARs
frequently encounter synaptic sites, and they are capable of becoming reversibly immobilized to
PSDs in response to activity induction [176-180]. Intriguingly, the initial phase of potentiation
was still intact when SNARE function and exocytic events were disrupted [165], suggesting that
“diffusion trapping” of AMPARs at PSDs is more prevalent immediately after LTP onset. More
recent insights have confirmed that AMPARs indeed become trapped by their binding to PSD95
at rapid time scales (< 1 min) following L'TP induction, which coincided with the rapid functional
potentiation of synapses [178,181-183]. CaMKII- and PKA-mediated phosphorylation of laterally
diffusing AMPARSs promotes their anchoring to PSD95 as well as their interactions with auxiliary
transmembrane AMPA receptor regulatory proteins (TARPs), which further assist in their
stabilization and function at postsynaptic sites [183—186]. In all, while the trapping of laterally
diffusing membrane AMPARs mediates the initial increase in synaptic strength after LTP
stimulation, the delivery of AMPARSs from intracellular stores are nonetheless critical for sustained
LTP expression [181].

As I have mentioned before, dendritic spines also expand significantly in volume following
LTP (Fig. 5). Indeed, smaller thin-type spines can double their volume in response to LTP

induction, thus serving as a morphological correlate for synaptic strengthening [68,82]. In addition
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to actin cytoskeletal remodeling, the mobilization of large amorphous vesicular clumps acts as a
source of supplementary lipid membrane to enhance spine head volume, which is maintained by
the exocytosis of additional REs [144,166,168,187]. Disrupting RE fusion by expressing
dominant-negative Rab11 or stx13 constructs or pharmacologically blocking SNARE fusion can
thus impair spine growth as well [144,166,167]. The transport of REs by molecular motors, such
as the actin motor protein myosin Vb, is also critical for RE fusion, as manipulating RE placement
can adversely affect synaptic remodeling [188,189]. In summary, RE fusion following LTP is
required for both the functional and strengthening of excitatory synapses [68,160].

AMPARSs also continually cycle between membrane and intracellular domains through
endocytic mechanisms (Fig. 5) [190-192]. Surface AMPARs are internalized via CME from
specialized endocytic zones (EZs) [190,193,194], regions of membrane adjacent to the PSD that
are enriched in endocytic machinery, such as clathrin and AP2 [193,195]. AP2 and the clathrin-
adaptor complex are capable of directly interacting with AMPARs, NMDARs, and other PSD
proteins to mediate CME [196-198]. Functionally, AMPAR internalization through EZs allows
freely diffusing extrasynaptic AMPARSs to be maintained within close proximity to the synapse
such that they can be rapidly inserted following LTP induction [178,193]. Within the endosome,
this sorting decision can be partially mediated by the post-translational states of AMPAR subunits;
for instance, GluA1 phosphorylations at the CaMKII S831 and PKA S845 sites promote AMPAR
recycling back to the cell membrane and can also alter numerous single-channel properties
[191,199,200]. Reinsertion usually occurs in an exocytic site away from the PSD itself, to which
AMPARSs can then travel through lateral diffusion [178,193].

Conversely, during NMDAR-dependent LTD at hippocampal CA3-CAl synapses,

AMPARSs are dispersed from synaptic sites to result in synaptic weakening [201]. Following low
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Ca* entry from weak NMDAR activation, dephosphorylation of the GluA1 subunit by protein
phosphatase 1 (PP1) [202] triggers AMPAR dissociation from PSD-95, allowing its diffusion to
and subsequent internalization from EZs via CME [193,203,204]. As lysosomes are also recruited
to spines following NMDAR activation [205], these dephosphorylation events may also promote
their degradation through the lysosome [191]. The GluA1 subunit can additionally be ubiquitinated
by the E3 ligase neural precursor cell expressed developmentally down-regulated protein (Nedd)4-
1, which leads to its endocytosis and degradation through lysosomes [206,207]. More recent
evidence has indicated that ubiquitination of all four major AMPARSs, GluA1-4, can also promote
their trafficking to late endosomes and lysosomes for putative degradation [208]. Therefore, both
the endolysosomal system is critical for the bidirectional remodeling of excitatory synapses,

highlighting the necessity of this system in neuronal plasticity.

1.3.3 Membrane trafficking in inhibitory svnaptic plasticity

It is worth noting that although these mechanisms have been extensively studied with regards to
glutamate receptors in excitatory plasticity, ionotropic GABA, receptors (GABA,Rs) also show
similar patterns of behaviour during inhibitory plasticity mechanisms, including inhibitory LTP
(iLTP). GABARs are Cys-loop ligand-gated CI/HCO; channels that mediate the majority of
inhibitory neurotransmission in the mature CNS. In mammals, GABA,Rs are composed of five
out of 19 possible subunits (al-a6, B1-B3, y1-y3, 9§, €, m, T, 01-03), with the most common
synaptic variants involving two o (of al-3), two 3, and one y2 subunit [209]. Because of this
heterogeneity, GABA,R complexes vary widely in their membrane localization, channel and
gating properties, sensitivity to drugs, and implications in development, plasticity, and disease

(reviewed further in [209-212]).
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Like AMPARs, GABARs also undergo lateral diffusion throughout the plasma membrane
and can become reversibly stabilized at postsynaptic sites in an activity-dependent manner [213—
216]. This is contingent upon the synaptic trapping of GABA,Rs by gephyrin, the major inhibitory
postsynaptic scaffolding molecule [217-220]. The a2, 3, and y2 subunits interact directly with
gephyrin while other subunits (such as al) do not, suggesting the existence of both gephyrin
dependent and independent clustering mechanisms [212]. Post-translational modifications of
various residues on GABAAR subunits act as an important regulator in their recruitment and
retention at postsynaptic sites, as well as in their gating and kinetic properties [210-212]. For
instance, the palmitoylation of the Y2 subunit can regulate GABA R membrane anchoring [221].
Moreover, phosphorylation of the 33 subunit following chemical NMDAR-dependent iLTP can
upregulate surface GABA4R expression [219]. Intriguingly, gephyrin is also subject to numerous
post-translational modifications, including phosphorylation, acetylation, and SUMOylation [222],
and activity-induced Ca?* influx can also lead to gephyrin dispersal as well [215]. The dynamic
regulation of the gephyrin scaffold itself thus lends even greater complexity to the regulation of
GABAergic transmission (reviewed further in [222]). Like excitatory synapses, GABAsR
insertion into and removal from the cell surface also occur at extrasynaptic membrane domains
before migrating to synaptic sites [213]. This allows the accumulation of an extrasynaptic pool of
surface GABA,Rs, which can be rapidly inserted into synapses during iLTP [223]. GABAARs
localized in perisynaptic EZs also undergo CME in a process that is regulated by phosphorylation
of the B3 and Y2 subunits, which interact with AP2 [211,224]. Accordingly, interference with
phosphorylation sites in these subunits reduced GABAAR docking at these EZs and impaired their
endocytosis, leading to enhanced inhibitory neurotransmission [225,226]. Similar to other cargos,

internalized GABA ,Rs may then be recycled back to the cell surface or be targeted for lysosomal
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degradation. This endosomal sorting decision is regulated by Huntingtin-associated protein 1
(HAP1), which interacts directly with the 31 subunit [227,228]. Specifically, HAP1 inhibits
receptor degradation and, in conjunction with the kinesin family 5 (KIF5) microtubule motor,
facilitates its reinsertion into the cell surface [228,229]. In all, it is clear that like AMPARs,
GABAR trafficking through the endosomal system is similarly critical in regulating the strength
of inhibitory synaptic transmission.

In the mature CNS, the opening of GABA,Rs allows for the influx of Cl-, which can either
hyperpolarize or depolarize but shunt the membrane potential below the threshold for action
potential (AP) generation. To allow for an outward-inward gradient of CI, intracellular [CI] is
kept low through the CI- exporter K*-2CI- co-transporter 2 (KCC2) in mature neurons [230].
However, in immature developing neurons, GABAergic signaling is initially excitatory due to the
relatively high expression of Na*-K+-2CI- co-transporter 1 (NKCC1), which instead maintains a
high intracellular [Cl']; as such, activation of GABA,Rs results in the efflux of Cl- and membrane
depolarization [231]. During development, NKCC1 is downregulated but KCC2 is upregulated,
decreasing intracellular [Cl] to eventually switch the polarity of GABAergic transmission from
excitatory to inhibitory [232]. As these transporters are also membrane-bound proteins, it is
reasonable to expect that their localization and transport may be similarly reliant upon the
endolysosomal system. However, details on their trafficking through the endosome remain
relatively scarce in comparison to the aforementioned findings on neurotransmitter receptors.
However, disturbances in this developmental switch are often observed in different forms of
epilepsy [233-235] as well as in neurodevelopmental disorders, including RS [236], Down
syndrome [237], and ASDs [238]. In such disorders, the dysregulation of these transporters

significantly elevates intracellular [Cl] that could lead to a depolarizing shift of Egaps. As a result,
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GABA R activation may no longer be inhibitory, but it may raise the membrane potential past the
threshold of AP firing to instead enhance cellular excitability [239,240]. Therefore, GABAergic
transmission may not always be synonymous with inhibition.

In summary, it is evident that the endolysosomal system is critical in allowing the
development and plasticity of both excitatory and inhibitory synapses. As NHEG6 is intimately
involved in endosomal function, it is reasonable to expect that a deficiency in its function may

have a profound effect upon neurotransmission and cellular excitability.

1.3.4 pH regulation in the endolysosomal system

In addition to their resident membrane proteins and enzymes, the pH of each component of the
endolysosomal system is also critical for their function. This is because the luminal pH of each
structure can mediate (1) cargo sorting, (2) receptor-ligand dissociation and processing, (3) the
maturation and transport of endolysosomal vesicles, (4) membrane protein and receptor recycling,
and (5) the activity of luminal enzymes [241-243]. Degradation through the lysosome is
particularly reliant upon proper vesicular acidification, as proteolytic hydrolases only become
active in acidified, low pH environments [244,245]. Consequently, to mediate trafficking and
degradation in the lysosome, cargos targeted for degradation are subjected to a gradient of
acidification from the EE (pH ~ 6.3) to the LE (pH ~5.5) and lysosome (pH ~4.7). In contrast, REs
that contain cargos that are meant to be recycled back to the cell surface instead show an
alkalinisation (pH ~ 6.5) of their internal pH [241] (Fig. 4). The internal acidity of these
compartments is established by a combination of active cation transport and anion counter-

conductances, thus balancing the electrochemical gradient of ions across the vesicular membrane
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[241] (Fig. 4). While pH regulation in the secretory and endosomal systems share the same basic
principles [241], I will primarily focus upon the latter given the involvement of NHE6.

Vesicular acidification in both the endocytic and secretory pathways is primarily achieved
by the vacuolar H*-ATPase (V-ATPase), an evolutionarily proton pump that utilizes the chemical
energy present in adenosine triphosphate (ATP) to transport H* from the cytosol into the
endosomal lumen (Fig. 4). V-ATPases are multi-subunit complexes composed of two domains:
the integral membrane complex V,, which is made up of six subunits and mediates proton
translocation, and the peripheral V, complex, which is responsible for ATP hydrolysis [246]. To
maintain the pH of each structure within a certain range, V-ATPase activity may be regulated by
various mechanisms, such as differential V-ATPase isoforms, redox state, assembly of the V, and
V, domains, and changes in V-ATPase membrane density [241,247,248]. Indeed, it has been
hypothesized that the membranes of more acidic structures may simply contain a higher degree of
V-ATPase molecules and less H* leak mechanisms [249]. However, other ion currents are
nonetheless critical for the proper establishment of endolysosomal pH.

As V-ATPase-mediated activity imports only H* independently of other ions, this results
in the generation of an inside-positive voltage gradient across organellar membranes. As this could
prohibit additional H* influx, it is offset by compensatory counterion conductances, such as the
influx of anions (Fig. 4) [241,250]. This is mediated by members of the 2CI/1H* exchanger (CLC)
family - namely the protein products of the CLCN3-7 genes - that localize to the membranes of the
endolysosomal system and allow for CI- entry into the vesicular lumen. These CLC exchangers are
gated by the luminal pH of their resident compartments such that an accumulation of luminal H*
promotes vesicular CI- influx to offset H*-induced voltage gradients and enable further

acidification if necessary [243,251]. Interestingly, CLC3-7 also act as electrogenic exchangers to
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import CI- and export H* [252], thereby serving as mechanisms of both compensatory anion flux
into the organelle as well as luminal alkalinization. The importance of these counter-conductances
is highlighted by studies showing that disruptions to CLCs in the nervous system impairs
organellar H* loading and thus proper proteolysis, which has been associated with the
accumulation of tau tangles in neurodegenerative diseases such as AD and PD [253,254].

While these mechanisms are mostly responsible for organellar acidification, H* extrusion
from endomembrane compartments is carried out by members of the NHE family, including NHE6
(Fig. 4). I will now provide an overview of these NHEs, with a particular emphasis on their

burgeoning roles in the brain.

1.4 Na*/H" EXCHANGERS
1.4.1 Overview of NHEs

NHES6 is a member of a larger family of evolutionarily conserved eukaryotic NHEs that
couple the countertransport of monovalent alkali cations (such as Na*, K*, or Li*) for H* across
biological membranes. To date, 13 mammalian genes from five phylogenetically distinct
categories have been reported, including NHE/solute carrier family 9 (SLC) isoforms 1 through 9
(SLC9A1-SLC9A9), Na*/H* antiporters 1 and 2 (NHA1-2/SLC9B1-2), and the recently
characterized SLCI9C1 and SLC9C2 isoforms [255,256]. NHE proteins differ in their drug
sensitivity, cation selectivity, and tissue and subcellular localization, with some being
predominantly localized to specific subdomains of the cell surface and others to intracellular
organelles [241,255,256]. Together, these exchangers regulate cellular and organellar pH,
vesicular trafficking and recycling, cell volume and osmolality, growth and migration, ion

homeostasis, and signaling mechanisms [255,256].
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Five NHE isoforms (NHE1-5/SLC9A1-5) predominantly localize to the cell surface and
are important for ion resorption in certain organ systems, such as the intestinal and renal epithelia
(for more extensive description of plasmalemmal NHE function outside of the nervous system, see
[255-257]). The four remaining SLC9A isoforms (NHE6/SLC9A6 through NHE9/SLC9A9) are
instead found within intracellular compartments [256,258]. The functions of the SLC9B and
SLCIOC isoforms are much less well characterized, with the current literature primarily implicating
them in sperm motility [257,259,260]. Here, I will provide an overview of what is currently known
about NHE isoforms that are expressed in the brain, with a particular focus on NHE6.

The molecular structures of the orthologous bacterial Na*/H* antiporter (NhaA) and
mammalian NHE1 have been extensively studied, and these insights have been extrapolated to
other NHEs (Fig. 1). Upon protein translation and biochemical maturation through glycosylation,
NHESs typically assemble and function as homodimers through interactions between the
transmembrane and cytosolic domains of their monomers [261,262]. NHE1 (and other NHE
isoforms) are predicted to contain 12 hydrophobic transmembrane (TM) domains at its N-terminus
that span 400-500 amino acids and are involved in ion exchange and drug sensitivity. In NhaA and
NHEI1, TM domains TM4 and TM11 are within close proximity to one another and form a loop
from the middle of their membrane-spanning segments that allows for ion passage [256,263-265].
Accordingly, mutations in residues within these TM domains alter the ion sensitivity of NHE1
[266-268].

While the N-terminal domains are relatively conserved between NHE family members, the
intracellular hydrophilic C-terminus tail, which ranges in length from 50-450 amino acids, are
believed be much more variable [256]. Importantly, the C-terminal contains various residues for

post-translational modifications that are responsible for regulating kinase activity in response to
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external stimuli [256,269]. Additionally, the C-terminal tail of NHE1 has binding sites for a
number of interacting partners, including receptor of activated C kinase 1 (RACKI1),
phosphatidylinositol 4,5-bisphosphate (PIP2), and calmodulin (CaM), [269]. As C-terminal tails
drastically vary between NHE isoforms, there is still a need to elucidate which proteins interact

with which NHE family members, as well as the effects and relevance of such interactions.

1.4.2 NHEs in nervous system function

Of the plasmalemmal NHEs, two isoforms, NHE1 and NHES, can be found within the
hippocampus [256]. pH regulation of brain cells is particularly important because severe
fluctuations in intracellular (pH;, or cytosolic pH) and extracellular pH (pH,, or pH outside of the
cell) can greatly alter neuronal function and transmission [270,271]. Under physiological
conditions, pH, is slightly alkaline (pH ~7.3-7.4), whereas pH; is slightly more acidic (pH ~7.2)
(Fig. 4) [241]. In general, increases or decreases in pH, can enhance or repress neuronal activity,
respectively [272]. However, strong electrical stimulation or synchronized neural activity may give
way to prolonged acidosis and thus inhibit synaptic transmission, eventually leading to coma
[273,274]. Conversely, alkalinisation of pH, may instead result in hyperexcitability and seizure
induction [275]. The pH of synaptic domains is thus a critical determinant of their efficacy.

The ubiquitously expressed NHE1 isoform has been broadly implicated in cytosolic pH
homeostasis as well as in the regulation of cellular volume, cytoskeletal components, and cell
migration [256,276]. At the cell membrane, NHE1 mediates the electroneutral secondary active
transport of Na* into the cell in exchange for cytosolic H* with a stoichiometry of 1:1 or 2:2
[277,278]. As NHEI is also highly expressed in the brain [256,276], alterations in NHEI1 are

associated with a number of neurological deficits in humans and mice. For instance, mutations in
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NHEI have been implicated in Lichtenstein-Knorr syndrome, an autosomal recessive disorder
characterized by hearing loss and cerebellar ataxia [279]. Alterations in NHE1 function are further
associated with other forms of ataxia, spastic paraplegia, intellectual disability, and epilepsy [280—
282]. Accordingly, deletion of the Slc9al/Nhel gene in mice results in locomotor impairments,
epileptic seizures, neurodegeneration, and reductions in lifespan [283,284].

Because NHEI1 acts as a means of H* extrusion, neurons deficient in NHEI show a
significantly lower steady-state pH; [285]. At the cellular level, loss of NHE1 results in a complex
phenotype involving cellular hyperexcitability, increased Na* channel density [286,287], and
enhanced cell death [283], although the mechanisms behind these phenotypes remain unclear.
Although characterizing its precise localization has been challenging, NHE1 appears to be
primarily expressed at GABAergic presynaptic terminals [288—290]. As such, specific removal of
NHEI from PV+ GABAergic interneurons impairs quantal GABA release, demonstrating that
NHEI can modulate network excitability through regulation of GABAergic transmission [291].
Interestingly, NHE blockade using the broad-spectrum inhibitor 5'-(N-ethyl-N-isopropyl)-
amiloride (EIPA) was found to significantly improve LTP maintenance [292]. Whether this is the
result of a reduction in inhibitory regulation due to NHEI inhibition, or a direct modulation of an
as-of-yet unidentified role of NHE1 at excitatory synapses, remains to be further examined.
Nonetheless, this further underscores the fact that NHE1-specific pH regulation can dramatically
impact network activity by acting as a regulator of neuronal excitability.

Another NHE isoform, NHES, is also enriched in multiple brain areas, including the
hippocampus [293]. Although often categorized as a plasmalemmal NHE, a substantial proportion
of NHES is also internalized via CME and localizes within somatodendritic REs [294,295].

Interestingly, the transient insertion of NHES to the neuronal cell surface can regulate both pH,
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and pH; in a stimulus-dependent fashion. For instance, under conditions of metabolic stress and an
acidification of pH;, NHES is recruited to the neuronal cell surface through activation of AMP-
activated protein kinase (AMPK) to counter heightened acidification of pH; [296]. Furthermore,
in response to NMDAR-dependent chemical LTP, REs containing NHESs are recruited to spines
and undergo fusion with the perisynaptic membrane. These newly inserted exchangers then
transport cytosolic H* into the synaptic cleft, which negatively regulates NMDAR activation and
thus delimits excessive spine expansion [297]. Indeed, mice deficient in NHES display
improvements in their performances in behavioural learning tasks accompanied by enhanced
neurotrophin signaling and an increase in hippocampal dendritic spine density [298]. These results
suggest that through its role in regulating neuronal pH, NHES acts as a negative regulator of
synaptic plasticity to allow the fine-tuning of excitatory synaptic development in the hippocampus.

In contrast to plasmalemmal NHEs, endomembrane NHEs mediate the electroneutral
secondary active transport of luminal H* for a cytosolic cation (likely K*, given its high
intracellular concentration) at a stoichiometry of 1:1, thereby acting as a means of H* extrusion
from organelles to alkalinize their internal pH [241,256] (Fig. 4). In the secretory pathway, NHE7
and NHES8 regulate the luminal pH of the trans-Golgi network and post-Golgi vesicles
[258,299,300]. NHE7 is widely expressed throughout the body and is also enriched in the brain,
skeletal muscle, and various secretory tissues. Consequently, genetic variants in the SLC9A7 gene
encoding NHE7 have been discovered in some forms of non-syndromic intellectual disability
accompanied by muscular dystrophy and hypotonia [301], highlighting the role of organellar pH
regulation in the secretory system for neural function as well as in neuromuscular physiology.

In a similar fashion, two phylogenetically-related intracellular NHE isoforms, NHE6 and

NHED9 primarily localize to endosomes (Figs. 4, 5) [241,256,302]. I will primarily focus on NHE6
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given its involvement in CS, although I will later discuss potential overlaps and differences
between NHE6 and NHE9 function. Endosomal NHEs (eNHEs) primarily localize to EEs and REs
in a partially overlapping manner, with some reports showing their presence in LEs as well
[258,300,303-305]. As eNHEs act as a means of H* leak from endosomes, overexpression of
eNHEs results in an elevation of endosomal pH [258,306], whereas knock-down (KD) or ablation
of eNHE:s tends to result in an acidification of vesicular pH [307-309]. Thus, it is unsurprising that
eNHEs play a pivotal role in the endocytosis and trafficking of cell surface receptors [258,276]. In
particular, NHE6 KD in HeLa cells disrupted the CME of transferrin, a carrier of iron often used
to study the integrity of CME and REs, through its cognate transferrin receptor [308,310]. Given
that AMPARs, GABA4Rs, and other cell surface receptors also heavily rely upon CME to be
internalized into the cell [201,224], disruptions in CME due to the loss of NHE6 function may thus
also have a strong impact upon synaptic transmission.

The expression of eNHEs is ubiquitous throughout the body but is enriched in more
metabolically active tissues, including the brain (for detailed RNA sequencing data in human
tissues, see also https://www.ncbi.nlm.nih.gov/gene/10479) [258,311]. As such, the dysregulation
of eNHESs are directly associated with a number of neurodevelopmental and neurodegenerative
conditions. As discussed prior, mutations in the SLC9A6 gene encoding NHEO6 give rise to CS [2].
Furthermore, variants in the SLC9A9 gene have been associated with epilepsy, autism spectrum
disorders (ASDs), and attention deficit hyperactive disorder (ADHD) [3,257,302,312]. Moreover,
both eNHEs have recently been implicated in neurodegenerative disorders, including AD. Indeed,
NHES6 transcript and protein are both reduced in post-mortem AD tissue [313], and variants of

SLCY9A9 have also been linked to AD in genome-wide association studies [314,315]. I will now
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summarize the existing literature on NHE6 in neurons and non-neuronal cells, with particular

attention to its role in neurons and the pathogenesis of CS while touching on recent data from AD.

1.4.3 NHEG6 function in cellular physiology

The SLC9A6 gene encoding NHEG is present at chromosomal position Xq26.3 [256]. In humans,
protein exists as two alternate splice forms, NHE6vO and NHE6v1, with the latter containing an
additional 32 amino acid insertion within its second extracellular loop (Fig. 1). The significance
of this is unclear, as the two variants appear to be functionally identical [311,316]. Like NHEI,
both eNHEs interact with the cytoplasmic scaffold protein RACKI1 through their C-terminal
domains [317]. This interaction appears to regulate the plasmalemmal expression of NHE6, as KD
of RACKI decreased surface NHE6 localization [317]. NHE6 activity can also be regulated
through its direct interaction with angiotensin II receptor subtype 2 (AT2), a regulator of body
fluid and Na* homeostasis, in a ligand-dependent fashion [318]. Interestingly, AT2 is also
expressed in the hippocampus and can regulate neuronal excitability by downregulating Ca?* influx
while stimulating K* transients, thereby dampening excitation [319-321]. AT?2 activation can also
regulate neurite outgrowth and migration as well [320]. Notably, some human mutations in AT2
appear to cause a similar phenotype to CS, including intellectual disability and epilepsy [318].
However, the functional implications of this interaction between NHE6 and AT2, and whether not
it is potentially involved in disease pathogenesis, is presently unclear.

Curiously, eNHESs primarily localize to the plasma membrane of some cell types to extrude
excess levels of H* generated during periods of high metabolic activity. Both NHE6 and NHE9
are present at the surface of vestibular hair cells [322], while NHE6 was also found to act in concert

with NHE] at the cell membrane of developing osteoclasts [323]. Unlike neurons and most other
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organs, these cells are exposed to a relatively high extracellular [K*] and presumably require the
action of eNHEs, which are more specific for K*, to aid in H* extrusion. Interestingly, these
plasmalemmal roles of NHE6 in other organs could underlie some of the non-neurological
symptoms of CS. For instance, skeletal malformations are commonly reported in CS patients
[1,2,5,14], which may be the result of improper bone mineralization from a paucity of NHE6-
mediated H* extrusion. A recent study has also reported that NHEG6 is highly expressed in hair cells
of the murine cochlea, and mice deficient in NHE6 were more prone to developing hearing loss
symptoms over time [324]. Although hearing loss was not reported from the initial cohort of CS
patients [1], strabismus is a commonly reported finding in patients [2], and inner ear impairments
may thus comprise a significant fraction of the diagnostic criteria of CS.

Over the past decade, there has been a greater focus on determining the expression patterns
and functions of NHE6 within the brain. During murine embryogenesis, NHEG6 is highly expressed
in developing fiber tracts across multiple brain areas, including the cortex, striatum, thalamus, and
hippocampus, by embryonic day (ED) 15 [309]. NHE6 expression is then persistent throughout
the post-natal brain [325]. Interestingly, its expression appears to peak at PD 50, during a period
of intense synaptic pruning and refinement, before being downregulated by PD 120 [326]. In
hippocampal pyramidal neurons, NHEG6 is broadly present throughout the axons, soma, and
dendrites and colocalizes substantially with markers of EEs and REs at the base and head
subregions of dendritic spines [309,326]. Moreover, NHE6 strongly colocalizes with synaptic
vesicle 2 (SV2) and PSD95, which serve as markers of pre- and postsynaptic sites, respectively
[309]. This suggests that not only is NHE6 involved in transcytotic trafficking across neuronal

compartments, but it may play a direct role in synaptic transmission as well.
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Which cargos are trafficked by NHE6? As REs are critical for AMPAR exocytosis and
spine enlargement during LTP [144,166], it is reasonable to hypothesize that NHE6, a regulator of
RE function, is involved in the response to LTP. In hippocampal pyramidal neurons, NHE6
colocalizes strongly with the AMPAR subunit GluA1 and is upregulated at spines and spine heads
following NMDAR-mediated chemical LTP [326]. Presumably, NHE6 mediates the trafficking of
AMPARSs and other proteins that are necessary for postsynaptic strengthening. NHE6 also overlaps
strongly with tropomyosin receptor kinase B (TrkB) [309], the high affinity receptor for the
neurotrophin brain-derived neurotrophic factor (BDNF). During development, signaling through
BDNF/TrkB promotes neuronal outgrowth, differentiation, and survival [327,328] and can further
regulate synaptic dynamics during plasticity induction [329,330]. Importantly, this system is
heavily reliant upon endosomal machinery, as the binding of BDNF to TrkB results in the
dimerization, autophosphorylation, and internalization of the receptor into signaling endosomes
(SEs) [331-334]. They are then capable of activating downstream signaling cascades either locally
near the site of endocytosis, or as they undergo long-range, dynein-dependent retrograde transport
back to the cell soma [335]. Because NHEG is presumed to regulate the luminal pH and thus the
trafficking of SEs containing activated, phosphorylated TrkB (pTrkB), it is likely that the absence

of NHE6 may perturb signaling downstream of the BDNF/TrkB complex.

1.4.4 Insights from Nhe6 KO mice

Recent work has employed homozygous S/c9a6”" mice to gain a better understanding of NHE6
function in the brain. Initial studies into these KO mice reported that they show a number of
neurological abnormalities that mirror neurodegeneration in CS as well as lysosomal storage

diseases (LSDs). LSDs generally arise from improper lipid clearance, thus resulting in the
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accumulation of glycosphingolipids, such as GM2 and GM3 gangliosides, within endolysosomal
compartments [336]. Indeed, Nhe6 KO mice exemplify unesterified cholesterol and GM?2
gangliosides across multiple brain areas alongside the absence of B-hexosaminidase, the enzyme
responsible for degrading GM2 ganglioside [337]. These findings mirror the reports of tau
disposition found in post-mortem CS tissue [13,15] and imply some degree of lysosomal
dysfunction. The cerebella of these mice also display a patterned loss of Zebrin II-negative
Purkinje cells within anterior regions of the vermis, with surviving Purkinje cells showing spheroid
swellings along their axons [337]. These findings are further characteristic of LSDs [338] and are
also in line with the progressive cerebellar atrophy commonly seen in CS [1,2,5]. Moreover,
measurements of gross brain volumes of Nhe6 KO mice found a pronounced overall undergrowth
in addition to progressive volume loss in the cortex, striatum, hippocampus, and cerebellum with
age [339]. Again, this is in accordance with the prevalence of postnatal microcephaly in CS [5],
which was highly suggestive of reduced brain size in human patients. Consequently, behavioural
data collected from homozygous male Slc9a6"" mice are similarly reflective of phenotypic findings
from individuals with CS. Perhaps the most robust of these data is the severe locomotor deficits
exhibited by these KO mice, as evidenced by their relatively poor performance in rotarod and
balance beam tasks [337]. These animals further exhibit hyperactivity and anxiety-like behaviours
in open field paradigms [337,340], as well as a reduced sensitivity to pain and pressure stimuli
[341,342]. Interestingly, female heterozygous Slc9a6*"- mice show an intermediate phenotype in
these paradigms when compared to homozygous Slc9a6"" males and controls [340], alluding to
the possibility of a gene dosage effect of NHEO6 in controlling these behaviours. Taken together, it
is evident that both neuropathological and behavioural findings from Nhe6 KO mice are indeed

reflective of clinical observations made from human CS patients.
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Given these neurological abnormalities, the loss of NHE6 evidently has a profound impact
upon the development and function of individual neurons. Membrane trafficking is particularly
crucial for the establishment of polarity in all cells, including neurons [343]. As such, NHE6-
associated trafficking was first implicated in the development of cellular polarity, even in non-
neuronal cells. In polarized liver hepatoma HepG2 cells, which show distinct apical and basolateral
surface domains, NHE6 KD acidified endosomal pH and disrupted the transcytotic recycling of
cargo necessary for the establishment of the apical domain [306]. In a similar vein, CA1 pyramidal
neurons deficient in NHE6 show prominent reductions in axodendritic branching and mature
dendritic spine density [309]. In this study, the researchers attributed these morphological deficits
to impairments in BDNF/TrkB signaling, as they observed an attenuation in pTrkB protein in
hippocampal neurons derived from Nhe6 KO mice. However, application of exogenous BDNF in
conjunction with lysosomal hydrolase impairment was sufficient to restore pTrkB levels and
neurite branching in cultured hippocampal KO neurons [309]. These results suggest that SEs
become overacidifed due to a lack of NHE6-mediated endosomal pH regulation, causing activated
pTrkB complexes in these SEs to be aberrantly degraded through the lysosome. This raises the
question of which other proteins could undergo such a fate in the absence of NHE6 function.

As I alluded to earlier, NHE6 may be involved in the trafficking of proteins that mediate
synaptic function. Interestingly, NHE6 colocalizes with the presynaptic marker SV2 to a
significantly greater extent than PSD95 [309], suggesting that NHE6 may be in fact be more
involved in presynaptic rather than postsynaptic function. Despite this distinction, there has yet to
be evidence to suggest that presynaptic function is impacted by a loss of NHEG6. Fiber volleys,
which are reflective of presynaptic firing and activation, obtained from Nhe6 KO hippocampal

slices were significantly reduced in amplitude when compared to WT, implying a loss in the overall
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number of functional synapses that correlated with the reductions in spine density [309]. However,
WT and Nhe6 KO hippocampi did not significantly differ in paired pulse ratio (PPR) recordings
[309], suggesting that presynaptic function were mostly intact. Conversely, the closely related
NHE9 may play a clearer role in presynaptic function. Insights from Nhe9 KO mice demonstrated
that although fiber volley amplitudes were comparable between WT and KO, the latter showed an
increase in PPR that was suggestive of a decrease in presynaptic release probability at
glutamatergic synapses [304]. This supposition was confirmed in the same study, in which the
authors demonstrated that in the absence of NHE9, presynaptic Ca?* influx was reduced, and
synaptic vesicle exocytosis was subsequently impaired [304]. Interestingly, the authors also
demonstrated that transient organellar alkalinisation using the V-ATPase inhibitor bafilomycin in
Nhe9 KO neurons was sufficient to restore presynaptic Ca®* entry, suggesting that an aberrant
decrease in endosomal pH hindered presynaptic release [304]. These results underscore the
importance of regulating endosomal pH within the axonal bouton to maintain Ca* dynamics and
quantal release, although further work into the potential involvement of NHEO6 is needed.

Aside from neurons, NHEG is also present in protoplasmic astrocytes within hippocampal
area CA1 [326]. Additional findings have further shown a higher number of activated microglia in
the cerebella of Nhe6 KO mice [339,340], which is indicative of gliosis and has also been observed
in CS patients [13]. However, further insights into the function of NHEG6 in astrocytes and other
glia are lacking. One report on NHE9 has shown that astrocytes lacking NHE9 or expressing ASD-
associated variants in SLC9A9 exhibited a significant acidification in endosomal pH [344].
Astrocytes transfected with these ASD-associated SLC9A9 variants also failed to upregulate the
surface expression of excitatory amino acid transporter 1 (EAAT1), resulting in a decrease in

glutamate uptake when compared to WT NHE9 overexpression [344]. These findings suggest that
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NHE9-mediated trafficking is important for the surface expression of EAAT1 and other glutamate
re-uptake transporters in astrocytes, though whether NHE6 plays a similar role is presently
unknown. If this were the case, then excess glutamate in the synaptic cleft could underlie the
development of epileptic seizures in CS patients, especially because magnetic resonance
spectroscopy data from patients with SLC9A6 mutations have shown an increase in glutamate
concentration in the brain [2,14]. Further work on the function of NHEG6 in the transport of

glutamate transporters and glutamate clearance remains to be performed.

1.4.5 Insights from patient-derived NHE6 mutations

It is evident that a lack of NHE6 can disrupt neuronal structure and trafficking. However, human
CS patients do not possess complete gene KOs and instead express genetic variants of SLC9A6
(Fig. 1). Although many patients possess nonsense mutations that introduce a premature stop
codon and prohibit protein production, some mutations can result in the production of a full-length
protein product [2,5]. The expression of such variants in non-neuronal cells and cultured neurons
in vitro have provided a number of insights into their biochemical characteristics and impact upon
cellular function [305,307,345-347].

In Chinese hamster ovary AP-1 cells, which do not natively express NHE6, most
transfected NHEO6 variants display impairments in post-translational maturation (as indicated by a
lack of glycosylation states) and reduced biochemical stability [305,345-347]. These mutant
exchangers are highly ubiquitinated and primarily undergo endoplasmic reticulum (ER)-associated
protein degradation (ERAD) through the proteasome, a mechanism of protein quality control that
eliminates misfolded or unassembled proteins from the ER [348]. The fraction of mutant NHE6

that escapes ERAD is targeted by the ESCRT system and degraded in the lysosome

59



[305,307,345,347]. Moreover, vesicles containing some of these NHEG6 variants failed to alkalinize
compared to those expressing WT [345,347]. This suggests a loss of ion exchange function and
endosomal pH regulation, which could impair endocytic mechanisms. Indeed, expression of these
mutant exchangers in HeLa cells and primary hippocampal neurons disrupted transferrin uptake
[305,345-347]. Intriguingly, these deficits may be selective for certain cargos, as uptake of
epidermal growth factor (EGF) was not disrupted in HeLa cells expressing an in-frame deletion
NHEG6 mutant (p.Glu287_Ser288del; AES, see Fig. 1 and Appendix 1) [345]. In primary
hippocampal neurons, the transient expression of AES NHE6 or another in-frame deletion mutant
(p-Trp370_Ser_Thr372del; AWST) also disrupted neuronal branching [305,345], akin to findings
in Nhe6 KO neurons [309]. Notably, transfection of exchanger-deficient NHE6 variants into
neurons deficient in NHEG6 failed to rescue neuronal branching [309], indicating that the ion
exchange function of NHEG is indeed necessary for neuronal morphogenesis. In Chapter 2, I will
discuss my work on the effect of the AES mutant upon synaptic density and plasticity.
Furthermore, transfecting some of these mutations into AP-1 cells also induced apoptosis
[345,347], as did expression of AES NHE6 into primary hippocampal neurons [345]. This
indicates that a lack of NHEG6 function indeed gives way to the pronounced neurodegeneration
observed in Nhe6 KO mice [337,339]. However, it is also possible that the overexpression of
mutant NHE6 constructs itself may result in the accumulation of misfolded proteins in the ER,
which could initiate the unfolded protein response and ERAD in an attempt to restore cellular
homeostasis [349-351]. However, continued ER stress may additionally activate various
downstream pathways leading to the induction of apoptosis over time [349,351-354]. Post-mitotic
neurons are particularly sensitive to ER stress, as they cannot dilute toxic protein accumulations

through cell division [355,356]. Thus, combined with a possible dissolution of cellular trafficking
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mechanisms, ER stress may also contribute to the pronounced apoptosis observed in neurons
transfected with AES NHEG6. Taken together, these in vitro data corroborate the findings in Nhe6
KO mice and underscore the idea that NHE6-mediated endosomal pH regulation regulates
endocytic trafficking necessary for neurite outgrowth and survival.

Nevertheless, not all genetic SLC9A6 mutations identified from CS patients result in a LOF
phenotype and aberrant lysosomal degradation. During my thesis work, I contributed to a
manuscript that focused on the impact of a de novo missense SLC9A6 variant (p.Gly218Arg;
G218R) (see Appendix 2). Upon transfection into AP-1 cells and primary hippocampal neurons,
we surprisingly observed a significant elevation in the pH of G218R NHEG6-containing vesicles
when compared to WT NHE6. Unlike AES NHE6 and other LOF variants, which exhibited
endosomal overacidification when expressed, this was instead suggestive of a gain-of-function
(GOF) effect. Moreover, while most other LOF variants were found to be degraded through the
proteasome or lysosome [305,345,347], a significant fraction of the G218R NHEG6 that escaped
ERAD was trafficked to LEs and instead secreted out of the cell through exosomes [346]. In spite
of these key differences, I found that neurons expressing G218R NHE6 showed similar
morphological impairments to those expressing deletion mutations or complete gene KO [309],
including reduced dendritic arborization and spine density [346]. These insights underscore the
importance of tightly maintaining endosomal pH, as significant deviations in either direction may
severely impact cellular function [241].

Notably, it is possible that not all human SLC9A6 variants impact exchanger function to
potentially give rise to a disease phenotype. Indeed, recent evidence has shown that two missense
mutations - one in the extreme N-terminal cytoplasmic segment (pAla9Ser; A9S) and another in

the regulatory C-terminal cytoplasmic domain (Arg568Gln; R568Q) - appear to have comparable
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biochemical characteristics to that of WT NHE6 when expressed in AP-1 cells, including their
stability and functionality [347]. Engineering of the equivalent A9S mutation in mice revealed
effectively normal brain development, neuronal arborization, and endosomal pH regulation [357],
confirming that this mutation alone does not lead to neurological impairments [11]. Conversely,
while the biochemical attributes of the R568Q mutation also appeared to be benign, it is possible
that this mutation may alter the interactions between the C-terminal tail of NHE6 with its
interacting proteins and perturb other cellular mechanisms independently from its pH regulatory
function. Additional analyses expressing this particular variant into neurons are required to better
understand the impact, if any, of this mutation upon cellular physiology. Further insights into these
particular mutations in human patients from which they were identified will also be required to

gain a better understanding of the genetic factors underlying their cognitive deficits.

1.4.6 Involvement of NHEG6 in other neurological disorders

Fascinatingly, NHE6 may not only be implicated in CS but could also be implicated in the
pathogenesis of other forms of cognitive impairment as well. Accordingly, neurodegenerative
disorders, such as AD and PD, are also characterized by the dissolution of endolysosomal
mechanisms, hinting at a possible role for NHE6-mediated pH regulation. Indeed, insoluble protein
deposits, such as tangles of the microtubule-associated protein tau, are a neuropathological
hallmark of such disorders [358]. Notably, post-mortem samples from CS patients have revealed
striking tau depositions [13,15], and female carriers of SLC9A6 mutations have also been reported
to exhibit symptoms of PD later in life [15,20]. These findings suggest that a lack of NHE6
function may further be involved in more common neurodegenerative disorders as well. Thus far,

recent evidence has highlighted a potential role for NHEO6 in the pathogenesis of AD.
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AD is the most common neurodegenerative disorder and commonly presents with severe
cognitive decline and dementia. Histologically, AD is characterized by the presence of
extracellular AR plaques and intracellular hyperphosphorylated tau tangles, which are believed to
underlie synaptic impairments and neuronal cell death [359,360]. AB is generated by the sequential
cleavage of amyloid precursor protein (APP) by B-secretase 1 (BACEI) and Yy-secretase, which
occurs in the endosome [361-363]. In fact, the rate-limiting step of AB generation is the physical
convergence between membrane-bound APP and BACEI1 in endosomes [364-367]. BACEIL
activity is further reliant upon an acidic vesicular environment [365]. As endosomes are
hyperacidified in the absence of eNHEs [307,309], it is logical to assume that changes in NHE6
activity could also impact APP processing. Accordingly, elevated levels of hyperphosphorylated
tau and AB have also been found in Slc9a6 KO mice [337].

Indeed, a recent study has shown that in APP-expressing human embryonic kidney 293
(HEK293) cells, which reliably secrete substantial levels of A, raising endosomal pH - either by
co-expression of NHE6 or through application of the endosomal alkalinisation agent monensin -
was sufficient to prevent pathological APP cleavage and AR secretion [313]. The same group has
further shown that in astrocytes carrying the €4 allele of Apolipoprotein E (ApoE4), the strongest
genetic risk factor for AD, endosomes are also overacidified due to a transcriptional
downregulation of NHE6. This results in the intracellular retention of lipoprotein receptor-related
protein 1 (LRP1), which normally functions to extrude A, and these ApoE4 astrocytes were thus
unable to properly clear pathological AB aggregates. However, by applying histone deacetylase
(HDAC) inhibitors to increase NHEG6 transcription, the researchers were able to elevate endosomal
pH, restore LRP1 trafficking, and allow for proper AB clearance [368]. These findings show

multiple ways in which the loss of NHE6 may promote pathological APP processing and prohibit
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proper clearance of protein aggregates to result in an AD-like pathology. As such, manipulating
vesicular pH by altering NHE6 expression or applying endosomal alkalinization agents may hold

promise as a novel therapeutic option for AD patients.

1.5 RATIONALE AND OBJECTIVES

Although the prevalence of CS continues to rise, treatment options are extremely limited for
patients afflicted by this disorder due to a naivety behind our present understanding of its
underlying etiology at the cellular and molecular levels. Clearly, there is an urgent need to gain a
greater understand into the cellular mechanisms behind how the loss of NHE6 function may
perturb neural function to result in the severe impairments in CS and potentially in other more
common disorders, including AD. Nevertheless, study into the role of NHEG6 in the brain is still
comparatively nascent. As I have discussed, NHEG is a critical regulator of membrane trafficking
in neurons, which rely upon the endosomal system to regulate the surface expression and recycling
of receptors for neurotransmitters and neurotrophins. Hence, one can imagine that perturbations in
the precise trafficking of certain membrane-bound receptors and other cargos may have a
devastating impact upon basic cellular physiology, as well as synaptic formation, transmission,
and remodeling. However, the identity of affected cargos and the consequences of their
mistrafficking upon neural physiology, are still unclear.

In my thesis, I sought to untangle the ways in which the loss of NHE6 function perturbs
neural function at the level of individual proteins, synapse, and cells, as well as in the hippocampal
circuit and cognitive processing of the whole animal. As CS is a monogenic disorder arising from
mutations in the human SLC9A6/NHEG6 gene, commercially available KO mice deficient in the

Slc9a6/Nhe6 gene have been used in the past to study how the complete absence of NHE6 can
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impact neural function in vivo. Importantly, these mice appear to replicate numerous
neuropathological and behavioural phenotypes of CS, including cerebellar atrophy, ataxia,
hyperactivity, and impaired somatosensory processing [309,337,339-342]. Thus, they can serve
as a suitable model for patients with nonsense SLC9A6 mutations that presumably result in a loss
of NHEO6 function. However, some mutations are still capable of producing a full-length protein
product. As such, I also extensively studied the effects of one patient-derived variant in SLC9A6
upon cultured mouse hippocampal neurons to gain a better understanding of whether these
mutations in NHEG6 have a cell-autonomous effect upon neuronal function.

In addressing the severe intellectual disability in CS, I will first describe my findings on
the impact of mutating or removing NHE6 upon excitatory synaptic function and plasticity.
Moreover, as anecdotal evidence suggests that epilepsy is perhaps the most devastating symptom
affecting the quality of life of CS patients, I will also describe my work on how hyperexcitability
may develop in the absence of NHE6 function. It is my hope that the data and conclusions
presented in my thesis will lay the foundation for additional research to gain a better understanding
of the cellular mechanisms behind CS with the overall intention of providing novel treatment

options for individuals afflicted by this devastating disorder.

65



CHAPTER 2. A CHRISTIANSON SYNDROME-LINKED DELETION MUTATION
(A(287)ES(288)) IN SLC9A6 IMPAIRS HIPPOCAMPAL NEURONAL PLASTICITY

FOREWARD

Background and Rationale

In neurons and other cell types, NHE6 primarily localizes to early and recycling endosomes to
regulate their luminal pH. Previously, we have reported that NHEG6 (1) is strongly expressed in the
murine hippocampus, (2) colocalizes significantly with the GluA1 subunit of AMPARs, and (3) is
recruited to excitatory synapses following LTP induction. However, genetic SLC9A6 variants have
not yet been thoroughly investigated, particularly in neurons. To this end, members of Dr. J.
Orlowski’s laboratory investigated the biochemical properties of one such mutation (p.E287-
S288del, or AES; see Appendix 1). They first noted that the AES mutant showed disturbances in
its post-translational maturation and biochemical stability, being preferentially degraded by both
the proteasome and lysosome. Vesicles containing the AES NHE6 mutant were also significantly
more acidic than those with WT NHEG6, suggesting that the AES mutation indeed ablates the ion
transport and pH regulatory functions of the exchanger. When I transfected AES NHEG6 into
primary hippocampal neurons, I observed that this similarly disrupted neurite outgrowth and
transferrin uptake and also induced apoptosis. By extension, I also wished to verify whether this

mutation could elicit changes in dendritic spine density and plasticity in hippocampal neurons.

Hypothesis

I hypothesized that AES NHEG6 expression will reduce dendritic spine density and be mislocalized

in neurons. The presence of the AES mutant in hippocampal neurons will also impair the
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trafficking of GluA1 AMPARs and favour its localization to lysosomes for putative degradation.
As a result, this will perturb both functional and structural potentiation in response to LTP

induction.

Experimental Outline

The work detailed in this chapter has been presented in an article entitled “A Christianson
syndrome-linked deletion mutation (A287ES288) in SLCY9A6 impairs hippocampal neuronal
plasticity,” published in the journal Neurobiology of Disease in 2019. In brief, I prepared primary
hippocampal neurons from early postnatal WT mice and sparsely transfected plasmids encoding a
fluorescently tagged AES NHEG6 construct and a cytosolic marker to visualize cell structure. I then
studied the impacts of this mutation upon endolysosomal trafficking and excitatory synaptic
density and remodeling using a combination of immunofluorescence, confocal microscopy, and
electrophysiology. Finally, to verify whether these changes are due to an excessive degree of
lysosomal degradation, I applied inhibitors of lysosomal acidification or protease function to

restore these deficits in spine number and plasticity.
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2.1 ABSTRACT

Christianson Syndrome is a rare but increasingly diagnosed X-linked intellectual disability that
arises from mutations in SLC9A6/NHEG6, a pH-regulating transporter that localizes to early and
recycling endosomes. We have recently reported that one of the originally identified disease-
causing mutations in NHE6 (p.E287-S288del, or AES) resulted in a loss of its pH homeostasis
function. However, the impact of this mutation upon neuronal synapse formation and plasticity is
unknown. Here, we investigate the consequences of the AES mutant upon mouse hippocampal
pyramidal neurons by expressing a fluorescently labeled AES NHEG6 construct into primary
hippocampal neurons. Neurons expressing the AES mutant showed significant reductions in
mature dendritic spine density with a concurrent increase in immature filopodia. Furthermore,
compared to wild-type (WT), AES-containing endosomes are redirected away from early and
recycling endosomes toward lysosomes. In parallel, the AES mutant reduced the trafficking of
glutamatergic AMPA receptors to excitatory synapses and increased their accumulation within
lysosomes for potential degradation. Upon long-term potentiation (LTP), neurons expressing AES
failed to undergo significant structural and functional changes as observed in controls and WT
transfectants. Interestingly, synapse density and LTP-induced synaptic remodeling in AES-
expressing neurons were partially restored by bafilomycin, a vesicular alkalinisation agent, or by
leupeptin, an inhibitor of lysosomal proteolytic degradation. Overall, our results demonstrate that
the AES mutation attenuates synapse density and structural and functional plasticity in
hippocampal neurons. These deficits may be partially due to the mistargeting of AMPA receptors
and other cargos to lysosomes, thereby preventing their trafficking during synaptic remodeling.
This mechanism may contribute to the cognitive learning deficits observed in patients with

Christianson syndrome and suggests a potential therapeutic strategy for treatment.
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2.2 INTRODUCTION

Genetic or environmental mediated disturbances in early brain growth and maturation result in a
heterogeneous group of neurodevelopmental disorders that can manifest as deficits in learning
ability and memory, language and communication skills, emotion or motor coordination, amongst
other behaviours. A recent addition to this spectrum of disorders is Christianson Syndrome (CS),
an X-linked condition that becomes apparent in infancy and is characterized by moderate to severe
intellectual disability, epilepsy, non-verbalism, ataxia, and autism-like behaviours [1-3]. These
patients also exemplify further deterioration in their symptoms, namely in cerebellar atrophy and
Purkinje cell loss associated with a progressive loss of mobility after the first decade of life [1,3 4].
SLC9A6 knock-out (KO) mice have also been reported to exhibit reductions in cortical and
hippocampal volume with age, suggestive of further degeneration in these brain areas as well [5].
The frequency of CS is estimated at 1 in 16,000 to 1 in 100,000 people worldwide, which ranks it
among the more common forms of X-linked intellectual disability [6]. At present, however, the
molecular mechanisms underlying CS are poorly understood, and effective interventions are
lacking. CS results from mutations in the solute carrier gene SLC9A6 located at chromosome
position Xq26.3, which encodes the electroneutral alkali cation (Na*, K*)/proton (H*) exchanger
isoform 6 (commonly referred to as NHEO) [7]. The NHE6 gene is transcribed in most tissues but
is especially abundant in brain [8], which likely accounts for the pronounced neuropathological
appearance of CS. In neurons and other cell types, NHE6 localizes primarily to the membranes of
early and recycling endosomes [8,9] and acts as a H* extrusion mechanism to moderate luminal
acidification driven by the electrogenic vacuolar H*-ATPase pump [10]. This is an important
regulatory process, as endosomes carrying cargo intended for either recycling to the plasma

membrane or degradation in lysosomes experience an increase or decrease in luminal pH,
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respectively. Indeed, graded acidification of endomembrane compartments along the recycling and
degradative pathways is an important determinant of their biogenesis, trafficking and function [11-
14]. While the significance of this phenomenon has long been appreciated in non-neuronal cells,
its impact on neuronal function is less well studied. Endosomal transport of lipids and membrane
receptors, such as the neurotrophin tropomyosin receptor kinase B (TrkB) and glutamatergic a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), is essential for
axonal and dendritic development, synaptogenesis, and plasticity mechanisms [15-17]. Thus,
further investigation into the role of endosomal pH—and NHE®6 in particular —in the optimal
function and maintenance of neurons is warranted.

Our current understanding of how mutations in SLC9A6 alter neuronal function in the
pathophysiology of CS is limited. To date, over 50 de novo and inherited mutations in SLC9A6

have been reported in CS patients [14,18,19] (also see the databases ClinVar

(https://www.ncbi.nlm.nih.gov/clinvar/) and DECIPHER (https://decipher.sanger.ac.uk/)). Many
of these mutations truncate the protein in the transmembrane ion translocation domain, leading to
a complete loss of function [1]. Previous experimental studies have focused mainly on an SLC9A6
knock-out (KO) mouse, in which endosomal-lysosomal function is impaired in neurons across
various brain regions [20]. In hippocampal neurons prepared from NHE6 KO mice, axodendritic
branching and the density of mature excitatory synapses is reduced compared to wild-type (WT)
neurons [21]. While these experiments provide valuable insight into the consequences of the
complete loss of NHEG6 protein, it is unclear if these changes are mirrored in neurons expressing
other disease-causing NHE6 mutants that generate an intact protein. Importantly, how disease-
causing mutants may affect receptor trafficking and plasticity mechanisms, which could underlie

the severe learning deficits observed in CS patients, is currently unknown.
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We  recently reported that an in-frame deletion mutant of NHE6
(NM_001042537.1:¢c.860_865delAAAGTG:p.E287_S288del, referred to as AES) resulted in
excess acidification of NHE6-containing endosomes and elicited significant reductions in dendritic
arborization of primary cultures of transfected mouse hippocampal neurons [22]. In this report, we
further investigate the effects of the AES mutant on excitatory synaptic density, AMPA receptor
trafficking and synaptic plasticity. Specifically, expression of the AES mutant in primary
hippocampal neurons results in a reduction of dendritic spine density and in impaired functional
and structural spine remodeling in response to glycine-mediated chemically-induced long-term
potentiation (i.e., gly-ChemLTP stimulation). We also show that the AES mutant is mislocalized
within cells when compared to WT and disrupts the trafficking of glutamatergic AMPARS.
Interestingly, treating AES-expressing neurons with either a lysosomal inhibitor or a vesicular
alkalization agent partially rescues neuronal structure and plasticity. Our results highlight a critical
role for NHE6 in synaptic morphology, remodeling and excitatory synaptic potentiation in
hippocampal neurons, providing new mechanistic insight into some of the cognitive impairments
associated with CS. In addition, NHE6 dysfunction has been implicated in the progression of other
neurodegenerative disorders [23-26]. Hence, our findings may be relevant to a broader number of

neuropathhological conditions than previously realized.

2.3 METHODS

Recombinant DNA constructs and mutagenesis. The long transcript splice-variant of
human NHE6 (NHE6v1; NCBI refseq NM_001042537) was cloned from a human brain
Matchmaker™ cDNA library (Clontech) using PCR methodology and was engineered to contain

the influenza virus hemagglutinin (HA) (YPYDVPDYAS) epitope at its extreme C-terminal end.
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This construct was termed wild-type NHE6-HA (NHE6w-HA) and inserted into the HindIII and
Xbal sites of the mammalian expression vector pcDNA3 (Invitrogen), as described previously
[27]. NHE6-HA was then used as a template to engineer the double deletion mutation of amino
acids E287 and S288 (AE287/S288, AES) by PCR mutagenesis. mCherry fluorescent protein
(mCh) C-terminal-tagged forms of NHE6 WT and AES mutant were constructed by insertion
between the Xhol and HindIII restriction sites of the pAcGFP1-N1 vector (BD Biosciences
Clontech, Palo Alto, CA). Insertion of the different epitope tags in the various positions did not
alter the biochemical properties or cellular distribution of exogenous NHE6 compared to the
endogenous protein [22,27]. All constructs were sequenced to ensure that no additional mutations
were introduced during PCR.

Mouse primary hippocampal cultures. In vitro experiments were performed on primary
hippocampal cultures prepared from early postnatal C57BL/6 mice, prepared as previously
described [8,28]. In brief, post-natal day (PD) 0-1 mice pups were decapitated, their brains
removed, and the hippocampi dissected out. These hippocampi were maintained in chilled HBSS
supplemented with 0.1 M HEPES buffer and 0.6% glucose, then digested with 165 U papain for
20 min in a shaking water bath at 37°C. Neurons and glia were dissociated by trituration and
suspended in DMEM supplemented with 1% penicillin-streptomycin, 10% FBS, and 0.6%
glucose. Cells were then plated onto poly-D-lysine-coated 10 mm coverslips at an approximate
density of 12,000 cells/cm? and placed in an incubator at 37°C. 24 h later, plating media was
replaced with Neurobasal-A growth media supplemented with 2% B-27 supplement, 1%
GlutaMAX, and 1% penicillin-streptomycin. Cultures were then fed every 3 — 4 d and allowed to

mature until 14+ days in vitro (DIV) at 37°C in a humidified environment of 5% CO,. Over the
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course of this time period, these cells develop and form a functional neuronal network in a
controlled manner [29].

Calcium phosphate transfection. Primary neurons were transfected via calcium phosphate
transfection as previously described [30]. In summary, at 11-12 DIV, coverslips were transferred
into a 35 mm dish filled with warmed preconditioned growth media. 4 pg of DNA plasmids were
mixed with 50 ul 250 mM CacCl, solution, which was next added to 50 pl 2x HEPES-buffered
phosphate solution to form DNA-tagged calcium phosphate precipitate. This was then added
dropwise to each dish of coverslips and incubated at 37°C in a humidified environment of 3% CO,
for 90 min. Prior to returning them to their original plates, 80 pl of sterile 0.3 M 2-(4-morpholino)
ethanesulfonic acid (MES) acid buffer (pH 5.5) were added to each dish, which acidified the media
to dissolve any remaining precipitate. The cultures were then maintained at 37°C, 5% CO, for =
48 h before being further processed. In these experiments, we will mostly focus on the longest
splice variant of NHE6, NHE6v1 (i.e., p.E287_S288del in NHE6v1, or NHE6 AES). Cultures were
generally co-transfected with plasmids encoding enhanced green fluorescent protein (EGFP) or
tdTomato (to mark neuronal structure) and mCherry alone (as a transfection control) or either WT
or AES NHEG6 tagged to mCherry or influenza virus hemagglutinin epitope (HA). In surface GluA 1
experiments, a construct encoding the AMPAR subunit GluA1l with N-terminally fused pH-
sensitive superecliptic pHluorin (SEP-GIuA1l, gift from Dr. Edward Ruthazer) is utilized.

Glycine-mediated chemical LTP. Glycine-mediated chemical long-term potentiation (gly-
ChemLTP) was performed on primary hippocampal cultures as previously described [8,31]. To
summarize, transfected neurons at 14+ DIV were placed into a heated (30°C) recording chamber
of an upright microscope (DM LFSA, Leica Microsystems, Heidelberg, Germany). Cultures were

first perfused continuously for 15 min with normal artificial CSF (nASCF) containing the
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following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,-6H,0, 5 HEPES, and 33 D(+)-glucose,
pH 7.3, osmolarity 290 mOsmol/L, and gassed with 95% O,/5% CO,. The nACSF was then
replaced with a stimulating solution of Mg?*-deficient ACSF with the following (in mM): 125
NaCl, 2.5 KCl, 2 CaCl,-2H,0, 5 HEPES, 33 D(+)-glucose, 0.2 glycine, 0.02 (-)-bicuculline
methochloride, and 0.003 strychnine hydrochloride. After 10 min, neurons were be reperfused with
nACSF for 20 min. To confirm that this phenomenon is NMDA receptor-dependent, this protocol
was repeated in NHE6 WT-transfected cultures pretreated with (RS)-3-(2-carboxypiperazin-4-yl)-
propyl-1-phosphonic acid ((RS)-CPP; 50 uM), a competitive antagonist of the NMDA receptor,
for 15 min prior to gly-ChemLTP stimulation. This antagonist was also included in the stimulation
solution (gly-ChemLTP + CPP).

Immunofluorescence. Primary cultures were fixed with 4% PFA/0.1 M PB, pH 7.4 (Sigma
Aldrich) for 15 min at room temperature and washed with 0.1 M PB. Immunoprocessed cultures
were first permeabilized for 1 min in 0.2% Triton X-100/0.1 M PB and blocked for 1 h at room
temperature in 0.2% Triton X-100/1% HIHS/0.1 M PB, before being incubated with primary
antibodies (GFP 1:1000, Stx-13 1:500, EEA1 1:1000, Rab7: 1:500, LAMP1: 1:500, GluA1 1:200)
diluted in blocking solution overnight at 4°C. After subsequent washing, cells were incubated with
secondary antibody (Alexa Fluor 488, Alexa Fluor 594, Alexa Fluor 647, Dylight649 1:1000) for
45 min at room temperature and washed again. For analysis of NHE6 colocalization with soluble
transferrin, live primary neurons were incubated with AF-Tfn (100 pug/ml) for 1 h at 37°C and then
fixed. For the analysis of surface SEP-GluA1 (sGluA1l), transfected coverslips were subjected to
the previously described gly-ChemLTP solution for 10 min in their native plate in a bead bath
warmed to 37°C and gassed with 95% O,/5% CO,. Afterwards, the stimulation solution was

replaced with nASCF for a further 20 min before being incubated live with mouse GFP primary
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antibody diluted in nASCF (1:1000) for 1 h at 4°C to prevent receptor internalization. Treated
cultures were then fixed, washed, blocked, and stained with goat anti-mouse Dylight 649
secondary antibody under non-permeabilizing conditions (to stain the surface fraction of SEP-
GluAl only) before permeabilization and further immunoprocessing as previously described. This
procedure was repeated with neurons pre-treated with CPP and subjected to gly-ChemL TP + CPP
solution. All fixed coverslips were mounted onto SuperFrost (Menzel-Glaser) microscope slides
using UltraMount fluorescence mounting medium (Dako) and left to dry overnight at room
temperature in the dark.

Electrophysiology. 48 h following transfection, cultures were placed into the recording
chamber of an upright microscope (BX51WI, Olympus, XLUMPIlanF1 20x 0.95 NA water
immersion objective) and placed in consistent perfusion of nACSF (as described previously)
supplemented with (in uM): 1 TTX, 25 CPP, 50 picrotoxin, and 5 CGP 55845 to isolate AMPAR-
mediated mEPSCs. Whole-cell voltage clamp recordings were then performed upon transfected
neurons (found upon visual observation with fluorescence) held at -60 mV with an Axopatch 400
amplifier (Molecular Devices, Sunnyvale, CA, USA) at room temperature (23-25 °C). Borosilicate
patch pipettes (4-7 MQ) were filled with (in mM): 120 K-gluconate, 1 EGTA, 10 HEPES, 5
MgATP, 0.5 Na,GTP, 5 NaCl, 5 KCl, and 10 phosphocreatine K, (pH 7.2-7.3 with KOH and 285-
295 mOsm). To monitor access resistance, transient test pulses were applied consistently every 2
min throughout the duration of the recording. Access resistance typically fell within the range of
7-10 GL2, and data was discarded if the access resistance deviated > 20% during the recording.
After holding current was stabilized, data was acquired at a sampling frequency of 20 kHz and
filtered at 2 kHz for 10 min. All AMPAR-mEPSCs were identified offline through use of Mini

Analysis Software (Synaptosoft, Decature, GA, USA). Thresholding for mEPSC amplitude
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detection was set at eight time the root-mean-square value of a visually-determined event-free
recording span, and 300-450 events per cell were analyzed and utilized to determine mean values.

Pharmacological treatments. To assess the effects of leupeptin, bafilomycin, and MG132
treatment upon spine density and NHEG6 levels in transfected primary hippocampal neurons,
leupeptin (100 pg/ml), bafilomycin Al (100 nM), or MG132 (40 uM) were added to the culture
media 24h post-transfection, and cultures were left for an additional 24 h prior to fixation. In
evaluating the effects of leupeptin upon the response to gly-ChemLTP, transfected neurons were
pre-treated with either of these inhibitors in for = 30 min prior to gly-ChemLTP stimulation and
further processing.

Confocal microscopy. Fixed and mounted primary neuron cultures were examined using a
Leica SP2 confocal microscope with images acquired using 40x and 63x HCXPL APO oil-
immersion objectives (NAs 1.25 and 1.4, respectively). GFP was imaged using a 488 nm Ar laser
line, mCherry and PI were imaged using a 543 nm HeNe laser line, and Alexa Fluor 633 and 647
and Dylight 649 were imaged using a 633 nm HeNe laser line. Channels were acquired sequentially
to prevent spectral overlap of fluorophores. Optical sections of 300-500 nm were taken and frame
averaged 3x at low resolution or line-averaged 2x at high resolution to improve the signal-to-noise
ratio. Live imaging of spine dynamics was performed using the same Leica SP2 confocal
microscope with a 63x water immersion long working distance lens (HXC APO L U-V-I; NA 0.9).

Measurements and quantifications. All image stacks were first deconvolved using
Huygens Essential software by using a full maximum likelihood extrapolation algorithm
(Scientific Volume Imaging, Hilversum, The Netherlands), and 3D images and 4D time-lapse
stacks were compiled as maximum intensity projections using the Surpass function on Imaris

software (Bitplane AG, Zurich, Switzerland). Spines were then quantified using a
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detection/classification program that automatically detected the length of the spine head and neck.
From the ratio of the diameter and length of the head and neck of spines, it was possible to visually
distinguish between stubby, mushroom, and long thin spines, as well as filopodia, based off of
previously distinguished criteria [32,33]. In brief, if the spine had no visible distinction between
its head and neck subregions, it was classified as stubby. If the spine was short had a larger head
(> 1 um in diameter) and neck subregions, it was identified as mushroom. If it had a small head (<
1 wm in diameter) and was longer in length, it was counted as a long thin-type spine. Filopodia,
precursors of either new dendrites or spines, were typically identified if they had 1) no
distinguishable spine head and 2) a length of longer than 3 um and were quantified separately.
Colocalization analyses between transfected mCherry-tagged NHE6 WT and AES and EEAT1, Stx-
13, AF-Tfn, Rab7, LAMP1, and GluA1 were determined using the ImarisColoc algorithm, which
generated a new channel (coloc) containing voxels representing channel overlap based off of a
threshold of colocalization. Thresholds were applied consistently between images in order to
remove subjectivity during the analysis. During these colocalization steps, the stacks were masked
according to the dendritic EGFP signal to ensure that the puncta in question were indeed in the
neuron itself. A puncta of individual or colocalized markers was counted as being localized to a
dendritic spine if it was within < 0.5 um of the spine. The proportion of spines containing single
or colocalized markers in each image was then quantified. Next, protein localization within the
spine was localized to its base (a), neck (b), or head (c), as previously described [8]. The fraction
of puncta in each spine subregion relative to the total number of puncta localized to spines was
then determined.

For live imaging experiments, changes in the localization of mCherry-tagged NHE6 puncta

were quantified in a similar fashion. Changes in spine head volume were also assessed as averages
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of spine head volume before and after gly-ChemLTP, as previously described [34]. Briefly, the
time-lapse confocal image stacks were four-dimensionally rendered using the Surpass function of
Imaris. The spines of interest were then isolated at each time point, and the volume was
automatically calculated. In this case, volume changes in all thin and mushroom spines in response
to gly-ChemL TP were measured relative to their baseline values. However, stubby spines were
excluded because the resolution limit of light microscopy prevents their proper volume analysis.
The distribution and number of spine subtypes were also quantified before and after gly-
ChemLTP, and the changes in their number were calculated relative to baseline values.
Statistical analyses. The data represent the mean + the standard error of the mean (S.E.M.)
and statistical analyses were performed using the Student’s t-test, Dunn’s multiple comparison
test, or a one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. A

minimum p-value of < 0.05 was considered significant.

2.4 RESULTS

2.4.1 NHEG6 AES reduces excitatory synaptic density

To assess the impact of the AES mutant on neuronal morphology and function in vitro, we used
primary hippocampal neuron cultures prepared from early postnatal C57BL/6 mice as previously
described [28]. At 10-12 days in vitro (DIV), the cultures were co-transfected with DNA plasmids
encoding enhanced green fluorescent protein (EGFP) to demarcate neuronal morphology and
either mCherry fluorescent protein (mCh) (as a transfection control), mCh-tagged WT NHEG6
(NHEG6wr-mCh) or the AES mutant (NHE6gs-mCh). Although neurons express endogenous WT
NHEG, we posit that the AES mutant exerts a dominant-negative effect in this culture system based

on the following observations. Firstly, we showed previously that the transfected AES mutant can
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physically interact with WT NHE®6, as observed through co-immunoprecipitation experiments
performed on HeLa cells. Secondly, we also demonstrated that fluorescently-tagged NHE6 WT
and AES constructs strongly colocalize with WT NHE6 when expressed in AP-1 cells, further
suggesting that the AES mutant is capable of forming heterodimers with WT NHE6. [22]. Thirdly,
in the present study, we found that NHE6,rs-mCh transfection attenuated the trafficking of total
NHESG (i.e., endogenous WT plus exogenous AES, as measured by immunostaining with a rabbit
polyclonal NHE6 antibody capable of recognizing both WT and AES NHE6) into spines located
on the distal dendrites of primary hippocampal neurons (Fig. S1). Overall, the data imply that
exogenous AES NHE6 heterodimerizes with endogenous WT NHE6 and impairs its trafficking
into dendrites, presumably diminishing overall NHE6 function at excitatory postsynaptic sites in
transfected cells as a result.

In the current study, we extend our analysis of the AES mutant by examining whether
changes in dendritic arbor are accompanied by changes in excitatory synaptic structure. As shown
in Fig. 1A-B, secondary and tertiary dendrites of primary hippocampal neurons transfected with
NHE6,rs-mCh showed a significant decrease in overall spine density, with significant reductions
in both mushroom- and thin-type dendritic spines when compared to the mCh control or NHE6y -
mCh. Concurrent with this decrease in spines, we also observed a reciprocal increase in the density
of filopodia, immature structures that may develop into either new spines or dendritic branches
[35], in NHE6,gs-mCh transfected cells (Fig. 1A, C). Overall, these data indicate that introducing
NHEG6rs-mCh into primary hippocampal neurons has a deleterious effect on the maintenance of

spine density and morphology.
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Figure 1: NHE6 AES overexpression reduces the density of mature dendritic spines in
hippocampal pyramidal neurons. A: Representative confocal images of primary hippocampal
neurons transfected with EGFP and mCh alone (as a transfection control), NHE6y-mCh, or
NHEO6zs-mCh. EGFP and mCh channels are shown individually and merged; white outlines
denote location of EGFP-positive dendrite. Scale bar: 2 um. B-C: Mean + S.E.M. density of all
and each major spine subtype, i.e. stubby, mushroom, and thin (B), as well as filopodia (C). D:
Mean + S.E.M. fraction of spines containing puncta of transfected, overexpressed NHE6 WT or
AES puncta of all spines analyzed for each transfection condition. E: Mean + S.E.M proportion of
spine-localized puncta of overexpressed NHE6 WT and AES in the base and head subregions of
spines. mCh control: n = 543 spines and 3 filopodia along 560.636 um of dendrite from 20 cells;
NHE6 WT: n = 549 spines and 4 filopodia along 591.383 um of dendrite from 20 cells; NHE6
AES: n = 360 spines and 34 filopodia along 577.992 um of dendrite from 20 cells, 6 separate
experiments. For NHE6 puncta counts, NHE6 WT: n = 1940 spines along 2615.825 um of dendrite
from 90 cells; NHE6 AES: n = 1292 spines and 2600.605 pm of dendrite from 90 cells, 29 separate
experiments. **: p < 0.01; ***: p < 0.0001; Dunnett’s Multiple Comparison Test (B-C);
independent Student’s t-test, two-tailed (D-E).
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2.4.2 Differential intracellular localization of NHE6 WT and AES

Next, we investigated if there was a difference in the neuronal subcellular localization of NHE6gs-
mCh compared to NHE6wr-mCh. We found that in dendrites, NHE6wr-mCh localized to
approximately 75% of dendritic spines, with the majority present in the base and head subregions.
In contrast, NHE6,rs-mCh was present in only 40% of spines and localized mainly to the spine
base, with significantly less present in the spine head (Fig. 1A, D-E). This suggests that the
trafficking of NHE6,es-mCh to excitatory synaptic sites may be compromised.

In most cell types, internalized plasma membrane cargo is initially sorted to early
endosomes, where it may be trafficked either back to the cell surface via recycling endosomes for
reuse or redirected to lysosomes for degradation (illustrated in Fig. 2D) [36,37]. In a previous
study in neurons [8], we reported that endogenous NHEG6 colocalizes with early endosomal
antigen-1 (EEA1), an early endosome marker [38], as well as syntaxin-12/13 (stx-13) and
AlexaFluor 633-Transferrin (AF-Tfn), both markers for recycling endosomes [39,40]. We
assessed whether the localization of the AES mutant with these endosomal markers is altered in
spines and further calculated the degree of colocalization using thresholded Mander’s coefficients.
We found that NHE6,5s-mCh showed a significant reduction in colocalization with EEA1, stx-13,
and AF-Tfn in comparison to NHE6w-mCh (Fig. 2). Interestingly, levels of AF-Tfn, which is
internalized in a clathrin/adaptor protein 2 (AP2)-dependent process, were downregulated in the
dendrites of AES-positive cells (Fig. 2C, E), corroborating our previous observations in Hel.a
cells and neuronal soma [22]. Together, these results suggest the AES mutant is mislocalized and

alters trafficking of at least some endocytosed cargo.
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Figure 2: NHE6 AES shows reduced colocalization with markers for early and recycling
endosomes in comparison to NHE6 WT. A-D: Representative confocal images showing a
section of secondary or tertiary dendrite of a primary hippocampal neuron co-transfected with
EGFP and NHE6w-mCh or NHE6 zs-mCh and immunolabelled with an early endosomal marker,
early endosomal antigen 1 (EEA1, A) or recycling endosomal markers syntaxin 12/13 (stx-13, B)
and AlexaFluor633-Transferrin (AF-Tfn, C). Channels are shown separately and merged; white
outlines denote location of EGFP-positive dendrite. Scale bar: 2 um. D: Representative schematic
of different endolysosomal compartments within the cell, with the utilized markers for each major
compartment. EnV: endocytic vesicle; EE: early endosome; RE: recycling endosome; LE: late
endosome, Lys: lysosome. E: Mean + S.E.M. fraction of spines containing puncta of EEA1, stx-
13, and AF-Ttn of all spines analyzed for each transfection condition. F: Quantification of the
mean + S.E.M. fraction of spines containing colocalized puncta of overexpressed NHE6 WT or
AES and each vesicular marker of all spines analyzed. G-I: Mean + S.E.M. thresholded Mander’s
coefficient values between NHE6 WT or AES and EEAL1 (G), stx-13 (H), and AF-Tfn (I). For
EEA1,NHE6 WT: n =242 spines along 293.30 um of dendrite from 10 cells; NHE6 AES: n =135
spines along 296.81 um of dendrite from 10 cells, 3 separate experiments. For stx-13, NHE6 WT:
n =229 spines along 293.94 um of dendrite from 10 cells; NHE6 AES: n = 132 spines from 283.06
pm of dendrite from 10 cells, 3 separate experiments. For AF-Trf, NHE6 WT: n = 148 spines along
295.97 um of dendrite from 10 cells; NHE6 AES: n = 116 spines from 309.07 um of dendrite from
10 cells, 4 separate experiments. *: p < 0.05; **: p <0.01; ***: p <0.0001; independent Student’s
t-test, two-tailed.

We have previously demonstrated in live non-neuronal AP-1 cells that NHE6 AES-

containing endosomes are more acidic than those containing NHE6 WT [22]. Hence, we further
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probed the subcellular localization of the AES mutant using markers of acidic organellar
compartments of the degradative pathway [41]. To this end, we performed immunostaining for
Rab7, a marker for late endosomes/multivesicular bodies [42], as well as lysosomal-associated
membrane protein 1 (LAMP1), a lysosomal marker [43]. As shown visually (Fig. 3A, B) and
quantitatively (Fig. 3D-F), colocalization with Rab7 and LAMP1 was greater in NHE6,s-mCh
compared to WT. In addition, we found a significant increase in LAMPI1 puncta at spines in
NHEG6rs-mCh-transfected cells (Fig. 3B-C), indicating an increase of lysosomal bodies in these
neurons. Overall, the data suggest that AES mutant vesicles are directed away from early and

recycling endosomes toward late endosomes and lysosomes.
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Figure 3: In contrast to NHE6 WT, NHE6 AES shows increased colocalization with markers
for late endosomes and lysosomes, more acidic compartments. A-B: Representative confocal
images showing a section of secondary or tertiary dendrite of a primary hippocampal neuron co-
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transfected with EGFP and NHE6w-mCh or NHE6,:s-mCh and immunolabelled with the late
endosomal marker Ras-related protein Rab7 (A) or the lysosomal marker lysosomal associated
membrane protein 1 LAMP1 (B). Channels are shown separately and merged; white outlines
denote location of EGFP-positive dendrites. Scale bar: 2 um. C: Quantification of the mean +
S.E.M. fraction of spines containing puncta of Rab7 or LAMP1 of all spines analyzed under each
transfection condition. D: Quantification of the mean + S.E.M. fraction of spines containing
colocalized puncta of overexpressed NHE6 WT or AES and Rab7 or LAMPI of all spines
analyzed. E-F: Quantified mean + S .E.M. thresholded Mander’s coefficient values between NHE6
WT or AES and Rab7 (E) or LAMP1 (F). For Rab7, NHE6 WT: n =210 spines along 232.69 um
of dendrite from 8 cells; NHE6 AES: n = 176 spines from 235.88 pum of dendrite from 8 cells, 3
separate experiments. For LAMP1, NHE6 WT: n = 212 spines along 289.24 um of dendrite from
10 cells; NHE6 AES: n = 132 spines from 269.44 um of dendrite from 10 cells, 4 separate
experiments. *: p < 0.05; **: p < 0.01, ***: p < 0.0001, independent Student’s t-test, two-tailed
for all other comparisons.

2.4.3 NHEG6 AES disrupts AMPA receptor trafficking

Next, we looked for signs of dysregulation of synaptic cargo in NHE6,rs-mCh cells by assessing
the localization of glutamatergic AMPARSs, which mediate most fast excitatory neurotransmission
in the central nervous system [44]. We have already shown that endogenous WT NHEG6 colocalizes
strongly with the GluA1l subunit of AMPARs [8], and we have recapitulated that finding in
transfected NHE6wr-mCh neurons (Fig. 4A-C). However, this overlap was significantly
attenuated in neurons expressing NHE6,:s-mCh and was accompanied by a significant decrease
in GluA1 puncta at spines (Fig. 4A-C), indicating that the AES mutant also deters the trafficking
of GluAl to excitatory synapses. To investigate if this decrease in GluAl levels was due to
enhanced trafficking of these receptors to lysosomes in the presence of the AES mutant, we co-
transfected neurons with EGFP and influenza virus hemagglutinin (HA)-tagged constructs of
NHEG6 WT or AES to allow for double immunolabeling of the lysosomal marker LAMP1 and
GluAl. Interestingly, in NHE6,ss-HA-expressing cells, there was greater colocalization between

LAMPI1 and GluAl compared to neurons expressing NHE6wr-HA (Fig. 4D-F). This finding
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implies that in the presence of the AES mutant, GluAl is preferentially targeted to lysosomal

compartments rather than recycling endosomes, which may result in their enhanced degradation.
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Figure 4: NHE6 AES transfection attenuates the trafficking of GluAl-containing AMPA
receptors to spines and enhances their localization to lysosomes. A: Representative confocal
images showing a section of the secondary or tertiary dendrite of a primary hippocampal neuron
co-transfected with EGFP and NHE6y-mCh or NHE6 zs-mCh and immunolabeled for the AMPA
receptor subunit GluAl. Channels are shown separately and merged; white outlines denote
location of EGFP-positive dendrite. Scale bar: 2 um. B: Mean + S.E.M. fraction of spines
containing puncta of GluA1 (left) or colocalized puncta of NHE6 and GluA1 (right) of all spines
analyzed under each transfection condition. C: Mean + S.E.M. thresholded Mander’s coefficient
values between NHE6 WT or AES and GluAl. D: Representative confocal images showing a
section of the secondary or tertiary dendrite of a primary hippocampal neuron co-transfected with
EGFP and NHEG6w-HA or NHE6:s-HA and double immunolabeled for GluA1 and LAMP1. E:
Quantification of the mean + S.E.M. fraction of spines containing puncta of LAMP1 (left), GluAl
(center), and colocalized puncta of LAMP1 and GluAl (right) of all spines analyzed under each
transfection condition. F: Quantified mean + S.E.M. thresholded Mander’s coefficient values
between LAMP1 and GluA1 under each transfection condition. For GluA1l, NHE6 WT: n = 190
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spines along 288.93 um of dendrite from 10 cells; NHE6 AES: n = 129 spines along 281.50 um of
dendrite from 10 cells, 4 separate experiments. For GluA1 and LAMP1 colocalization analyses
NHE6 WT: n =182 spines along 152.725 um of dendrite from 6 cells; NHE6 AES: n = 116 spines
along 151.752 pm of dendrite from 6 cells, 3 separate experiments. *: p < 0.05, **: p < 0.01, ***:
p <0.0001; independent Student’s t-test, two-tailed.

2.4.4 NHE6 AES impairs the response to glycine-mediated chemical LTP

Enhanced delivery of AMPARSs to the post-synaptic compartment is an important contributing
factor for generating long-term potentiation (LTP), a cellular model of learning and memory [45—
48]. Given that NHEG6 is implicated in the trafficking of AMPARs, we assessed whether the AES
mutation also impairs the response to LTP in hippocampal neurons. Initially, to investigate the
insertion of GluA1-containing AMPARS into synaptic sites following LTP [49], we co-transfected
neurons with tdTomato (tdT) and N-terminal fused pH-sensitive superecliptic pHluorin (SEP)-
GluAl (sGluAl) alone, or with HA-tagged NHE6 WT or AES. We then subjected live transfected
cells to a glycine-mediated chemical LTP (gly-ChemLTP) protocol to emulate NMDA receptor
(NMDAR)-dependent LTP induction at Schaffer collateral-CA1l synapses in the hippocampus
[8,31]. If LTP is functioning properly, we would expect to see an increase in sGluA1 fluorescence
in spine heads. Twenty min following gly-ChemLTP induction in tdT control- and NHE6y-HA-
transfected neurons, we observed a significant increase in the number of spines containing sGluA1
and an upregulation of their puncta in the heads of these spines compared to unstimulated sister
control cultures. In contrast, gly-ChemLTP stimulation in NHE6,gs-HA-expressing neurons did
not show an increase in sGluA1l localization at spines or within the spine head compared to
unstimulated controls (Fig. SA-C). To verify the NMDAR dependency of this protocol, additional
sister NHE6w-HA-expressing cultures were subjected to gly-ChemLTP supplemented with (RS)-

3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid ((RS)-CPP), a potent NMDAR antagonist
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[50]. As expected, these cells did not show an upregulation of sGluA1 puncta at spines or in spine
heads (Fig. S2A-C). Hence, in addition to preventing GluA1 trafficking to spines, NHE6gs-HA

impairs the insertion of AMPARSs at the cell surface following NMDAR-dependent LTP.
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Figure 5: NHE6 AES-expressing cells fail to show insertion of GluAl-positive AMPA
receptors at spines and potentiation of miniature excitatory postsynaptic current (imEPSC)
amplitude following glycine-mediated chemical LTP. A: Representative confocal micrographs
of secondary or tertiary dendrites from transfected primary hippocampal neurons for sister

unstimulated control and gly-ChemLTP-stimulated cultures for each transfection condition.
Channels are shown separately and merged; white outlines denote location of tdTomato-positive
dendrite. Scale bar: 2 um. B: Mean + S.E.M. percentage of spines containing surface SEP-GluA1
(sGluA1l) puncta for control and glyChemLTP conditions for each transfection condition. C: Mean
+ S.E.M. proportion of sGluAl puncta in each spine subregion for control, gly-ChemLTP-
stimulated, and CPP-treated, gly-ChemLTP-stimulated cultures. For tdT control, control: n = 125
spines along 188.156 um of dendrite from 8 cells; gly-ChemLTP: n = 150 spines along 197.145
pm of dendrite from 8 cells; for NHE6 WT, control: n = 100 spines along 156.529 um of dendrite
from 8 cells, gly-ChemLTP: n = 116 spines along 191.817 um of dendrite from 8 cells; for NHE6
AES, control: 102 spines along 184.925 um of dendrite from 8 cells, gly-ChemLTP: 113 spines
along 193.374 um of dendrite from 8 cells. D: Average AMPAR-mEPSC event trace of an
unstimulated control and gly-ChemLTP-stimulated cell for each transfection condition. E: Mean
+ S.E.M. mEPSC amplitude of all cells analyzed under each stimulation and transfection condition.
For all conditions, n = 14 cells, 5 separate experiments. *: p < 0.05, **: p <0.01, ***: p <0.0001;
independent Student’s t-test, two-tailed.
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Does this impairment in AMPAR trafficking lead to functional changes in synaptic
strengthening? To address this, we acquired whole-cell voltage clamp recordings of AMPAR-
mediated miniature excitatory postsynaptic currents (mEPSCs) from transfected hippocampal cells
20 min after gly-ChemLTP induction. Normally, cells subjected to LTP stimulation show an
increase in mEPSC amplitude compared to unstimulated sister cultures due to the addition of
AMPAR:S at the cell surface [15]. Accordingly, we found that gly-ChemLTP-stimulated mCh- and
NHE6wr-mCh-expressing cells showed an increase in overall mEPSC amplitude compared to
untreated sister cultures. In contrast, stimulated NHE6,rs-mCh-expressing cells failed to show a
significant increase in mEPSC amplitude (Fig. SD-E). Again, this increase in mEPSC amplitude
in NHE6w-mCh-expressing cells was NMDAR-dependent, as we observed no change in mEPSC
amplitude in additional NHE6yr-mCh-transfected cultures subjected to gly-ChemLTP in the
presence of (RS)-CPP (Fig. S2D-E). Given the large variation in inter-event intervals between
dissociated culture preparations, we did not assess mEPSC frequency using this method.
Significant differences were not observed in other mEPSC parameters (e.g. rise and decay times)
across conditions. Overall, these findings demonstrate that the AES mutant impairs excitatory
synaptic potentiation in response to gly-ChemLTP.

Functional potentiation is normally accompanied by structural changes at the synapse,
including an increase in spine head volume (SHV) as well as the potential formation of new spines
[31,33,51,52]. We previously reported that endogenous NHEG is recruited to the heads of dendritic
spines following gly-ChemLTP stimulation [8]. Now, we investigated whether the recruitment of
exogenous NHEG6 also occurs in response to gly-ChemLTP in transfected neurons. We performed
time-lapse confocal imaging on a section of dendrite for 15 min to establish a structural baseline,

stimulated for 10 min, and then continued to image for an additional 20 min (Fig. 6B). Following
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gly-ChemLTP stimulation, NHE6w-mCh-expressing neurons exhibited a significantly greater
increase in the percentage of NHE6-containing spines, with NHE6 puncta being redistributed from
the base to the heads of these spines. In contrast, NHE6,es-mCh puncta did not traffic to spines.
Moreover, mushroom- and thin-type spines on NHE6,gs-mCh-transfected neurons failed to show
significant enlargements of SHV compared to controls in response to gly-ChemLTP (Fig. 6A, C-
H). As such, mCh- and NHE6wr-mCh-expressing neurons showed a much more significant change
from baseline in SHV across spine subtypes when compared to NHE6,gs-mCh-transfected neurons
(Fig. 6I). These changes in NHEG6 recruitment and SHV in NHE6w-mCh-transfected neurons
were also blocked by (RS)-CPP included in the gly-ChemLTP stimulation solution, again
demonstrating NMDAR dependency (Fig. S2F-I). Together, the data demonstrate that the AES
mutant disrupts both the functional and morphological response to gly-ChemLTP induction by

impairing recycling endosomal trafficking within the dendrites of hippocampal neurons.
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Figure 6: NHE6 AES inhibits the structural response to gly-ChemLTP. A: Representative
confocal micrographs of secondary or tertiary dendrites from transfected neurons at baseline and
post gly-ChemLTP for each transfection condition. Channels are shown separately and merged;
white outlines denote location of EGFP-positive dendrite. Scale bar: 3 um. B: Schematic showing
the time course of the gly-ChemLTP protocol. C: Mean + S.E.M. percentage of spines containing
NHE6 WT or AES puncta at baseline and 20 min post gly-ChemLTP. D: Following gly-ChemLTP,
the mean + S.E.M. percent change of NHE6 WT or AES-positive spines. E: Mean + S.E.M.
proportion of NHE6 WT or AES puncta in each spine subregion at baseline and following gly-
ChemLTP. F-H: Mean + S.E.M. spine head volume measurements for mushroom, thin, and total
spines in mCh control- (F), NHE6 WT- (G), and NHE6 AES- (H)-transfected neurons at baseline
and 20 min following gly-ChemLTP. I: Mean + S .E.M. percent change in spine head volume from
baseline (100%) following gly-ChemLTP for each spine subtype under each transfection
condition. mCh control: n = 173 spines along 206.597 um of dendrite from 8 cells; NHE6 WT: n
= 155 spines along 210.906 um of dendrite from 4 cells, NHE6 AES: 142 spines along 210.201
pm of dendrite from 8 cells; 3 separate experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.0001;
paired Student’s t-test, two-tailed (C-H), one-way ANOVA with Berforroni post-hoc test (I).
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2.4.5 Restoring spine density and remodeling in NHE6 AES-expressing neurons

Next, we explored whether it was possible to restore these deficits in neuronal morphology,
receptor trafficking, and plasticity in AES-expressing neurons. As noted previously, the AES
mutant induces excess acidification [22] and an increase in spine-localized endolysosomal vesicles
(Fig. 3). Considering these results, we sought to prevent potential endolysosomal degradation by
treating cultures (24 h post-transfection) overnight with leupeptin (100 pg/ml), a reversible,
competitive antagonist of endolysosomal proteases, or bafilomycin A1 (100 nM), a vacuolar H*-
ATPase inhibitor. Compared to untreated NHEO6,gs-mCh-expressing neurons, we found that
leupeptin treatment restored the densities of all three spine types (stubby, thin and mushroom) to
levels comparable with the spine densities of untreated mCh- or NHE6y-mCh-transfected neurons
(Fig. 7A-E). By comparison, bafilomycin appeared to partially restore only the density of thin
spines compared to untreated NHE6,gs-mCh-expressing neurons cultures. On the other hand,
mCh- and NHE6yr-mCh-expressing neurons were not profoundly affected by treatment with
leupeptin. Moreover, bafilomycin administration significantly reduced the density of each spine
subtype as well as total spine density (Fig. 7A-E). When we quantified NHEG6 levels following
these treatments, we found overall levels of NHE6y,-mCh were not significantly changed relative
to control (Fig.7A, F). However, leupeptin and bafilomycin significantly increased the fraction of
spines containing NHE6,rs-mCh puncta compared to untreated controls (Fig. 7A, F). As we
previously reported that the AES mutant is also subjected to partial degradation by the proteasome
[22], we investigated whether inhibition of the proteasome could restore spine density. However,
application of the general proteasomal inhibitor MG132 (40 uM) did not increase spine density in

NHEG6rs-mCh-expressing neurons, nor did it significantly increase NHE6,gs-mCh trafficking to
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spines (Fig. 7). Collectively, these data show that specifically preventing lysosomal degradation

mitigates some of the morphological deficits induced by expression of the AES mutant.
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Figure 7: Inhibitors of lysosomal function, but not proteasomal function, are beneficial for
spine density in NHE6 AES-transfected neurons. A: Representative confocal micrographs of
secondary or tertiary dendrites from transfected primary hippocampal neuron co-transfected with
EGFP and mCh alone, NHE6yw-mCh or NHEG6 yzs-mCh and untreated (control) or treated overnight
with leupeptin, bafilomycin, or MG132. Channels are shown separately and merged; white outlines
denote location of EGFP-positive dendrite. Scale bar: 2 um. B-E: Quantification of mean + S.E.M.
density of stubby (B), mushroom (C), thin (D), and total (E) spines following each treatment for
each transfection condition. F: Quantification of mean + S.E.M. fraction of spines containing
puncta of transfected, overexpressed NHE6 WT or AES puncta of all spines analyzed for NHE6
WT-mCh and NHE6 AES-mCh cells for each treatment condition. For mCh control, control: n =
461 spines along 450.302 pwm of dendrite from 16 cells, leupeptin: n = 431 spines along 411.083
pm of dendrite from 14 cells; bafilomycin: n = 199 spines along 316.209 um of dendrite from 12
cells; MG132: n =193 spines along 223.232 um of dendrite from 8 cells. For NHE6 WT, control:
n =440 spines along 469.836 wm of dendrite from 16 cells; leupeptin: n =377 spines along 385.183
pm of dendrite from 12 cells; bafilomycin: n = 178 spines along 308.887 um of dendrite from 12
cells; MG132: n = 207 spines along 238.938 um of dendrite from 8 cells. For NHE6 AES, control:
n =275 spines along 459.203 pwm of dendrite from 16 cells; leupeptin: n =460 spines along 434.558
pm of dendrite from 14 cells; bafilomycin: n = 236 spines along 298.703 um of dendrite from 12
cells; MG132: n = 159 spines along 234.028 um of dendrite from 8 cells, 10 separate experiments.
*: p<0.05,**%: p<0.01, ***: p <0.0001; Dunnett’s Multiple Comparison Test.
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Based on the above findings, we next examined whether the defective functional and
structural response to LTP in NHE6Ags-mCh—transfected cells could be restored by acutely pre-
treating transfected cultures with leupeptin (100 pug/ml) for 30 min prior to the gly-ChemLTP
protocol. It has previously been shown that 30 min of leupeptin treatment can enhance activated
levels of the neurotrophic TrkB receptor in NHE6 KO neurons [21], indicating that this time frame
is sufficient to prohibit aberrant endolysosomal degradation and restore receptor trafficking.
Twenty min post-stimulation, we again probed for the subcellular distribution of sGluAl and
found significant insertion of GluAl into the cell surface in AES-expressing cells, similar to
controls (Fig. 8A-C). Whole-cell voltage clamp recordings revealed that pre-treatment with
leupeptin did not significantly alter mEPSC amplitude in mCh- and NHE6y,-mCh-transfected
cells or their ability to potentiate beyond the stimulatory effects observed in the absence of
leupeptin (see Fig. SE). In contrast, leupeptin-treated NHE6gs-mCh—transfected neurons restored
the increases in mEPSC amplitude following gly-ChemLTP stimulation comparable to levels in

mCh- and NHE6y-mCh-transfected cells (compare Fig. 8D-E and Fig. SE).
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Figure 8: Leupeptin, a lysosomal protease inhibitor, restores the functional response to gly-
ChemLTP in NHE6 AES-transfected neurons. A: Representative confocal micrographs of
secondary or tertiary dendrites from leupeptin-treated primary hippocampal neurons that were
either unstimulated (control) or stimulated (gly-ChemLTP) for each transfection condition and
stained for surface SEP-GluAl (sGluAl) under non-permeabilizing conditions. Channels are
shown separately and merged; white outlines denote location of tdTomato-positive dendrite. Scale
bar: 2 um. B: Mean + S.E.M. percentage of spines containing sGluA1 puncta for control and gly-
ChemLTP conditions for each transfection condition. C: Mean + S.E.M. proportion of sGluAl
puncta in each spine subregion for control and gly-ChemLTP-stimulated, leupeptin-treated
cultures. For mCh + leu, control: n = 155 spines along 189.456 um of dendrite from 7 cells; gly-
ChemLTP: n =131 spines along 178.699 um of dendrite from 7 cells; for NHE6 WT + leu, control:
n = 120 spines along 166.109 um of dendrite from 7 cells, gly-ChemLTP: n = 150 spines along
179.799 pm of dendrite from 7 cells; for NHE6 AES + leu, control: 104 spines along 174.24 pum
of dendrite from 7 cells; gly-ChemLTP: n = 101 spines along 164.519 um of dendrite from 7 cells,
3 separate experiments. D: Average AMPAR-mEPSC event trace of an unstimulated control and
gly-ChemLTP-stimulated cell for each transfection condition with leupeptin pre-treatment. E:
Mean + S.E.M. mEPSC amplitude of all cells analyzed under each stimulation and transfection
condition with leupeptin pre-treatment. n = 13 cells for each transfection and stimulation condition,
5 separate experiments. **: p < 0.01, ***: p <0.0001; independent Student’s t-test, two-tailed.

Given that inhibiting excessive endolysosomal proteolysis helped restore the functional
response to LTP, we performed additional time-lapse confocal imaging experiments to assess the

impact of leupeptin on spine structural remodeling after LTP. Following 30 min pre-treatment with
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leupeptin, NHE6,gs-mCh-expressing cells showed both enhanced recruitment of NHE6,zs-mCh
puncta to spines, as well as an enlargement in thin-type spines comparable to controls in response
to gly-Chem LTP stimulation (Fig. 9A-H). Interestingly, leupeptin-treated mCh- and NHEGy-
mCh-positive neurons did not show a significant increase in mushroom-type spines, though their
relative increase in spine head volume was still greater than that of NHE6,gs-mCh transfectants
(Fig. 9E-F, H). Overall, these data strongly indicate an elevated accumulation of endolysosomal
vesicles in the vicinity of spines in NHEO6,gs-mCh transfectants. They also demonstrate that
inhibiting endolysosomal mediated proteolysis restores the ability of AES-expressing neurons to

structurally remodel and recruit AMPARS to the cell surface in response to gly-ChemLTP.
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Figure 9: Leupeptin partially restores the structural response to gly-ChemLTP. A:
Representative confocal micrographs of secondary or tertiary dendrites from transfected,
leupeptin-treated primary hippocampal neurons at baseline and post gly-ChemLTP for each
transfection condition. Channels are shown separately and merged; white outlines denote location
of EGFP-positive dendrite. Scale bar: 3 um. B: Mean + S.E.M. percentage of spines containing
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NHE6 WT or AES puncta at baseline and 20 min post gly-ChemLTP following leupeptin pre-
treatment. C: Following gly-ChemLTP, the mean + S.E.M. percent change of NHE6 WT or AES-
positive spines. D: Mean + S.E.M. proportion of NHE6 WT or AES puncta in each spine subregion
at baseline and following gly-ChemLTP with leupeptin pre-treatment. E-G: Mean + S .E.M. spine
head volume measurements for mushroom, thin, and total spines in mCh control- (E), NHE6 WT-
(F), and NHE6 AES- (G)-transfected neurons at baseline and following gly-ChemLTP with
leupeptin pre-treatment. H: Following leupeptin pre-treatment and gly-ChemLTP stimulation, the
mean + S.E.M. percent change from baseline in spine head volume. For mCh control + leu: 168
spines along 202.54 um of dendrite from 8 cells; NHE6 WT + leu: 225 spines along 231.468 pm
of dendrite from 8 cells; NHE6 AES + leu: 185 spines along 227.988 um of dendrite from 8 cells,
5 separate experiments. *: p < 0.05, **: p < 0.01; paired Student’s t-test, two-tailed (B-D),
Wilcoxon signed rank test (E-G), Kruskal-Wallis test with Dunn’s Multiple Comparison test (H).
I: Representative schematic. Under normal conditions with NHE6 WT (i), internalized cargo, such
as AMPARs, are preferentially recycled back to perisynaptic zones. However, with NHE6 AES
(i), AMPARSs are instead targeted to the late endosome and lysosome and subsequently degraded,
decreasing their availability at synaptic sites. With leupeptin treatment (iii), this aberrant lysosomal
degradation is prevented, thereby allowing for these AMPARSs to be trafficked to the membrane
instead.

2.5 DISCUSSION

In recent years, studies on CS have expanded the genetic and phenotypic heterogeneity of this
disorder [1,4,18,19], yet the impact of these genetic alterations on cellular trafficking and learning
mechanisms in neurons remains to be fully elucidated. In the present study, we initially chose to
focus on the AES (p.E287_S288del) mutation because this was one of the first SLC9A6 mutations
to be reported [4]. In this particular study, the authors reported that all affected individuals included
in the study showed profound developmental delay and learning problems. Importantly, this
mutation was one of the first discovered that still results in the production of a full-length protein
product (as opposed to other mutations that introduce a premature stop codon into the gene).
Furthermore, deletions of the analogous glutamate residues in NHE1 and NHES, a other NHE

family members, has previously been shown to ablate the ion transport function of these
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exchangers [53,54], and we have also reported that the AES mutation ablated the ability of NHE6
to regulate vesicular pH as well [22]. Thus, this mutation identified from a patient provided us
with an advantageous loss-of-function, full-length protein product of which to study the impact on
neuronal structure and function.

Using primary hippocampal neurons, we now report that NHE6,gs-mCh puncta localize
less to early and recycling endosomes and more to acidic late endosomes and lysosomes when
compared to NHE6ywr-mCh. Also, NHE6,gs-mCh transfection significantly decreased dendritic
spine density compared to controls, paralleling previous observations of hippocampal neurons
from NHE6 KO mice [21]. Spine morphology is typically correlated with AMPAR density and
post-synaptic density (PSD) size, and thus spine size is a common measure of synaptic strength
and stability [55]. As such, the observed reduction in the density of larger mushroom-type spines
in neurons expressing NHEO6,ss-mCh is indicative of a reduction in excitatory synaptic
neurotransmission and proper neuronal circuit connectivity, as even minimal shifts in spine size
are associated with significant changes in synaptic function at both the cellular and circuit levels
[52]. Indeed, disruptions in spine density, size, and stability are common to a number of
neurodevelopmental disorders that present with cognitive impairment, including Angelman, Rett,
Fragile X, and Down syndromes [55]. Interestingly, in Fragile X syndrome and other such
disorders involving intellectual disability, post-mortem examinations have revealed a “torturous”
spine morphology resulting from an increase in immature filopodia density, similar to our
observations [52,55]. Together, these findings reveal that NHE6 mutants induce deficits in the
formation and maintenance of excitatory synapses, which could underlie the learning deficits

observed in individuals with CS.
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We also observed that NHE6,ss-mCh-expressing neurons fail to undergo significant
structural and functional remodeling in response to gly-ChemLTP stimulation. Increases in spine
head volume are a common response to LTP in the hippocampus and cortex and are reflective of
arecruitment of excitatory postsynaptic machinery to the spine and an increase in synaptic strength
[55]. This is seen predominantly in smaller spines, which are thought to be more labile and plastic
than larger, more stable spines. Importantly, it has been shown that recycling endosomes, the pH
and function of which are mediated in part by NHEG6, provides additional AMPARSs and lipid
membranes to dendritic spines following LTP induction, thus accounting for the associated
changes in synaptic structure and function [47,48]. We thus postulate that the inability of smaller,
thin-type spines to enlarge in AES-transfected cells results from impaired trafficking mechanisms
that normally regulate structural plasticity mechanisms. Likewise, NHE6,gs-mCh-transfected
neurons also had significantly fewer spine-localized GluA1 puncta and failed to recruit additional
AMPAR:S to these spines following gly-ChemLTP stimulation. This resulted in a functional change
at the synapse: specifically, AES-expressing cells failed to show the expected increase in mEPSC
amplitude in response to gly-ChemLTP-stimulation, as seen in controls. Given that NHE6
normally traffics into spine heads alongside GluA1 following gly-ChemLTP [8], this suggests that
NHES®6 plays an essential role in AMPAR trafficking mechanisms at the synapse. It should be noted
that NHEG6 is found extensively within excitatory postsynaptic compartments, with significant
trafficking to the base and head regions of spines. We and others have also shown that the
endocytosis of certain integral plasma membrane proteins is regulated by NHE6 function
[22,27,56]. Therefore, we hypothesize that NHE6 specifically participates in the maintenance of
endocytic zones, which are located adjacent to PSDs and contain machinery necessary to

internalize AMPARSs into endosomes and maintain them close to the synapse. In response to LTP
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induction, this pool of recycling endosomes is then important for the addition of both AMPARSs
and additional lipid membrane to spine heads to mediate their enlargement and functional
potentiation [51,57,58]. As such, Petrini and colleagues reported that impairing AMPAR recycling
through endocytic zones by interfering with endocytic machinery diminishes the number of PSD-
localized AMPARs [48]. Likewise, we postulated that synaptic AMPAR recycling in AES-
transfected neurons is impaired by the overacidification of endosomes containing GluA1-positive
AMPARSs, which increases the likelihood the receptors will be erroneously targeted to and
degraded within lysosomes (Fig. 9I). Overall, it follows that impairments in structural and
functional changes at synaptic sites could arise from AES-induced deficiencies in endosomal
trafficking mechanisms at the synapse.

Given that the localization of AMPARs is heavily dependent on endosomal trafficking
mechanisms, we hypothesized that NHE6 AES may lead to an excessive endolysosomal
degradation of these receptors. We verified this hypothesis using leupeptin, an inhibitor of
cysteine, serine and threonine proteases in the endolysosomal pathway [59], and found that in
AES-expressing neurons, leupeptin restored spine density to levels comparable to controls.
Moreover, in AES-expressing cells that were pre-treated with leupeptin before being subjected to
LTP induction, the spines were enlarged and were able to recruit GluA1l-containing AMPARs;
these cells underwent functional potentiation as well. Thus, the loss of NHE6 function may indeed
favour both enhanced endolysosomal trafficking and degradation of AMPARs and other such
cargo in hippocampal neurons, subsequently disrupting their signaling. By preventing excessive
degradation of GluAl in AES mutants, we were then able to replenish the pool of AMPARs
available for insertion into synaptic sites following LTP induction (illustrated in Fig. 9I).

Parenthetically, it has been shown that in dorsal root ganglion neurons, 24 h leupeptin treatment
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prevented the ligand-induced degradation of fibroblast growth factor (FGF) receptor 1, enhancing
its recycling and thereby promoting axon elongation in these cells [60,61]. This finding emphasizes
the potential benefit of regulating lysosomal function in neurons to promote changes in their
morphology and function. To verify that excessive lysosomal degradation was the result of
endosomal overacidification, we rendered endosomes more alkaline by applying bafilomycin, an
H*-ATPase inhibitor. Surprisingly, this treatment was detrimental to spine density in both mCh-
and NHEG6wr-mCh-transfected neurons. Since bafilomycin blocks acidification of all
endomembrane compartments of the secretory and degradative pathways, this detrimental effect
may be the result of an overalkalinization of most secretory and endocytic compartments, which
then broadly disrupts endomembrane trafficking mechanisms and cellular function. Thus,
bafilomycin treatment likely had a more pervasive suppressive effect on organellar dynamics in
healthy cells. This observation underpins the importance of regulating organellar pH within a tight
range, as both drastic increases and decreases in this parameter can disrupt trafficking mechanisms
and cell function [11,12]. Conversely, bafilomycin treatment partially restored spine density in
NHEG6,s-mCh-expressing neurons, presumably by limiting excessive acidification and
degradation of endosomal cargo under these conditions. Indeed, previous work has demonstrated
that bafilomycin treatment can prevent the degradation of internalized receptors in cultured
heterologous cells [62]. Interestingly, while we have shown that NHE6Ags-mCh also partially
undergoes degradation through proteasomes [22], proteasomal inhibition with MG132 did not
rescue spine density in AES-expressing neurons. This suggests that specifically limiting excessive
endosomal acidification and mistrafficking and degradation of cargo within the lysosome may be

a potential strategy to ameliorate some of the deleterious effects induced by the AES mutation.
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Overall, our results suggest that mutations in NHE6 can lead to dysregulation of endosomal
trafficking and disruption of neuronal morphology and synaptic function. These findings could
have important implications for understanding the pathogenesis of other neurological disorders as
well. For instance, NHEG levels have been found to be downregulated in the brains of patients
with AD, Parkinson's disease, and autism spectrum disorders [25,26,63]. This suggests that similar
mechanisms of endosomal mistrafficking may occur in these pathological states as well. As such,
additional studies of NHE6 function and regulation will prove valuable in the development of
novel therapeutic strategies for treating cognitive deficits observed in rare disorders such as CS,
as well as other common neurodegenerative disorders that affect a more significant proportion of

the global population.
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Fig. S1: NHE6 AES expression impairs total NHE6 trafficking in the dendrites of
hippocampal neurons. A: Representative confocal micrographs of secondary or tertiary dendrites
from transfected primary hippocampal neurons and immunolabelled with a rabbit polyclonal
antibody targeting total NHE6. Scale bar: 2 um. B: Mean + S.E.M. fraction of spines containing
immunolabeled puncta of NHEO6 of all spines analyzed under each transfection condition. NHE6
WT: n =194 spines along 288.671 um of dendrite from 10 cells; NHE6 AES: n = 123 spines along
295.049 um of dendrite from 10 cells, 3 separate experiments. **: p < 0.01, independent Student’s
t-test, two-tailed.
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Fig. S2: The response to gly-ChemLTP is NMDA receptor-dependent. A: Representative
confocal micrographs of secondary or tertiary dendrites from NHE6 WT-transfected primary
hippocampal neurons that were either unstimulated (control) or stimulated (gly-ChemLTP) for
each transfection condition and stained for surface SEP-GluAl (sGluAl) under non-
permeabilizing conditions. Channels are shown separately and merged; white outlines denote
location of tdTomato-positive dendrite. Scale bar: 2 um. B: Mean + S.E.M. percentage of spines
containing sGluA1 puncta for control and gly-ChemLTP + CPP-treated cells. C: Mean + S.E.M.
proportion of sGluA1 puncta in each subregion for control and gly-ChemLTP + CPP-treated cells.
For control, n = 100 spines along 156.529 um of dendrite from 8 cells; gly-ChemLTP + CPP: n =
94 spines along 157.616 um of dendrite from 7 cells. D: Average AMPAR-mEPSC event trace of
an unstimulated control and gly-ChemLTP + CPP-treated NHE6 WT-positive neuron. E: Mean +
S.E.M. mEPSC amplitude of all cells analyzed under each stimulation condition. For control, n =
8 cells; gly-ChemLTP + CPP: n = 11 cells. F: Representative confocal micrographs of secondary
or tertiary dendrites from NHE6 WT-transfected neurons at baseline and post gly-ChemLTP +
CPP. Channels are shown separately and merged; white outlines denote location of EGFP-positive
dendrite. Scale bar: 3 um. G: Mean + S.E.M. percentage of spines containing NHE6 puncta at
baseline and following gly-ChemLTP + CPP. H: Mean + S.E.M. proportion of NHE6 puncta in
each spine subregion at baseline and following gly-ChemLTP + CPP.I: Mean + S.E.M. spine head
volume of mushroom, thin, and total spines at baseline and following gly-ChemLTP + CPP. n =
123 spines along 158.058 um of dendrite from 6 cells.

108



CHAPTER 3. IMPAIRED HIPPOCAMPAL EXCITATORY NEUROTRANSMISSION
AND PLASTICITY ASSOCIATED WITH LOSS OF THE CHRISTIANSON SYNDROME
PROTEIN SLC9A6/NHEG6 1S AMELIORATED BY 7,8-DIHYDROXYFLAVONE

FOREWARD

Background and Rationale

In Chapter 2, I demonstrated that transfection of the patient-derived AES mutant in NHE6 reduced
mature dendritic spine density and disrupted endosomal AMPAR trafficking. Consequently, AES-
expressing neurons were unable to upregulate surface GluAl-containing AMPARSs and did not
show volumetric spine head enlargements following NMDAR-dependent ChemLTP. However,
application of a lysosomal protease inhibitor was sufficient to restore the deficiencies in spine
density and structural remodeling. These findings indicated that disrupting NHE6 function through
the dominant negative overexpression of a LOF variant in vitro could induce a profound cell-
autonomous impact upon excitatory postsynaptic function and plasticity. The question then arose
of whether these findings applied to mice genetically deficient in NHE6. Previous work on neurons
from these Nhe6 KO mice demonstrated endosomal overacidification and disruptions in neurite
outgrowth. Notably, Nhe6 KO hippocampal neurons also showed significant reductions in
activated levels of the activated, phosphorylated TrkB. In light of these conclusions, I next sought
to investigate if Nhe6 KO mice showed impairments in excitatory synaptic function, AMPAR

trafficking, and the response to NMDAR-dependent LTP at the circuit level.

Hypothesis

I hypothesize that the loss of NHE6 impairs dendritic spine density and excitatory

neurotransmission owing to a mistrafficking of AMPARs. As a result, both functional and
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structural LTP will be impaired in Nhe6 KO hippocampi. Nhe6 KO mice will also demonstrate
impairments in behavioural learning. However, targeting downregulated levels of phosphorylated

TrkB could rescue some of these deficits in synaptic density and remodeling.

Experimental Outline

To test my hypotheses, I will crossbreed Slc9a6/Nhe6 KO mice with our line of mGFP-expressing
mice to label a subset of hippocampal pyramidal neurons with a membrane-tagged fluorescent
marker to readily visualize neuronal structure. Using hippocampal slice preparations these mice, |
will first quantify dendritic spine densities and assess both protein levels and dendritic trafficking
of ionotropic glutamate receptor subunits. I will also use whole-cell patch clamp electrophysiology
to assess excitatory neurotransmission from area CAl pyramidal neurons. Next,
electrophysiological field potential recordings will be used to verify if Nhe6 KO hippocampi show
deficiencies in CA3-CA1l LTP. If so, I will again use primary hippocampal neuron cultures to
investigate if changes in the surface levels or post-translational modifications of AMPARs may
underlie these deficiencies in functional LTP. I will also perform time-lapse confocal imaging on
mGFP-labeled primary hippocampal neurons stimulated with the same NMDAR-dependent
ChemLTP protocol from Chapter 2 to veritfy if KO cells similarly show deficiencies in structural
LTP. In collaboration with members of Dr. N. Sonenberg’s lab, we will also subject KO mice to a
battery of behavioural learning tasks to see if these cellular and molecular changes translate to
changes in memory acquisition. Finally, I will attempt to rescue these deficits in dendritic spine
density and LTP by employing a competitive TrkB agonist, 7,8-dihydroxyflavone, to

pharmacologically enhance TrkB activation.
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3.1 ABSTRACT

Mutations in the SLC9A6 gene encoding Na*/H* exchanger isoform 6 (NHE6), a regulator of
endosomal pH and function, result in Christianson syndrome (CS), an increasingly prevalent form
of X-linked intellectual disability. Unfortunately, little is presently known of how ablation of
NHES6 function perturbs excitatory synaptic plasticity, such as long-term potentiation (LTP), to
potentially result in the severe cognitive impairments associated with CS. To address this, we
generated a novel line of Nhe6 KO expressing fluorescent labeling within hippocampal neurons to
assess synaptic structure, function, and learning mechanisms. In Nhe6 KO mice, we uncovered a
significant reduction in mature dendritic spines along CA1 pyramidal neuronal dendrites, which
was accompanied by reduced levels of the AMPA receptor (AMPAR) subunit GluA2 and
dampened AMPAR-mediated neurotransmission. Moreover, when compared to wild-type (WT)
hippocampi, Nhe6 KO hippocampi showed abnormal LTP expression in response to theta burst
stimulation. Upon induction of glycine-mediated chemical LTP (ChemLTP), KO neurons also
failed to show increases in surface GluA2 and phosphorylation of the AMPAR subunit GluA1 at
the S845 site, indicating deficiencies in AMPAR surface insertion and post-translational
modifications. In addition, spines along the dendrites of Nhe6 KO neurons were excessively
motile, and larger KO spines failed to enlarge after LTP, as typically seen in WT. Interestingly,
young adult Nhe6 KO male mice exhibited comparable performance to age- and sex-matched WT
animals in behavioural learning paradigms. Finally, we sought to restore these deficits by
enhancing activation of the tropomyosin receptor kinase B (TrkB) using the agonist 7,8-
dihydroxyflavone (7,8-DHF). Acute application of 7,8-DHF restored spine density and structural
remodeling after ChemLTP in Nhe6 KO neurons. Taken together, the results suggest that NHE6

ablation disrupts AMPA receptor trafficking and consequently impairs hippocampal excitatory
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synaptic density and remodeling, which may impair learning and memory in CS patients.
However, targeting TrkB activation may hold potential as a clinical intervention to ameliorate

these severe deficits.

3.2 INTRODUCTION

In neurons, precise intracellular trafficking is necessary for the development and plasticity of
synapses and neuronal circuitry [1-3]. Perturbations in this process can result in severe
neurological deficits [4—7], which occurs in the recently characterized neurodevelopmental genetic
disorder Christianson syndrome (CS). Individuals with CS are primarily male and present with X-
linked intellectual disability (XLID), epilepsy, truncal ataxia, non-verbalism, altered sensory
processing, and autistic behaviours [8—11]. Many patients also show a progressive phenotype after
the first decade of life, with severe cerebellar atrophy and loss of locomotor control being the most
apparent [8,12]. Although CS is considered to be a rare disorder, it has been estimated to affect
between 1 in 16,000 to 100,000 individuals worldwide and is possibly one of the more common
forms of XLID [8,13]. Despite this relatively high frequency, little is currently known about the
underlying etiology behind CS, and therapeutic options remain scarce. CS is the result of mutations
in the SLC9A6 gene, which is mapped to chromosome position Xq26.3 and encodes the
electroneutral alkali cation (Na* or K*)/proton (H*) exchanger isoform 6 (NHE6) [14]. To date,
over 80 unique inherited and de novo mutations have been discovered at this gene locus (for further
information, see ClinVar (https:/ www.ncbi.nlm.nih.gov/clinvar/) and DECIPHER
(https://decipher.sanger.ac.uk/) databases). However, the functional consequences of these
mutations upon NHEO6 function and cellular trafficking are only beginning to be uncovered [15—

18].
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NHEG6 shows a broad distribution throughout the body, with enrichment in the brain [19].
In neurons and other cell types, NHE6 predominantly localizes to the membranes of early and
recycling endosomes [20,21], where its acts as a means of H* extrusion to counteract luminal
acidification facilitated by the electrogenic vacuolar H*-ATPase (V-ATPase) transporter [22]. The
precise regulation of luminal pH is necessary for endosomal trafficking, as minute increases or
decreases in pH can impact whether certain cargo are recycled back to the cell surface or degraded
through acidic lysosomes, respectively [22-24]. As such, cultured neurons deficient in NHE6
display an overacidification of endosomal pH when compared to wild-type (WT) neurons [25]. In
neurons, proper endosomal dynamics are essential for the trafficking of cargos such as
neurotrophin and neurotransmitter receptors, which enables morphological development as well
as synaptic formation and plasticity. For instance, signaling through tyrosine receptor kinase B
(TrkB), the high-affinity receptor for the mature form of the neurotrophin brain-derived
neurotrophic factor (BDNF), mediates several downstream signaling pathways that are crucial for
neurite outgrowth, cell survival, and synaptic refinement [26,27]. Importantly, BDNF binding to
two TrkB molecules induces their dimerization, autophosphorylation, and internalization of
phosphorylated TrkB (pTrkB) into intracellular signaling endosomes for either local or retrograde
signaling [28,29]. As such, disruptions in signaling endosome maintenance can impair
BDNF/TrkB signaling, resulting in the dysregulation of synaptic development and plasticity
[30,31].

In addition, long-term potentiation (LTP) of neurotransmission at Schaffer collateral (SC)-
CA1 synapses in the hippocampus is dependent upon the postsynaptic insertion of ionotropic
glutamatergic  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid (AMPA) receptors

(AMPARs), which mediate the majority of fast excitatory neurotransmission in the central nervous
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system [32,33]. AMPARs are usually heterotetrameric complexes consisting of two out of four
possible subunits, GluA1-4, which regulate the properties and trafficking of the receptor: GluA1-
positive AMPARs are thought to be inserted into synapses initially before being replaced with
GluA2- and GluA3-containing AMPARs [33-35]. Dendritic spines, small protrusions that
comprise the majority of excitatory postsynaptic sites on pyramidal cell dendrites, typically expand
in size to accommodate the insertion of AMPARSs and other scaffolding proteins during LTP
[36,37]. Importantly, dendritic recycling endosomes have been shown to be essential for providing
both additional lipid membrane and AMPARSs to allow LTP expression [38—40]. As such, we have
previously shown that NHEG6 colocalizes strongly with GluA1 in dendrites, and both are recruited
to spines following N-methyl-D-aspartate (NMDA) receptor (NMDAR)-dependent LTP [21].
While these findings implicate NHEG6 in the functional response to LTP, the consequences of
NHES6 ablation upon hippocampal plasticity remains unknown.

To investigate this further, we have recently reported that transfecting prevalent CS-
associated SLC9A6 mutants into murine hippocampal neurons disrupted axodendritic branching,
spine number, and the functional and structural responses to NMDAR-dependent LTP in a cell
autonomous manner [41,42]. Similar morphological deficits were previously reported in
hippocampal area CA1 pyramidal neurons in male hemizygous Slc9a6/Nhe6 knock-out (KO) mice
[25]. Nhe6 KO hippocampal neurons were also found to contain significantly less pTrkB protein
when compared to WT [25]. This was indeed suggestive of an impairment in endosomal function
in the absence of NHEG6, which likely dampened endosomal BDNF/TrkB signaling and disrupted
the proper development of hippocampal circuitry. Accordingly, Nhe6 KO mice have also been
reported to recapitulate a number of phenotypes associated with human CS patients, including

neurodegeneration in the cerebellum and other brain areas as well as significant impairments in
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locomotion and sensory processing [43—46]. Nonetheless, the manner in which the complete
ablation of NHE6 impairs AMPAR trafficking and learning at the circuit and behavioural levels
remains to be explored. In the present study, we sought to address these questions by uncovering
deficits in hippocampal plasticity that could alter learning and memory in rodents. In light of these
disturbances in cellular function, we then ameliorated them by targeting BDNF/TtkB signaling in

the hopes of finding a potential avenue for therapeutic inventions in CS.

3.3 METHODS

Transgenic animals. As wild-type (WT) controls, either C57BL/6 or L15 mice, which
express sparse but consistent levels of membrane-tagged enhanced GFP (mGFP) in a subset of
hippocampal pyramidal neurons under the Thy1.2 promoter [126], were utilized. The mGFP tag
is not known to effect neural development or function. To generate mGFP-labeled Nhe6 knock-

out (KO) mice, Slc9a6™!Psen mice, bred on a C57/BL6 background and deficient in the Nhe6 gene,

were purchased from Jackson laboratories (https://www.jax.org/strain/005843) and crossed with
the L15 line to generate heterozygous Slc9a6*- females, which were then crossed with .15 males
to generate homozygous Slc9a6” females and hemizygous Slc9a6Y males. For structural and
immunohistochemical experiments, only mGFP-positive animals were utilized. For molecular
biology and behavioural experiments, both mGFP-expressing and mGFP-negative mice were used.
For the majority of in and ex vivo experiments described herein, hemizygous Nhe6 KO males were
used at the indicated time points. However, litters of homozygous females and hemizygous Nhe6
KO males were pooled together during in vitro culture preparations, as we did not believe sex-
dependent differences to have a significant impact at these early postnatal stages. All animal

handling procedures were carried out according to the guidelines of the Canadian Council on
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Animal Care and the McGill University Comparative Medicine and Animal Resources animal
handling protocols 5057 and 5205.

Cell culture. Immunoblotting and live spine imaging experiments were performed on
primary hippocampal cultures prepared from early postnatal WT or Nhe6 KO mice, prepared as
previously described [21,127]. In brief, postnatal day (PD) 0-1 mice pups were decapitated, and
the hippocampi were dissected out of their brains. These hippocampi were held in ice-cold HBSS
supplemented with 0.1 M HEPES buffer and 0.6% glucose until all tissue was collected, then
digested with 165 U papain for 20-30 min in a shaking water bath heated to 37°C. Neurons and
glia were dissociated by mechanical trituration and suspended in DMEM supplemented with 1%
penicillin-streptomycin, 10% FBS, and 0.6% glucose. Cells were then plated onto poly-D-lysine-
coated 10 mm glass coverslips (for imaging experiments) or 60 mm plastic Petri dishes (for
immunoblotting experiments) at an approximate density of 12,000-24,000 cells/cm? and placed in
a sterile humidified environment of 5% CO, at 37°C. 24 h later, plating media was replaced with
Neurobasal-A growth media supplemented with 2% B-27 supplement, 1% GlutaMAX, and 1%
penicillin-streptomycin and fed every 3 — 4 d until 14+ days in vitro (DIV) to allow development
of a functional neuronal network [128].

To assess acute spine changes in response to ex vivo pharmacological treatment,
organotypic hippocampal slice cultures were generated using the roller-tube method, as previously
described [54]. Briefly, P6-8 mouse pups of either sex were decapitated, their brains removed, and
their hippocampi isolated in an aseptic environment. Transverse hippocampal slices (400 um thick)
were cut with a Mcllwain tissue chopper (Lafeyette Instrument) and adhered to coverslips with a
chicken plasma (Cocalico Biologicals; Reamstown, PA, USA) clot. Coverslips were then

transferred to flat bottom tubes with medium (50% (v/v) Eagle’s basal medium (Gibco), 25%

116



HBSS (Gibco), and 25% New Zealand horse serum) and placed in a roller-drum dry-air incubator
at 36°C at approximately 10 revolutions per hour to enable oxygen-nutrient interchange in the
cultures. Media was replenished until slices matured to 21+ DIV to allow for spine innervation
and maturation before experimentation [129,130].

Pharmacological treatments. Glycine-mediated chemical long-term potentiation
(ChemLTP) was performed on some primary hippocampal cultures for imaging or immunoblotting
as previously described [21,41,49]. To summarize, the media of +14 DIV neurons was replaced
with normal Tyrode’s solution containing the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl,, 1
MgCl,-6H,0, 5 HEPES, and 33 D(+)-glucose, pH 7.3, osmolarity 290 mOsmol/L, and gassed with
95% 0O,/5% CO, at 32-37°C. The normal Tyrode’s was then replaced with a stimulating solution
of modified Mg?*-deficient Tyrode’s solution with the following (in mM): 125 NaCl, 2.5 KCl, 2
CaCl,'2H,0, 5 HEPES, 33 D(+)-glucose, 0.2 glycine, 0.02 (-)-bicuculline methochloride, and
0.003 strychnine hydrochloride, for 10 min. Neurons were then reperfused with normal Tyrode’s
for 20 min. We have previously confirmed that this phenomenon is NMDAR-dependent [21,41],
as addition of (RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid ((RS)-CPP; 50 uM), a
competitive antagonist of the NMDAR, prior to and during ChemLTP stimulation prevented
structural and functional LTP response in WT cells. For immunoblotting experiments, one
additional dish from each culture preparation was concurrently treated only with normal Tyrode’s
solution as a control.

For TrkB rescue experiments, 7,8-dihydroxyflavone (7,8-DHF, Tocris, 1 pM) was added
to culture media (for static experiments) or Tyrode’s solution (for live experiments) at the indicated

time points. As 7,8-DHF was diluted in dimethyl sulfoxide (DMSO), stock solutions were prepared
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at high concentrations to minimize the potential cytotoxic effects of DMSO. For controls in vitro,
equivalent volumes of vehicle (DMSO) were added to sister cultures from the same preparation.

Immunoblotting. For whole adult hippocampal immunoblotting, animals were deeply
anesthetized, decapitated, their brains removed, and their hippocampi rapidly isolated and
transferred into tubes on dry ice. Approximately every 40 ug of whole adult hippocampal tissue
was homogenized in 300 pl ice-cold radioimmunoprecipitation assay (RIPA) buffer consisting of
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-
HCl (pH 8.0), 150 mM NaCl, 10 mM NaF, 1 mM sodium orthovanadate, 1 mM beta-
glycerophosphate, and completeMINI protease inhibitors (Roche). Lysates were then sonicated
and centrifuged at 12,000 revolutions per min for 10 min at 4°C, and supernatant was removed
from pellet.

For protein phosphorylation experiments, cells were lysed in 1X Western blot lysis buffer
(PhosphoSolutions; 10% (w/v) SDS, 100 mM Tris, 10 mM EDTA, pH 8.0; diluted to 1X with
ddH,0) following manufacturer protocols. Briefly, cells grown in 60 mm dishes were washed with
0.1 M PB or normal Tyrode’s solution, and 350 pl lysis buffer heated to 95°C was added. After
gentle swirling and scraping, lysate was transferred to microcentrifuge tubes and sonicated in 20 s
intervals until lysate turned clear before being heated at 95 °C for 10 min and centrifuged at 1800
x g for 5 min. Supernatant was then removed from pellet cell debris and transferred into new tubes.
Supernatant protein concentrations were then measured using a bicinchoninic acid dye-binding
assay (Thermo Scientific) and compared against bovine serum albumin (BSA) as a standard.

For surface expression assays, cell-surface biotinylation was performed following a
modified protocol [131]. In summary, following ChemLTP stimulation, 60 mm dishes were

washed and incubated in ice-cold Tyrode’s solution with sulfo-N-hydroxysuccinyl-SS-biotin
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(sulfo-NHS-SS-biotin, Pierce, 1.0 mg/ml) with gentle agitation for 45 min. Dishes were then
washed, incubated in ice-cold Tyrode’s solution for 10 min, and free-floating biotin was washed
off and quenched in Tyrode’s solution supplemented with 200 mM glycine. After subsequent
washing in Tyrode’s solution, approximately 350 pl ice-cold RIPA buffer was added to each dish,
and cells were removed using a cell scraper into microcentrifuge tubes. Lysates were sonicated
and then rotated 4 °C for 2 h before being spun down at 13,200 x g for 30 min to pellet cellular
debris. Supernatant was then removed, and protein concentrations were subsequently acquired as
described above. To isolate biotinylated membrane proteins, neuronal lysate containing 150-250
ug protein was incubated with streptavidin-agarose beads (Pierce), washed with Tyrode’s solution,
overnight at 4 °C with gentle agitation to ensure mixing. Beads were then pelleted, washed several
times with ice-cold Tyrode’s solution, and biotinylated proteins were subsequently eluted by
incubation with 50 pl 2X sodium dodecyl sulfate (SDS)-sample buffer (BioRad) supplemented
with 50 mM dithiothreitol for 30 min with rotations. Beads were then pelleted again before loading.

To separate proteins for immunoblotting, 15-25 pg protein from tissue and cellular lysates
were loaded and subjected to 8-9% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), then
transferred to methanol-activated polyvinylidene fluoride (PVDF) membranes (Millipore, Nepean,
Ontario, Canada) overnight at 4°C. Membranes were blocked with 5% non-fat skim milk/0.01%
Tween-20 in phosphate-buffered saline (PBS-T) or 5% BSA/0.05% Tween-20 in Tris-buffered
saline (TBS-T) for 1 h, then incubated for 2 h at room temperature or overnight at 4°C with the
specified primary antibodies (NHE6 (in-house): 1:3,000; GluAl (Abcam): 1:1,000; GluA2
(Abcam): 1:1,000; GIluN2B: 1:1,000 (Abcam); pGluA1-S831 (PhosphoSolutions): 1:1,000;
pGluA1-S845 (PhosphoSolutions): 1:1000; pTrkB-Y816 (Millipore): 1:2,000; TrkB (Abcam):

1:1,000; P-actin (Sigma-Aldrich): 1:10,000; B-II tubulin (R&D Systems): 1:5,000;
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Sigma-Aldrich): 1:10,000) diluted in
blocking buffer. Membranes were then washed and incubated with mouse (1:5,000) or rabbit
(1:2,000) horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson) diluted in
blocking buffer for 1 h at room temperature with rotation. After extensive washing,
immunoreactive signals were detected by exposing membranes to Western Lightning™ Plus-ECL
blotting detection reagents (Perkin Elmer Inc, Waltham, MA) in an Amersham™ Imager 6000
(GE Life Sciences, Buckinghamshire, UK). To strip blots during phosphorylation assays to
quantify total protein levels, previously exposed membranes were incubated with 0.5 M NaOH for
15 min at room temperature before subsequent washing with ddH,O and PBS-T/TBS-T and
repetition of the immunoblotting procedure described above. Quantification of immunoreactive
bands were determined by analysis of digital image files using ImageJ software.
Immunohistochemistry. Intracardiac perfusions and coronal sectioning were performed as
previously described [132]. Briefly, adult mice (P60) were deeply anesthetized and perfused
intracardially with 0.1 M PBS followed by 4% PFA/0.1 M PBS (Sigma Aldrich). The brain was
extracted and stored in PFA at 4°C for 24-48 h, then transferred to 30% sucrose solution until
saturation. Cortices were then sliced into 100 um thick coronal sections on a Leica Vibratome
3000 Plus sectioning system (Concord, ON, Canada) and stored in 0.5% sodium azide/0.1 M PB.
Organotypic slice cultures were fixed with 4% PFA/0.1 M PB, pH 7.4 (Sigma Aldrich) for 1 h at
room temperature and washed with 0.1 M PB. Coronal sections and slice cultures were
immunostained, as described previously. Cultures or slice sections were then permeabilized and
blocked overnight at 4°C in 0.4% Triton X-100/1.5% HIHS/0.1 M PB, and primary antibodies
were then diluted (GFP (Invitrogen) or GluA2 (Abcam): 1:250) in this solution for five days at

4°C with gentle agitation. After subsequent washing, secondary antibodies were diluted (Alexa
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Fluor 488, Alexa Fluor 594, Invitrogen, 1:250) in 1.5% HIHS/0.1 M PB and applied overnight at
4°C. Slices were then washed again and mounted onto charged SuperFrost (Menzel-Glaser)
microscopy slides using UltraMount fluorescent mounting medium (Dako) and left to dry
overnight at room temperature in the dark.

Confocal microscopy. Fixed and mounted sections were imaged using a Leica TCS SP2
confocal microscope with data acquired using 40x (NA 1.25) and 63x (NA 1.4) HCXPL APO oil-
immersion objectives. mGFP and Alexa Fluor 488 were imaged using a 488 nm Ar laser line, and
Alexa Fluor 594 was imaged using a 543 nm HeNe laser line. Channels were acquired sequentially
to prevent spectral overlap of fluorophores. Optical sections of 300-500 nm were taken and line-
averaged 2x to improve the signal-to-noise ratio. Live imaging of spine dynamics during the
previously described ChemLTP protocol was performed by placing mature primary hippocampal
neurons into a perfusion chamber of an upright Leica TCS SP8 confocal microscope with a 40x
water immersion dipping lens (HXC APO L 40x/0.80 W U-V-I). In each coverslip, a section of
spiny dendrite from a neuron with a strong mGFP signal was visually identified, and a z-stack of
300 nm optical sections was then rapidly acquired every min using a 488 nm Ar laser line, set at
minimal power to prevent photobleaching, for the duration of the experiment. Additional optical
sections were taken above and below each dendrite to allow for changes in the structure over time.

Image analysis. All image stacks were first deconvolved using Huygens Essential software
by using a full maximum likelihood extrapolation algorithm (Scientific Volume Imaging,
Hilversum, The Netherlands), and 3D images and 4D time-lapse stacks were compiled as
maximum intensity projections using the Surpass function on Imaris software (Bitplane AG,
Zurich, Switzerland). The Imaris Filament Tracer function was used to manually trace and quantify

spines. From the ratio of the diameter and length of the head and neck of spines, it was possible to
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visually distinguish between different spine subtypes (stubby, mushroom, and long thin spines)
based off of previously distinguished criteria [133,134]. In brief, stubby spines had no visible
distinction between its head and neck subregions, mushroom spines were short had a larger head
(> 1 wm in diameter) and neck regions, and long thin spines were longer in length but had smaller
heads (< 1 pm in diameter). To quantify puncta density, the channel containing the protein of
interest was masked based off of the dendritic mGFP signal to ensure that the puncta in question
were localized within the neuron. Once masked, puncta for each stack were then determined
automatically using the Imaris Spots function, with a minimum puncta diameter of 0.3 um. Spine
and puncta counts were divided by the length of the analyzed dendrite to calculate densities.

For time-lapse confocal imaging experiments, spine head volume (SHV) was measured at
every minute of the experiment and pooled into five min intervals, as previously described [135].
Briefly, the time-lapse confocal image stacks were four-dimensionally rendered using the Surpass
function of Imaris, and a drift correction was performed automatically using the Spots function.
The spines of interest were then isolated at each time point, and the volume was automatically
calculated based off of the mGFP signal using the Surfaces function. Volume changes in all thin-
and mushroom-type spines in response to ChemLTP were measured relative to their average
baseline values. However, stubby spines were excluded because the resolution limit of light
microscopy prevents their proper volume analysis. The motility index of each spine was calculated
as an average, between 0 and 1, in the time periods before and after ChemL TP stimulation using a
modified version of a previously established formula [51]:

(largest measured volume — smallest measured volume)

Motility index =
average measured volume

The average motility index was then pooled together for each time period and genotype.
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Electrophysiology. Acute transverse hippocampal brain slices were prepared from male
Nhe6 KO mice (P30-P49), with age- and sex-matched WT as controls. After mice were deeply
anaesthetized and decapitated, their brains were quickly removed and sectioned into 250 or 400
pum thick brain slices using a vibrating microtome (VT1000S, Leica), the chamber of which was
filled with ice-cold sucrose-based artificial cerebrospinal fluid (ACSF). Slices were then allowed
to recover in regular ACSF containing (in mM): 24 NaCl, 5 KCl, 1.25 NaH,PO,, 2 MgSQO., 26
NaHCO;, 2 CaCl,, and 10 glucose saturated with 95% 0O,/5% CO, (pH 7.3, 300 mOsm) at 32 °C
for 1 h before being maintained at room temperature prior to experimentation. Sections were
bubbled constantly with 95% 0O,/5% CO, in all of the described preparation, recovery, and
recording solutions.

To isolate AMPAR-mediated miniature excitatory postsynaptic currents (mEPSCs), 250
pum thick acute slices were placed into the recording chamber of an upright microscope (BX51WI,
Olympus, XLUMPlanF1 20x 0.95 NA water immersion objective) and perfused continuously with
ACSF (as described above) supplemented with (in uM): 1 TTX, 25 CPP, 50 picrotoxin, and 5 CGP
55845. Patch clamp recordings were then performed under whole-cell conditions from visually
identified hippocampal CA1 pyramidal neurons held at -60 mV with an Axopatch 400 amplifier
(Molecular Devices, Sunnyvale, CA, USA) at room temperature (23-25 °C) using borosilicate
patch pipettes (4-8 MQ) filled with (in mM): 120 K-gluconate, 1 EGTA, 10 HEPES, 5 MgATP,
0.5 Na,GTP, 5 NaCl, 5 KCl, and 10 phosphocreatine K, (pH 7.2-7.3 with KOH and 285-295
mOsm). To monitor access resistance, transient test pulses were applied consistently every 2 min
throughout the duration of the recording. Access resistance typically fell within the range of 7-10
GQ, and data was discarded if the access resistance deviated > 20% during the recording. After

holding current was stabilized, data was acquired at a sampling frequency of 20 kHz and filtered
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at 2 kHz for 15 min. All AMPAR-mEPSCs were identified offline through use of Mini Analysis
Software (Synaptosoft, Decature, GA). Thresholding for mEPSC amplitude detection was set at
eight time the root-mean-square value of a visually-determined event-free recording span, and 450
events per cell were analyzed and utilized to determine mean values for each cell. A maximum of
two cells was obtained from each slice before being discarded.

To assess functional LTP response, 400 um thick acute slices were placed into a heated
(31-32 °C) recording chamber of an upright microscope (DM LFSA Microsystems, Heidelberg,
Germany) and perfused continuously with regular ACSF (as described above). To assess
functional LTP response, 400 um thick acute slices were placed into a heated (31-32 °C) recording
chamber of an upright microscope (DM LFSA Microsystems, Heidelberg, Germany) and perfused
continuously with regular ACSF (as described above). Field excitatory postsynaptic potentials
(fEPSPs) were recorded in the stratum radiatum of the CAl region using glass microelectrodes
filled with 3 M NaCl. Glass stimulating electrodes filled with extracellular saline were placed in
the stratum radiatum. After obtaining a stable fEPSP baseline for a period of 15 min, long-term
synaptic modification was induced with theta burst stimulation (TBS; 5 stimuli at 100 Hz repeated
at SHz). fEPSP slopes were monitored at least for 40 min after each stimulation. In control and
test conditions, fEPSPs were elicited at 0.1 Hz by a digital stimulator that fed a stimulation isolator
unit. All data analyses were performed with custom written software in Igor Pro 6 (Wavemetrics).
fEPSP slope was measured as an index of synaptic strength. Pooled data are presented as mean +
SEM.

Behaviour. For all behavioural tasks, male WT and Nhe6 KO mice aged eight to 12 weeks
during the time course of the experiments were utilized. For the T-maze spontaneous alternation

task, a mouse was first placed in one arm of a T-shaped maze and allowed to explore the maze
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with access to only two of the three arms for 10 min. Next, the mouse was introduced to the maze
1 h later and allowed to explore it for 10 min with access to all three arms. The time spent in the
familiar versus the novel arm was then quantified against the total time spent exploring (to
normalize for possible locomotor impairments in KO animals), and memory was represented as a
mouse spending more time in the novel arm than the familiar arm. For contextual fear conditioning
(CFC) tasks, mice were placed in a context with an electric grid floor. The mice were first
habituated for 2 min (naive) before receiving a 0.7 mA footshock for 2 s, and freezing was recorded
for 1 min following the footshock. After 1 h, mice were placed into the same context for 4 min
where freezing was again recorded to assess short-term memory.

For novel object location (NOL) tasks, on day 1, male mice (aged 8—12 weeks) were
habituated for 10 min in a white square testing arena (40 cm x 40 cm x 40 cm) and subsequently
returned to their home cages. Habituation occurred 2x with a 4 h interval between habituations.
On days 2, 3 and 4, mice were presented with 2 identical objects each placed 20 cm apart aligned
at the center axis of the arena. Mice were allowed to explore the arena and objects for 10 min 2x
each day, with a 4-hour interval between same-day training trials. During all 4 h intervals and end
of habituation/testing days mice were returned to their home cages. On day 5, one of the objects
was moved to a new location in the arena and 24 h following the final training trial, mice were
allowed to explore the arena and objects for 10 min. The moved object was chosen from the right
or left side of the arena equally. Further, the moved object was counterbalanced for object location
within the arena. Time spent exploring each object was measured, defined as the mouse sniffing
and touching the object within a 2 cm radius around the object. Total exploration time was the
time spent interacting with both objects. To determine any preferential attention towards an object

in a new location over an unmoved object, we calculated a percent discrimination index as
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(fmoved — tunmovea)/ (o), Where ¢ represents time exploring. A positive percent index (above 0%)
represents a preference for exploring the moved object.

For novel object recognition (NOR) tasks, on day 1, male mice (aged 8—12 weeks) were
habituated for 10 min in a white square testing arena (40 cm x 40 cm x 40 cm) and subsequently
returned to their home cages. On days 2 and 3, mice were put back in the arena for 10 min and
presented with two identical objects (familiar) located within specific areas of the arena. The test
was counterbalanced for object location within the arena. Mice were allowed to freely explore the
arena and objects for this time and then returned to their home cages. On day 4, one of the objects
(used for days 2 and 3) was replaced with a third object (novel object), and the mice were allowed
to explore the arena and objects for 10 min. Time spent exploring each object was measured,
defined as the mouse sniffing and touching the object within a 2 cm radius around the object. Total
exploration time was the time spent interacting with both objects. To determine preferential
attention towards one object over another, we calculated a percent discrimination index as
(thovel — Framitiar)/(fora1), Where ¢t represents time exploring. A positive percent index (above 0%)
represents a preference for exploring the novel object.

Statistical analysis. The data represent the mean + the standard error of the mean (S.E.M..).
Statistical analyses were generally performed using the Student’s t-test (for two groups) or a one-
way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test (for three or more
groups), including non-parametric equivalents when appropriate. Interactions between genotype
and time or treatment were measured using a repeated-measures ANOV A. For LTP data, statistical
comparisons were made using Wilcoxon or Mann-Whitney test as appropriate. For dynamic spine
imaging experiments, spine motility changes were assessed using a paired Student’s t-test. A

minimum p-value of < 0.05 was considered significant.
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3.4 RESULTS

3.4.1 Assessing excitatory synaptic number and function in Nhe6 KO

To elucidate differences in neuronal CA1 pyramidal cell cytoarchitecture between WT and Nhe6
KO brains, we crossed the commercially available Nhe6 KO mice with a mouse line (L15)
expressing membrane-tagged GFP (mGFP) reporter protein under a Thyl promoter in a subset of
CAT1 hippocampal pyramidal neurons. We first verified that NHE6 protein was indeed absent in
the hippocampi of KO mice, and that hippocampal area CA1l principal neurons were indeed
sparsely labeled (Fig. 1A-B). These transgenic mice enabled us to perform high-resolution
analyses of neuronal morphology of CAl pyramidal cells using a membrane-tagged genetic
fluorescent marker. It has previously been reported that Nhe6 KO neurons show a decrease in
mature spine density with a concomitant increase in immature filopodia-like structures [25]. In
light of this, we initially performed a detailed analysis of dendritic spines by separating these
structures into their three major subtypes (i.e. stubby, mushroom, and thin) to better exemplify the
differences in synaptic density and maturation [47]. In brain sections taken from P60 male animals,
we discovered significant decreases in thin- and mushroom-type spine density on tertiary dendrites
of KO hippocampal CA1 pyramidal neurons when compared to WT that resulted in a significant

decrease in total spine density; stubby spine density was not significantly affected (Fig. 1C-D).
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Figure 1: Characterizing reductions in hippocampal CA1 excitatory synapse morphology
using a novel mGFP-expressing Nhe6 KO mouse line. A: Representative immunoblot of NHE6
adult WT and Nhe6 KO hippocampi showing the absence of fully glycosylated and dimerized
mature form of NHEG6 in KO tissue, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
included as loading control. B: Representative immunofluorescent micrograph of a transverse slice
of hippocampus taken from adult Nhe6 KO mouse expressing mGFP in a subset of hippocampal

neurons (scale bar: 200 um); inset shows magnified view of area CA1 stratum pyramidale showing
a hippocampal pyramidal neuron (scale bar: 40 um). C: Example confocal micrographs of two
mGFP-labeled sections of tertiary dendrite taken from a coronal hippocampal section from an adult
WT (left) or Nhe6 KO (right) male mouse (scale bar: 2 um). D: Mean + SEM values for total,
stubby, mushroom, and thin spines per genotype. WT: n = 743 spines from 449.59 um of dendrite
taken from 17 different cells; KO: n = 678 spines from 543.21 um of dendrite taken from 20
different cells, 3-4 mice per genotype. **: p < 0.01, ***: p <0.0001, unpaired Student’s t-test.
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As spine size is often correlated with synaptic strength, we next recorded AMPAR-
mediated miniature excitatory post-synaptic currents (mEPSCs) under voltage clamp conditions
from whole CA1 pyramidal cells in acute brain slices from young adult (P30-P49) WT and KO
animals. These recordings revealed a decrease in mEPSC amplitude and an increase in inter-event
interval (Fig. 2A-B, E-J). The latter finding was indicative of a concomitant reduction in mEPSC
frequency, which suggests a loss in the number of functional synapses or a reduction in presynaptic
release probability. Intriguingly, we also observed significant increases in rise and decay times of
Nhe6 KO events compared to WT (Fig. 2C-D), possibly alluding to a change in the subunit
composition of synaptic AMPARs in KO neurons. Thus, adult Nhe6 KO CA1 principal neurons
exemplify a significant reduction in the number and strength of functional excitatory synapses

under basal conditions.
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Figure 2: Nhe6 KO hippocampal pyramidal neurons show alterations in AMPA receptor-
mediated excitatory neurotransmission. A-B: Example mEPSC current recordings (A) and
average mEPSC trace (B) from a CA1 pyramidal neuron taken from a young adult WT (black) or
Nhe6 KO (red) mouse. C-D: Mean + SEM rise (C) and decay (D) times compiled from mean
mEPSC kinetic values of each neuron recorded per genotype. E, H: Mean + S.E.M. values of
average mEPSC amplitude (E) and interevent interval (H) compiled from mean values of each
neuron recorded per genotype. F-G, I-J: Cumulative probability plots of amplitude (F) and
interevent interval (I), and frequency histogram plots of amplitude (G) and interevent interval (J),
of all mEPSCs recorded from WT and Nhe6 KO CA1 pyramidal neurons. WT: n=17,KO:n=15
neurons from 3-5 mice per genotype. *: p < 0.05, **: p <0.01, unpaired Student’s t-test.
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These alterations in mEPSC parameters led us to consider possible alterations in both the
number and subunit composition of synaptic AMPARs in Nhe6 KO. To investigate this, we
performed immunoblots probing protein levels of AMPAR subunits GluA1l and GluA2. While
GluAl protein levels were comparable between adult WT and Nhe6 KO hippocampi, we
interestingly observed a significant downregulation of GluA2 protein in Nhe6 KO (Fig. 3A-B).
Accordingly, additional immunohistochemical experiments showed a significant reduction in
GluA2 puncta localized within adult Nhe6 KO CA1 pyramidal cell dendrites when compared to
WT (Fig. 3C-D). Overall, the data imply a reduction in overall AMPAR content in dendrites and
synapses, which could account for the observed changes in mEPSC amplitude and kinetics.
Tangentially, we did not observe any substantial changes in NMDA receptor (NMDAR) subunit
GluN2B levels (Fig. 3A-B), suggesting that specific subunits of AMPARs are selectively affected

as opposed to those of NMDARs in Nhe6 KO hippocampi.
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Figure 3: Reduced AMPA receptor protein expression and trafficking in Nhe6 KO neurons.
A: Representative immunoblots of GluA1, GluA2, and GluN2B protein levels from adult WT and
Nhe6 KO whole hippocampal lysates, with (-actin shown as loading control. B: Mean + SEM
quantification of glutamate receptor protein levels relative to 3-actin signal and normalized to WT
for each protein of interest in WT and KO tissue. n =7 animals per genotype. C: Example confocal
micrographs of a mGFP-labeled section of tertiary dendrite taken from a coronal hippocampal
section immunostained with GluA2 from an adult WT (left) or Nhe6 KO (right) male mouse.
Channels are shown separately and merged; dotted line in GluA2 channel indicates mGFP-positive
signal (scale bar: 2 um). D: Mean + SEM quantification of GluA2 puncta density from WT and
KO dendrites. n = 18 cells from 4 animals per genotype, *: p < 0.05, ***: p < 0.0001, unpaired
Student’s t-test.
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3.4.2 Investigating potential changes in NMDAR-dependent LTP in Nhe6 KO

After uncovering basal changes in synaptic number and function in Nhe6 KO, we next assessed
possible changes in synaptic plasticity within Nhe6 KO hippocampal circuitry. To this end, we
again prepared acute hippocampal slices from young adult (P30-49) male animals, subjected
Schaffer collaterals (SCs) to theta-burst stimulation (TBS), and recorded field excitatory
postsynaptic potential (fEPSP) responses from hippocampal area CA1. We found that upon TBS,
WT slices were able to show a significant post-tetanic potentiation (PTP), with fEPSP amplitude
initially peaking at ~165% of baseline before diminishing somewhat to ~135% and then gradually
increasing to ~180% 40 min post-TBS (Fig. 4); this response matches standard TBS-LTP
expression [48]. In contrast, Nhe6 KO slices surprisingly underwent a transient synaptic depression
after TBS, with relative fEPSP amplitude dropping to ~75% of baseline before steadily increasing
to ~135% over the course of the recording (Fig. 4). Therefore, KO hippocampal slices show a clear
significant deficit in PTP immediately following TBS before potentiating thereafter, albeit to a
significantly smaller degree than WT slices. These results suggest clear deficits in post-tetanic
mechanisms as well as protein synthesis-independent functional potentiation at SC-CA1 synapses

in Nhe6 KO.
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Figure 4: Reduced Schaffer collateral-CA1 TBS-LTP in Nhe6 KO hippocampi when
compared to WT. Quantification shows mean + S.E.M. of field EPSP (fEPSP) amplitudes (%
relative to baseline) from 15 min pre-TBS until 40 min post-TBS. Inset shows representative traces
selected 1 min pre-TBS (a), 1 min post-TBS (b), and 40 min post-TBS (c) from WT (left, black)
and KO (right, red); WT: n = 12, KO: n = 11 slices from 4-6 animals per genotype. **: p < 0.01,
Mann-Whitney U test.

We next sought to address whether impairments in the trafficking and post-translational
modifications of AMPARSs could explain the occlusion of LTP in Nhe6 KO. To properly assess
this experimentally, we prepared primary hippocampal neurons from either WT or KO pups and
subjected mature (= 14 DIV) cultures to glycine-mediated chemical LTP (ChemLTP) to activate
all synapses, with unstimulated sister WT and KO cultures as controls. This protocol has
previously been shown to mimic NMDAR-dependent LTP at SC-CA1 synapses in vivo [21,41,49]
and allowed us to extract sufficient amounts of protein for immunoblotting experiments. We first
performed cell-surface biotinylation experiments to assess the plasmalemmal insertion of

AMPARs following stimulation. As expected, stimulated WT cultures showed significant
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upregulations of both surface GluA1 and GluA?2 by 20 min post-ChemLTP relative to controls. In
contrast, while Nhe6 KO cultures demonstrated increases in surface GluAl, they did not show the
same change in surface GluA2 20 min following ChemLTP (Fig. SA, C). Thus, KO neurons show
a deficiency in GluA2 exocytosis following LTP, mimicking the subunit-specific decreases in
GluA2 protein levels and dendritic trafficking previously observed in vivo. While we did not
observe changes in overall GluA1 protein levels in vivo or in its insertion of into the cell membrane
following LTP in KO, phosphorylation of GluA1 at specific serine residues is also known to play
a prominent role in regulating activity-dependent AMPAR trafficking and channel properties.
Hence, we then investigated two prominent phosphorylated GluAl (pGluAl) states: the
Ca?*/calmodulin-dependent kinase II (CaMKII)/protein kinase C (PKC) site S831, and the protein
kinase A (PKA) site S845, as these are two of the most well-defined post-translational
modifications that occur following the induction of NMDAR-dependent LTP [32,33,50]. Although
we saw a significant increase in pGluA1-S831 in both WT and Nhe6 KO cultures subjected to
ChemLTP stimulation, we did not observe a similar upregulation of pGluA1-S845 levels in Nhe6
KO neurons 20 min post-ChemLTP when compared to WT (Fig. 5B, D), suggesting that there
may be some deficit in the phosphorylation of GluAl by PKA that normally mediates the
functional response to LTP in Nhe6 KO. Neither total GluA1 or GluA2 protein levels differed
significantly between WT and KO whole cell lysates at this developmental time point in vitro (Fig.
SE-F), indicating that changes in total protein levels do not account for the lack of AMPAR

modifications in KO neurons following ChemLTP.
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Figure 5: Nhe6 KO hippocampal neurons show reductions in AMPA receptor membrane
insertion and post-translational modifications following glycine-mediated ChemLTP. A, C:
Representative immunoblots of cell surface biotinylation experiments analyzing AMPA receptor
subunits GluA1 (left) and GluA2 (right) (A), as well as immunoblots of GluA1 phosphorylated at
S831 (left) and S845 (right) sites (C), performed on lysates taken from unstimulated control or
ChemLTP-stimulated primary hippocampal neuron cultures prepared from WT and Nhe6 KO
tissue. Surface GIluA (sGluA, A) or phospho-GluA1l (C) (top) and total GluA (tot GluA, middle)
fractions are shown, with 3-III tubulin (bottom) as loading control. B, D: Mean + S.E.M. change
of surface GluA (B) and phospho-GluA1 (D) signal intensity, relative to total GluA fraction and
normalized to control (indicated by dotted line at 100%), for WT and Nhe6 KO cultures. E-F:
Mean + S.E.M. fluorescence intensity of total GluA1 (E) and GluA2 (F) fractions of control and
ChemLTP-stimulated WT and Nhe6 KO cultures relative to 3-III tubulin and normalized to WT
control. sGluA1l: A-B: WT: n=6,KO: n=4; sGluA2: WT: n =4, KO: n = 3 culture preparations;
C-D: S831-GluAl: n =4, S845-GluAl: n = 8 culture preparations per genotype. *: p < 0.05, **: p
<0.01, ***: p <0.0001, unpaired Student’s t-test.
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After uncovering electrophysiological and protein trafficking disturbances in the response
to LTP from Nhe6 KO hippocampi, we next evaluated whether the spines of Nhe6 KO pyramidal
neurons would also show structural impairments after LTP. To this end, we performed volumetric
time-lapse confocal analyses on mGFP-labeled primary hippocampal neurons subjected to
ChemLTP stimulation. As anticipated, WT neurons showed significant increases in the spine head
volume (SHV) of mushroom- and thin-type spines relative to baseline, which continued steadily
over a 20 min period following ChemLTP stimulation. Conversely, KO neurons only demonstrated
significant increases in the SHV of thin spines, while larger mushroom-type spines failed to
enlarge after stimulation relative to baseline (Fig. 6A-C). Pooling together total analyzed spines
within each genotype, we noted that WT SHV was significantly greater than that of KO at five
min after ChemLTP (Fig. 6D), which also suggested an overall delay in spine remodeling.
Mirroring our functional recordings, these volumetric findings again exemplify some degree of
impairment in structural LTP in Nhe6 KO. Remarkably, when we assessed spine motility using
previously established parameters [51], KO spines of all types showed a significantly higher spine
motility index values than WT spines. Even prior to ChemLTP stimulation, KO spines showed a
high degree of protractions and retractions that was significantly accentuated upon activity
induction, which did not occur in WT (Fig. 6E-G). Taken together, Nhe6 KO hippocampi show

significantly less functional and structural LTP expression than that seen in WT.
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Figure 6: Nhe6 KO hippocampal neuron spines show impairments in structural remodeling
and enhanced motility following glycine-mediated ChemLTP. A: Representative confocal
micrographs of a section of mGFP-labeled dendrite taken from a WT (top) or Nhe6 KO (bottom)
primary hippocampal neuron imaged 15 min before (left), and 5 min (middle) and 20 min (right)
following ChemLTP stimulation (right). Scale bar: 2 pm. B-D: Mean + SEM quantification of
spine head volume (normalized to mean baseline measurements) for mushroom (B), thin (C), and
total (D) spines for all cells analyzed of each genotype. E-G: Mean + SEM spine motility indices
at all time points before and post-ChemLTP for mushroom (E), thin (F), and total spines (G) for
each genotype. WT: n = 60 spines from 12 cells, KO: n = 60 spines from 12 cells, 3 separate
experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.0001, Repeated Measures ANOVA with
Bonferroni post-hoc test (B-G), paired Student’s t-test (E-G).

138



3.4.3 Evaluating Nhe6 KO animals in behavioural paradigms

Taking into account these deficits in neuronal circuit formation and plasticity within the KO
hippocampus, we next assessed if such changes would impair the performance of adult (P60-P90)
Nhe6 KO mice in hippocampal-dependent learning and memory tasks. Given that our
electrophysiological experiments primarily focused on deficits in the earlier phases of LTP, we
first tested the mice in tasks with shorter latency periods. Employing a T-maze spontaneous
alternation task, we found that both WT and KO mice spent a significantly greater time spent in
the novel arm of the maze upon being granted access, with no difference in total exploration time
(Fig. 7A-B). Moreover, when we subjected the mice to a short-term contextual fear conditioning
(CFC) task, we found that both WT and Nhe6 KO mice showed a substantial and comparable
freezing response one hour after the initial foot-shock (Fig. 7C). These results indicated that Nhe6
KO mice were able to learn comparably well to WT mice in these short-term memory paradigms.

We then investigated if P60-P90 Nhe6 KO mice showed possible differences in novel
object location (NOL) and novel object recognition (NOR) tasks, which assess longer-term forms
of memory. In both tasks, WT and Nhe6 KO animals showed no difference in their ability to
distinguish between familiar objects and novel objects or object locations (Fig. 7D, F). However,
the KO animals spent significantly less time exploring the objects overall when compared to WT
(Fig.7E, G), which was primarily indicative of locomotor impairments in NHE6 deficient animals.
Taken together, these results suggest that between two to three months of age, Nhe6 KO males are
indeed able to demonstrate learning in short- and long-term memory tasks similarly to age- and
sex-matched WT. In spite of the indications that KO mice at this age already show significant
deficits in locomotor ability when compared to WT, these deficiencies did not appear to impact

their performance in these tasks.
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Figure 7: Adult Nhe6 KO mice do not show apparent deficits in learning tasks when
compared to age- and sex-matched WT mice. A-B: Summary of results from spontaneous T-
maze alternation tasks. A: Mean + SEM of time spent in familiar and novel arms for WT and KO
mice. B: Mean + SEM total time spent exploring in T-maze for WT and KO mice. WT: n = 13,
KO: n = 12 mice. C: Mean + SEM freezing response in a contextual fear conditioning task (1
shock, 0.7 mA, 2 sec) before pairing with shock (naive) and 1 h later. WT: n = 20, KO: n = 18
mice. D-E: Summary of results from novel object location (NOL) task. D: Box plot of
discrimination indices in NOL task for WT and KO mice; median indicated by midline, mean
indicated by + symbol. E: Mean + SEM total time spent exploring in NOL task for WT and KO
mice. F-G: Summary of results from novel object recognition (NOR) task. F: Box plot of
discrimination indices in NOL task for WT and KO mice; median indicated by midline, mean
indicated by + symbol. G: Mean + SEM total time spent exploring in NOR task for WT and KO
mice. For NOL and NOR tasks, WT: n = 12, KO: n = 12 mice. *: p < 0.05; **: p < 0.01; paired
Student’s t-test (A, C); Repeated Measures ANOVA (A, C); unpaired Student’s t-test (B, D-E,
G); Welch’s t-test (F).
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3.4.4 Restoring losses in Nhe6 KO synaptic density and plasticity using a TrkB agonist

Previous reports have shown decreases in activated levels of pTrkB in Nhe6 KO neurons [25,52],
which was associated with deficits in circuit development. In light of this, we attempted to enhance
TrkB activation directly using the small-molecule BDNF mimetic 7,8-dihydroxyflavone (7.8-
DHF) to examine whether this prodrug could restore spine density and plasticity in Nhe6 KO
neurons. To first verify if 7,8-DHF augmented TrkB activation in our model by applying 7,8-DHF
(1 uM) for 30 min to WT and KO primary hippocampal neurons. As expected, we observed
elevated levels of TrkB phosphorylated at the Y816 site, which undergoes extensive
phosphorylation in response to both BDNF and 7,8-DHF [53], in treated cultures from both
genotypes when compared to sister cultures treated with an equivalent volume of vehicle (dimethyl
sulfoxide, DMSO) (Fig.8A-B). Intriguingly, 7,8-DHF treatment also significantly increased levels
of total TrkB protein in Nhe6 KO cells (Fig. 8A-B), which implied that TrkB was rapidly
synthesized in response to the compound. To assess if 7,8-DHF could then modulate spine density,
we instead employed organotypic hippocampal slice cultures, which better preserve the in vivo
neuronal cytoarchitecture of the hippocampus upon maturity (= 21 DIV) [54]. Akin to our
observations in adult mice, mature Nhe6 KO cultures treated only with vehicle exhibited similar
attenuations in mushroom, thin, and total spine densities when compared to WT cultures (Fig. 8D-
E). 24 h after supplementation of culture media with 7,8-DHF (1 uM), Nhe6 KO organotypic
cultures experienced a significant upregulation of thin- and total-spine densities when compared
to vehicle-treated KO sister cultures (Fig. 8D-E), Conversely, 24 h 7,8-DHF treatment resulted in
a small yet significant decrease of WT mushroom spine density, although it did not significantly
impact overall spine density (Fig. 8D-E). These results suggest that in the absence of external

stimuli, 7,8-DHF treatment could induce the formation or stabilization of synapses in KO neurons.
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Figure 8: Treatment of TrkB agonist 7,8-DHF restores dendritic spine density in Nhe6 KO
hippocampal neurons. A: Representative immunoblot of phosphorylated TrkB at the Y816 site
(Y816-TrkB, top) and total TrkB protein (tot TrkB, middle) of whole cell lysates taken from
primary hippocampal neurons treated with vehicle (DMSO) or 7,8-dihydroxyflavone (7,8-DHF),
with 3-IIT tubulin (bottom) as loading control. B: Mean + SEM quantification of fluorescent band
intensities of Y816-TrkB (left) and TrkB (right) relative to vehicle treatment for each culture
preparation. n = 3 separate culture experiments per genotype. C: Example confocal micrographs
of a mGFP-labeled section of tertiary dendrite taken from a > 21 DIV organotypic hippocampal
slice culture prepared from WT (left) or Nhe6 KO (right) tissue and treated with vehicle (top) or
7,8-DHF (1 um for 24 h, bottom). Scale bar: 2 um. D: Mean + SEM values for total, stubby,
mushroom, and thin spines per genotype and treatment condition. WT + vehicle: n = 689 spines
along 537.71 um of dendrite taken from 22 different cells from 7 cultures; WT + DHF: n = 659
spines along 566.63 um of dendrite taken from 24 different cells from 7 cultures; KO + vehicle: n
= 436 spines along 441.96 um of dendrite taken from 18 different cells from 6 cultures; KO +
DHF: 376 spines along 322.34 um of dendrite taken from 14 different cells from 4 cultures. *: p <
0.05, unpaired Student’s t-test.
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We then tested if 7,8-DHF application could also rescue the structural synaptic deficits in
Nhe6 KO. To this end, we repeated time-lapse confocal imaging experiments with WT and Nhe6
KO primary hippocampal neurons pre-treated with 7,8-DHF (1 uM) for 30 min prior to ChemL TP
stimulation. In KO neurons, 7,8-DHF application enabled significant SHV enlargements of both
mushroom- and thin-type spines following ChemLTP, signifying a restoration of structural LTP
in these cells (Fig. 9A-D). In contrast, 7,8-DHF pre-treatment dampened morphological
remodeling in WT spines, with average SHV showing only a modest increase following ChemL TP
before returning to baseline values by the end of the experiment (Fig. 9A-D). Moreover, 7,8-DHF
pre-treatment dampened KO mushroom spine motility to levels comparable to that recorded in WT
(Fig. 9E). While the mean motility of thin and total spines remained significantly elevated in Nhe6
KO spines when compared to WT, 7,8-DHF-treated spines no longer showed a significant increase
in spine motility following ChemLTP stimulation (Fig. 9E-G). Thus, 7,8-DHF treatment appears
to exert a genotype-specific effect with regards to activity-dependent spine remodeling: while 7,8-
DHF partially improves spine stability and volumetric augmentations to allow for structural
potentiation in Nhe6 KO spines, the drug conversely has a restrictive effect in WT by blocking the
development and maintenance of larger, mushroom-type spines. It is possible that this trend may
also apply to functional LTP expression as well, although this remains to be verified with future

fEPSP recordings from WT and KO hippocampi.
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Figure 9: 7,8-DHF ameliorates structural remodeling in Nke6 KO spines following glycine-
mediated ChemLTP. A: Representative confocal micrographs of a section of mGFP-labeled
dendrite taken from a WT (top) or Nhe6 KO (bottom) primary hippocampal neuron pre-treated
with 7,8-DHF for 30 min, and imaged 15 min before (left), and 5 min (middle) and 20 min (right)
following ChemLTP stimulation (right). Scale bar: 2 pm. B-D: Mean + SEM quantification of
spine head volume (normalized to mean baseline measurements) for mushroom (B), thin (C), and
total (D) spines for all cells analyzed of each genotype. E-G: Mean + SEM spine motility indices
at all time points before and post-ChemLTP for mushroom (E), thin (F), and total spines (G) for
each genotype. WT: n = 58 spines from 10 cells, KO: n = 62 spines from 12 cells, 3 separate
experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.0001, Repeated Measures ANOVA with
Bonferroni post-hoc test (B-G), paired Student’s t-test (E-G).
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3.5 DISCUSSION

Although patients diagnosed with CS present with moderate to severe intellectual disability that
likely arises from dysfunctional neural circuitry, in-depth analyses of the potential mechanisms
underlying these deficits have been lacking. In the present study, we addressed this by
investigating how the absence of NHEG6 perturbs the trafficking of membrane-bound receptors to
disrupt excitatory synaptic number, transmission, and plasticity in the hippocampus.

We were first intrigued by possible changes in excitatory synaptic morphology in Nhe6
KO pyramidal neurons. Initially, we noted a significant decrease in mature dendritic spine density
along mGFP-labeled CA1l hippocampal pyramidal neurons within adult Nhe6 KO hippocampi.
This finding was reflective of previously reported observations in more juvenile (P21) KO tissue
[25], as well as our previous in vitro data on clinical SLC9A6 mutations [16,41]. Patch clamp
recordings also revealed that AMPAR-mediated mEPSC frequency was reduced in Nhe6 KO CA1l
pyramidal neurons, which further corroborated the significant reduction of excitatory synaptic
connections on to CA1 principal cells. This finding builds upon previous fiber volley data showing
reduced membrane responses in Nhe6 KO hippocampi, which was also implicative of a decrease
in the number of functional synapses [25]. As in vivo spine densities can vary greatly depending
on experience and time of sacrifice, we later assessed spine remodeling by performing time-lapse
confocal imaging data on primary hippocampal neurons subjected to glycine-mediated ChemL TP
stimulation. From these live-imaging experiments, we found that Nhe6 KO spines were
significantly more motile when compared to WT both prior to and following ChemLTP. Larger
mushroom KO spines were thus unable to significantly show a significant increase in SHV
following ChemLTP, presumably due to this impairment in spine stabilization. Although smaller

thin spines along Nhe6 KO dendrites were able to enlarge upon stimulation, these treated spines
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were also significantly more motile when compared to their baseline motility and to that of WT
spines overall, resulting in their SHV changes being quite variable after ChemLTP. Whether these
enlarged thin spines in Nhe6 KO are able to persist beyond the time frame measured in the present
study remains to be investigated with longer term evaluations.

As spine motility generally dampens over development [51], the enhanced spine dynamics
seen in Nhe6 KO suggest a lack of proper spine maturation and stabilization. From this structural
data, we speculate that cytoskeletal dynamics, which normally allow for spine formation,
plasticity, and maintenance, are disrupted in Nhe6 KO neurons. The morphogenesis and
remodeling of dendritic spines are dependent upon the trafficking and regulation of numerous
actin-associated proteins, synaptic scaffolds, and cell surface molecules, which could be impaired
due to endosomal trafficking deficits in Nhe6 KO. Elucidating of these numerous regulators are
impaired in Nhe6 KO is a topic warranting further study. Spine motility can also be influenced by
Ca?* activity within the spine. While the influence of Ca?* has been controversial, it has previously
been hypothesized that high or low levels of intracellular [Ca*] may cause spine retractions, while
intermediate levels can enhance spine growth [55]. Given the role of NHE6 in mediating activity-
dependent endosomal trafficking into spines [21,41], it is conceivable that one or more of these
mechanisms that regulate actin or Ca?* dynamics are dependent upon NHE6 and impaired in its
absence, thereby prohibiting spine formation and expansion following LTP induction.

Disturbances in spine density are frequently observed in human patients and murine models
of neurodevelopmental disorders, and changes in spine motility have been reported in the latter
[56-59]. For instance, reduced spine density is commonly observed in Angelman syndrome (AS),
another rare genetic disorder characterized by intellectual disability and autistic behaviours akin

to CS [45,60-62]. The motility changes reported here are also comparable to those seen in mice
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lacking the Fmrl gene encoding fragile X mental retardation protein (FMRP), which serve as a
model for Fragile X syndrome (FXS), the most prevalent form of X-linked intellectual disability
[63,64]. Interestingly, Fmrl KO cortical pyramidal neurons show an increase in the proportion of
thin, filopodia-like structures, which are indicative of defective synaptic maturation [65—67].
Accordingly, in vivo live imaging of Fmrl KO cortical pyramidal cells revealed augmented spine
turnover similar to those reported here in Nhe6 KO neurons [68—70]. These aberrations in Fmrl
KO neurons have been found to be due, in part, to altered signaling through Rho-family GTPase
Racl [71]. As Racl is involved in cytoskeletal reorganization and is thus necessary for spine
growth and stabilization [72], it is possible that similar mechanisms may also play a role in Nhe6
KO neurons. Additional investigations into the levels, activation, and trafficking of actin
remodeling proteins may provide further insights into the abnormal spine dynamics reported here.

In accordance with the reduced mushroom spine density observed along Nhe6 KO
dendrites, we subsequently discovered attenuations in synaptic strength and AMPAR content, all
of which are typically correlated with one another [56]. Specifically, we saw a dampening of
mEPSC amplitude that was accompanied by decreased GluA2 protein levels and dendritic
AMPAR trafficking in KO hippocampi. While these deficits could arise from impairments in
GluA?2 transcription and translation, we believe that this reduction in GluA?2 is primarily the result
of endosomes being hyperacidified in Nhe6 KO neurons [25], which could result in GluA2 being
mistargeted to and degraded within acidic lysosomal compartments. Indeed, we and others have
recently reported that the loss of proper endosomal pH homeostasis in the absence of NHE6 can
lead to the aberrant lysosomal degradation of various membrane-bound cargo, including
endosomal AMPARs and pTrkB receptors [25,41,73]. As such, these trafficking deficits may

impair the localization of GluA2-positive AMPARs at synapses in Nhe6 KO circuitry. Notably,
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the specific loss of GluA2 can indeed pose a profound effect on excitatory synaptic function. This
is because the short-tailed GluA2 subunit is found in the majority of AMPAR complexes and
confers Ca?* impermeability due to Q/R editing of the mRNA encoding the subunit [74,75].
Moreover, the GluA2 C-terminal region is important for the proper trafficking and stability of
synaptic AMPARs, though it is not absolutely essential [76,77]. Removal of GluA2 has been
shown to diminish AMPAR localization at hippocampal synapses and induce the assembly of
GluA1 and GluA3 homomers that are not typically present in vivo [78-80]. Thus, a mistrafficking
of GluA2 in Nhe6 KO raises the possibility of a global disturbance in AMPAR composition and
synaptic stabilization, and whether issues in AMPAR gene expression and protein synthesis are
also prevalent in Nhe6 KO remains to be determined. Indeed, the GRIA2 gene encoding GluA2
has recently been put forward as a commonly mutated locus in patients with intellectual disability
and neurodevelopmental deficits [81], highlighting the importance of this subunit in mediating
excitatory neurotransmission and cognitive function. Parenthetically, a selective decrease in
GluA2 may also result in an aberrant increase in the assembly of Ca?*-permeable (CP)-AMPARs
that lack the edited form of the GluA2 subunit. Although CP-AMPARSs are important during
development and plasticity, upregulations in CP-AMPARs has been found to contribute to
excitotoxic neuronal death in other chronic neurodegenerative disorders [82—85]. However, we did
not observe a change in GluAl protein content or mEPSC amplitude in Nhe6 KO principal
neurons, suggesting that a pathological increase of CP-AMPARSs in Nhe6 KO unlikely.

Taking into account these changes in AMPAR trafficking, we also assessed LTP
expression at hippocampal SC-CA1 synapses. Disruptions in synaptic plasticity are typically
regarded as cellular correlates for cognitive impairments and have been reported in murine models

of disorders involving intellectual disability, such as AS, FXS, Down’s syndrome, and Rett’s
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syndrome, as well as neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases
[86—89]. Accordingly, we observed that while Nhe6 KO hippocampi eventually showed some
degree of potentiation compared to control 40 min following TBS, they potentiated to a
significantly less extent than WT. At SC-CA1 synapses, the earlier stages of protein synthesis-
independent LTP primarily rely upon the enhanced trafficking of AMPARS to postsynaptic sites.
These additional AMPARSs may come from the trapping of laterally diffusing extrasynaptic surface
AMPARSs (or “diffusion trapping”) at postsynaptic sites as well as the exocytosis of intracellular
AMPARS from vesicular pools [90-93]. In view of our data indicating reductions in GluA2 protein
and trafficking into dendrites, we hypothesize that this functional LTP deficit arises from a
reduction in the pool of dendritic AMPAR-containing endosomes that can undergo activity-
dependent exocytosis into perisynaptic membrane domains to provide additional surface AMPARs
[34,94,95]. In concordance with this supposition, cell-surface biotinylation experiments revealed
that ChemLTP-stimulated Nhe6 KO primary failed to upregulate surface GluA2 above control
levels, as observed in stimulated WT cultures. Interestingly, the upregulation of surface GluA1 in
ChemLTP-treated Nhe6 KO neurons was comparable to that of WT, showing that some fraction
of AMPARSs can still undergo exocytosis after stimulation. The exocytosis of a reduced population
of GluA2-lacking receptors likely accounts for the dampened potentiation still observed in KO
hippocampi, although they are evidently not sufficient to allow for the full expression of LTP seen
in WT.

In addition to plasmalemmal expression, we also investigated GluA1 phosphorylation at
the S831 and S845 sites, which are the most well-studied modifications because of their roles in
stabilizating AMPARs at synaptic sites and accentuating their single-channel properties to allow

for LTP expression [33]. While S831 phosphorylation was upregulated in stimulated Nhe6 KO
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cultures, we noted a lack of enhanced S845 phosphorylation following ChemLTP. Importantly,
phosphorylation at the S845 site can regulate single-channel open probability and cell surface
insertion and retention of the resident AMPAR during LTP [96,97]. Interestingly, it has previously
been reported that eliminating S845 phosphorylation alone did not occlude LTP at SC-CA1l
synapses, while prohibiting phosphorylation at both the S831 and the S845 sites did [50]. Taken
together, we postulate that although the increase in pGluA1-S831 may be sufficient to allow GluA1
exocytosis and some degree of LTP in Nhe6 KO, a lack of upregulated surface GluA2 and pGluA1-
S845 may impair the full expression of LTP in Nhe6 KO [98]. Further live-imaging experiments
directly assessing AMPAR exocytosis following LTP could further demonstrate how the
temporospatial dynamics of this process may be perturbed in Nhe6 KO. In addition to AMPAR
exocytosis, the pool of extrasynaptic surface AMPARs that laterally diffuse to postsynaptic sites
should also be considered, as these translocations mediate the rapid increase in synaptic strength
in the first few minutes following LTP induction [40,99-101]. Although we see a significant
decrease in the immediate response to TBS in KO hippocampi, it is presently unknown if AMPAR
diffusion or trapping at synapses is affected. In the future, this question could be addressed by
employing novel tools that manipulate AMPAR diffusion and trapping [100,102] and assessing
the impact upon LTP in Nhe6 KO.

Aside from considerations pertaining to postsynaptic AMPAR trafficking, the distinctive
difference between WT and Nhe6 KO within the first five min following TBS suggests that
presynaptic changes should also be considered. At SC-CA1 synapses, a period of high-frequency
stimulation usually results in an immediate PTP of membrane response that lasts for tens of
seconds to minutes, which we observe here in WT slices. PTP at hippocampal synapses arises from

a build-up of residual Ca?* in axonal terminals, which can activate PKC and other mediators

150



upstream of intracellular signaling cascades. Eventually, these pathways enhance the Ca?*
sensitivity of presynaptic release machinery such that more vesicles from the readily-releasable
pool (RRP) are released upon subsequent stimulations [103-107]. However, KO slices
surprisingly showed a robust depression following TBS. This may occur through (1) a depletion
of the RRP, (2) an inactivation of vesicular release sites, or (3) perturbations in presynaptic Ca*
entry [104]. While NHEG6 is known to be present within some axonal boutons and presumptive
presynaptic terminals [21,25], its role in synaptic vesicular release has yet to be elucidated. To
date, the only experiments directly assessing presynaptic function in Nhe6 KO has shown no
change in paired-pulse ratio (PPR) at hippocampal synapses [25], suggesting that baseline
presynaptic release probabilities are unchanged. Interestingly, insights from the closely-related
NHE isoform 9 (NHE9), which also localizes primarily to early and recycling endosomes, have
shown that the loss of NHE9 decreases presynaptic release probability as a result of impaired
presynaptic Ca?* entry [108]. It is thus possible that a similar mechanism may underlie the short-
term depression observed following TBS in Nhe6 KO, although whether PPR at Nhe6 KO synapses
is altered by activity or other forms of stimulation remains to be determined. In all, it is clear that
additional research into the presynaptic function of NHE6 will be required to elucidate whether
deficiencies in Ca** entry, synaptic vesicle cycling, or biochemical signaling pertaining to PTP
might act synergistically with the aforementioned changes in postsynaptic AMPAR transport to
alter LTP expression in Nhe6 KO.

In light of these deficits in cellular plasticity, we evaluated whether they also led to changes
in behavior. To date, much of the work done in Nhe6 KO mice has primarily focused on assessing
sensorimotor impairments [43—45], while insights into memory paradigms have been relatively

limited. In the present study, we found that P60-P90 Nhe6 KO male mice did not show significant
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differences in tasks measuring short- and long-term learning and memory tasks when compared
with age- and sex-matched WT animals. We were surprised by the learning capacity of these KO
mice, as severe intellectual disability is a hallmark of CS [8,9,11]. However, because we observed
that hippocampal LTP mechanisms were persistent - albeit dampened - in young adult Nhe6 KO
hippocampal slices, this potentiation may still be sufficient to allow the animals to demonstrate
some degree of learning at this age. Intriguingly, a recent study has reported that older 20- to 22-
week-old Nhe6 KO males did show impairments in a novel object location task compared to age-
matched WT animals [44]. This finding is suggestive of a possible age-dependence in memory
deficiencies, a possibility made more likely given the neurodegenerative phenotypes seen in both
Nhe6 KO mice as well as CS patients [8,12,46]. Therefore, additional paradigms to correlate
behaviour and plasticity at later time points may be necessary to reveal deficits in learning and
memory. However, it should be noted that KO mice spent significantly less time exploring novel
objects or locations than WT, which is likely indicative of the reduced locomotor ability of these
mice [109,110]. Indeed, this phenotype that consistently been shown to gradually worsen over
time in Nhe6 KO animals [44,45]. As such, when repeating behavioural experiments in aged KO
animals, it will be even more essential to take into account the appropriate controls and analyses
to compensate for the progressive deterioration in their locomotor abilities.

Upon having uncovered a multitude of impairments in synaptic density and plasticity in
Nhe6 KO, we sought to reverse them with a compound with potential clinical applications. To this
end, we targeted BDNF/TrkB signaling, which is critical for neural development and plasticity yet
is impaired in both the hippocampi and cochlea of Nhe6 KO mice [25,52]. However, BDNF itself
is unsuitable for in vivo oral administration because of its relatively short half-life, low blood-brain

barrier penetrance, and rapid degradation by digestive enzymes [111,112]. To circumvent these
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obstacles, we employed the flavonoid prodrug 7,8-DHF, a competitive TrkB agonist that
exemplifies stronger blood-brain barrier penetrance and higher bioavailability when compared
with BDNF [113,114]. Recent studies have shown that 7,8-DHF improved reduced
synaptogenesis, learning deficits, and synaptic plasticity in murine models of FXS and other
inherited forms of intellectual disability [115-118], as well as in aging- and Alzheimer’s disease-
associated deficits in cognition [119—-123]. In Nhe6 KO neurons, we found that acute treatment
with 7,8-DHF alone was sufficient to enhance attenuated pTrkB levels and accentuate spine
density and remodeling. Presumably, enhancing TrkB activation also activated intracellular
signaling cascades downstream of the receptor and, in longer-term treatments, potentially allowed
for the synthesis of proteins involved in spine formation and maturation. Specifically, 7,8-DHF
increased thin spine density and enabled SHV enlargement in Nhe6 KO neurons subjected to
ChemLTP stimulation, which suggests that 7,8-DHF is capable of inducing the formation of
nascent synapses that can also undergo activity-dependent remodeling. Further experiments
investigating the potential of 7,8-DHF in restoring impairments in TrkB-dependent downstream
signaling pathways, AMPAR dynamics, and electrophysiological potentiation in Nhe6 KO remain
to be performed. These data could further validate the use of this drug as a potential therapeutic
intervention for the severe learning impairments associated with CS. Accordingly, increased
emphasis is now being placed upon developing 7.8-DHF derivatives with better oral bioavailability
and pharmacokinetic profile to administer clinically in human patients [124,125].

In conclusion, it is clear that young adult Nhe6 KO mice show a myriad of deficits in terms
of excitatory synaptic development and plasticity, which may progress to more significant
impairments in behavioural learning over time. We hypothesize that these impairments arise from

the dissolution of endosomal trafficking of cargos, such as AMPARs and TrkB, induced by a loss
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of NHE6-mediated pH regulation. Nevertheless, the use of 7,8-DHF or other compounds that
enhance TrkB activation could prove to be a novel option to ameliorate some of these deficits and,

ideally, improve clinical outcomes in CS patients.
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CHAPTER 4. DYSREGULATION OF INHIBITORY NEUROTRANSMISSION
PROMOTES HYPEREXCITABILITY OF HIPPOCAMPAL CIRCUITRY IN THE
SLC9A6/NHE6 KNOCK-OUT MODEL OF CHRISTIASON SYNDROME

FOREWARD

Background and Rationale

In Chapters 2 and 3, I have primarily focused on changes in excitatory synaptic density and
plasticity in murine NHE6 AES and KO models. My findings suggest that deficits in receptor
trafficking and synaptic function may indeed account for the pronounced intellectual disability that
is a hallmark of CS. However, these results do not explain the epileptic seizures that are also
frequently observed in CS patients. In contrast to other neurodevelopmental disorders, epileptic
seizures of varying types have been reported in almost every patient diagnosed with CS thus far.
Data from single cell RNA sequencing has also recently revealed that SLC9A6 is strongly
expressed in hippocampal interneurons. In spite of these findings, little is presently known about
the role of NHE6 in mediating inhibitory synaptic function. Furthermore, anecdotal evidence
suggests that seizures are among the most prominent deterrents against the quality of life of
individuals with CS and their families and caretakers. There is thus a pronounced and urgent need
to better understand how the loss of NHE6 function leads to the development of hyperexcitability
in neural circuitry. Such knowledge will ideally advance the discovery of novel therapeutic targets

that can reduce the severity and frequency of epileptic seizures in these patients.

Hypothesis

I hypothesize that the ablation of NHE6 function will give way to the development of

hyperexcitability in neural circuitry. Specifically, I hypothesize that Nhe6 KO hippocampi will

164



show a reduction in inhibitory interneurons, as well as inhibitory synaptic sites and ionotropic
GABAR trafficking within CA1 pyramidal neurons. Nhe6 KO neurons may also show a
dysregulation of GABAergic neurotransmission owing to a lack of proper Cl- regulation. Some of
these findings in inhibitory postsynaptic trafficking may also pertain to cultured hippocampal

neurons expressing AES NHEG6.

Experimental Outline

To address these hypotheses, I will again employ mGFP-labeled Nhe6 KO mice developed in
Chapter 3. First, I will confirm that the hippocampal circuitry is indeed hyperexcitable in Nhe6
KO by preparing acute slice preparations, subjecting them to subthreshold concentrations of the
epileptic drug 4-aminopyridine, and obtaining extracellular field recordings from area CA1.1 will
then perform whole-cell current clamp recordings from CA1 pyramidal neurons to assess their
intrinsic membrane properties and excitability. Next, I will use immunoblotting and
immunofluorescence to assess the relative density of GABAergic interneurons in the
hippocampus, specifically those expressing parvalbumin given their fundamental role in regulating
pyramidal cell excitability. I will also employ immunohistochemical methods to probe for pre- and
postsynaptic inhibitory molecules to assess the number of inhibitory synaptic sites and GABAAR
trafficking in CA1 pyramidal neurons. Furthermore, I will perform additional immunoblots to
obtain a time-course of the protein levels of NKCC1 and KCC2 in KO hippocampal tissue. After,
I will verify the integrity of inhibitory regulation on to CA1 pyramidal neurons by recording
GABAR-mediated currents from CA1l pyramidal neurons under whole-cell voltage clamp
conditions. Finally, I will assess some of these inhibitory synaptic markers and GABA \R-mediated

neurotransmission in primary hippocampal neurons expressing the AES NHE6 mutant in vitro.
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4.1 ABSTRACT

Christianson syndrome (CS) is an X-linked form of intellectual disability arising from mutations
in the SLC9A6 gene encoding Na*/H* exchanger isoform 6 (NHE6), a regulator of endosomal pH.
Importantly, almost all patients diagnosed with CS thus far have also presented with severe
epilepsy beginning in infancy, with individuals having been reported to develop a range of
different seizure types (e.g. tonic, tonic-clonic, myoclonic) as early as three months of age.
However, little is presently known of how the loss of NHEG6 function leads to the development of
epilepsy in CS. To this end, we sought to uncover potential mechanisms that may imbalance the
ratio of excitatory/inhibitory (E/I) neurotransmission within the hippocampus of adult Nhe6 knock-
out (KO) male mice. We first found that ex vivo hippocampal slice preparations from KO animals
developed hyperexcitable discharges in response to a subthreshold concentration of the convulsant
4-aminopyridine (4-AP) that was insufficient to enhance firing in wild-type (WT) tissue.
Nevertheless, KO hippocampal pyramidal neurons did not show significant differences in active
or passive membrane properties when compared to WT. We thus focused primarily on possible
disturbances in inhibitory yy-aminobutyric acid (GABA)-mediated transmission. At two months of
age, we first noted a loss of parvalbumin-expressing GABAergic interneurons in area CA1 of Nhe6
KO hippocampi that progressed to reductions throughout the whole hippocampus in six-month-
old mice. This coincided with the loss of inhibitory synaptic markers and ionotropic GABA,
receptor subunit a2 within CA1 pyramidal neurons, which also exhibited alterations in functional
inhibitory neurotransmission. We further noted a reciprocal increase and decrease in the cation-Cl-
transporters Na*-K*CI- cotransporter isoform 1 (NKCC1) and K*CI- cotransporter isoform 2
(KCC2), respectively, in adult KO hippocampi when compared to age-matched WT samples,

which suggested a possible dysregulation in Cl- homeostasis and GABAergic polarity.
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Interestingly, primary hippocampal neurons expressing a patient-derived SLC9A6 variant
(p-Glu287_Ser288del) recapitulated the deficits in postsynaptic inhibitory trafficking seen in Nhe6
KO mice. In all, the present study reveals that the loss of NHE6 may lessen or reverse the impact
of GABA release on to hippocampal pyramidal neurons, thus leading to the development of
hyperexcitability in NHE6-deficient hippocampi. These data will ideally lead to the development
of novel therapeutic approaches to ameliorate epileptic seizures and overall clinical outcomes in

individuals suffering from CS.

4.2 INTRODUCTION

Due to the pH dependence of channels and receptors involved in neuronal excitability and synaptic
transmission, the excitability of neuronal circuitry is particularly sensitive to changes in the acidity
of intracellular and extracellular compartments [1-4]. Accordingly, dramatic shifts in brain pH
have been associated with network hyperexcitability and seizure generation [5-7]. Epileptic
seizures are associated with a number of neurodevelopmental conditions, including the recently
characterized Christianson syndrome (CS), a rare, X-linked form of intellectual disability that also
presents with non-verbalism, truncal ataxia, hyperkinesis, postnatal microcephaly, and cerebellar
atrophy [8-10]. Importantly, epilepsy has been reported in all patients diagnosed with CS to date,
with most individuals beginning to experience generalized tonic-clonic or clonic seizures within
the first two years of life [8,11]. Despite the use of antiepileptic medications, patients with CS
often develop resistance to standard drugs and can experience up to 15 seizures a day. As such,
many patients unfortunately die in childhood or as young adults due to sudden unexplained death
due to epilepsy (SUDEP) [12]. Although further investigation into how epilepsy develops in these

patients is urgently needed, this topic has yet to be addressed.

167



CS arises from loss-of-function mutations (>80 reported thus far) in the X-chromosome
SLCY9A6 gene encoding (Na*, K+)/H* exchanger isoform 6 (NHEG6) [9,13]. In neurons and other
cell types, NHEG primarily localizes to the membranes of early and recycling endosomes [14,15].
There, it functions to offset endosomal acidification established by the electrogenic vacuolar H*-
ATPase by transporting H* out of the organellar lumen in exchange for cytosolic Na* or K*[16,17].
Thus, NHEG6 is a critical regulator of endosomal pH, which is a critical determinant of their
function in cargo trafficking and recycling and is normally regulated within a precise range [18—
20]. These mechanisms are especially important in neurons, which rely on endosomes to
appropriately deliver various membrane-bound cargos (e.g. ionotropic neurotransmitter and
neurotrophic receptors, ion channels, and transporters) to allow for rapid changes in the strength
and morphology of excitatory and inhibitory synaptic connections between neurons [21-23]. As
such, neurons lacking NHEG6 function demonstrate a significant reduction in endosomal pH [24].
Importantly, disturbances in endosomal pH regulation and cargo trafficking have been shown to
underlie functional deficits observed in various neurological disorders [7,25-27]. Although recent
work has focused on how the loss of NHE6 function can disrupt the trafficking of receptors
involved in excitatory neurotransmission [24,28,29], little is presently known of how inhibitory
regulation and circuit-level excitability may also be dysregulated. As SLC9A6 is highly expressed

in the hippocampus (https://www.gtexportal.org/home/gene/SLCI9A6) [15,24], and especially

within inhibitory interneurons (http://dropviz.org/? state id =9887ffac31b2fa28), it is highly

possible that ablation of its function could disrupt inhibitory drive in the hippocampal circuit.
For the most part, excitatory inputs in neuronal circuitry are offset by inhibitory signals
that prevent runaway excitation to maintain a balance of excitatory/inhibitory (E/I)

neurotransmission. The majority of inhibitory regulation in the central nervous system (CNS) is

168



mediated by y-aminobutyric acid (GABA)-releasing interneurons, a heterogenous group of cells
that differ in their morphology and functional properties and play a fundamental role in controlling
the excitability and synchronicity of neural circuitry [30,31]. As such, disruptions in their number
or activity have been associated with imbalances in excitatory/inhibitory transmission in epilepsy
and other disorders [32-35]. In the mature central nervous system, postsynaptic ionotropic GABA 4
receptors (GABA,Rs) allow for the entry of CI- anions into the cell to hyperpolarize or shunt the
membrane potential below action potential (AP) threshold, thus mediating fast inhibitory
neurotransmission [36,37]. GABA,Rs are Cys-loop, ligand gated pentameric channels composed
from 19 possible subunits, different combinations of which display variable localization and
functional properties. For example, synaptic GABA,Rs usually contain a.1-3 subunits and mediate
phasic inhibition following quantal GABA release, while extrasynaptic GABA,Rs generally
possess a4-6 subunits and allow for tonic inhibition in response to ambient extracellular GABA
[36,37]. Synaptic GABA,Rs are clustered and retained at synapses by the inhibitory scaffolding
molecule gephyrin, which cross-links these receptors to the cytoskeleton [38,39]. GABAAR
trafficking and retention to postsynaptic inhibitory sites are vital for maintaining the integrity of
inhibitory regulation, as even minor reductions in GABA,Rs surface expression or function can
impose epilepsy, memory impairments, and other significant consequences in rodents [40,41].
GABAergic inhibition further relies on the electrochemical gradient of CI- established by
cation-CI- transporters Na*-K*-Cl- cotransporter isoform 1 (NKCC1) and K*-Cl- cotransporter
isoform 2 (KCC2), which transport Cl- into and out of neurons, respectively [42,43]. In the mature
CNS, KCC2 expression is upregulated to keep [Cl]; low, resulting in CI efflux and thus
hyperpolarization when GABA,Rs open. During development, however, the predominant

expression of NKCC1 results in a relatively high [Cl];, depolarizing the GABA reversal potential
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(EGasa) and causing GABAergic transmission to be depolarizing as well. This typically persists
until the second post-natal week in mice, when KCC2 expression is upregulated and [Cl]; is
subsequently reduced to hyperpolarize E;454 and reverse the polarity of GABA from excitatory to
inhibitory [42,43]. Although depolarizing GABA is nonetheless important during development for
interneuron migration and proper neuronal wiring, a reversion of GABAergic polarity to this state
in developmentally mature neurons can underlie neuronal dysfunction and hyperexcitability that
may give rise to epileptic seizures [44-47].

Thus far, whether disturbances in GABAergic transmission occur in CS are unknown. A
previous DeltaGen phenotypic assessment in Slc9a6/Nhe6 knock-out (KO) mice, a rodent model
used to study CS [24,48-50], stated that while these mice are not spontaneously epileptic, they
required significantly lower doses of the convulsant metrazol to reach various seizure states when

compared with age- and sex-matched wild-type (WT) animals (Jackson laboratories,

http://www.informatics.jax.org/knockout mice/deltagen/1688.html). In the present study, we
wished to investigate if the genetic disturbance of NHE6 engenders the development of network
seizure activity in hippocampal circuitry. We then sought to elucidate changes in the composition
and function of inhibitory synapses on to area CA1 principal neurons that could underlie such
changes in excitability, including potential changes in inhibitory interneurons and the trafficking
of postsynaptic inhibitory molecules. Finally, we then wished to verify if such alterations in
animals with a full-gene Nhe6 KO could also be found in primary hippocampal neurons expressing
a patient-derived loss-of-function (LOF) Slc9a6 variant to verify the translational capacity of these

data to human CS patients who possess such mutations.
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4.3 METHODS

Transgenic animals. To study the effects of a full gene NHE6 knock-out (KO), Slc9a6™!Ps" mice,
bred on a C57/BL6 background and deficient in the Nhe6 gene, were purchased from Jackson

laboratories (https://www.jax.org/strain/005843). In experiments in which visualization of cellular

structure was necessary, we crossed these mice with a line of mice expressing sparse but consistent
levels of membrane-tagged EGFP (mGFP) in a subset of hippocampal pyramidal neurons under
the Thy1.2 promoter (L15 mice). This GFP tag is not known to cause changes in cellular function.
These initial crosses produced heterozygous Slc9a6+" females, which were then crossed with L15
males to generate homozygous Slc9a6”- females, which were crossed again with L15 males to
create homozygous Slc9a6” females and hemizygous Slc9a6”"" males. These hemizygous Nhe6
KO/L15 males were used in the experiments described in the present study, with age-matched
C57/BL6 or L15 males used as controls. All animal handling procedures were carried out
according to the guidelines of the Canadian Council on Animal Care and the McGill University
Comparative Medicine and Animal Resources animal handling protocol 5057.

Recombinant DNA constructs. The long transcript splice-variant of human NHEG6
(NHEG6v1; NCBI refseq NM_001042537) was cloned from a human brain Matchmaker™ cDNA
library (Clontech) with PCR methodology and engineered to contain the influenza virus
hemagglutinin (HA) (YPYDVPDYAS) epitope at the extreme C-terminal end. This wild-type
NHEG6-HA construct was inserted into the HindIIl and Xbal sites of the mammalian expression
vector pcDNA3 (Invitrogen). NHE6-HA was then used as a template to create the double deletion
mutation of amino acids E287 and S288 (AE287/S288, AES) by PCR mutagenesis. NHE6 WT
and AES mutant constructs with mCherry fluorescent protein (mCh) tagged to their C-terminals

were then created by insertion between the Xhol and HindlIlII restriction sites of the pAcGFP1-N1
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vector (BD Biosciences Clontech, Palo Alto, CA). Insertion of the different epitope tags in the
various positions did not alter the biochemical properties or cellular distribution of exogenous
NHEG6 compared to the endogenous protein [29]. All constructs were sequenced to ensure that no
additional mutations were introduced during PCR.

Primary cell culture. Dissociated hippocampal cultures of mixed neuron and glia
populations were prepared, maintained, and transfected as previously described [15,28]. In brief,
postnatal day (PD) 0-1 litters from WT or homozygous Nhe6 KO females were decapitated, their
brains removed, and their hippocampi isolated and placed in ice-cold HBSS supplemented with
0.1 M HEPES buffer and 0.6% glucose. We did not separate pups based on sex because all pups
were homozygous or hemizygous for the Slc9a6/Nhe6 gene, and we did not believe sex would
significantly impact in vitro results at this early stage of development. After all tissue was
collected, they were digested with 165 U papain for 20 min in a shaking water bath heated to 37
°C. Cells were then dissociated by mechanical trituration and suspended in DMEM supplemented
with 1% penicillin-streptomycin, 10% FBS, and 0.6% glucose. Cells were then plated onto poly-
D-lysine coated 10 mm glass coverslips at an approximate density of 12,000 cells/cm? and
transferred into a sterile humidified environment of 5% CO,, 37°C. 24 h later, initial plating media
was removed and replaced with Neurobasal-A growth media supplemented with 2% B-27
supplement, 1% GlutaMAX, and 1% penicillin-streptoymcin. Media was replenished every 3 — 4
d until 14+ days in vitro (DIV) to allow for development of a functional neuronal network [119].

Primary neurons were then transfected with DNA constructs via calcium phosphate
transfection as previously described [15,28,120]. At 11-12 DIV, coverslips with viable cell
cultures (by visual inspection) were transferred into a 35 mm dish filled with warmed

preconditioned growth media collected from previous feedings. Four pg of DNA plasmids were
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mixed with 50 pl 250 mM CaCl, solution and added to 50 wl 2x HEPES-buffered phosphate
solution, forming DNA-tagged calcium phosphate precipitate that was then pipetted dropwise to
coverslips and incubated at 37 °C in a humidified environment of 3% CO, for 90 min. Prior to the
coverslips being returned to their original plates, 80 pl of sterile 0.3 M 2-(4-morpholino)
ethanesulfonic acid (MES) acid buffer (pH 5.5) were added to each dish to rapidly acidify media
and dissolve remaining precipitate. Cultures were then maintained in their home environment for
48 h before being processed to allow for expression of DNA plasmids. In the present study, neurons
were transfected with a mutant NHE6v1 construct (i.e. p.E287_S288del in NHE6v1, or NHE6
AES), with WT NHEG6v1 as controls. Cells were also co-transfected with plasmids encoding
enhanced green fluorescent protein (GFP) to allow visualization of cell structure. We have
previously shown that expression of the AES construct exerts a dominant negative overexpression
effect upon expression of the endogenous WT form of the exchanger [28], thus allowing us to
study the impact of the AES mutation upon neuronal function in vitro.

Electrophysiology. Acute transverse hippocampal brain slices were prepared from male
Nhe6 KO mice (P28-35 for firing experiments, P30-P49 for inhibitory current measurements) with
age- and sex-matched WT as controls. After mice were deeply anesthetized and rapidly
decapitated, their brains were extracted and sectioned into 250 or 400 um thick brain slices in ice-
cold sucrose-based artificial cerebrospinal fluid (ACSF) using a vibrating microtome (VT1000S,
Leica). Slices recovered for 1 h at 32 °C in regular ACSF containing (in mM): 24 NaCl, 5 KCl,
1.25 NaH,POy,, 2 MgSO,, 26 NaHCO;, 2 CaCl,, and 10 glucose saturated with 95% O,/5% CO,
(pH 7.3, 300 mOsm). Slices were then maintained at room temperature and bubbled constantly

with 95% 0O,/5% CO, for the duration of the experiments.
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To assess network excitability, 400 um thick acute brain sections were placed into the
recording chamber of an upright microscope (DM LFSA Microsystems, Heidelberg, Germany)
and perfused continuously with regular ACSF (as described above). Low resistance boroscilate
patch pipettes were back-filled with ACSF and placed around hippocampal area CA1 stratum
radiatum, and extracellular responses were measured in I, mode using an AxoPatch 400B
Amplifier (Molecular Devices, San Jose, USA). After a 15 min stable baseline response was
achieved, the external solution was replaced with ACSF supplemented with 10 uM 4-
aminopyridine (4-AP) to measure the effect of subthreshold application of 4-AP on network
excitability. Additional positive controls were performed upon WT slices using ACSF
supplemented with 100 uM 4-AP to ensure experimental set-up was adequate.

To perform whole-cell patch clamp electrophysiology, 250 um slices or transfected 14+
DIV cultures were placed into the recording chamber of an upright microscope (BXS51WI,
Olympus, XLUMPIlanF1 20x 0.95 NA water immersion objective) and perfused continuously in
regular ACSF (for intrinsic firing) or ACSF supplemented with (in uM): 25 CPP, 5 CGP 55845,
20 2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX), and 0.3 strychnine (for
GABA \R-mediated sIPSC recordings). To isolate GABAR-mediated mIPSCs, 1 uM TTX was
also included in the external solution. Whole-patch-clamp recordings were performed on visually
identified hippocampal CA1 pyramidal neurons or fluorescent transfected primary neurons held at
-60 mV with an Axopatch 400 amplifier (Molecular Devices, Sunnyvale, CA, USA) at room
temperature (23-25 °C) using borosilicate patch pipettes (4-8 MQ) filled with (in mM): 120 K-
gluconate, 1 EGTA, 10 HEPES, 5 MgATP, 0.5 Na,GTP, 5 NaCl, 5 KCl, and 10 phosphocreatine

K, (pH 7.2-7.3 adjusted with KOH and 285-295 mOsm) (for intrinsic firing) or 140 CsCl, 4 NaCl,
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0.5 CaCl,, 10 HEPES, 5 EGTA, 2 qx-314,2 Mg-ATP, 0.5 Na-GTP (pH 7.36 adjusted with CsOH
and 290 mOsm).

Intrinsic firing was measured by injecting 1 s-long current of increasing intensities, from 0
to 400 pA, in 10 pA increments. sSIPSCs and mIPSCs were acquired by constantly holding cells at
-60 mV for a 10 (in vitro) or 15 min (ex vivo) period after a stable holding current was achieved,
with a sampling frequency of 20 kHz and filtered at 2 kHz. To monitor access resistance, transient
test pulses were applied consistently every 2-3 min throughout the recording. Access resistance
typically fell within a range of 7-10 G€2, and data was discarded if this deviated > 20% over the
course of the recording.

For each cell analyzed in property scatterplots, passive parameters were recorded from
pClamp software automatically five min after whole cell mode was achieved. Action potential
firing and parameters were quantified offline using ClampFit 10.3 Software. All sIPSCs and
mIPSCs were detected offline using the Mini Analysis Software (Synaptosoft, Decatur, USA). The
amplitude threshold for sIPSC and mIPSC detection was set at four times the root-mean-square
value of a visually event-free recording period. From every experiment, 3 min of stabling recording
was randomly selected for blinded analysis of amplitude, inter-event interval, and kinetics.
Amplitude analysis was conducted only on single events that did not have additional events
superimposed upon their rising and decaying phases. All selected events were considered for
frequency analysis. All data obtained was then used to plot cumulative histogram with equal
contributions from every cell per genotype. For statistical analysis, data were instead averaged for
every cell acquired.

Immunoblotting. To extract whole hippocampi from developmentally mature mice for

immunoblotting experiments, animals were deeply anesthetized and decapitated prior to extraction
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of their brains and hippocampi, which were transferred on to dry ice. For every 40 ul of tissue,
approximately 300 pl of ice-cold radioimmunoprecipitation assay (RIPA) buffer (consisting of 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCI
(pH 8.0), 1.50 mM NaCl, 10 mM NaF, 1 mM sodium orthovanadate, 1 mM beta-glycerophosphate,
and completeMINI protease inhibitors (Roche)) added to homogenize hippocampi. Lysates were
then sonicated and centrifuged at 12,000 revolutions per min for 10 min at 4°C, and supernatant
was removed from pellet. Protein concentrations in the supernatant were then measured using a
bicinchoninic acid dye-binding assay (Thermo Scentific) and compared against a standard
concentration of bovine serum albumin (BSA).

To separate proteins, 15 pg protein from lysates were loaded and subjected to 8-9% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), then transferred to methanol-activated
polyvinylidene fluoride (PVDF) membranes (Millipore, Nepean, Ontario, Canada) overnight at
4°C. Membranes were subsequently blocked with 5% non-fat skim milk/0.01% Tween-20 in
phosphate-buffered saline (PBS-T) for 1 h, then incubated overnight at 4°C with primary
antibodies diluted in blocking buffer, as specified: GAD67 (Millipore): 1:5,000; NKCC1
(Millipore): 1:1,000; KCC2 (Millipore): 1:1,000; 3-actin (Sigma-Aldrich): 1:10,000; 3-III tubulin
(R&D Systems): 1:5,000. Membranes were then washed and incubated with mouse (1:5,000) or
rabbit (1:2,000) horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson) diluted
in blocking buffer for 1 h at room temperature with agitation. After extensive washing,
immunoreactive signals were detected by exposing membranes to Western Lightning™ Plus-ECL
blotting detection reagents (Perkin Elmer Inc, Waltham, MA) in an Amersham™ Imager 6000
(GE Life Sciences, Buckinghamshire, UK). Immunoreactive bands were then quantified by

analysis of digital image files using ImageJ software.
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Immunohistochemistry. Whole coronal sections of adult mouse brains were prepared to
analyze in vivo protein expression using intracardiac perfusions and coronal sectioning, performed
as previously described [121]. In summary, adult mice (P60) were deeply anesthetized and
perfused intracardially with 0.1 M PBS followed by 4% PFA/0.1 M PBS, pH 7.4 (Sigma Aldrich).
After perfusion, the brain was extracted and stored in PFA at 4°C for 24-48 h, then transferred into
a 30% sucrose solution until completely saturated. Cortices were then sliced into 100 um thick
coronal sections on a Leica Vibratome 3000 Plus sectioning system (Concord, ON, Canada) and
stored in 0.5% sodium azide/0.1 M PB. Mature primary neuron cultures at > 14 DIV were washed
briefly with 0.1 M PB and fixed for 15 min in 4% PFA/0.1 M PB, followed by extensive washing.

Fixed brain sections and primary cultures were stored at 4°C until subsequent
immunolabeling. Fixed slice sections were permeabilized and blocked overnight at 4°C in 0.4%
Triton X-100/1.5% HIHS/0.1 M PB. Primary antibodies were then diluted (parvalbumin (Swant):
1:500; GFP (Invitrogen): 1:250; gephyrin (Synaptic Signaling): 1:500; GAD65 (Abcam): 1:500;
GABA4R al and a2 (gifts from Dr. Jean-Marc Fritschy): 1:3,000) in this solution for five days at
4°C with gentle shaking. After incubation and washing, secondary antibodies were diluted (Alexa
Fluor 488/594 or DyLight 649, 1:250) in 1.5% HIHS/0.1 M PB and applied overnight at 4°C.
Primary cultures were instead permeabilized for 1 min in 0.2% Triton X-100/0.1 M PB and
blocked for 1 h at room temperature in 0.2% Triton X-100/1% HIHS/0.1 M PB, before being
incubated overnight at 4° C with primary antibodies (same as above, except GFP (Invitrogen):
1:1000) diluted in blocking solution with gentle agitation. After subsequent washing, cells were
incubated with secondary antibody (same as above, except with 1:1,000 dilution) diluted in 1%

HIHS/0.1M PB for 45 min at room temperature and washed again. All slices and coverslips were
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mounted onto SuperFrost (Menzel-Glaser) microscope slides using UltraMount fluorescence
mounting medium (Dako) and left to dry overnight at room temperature in the dark.

Microscopy. To capture high-resolution images of the structure of individual neurons,
mounted slides were imaged using a Leica TCS SP2 confocal microscope with data acquired
using a 63x (NA 1.4) HCXPL APO oil-immersion objective. mGFP and Alexa Fluor 488 were
imaged using a 488 nm Ar laser line, Alexa Fluor 594 was imaged using a 543 nm HeNe laser
line, and DyLight 649 was imaged with a 633 nm HeNe laser line. Channels were acquired
sequentially to prevent spectral overlap of fluorophores. Optical sections of 300-500 nm were
taken and line-averaged 2x at high resolution to improve the signal-to-noise ratio.

To acquire wide-field images of whole brain sections, mounted slides were imaged on a
Zeiss Axiovert 200M Fully Automated Inverted Microscope using a 10X PLAN NEOFLUAR
(NA = 0.30, Ph 1) objective equipped with a X-Cite 120 LED and FS10 (eGFP) and FS15
(TRITC) fluorescence cubes. Tiling parameters were set to capture regions of interest,
determined visually, and set points were placed to counter minor shifts in z-position. Scan times
were determined automatically based off of fluorescence intensity and minimized to prevent
photobleaching. After acquisition, tiles were then stitched together automatically into a
composite image using ZEN software.

Image analysis. High-resolution confocal stacks were first deconvolved using Huygen
Essentials software usig a full maximum likelihood extrapolation algorithm (Scientific Volume
Imaging, Hilversum, The Netherlands). 3D images were then compiled as maximum intensity
projections using the Surpass function on Imaris software (Bitplane AG, Zurich, Switzerland). To
quantify puncta density, the channel containing signal for the protein of interest was masked based

off of the dendritic mGFP signal using the Imaris Surfaces function to ensure puncta were localized
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within neurons. For presynaptic terminal markers, the threshold for Surface creation was lowered
such that the Surface was oversaturated relative to the mGFP signal in order capture puncta in
direct apposition to the neuron of interest. The number of puncta localized in or around the soma
or dendrite for each stack were then determined automatically using the Imaris Spots function,
with a minimum puncta diameter of 0.3 um. Puncta counts were divided by the length of the
analyzed dendrite (determined using the Imaris Filament Tracer function) or volume of the
analyzed soma (determined using the Surface function) to calculate densities. Widefield images of
whole brain sections were directly opened in Imaris software. The Imaris Surface function was
used to isolate individual brain areas to determine the area (in um?) and to create a mask of the
channel to allow automatic detection of cell bodies using the Imaris Spots function, based off of
an approximate average diameter of all cell bodies. A density was then calculated by dividing the
number of spots by the area calculated from the Surface function.

Statistical analysis. The data throughout the present study represent the mean =+ the
standard error of the mean (S.E.M.). Statistical analyses were generally performed using the
Student’s t-test (parametric data) or Mann-Whitney test (non-parametric data), as indicated. A

minimum p-value of < 0.05 was considered significant.

4.4 RESULTS

4.4.1 Verifving hippocampal circuitry hyperexcitability in Nhe6 KO

We first assessed the excitability of hippocampal circuitry in the absence of NHE6 by exposing
acute hippocampal slices prepared from juvenile (P28-35) WT and Nhe6 KO male mice to the
convulsant 4-aminopyridine (4-AP), a blocker of voltage-gated K* channels that depolarizes

membrane potentials. To properly determine if KO neurons were more prone to developing
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hyperexcitability, we employed a subthreshold concentration (10 wm) standard concentration that
is five to ten times less than that which is normally used to elicit epileptiform discharges in WT
mouse brain slices [51,52]. Recording extracellular potentials from hippocampal area CAl, we
found that 30 min after bath application of 4-AP, KO slices began to show drastic bursts of
discharges that were absent in WT slices (Fig. 1A). This suggests that Nhe6 KO hippocampal
neurons are indeed more sensitive to relatively small elevations in neuronal activity, which cause
aberrant epileptiform discharges that are not observed in WT.

We then examined if this increase in network excitability could be due to changes in the
intrinsic excitability of Nhe6 KO principal neurons. To this end, we performed current clamp
recordings on CA1 pyramidal cells in Nhe6 KO acute brain slice preparations. After achieving
whole cell patch clamp conditions, we noted that Nhe6 KO cells did not show significant
differences in resting membrane potential, input resistance, or membrane capacitance when
compared to WT cells, suggesting that passive membrane properties of KO neurons were
unchanged (Fig. 1E). We then performed currents injections ranging from 0 to 400 pA for a
duration of 1 s and quantified the number of AP spikes to measure their intrinsic firing in the
absence of synaptic inputs. However, we did not find that Nhe6 KO cells produced significantly
more APs than WT cells at any current amplitude (Fig. 1B-C), nor did they show any significant
differences in AP parameters such as magnitude, half-width, kinetics, or adaptation (Fig. 1D-E).
From our observations, we conclude that excitatory pyramidal cells in area CAl are not

intrinsically more excitable in Nhe6 KO neurons than WT at this time point.
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Figure 1: Nhe6 KO hippocampal circuitry is hyperexcitable when compared to WT in
response to 4-AP challenge, yet WT and Nhe6 KO CA1 pyramidal neurons do not differ in
active or passive membrane properties. A: Example extracellular potential recordings from area
CALl of WT (top) and Nhe6 KO (bottom) acute hippocampal slices at baseline (left) and 30 min
following application of 4-AP (10 uM, right). B: Example membrane potential responses from WT
(left) and Nhe6 KO (right) CA1 pyramidal cells following a current injection of +250 pA, 1 sec.
C: Mean = SEM number of APs fired at current injections ranging from 0 to 400 pA in WT (black)
and KO (red) CA1 cells. D: Average AP trace from WT and KO cells. WT: n = 6 cells from 2
animals; KO: n = 6 cells from 2 animals. E: Scatterplots of intrinsic and action potential properties
from each genotype; each point corresponds to an individual cell, horizontal line with error bars
indicate mean + SEM. WT: n = 9 cells from 6 animals; KO: n = 14 cells from 9 animals. Results
in C and E were not significant (p > 0.05), unpaired Student’s t-test.
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4.4.2 Evaluating inhibitory synaptic regulation in Nhe6 KO area CA1l

Given that NHEG6 is highly expressed in GABAergic cells of the hippocampus, we next
assessed possible alterations in inhibitory interneurons. To this end, we first performed
immunoblotting experiments probing glutamic acid decarboxylase 67 (GAD67), a key enzyme in
the synthesis of GABA that is expressed diffusely throughout GAB Aergic interneurons [53,54], at
two and six months of age. While GAD67 levels were comparable between WT and Nhe6 KO
hippocampi at P60, KO tissue expressed significantly less GAD67 than WT by P180 (Fig. 2A-B).
This suggests an age-dependent loss of GAD67, and hence GAB Aergic interneurons, in Nhe6 KO
hippocampi. To better validate this theory, we performed immunohistochemistry experiments to
directly visualize cells expressing parvalbumin (PV), a Ca?*-buffering protein used as a marker for
fast-spiking basket cells that form perisomatic connections onto pyramidal neurons [55,56]. In
accordance with our GAD67 immunoblotting data, PV+ cell counts throughout the entire
hippocampus were similar between WT and Nhe6 KO at P60, yet significantly decreased in KO at
P180 (Fig. 2C-F). However, when we divided these cells into their respective hippocampal areas,
PV+ cell density was elevated in area CA3, but significantly lower in area CA1, in Nhe6 KO P60
tissue when compared to age-matched WT samples (Fig. 2C-D). Nevertheless, by P180, PV+ cells
were significantly decreased in both areas CA3 and CA1 in KO hippocampi relative to WT (Fig.
2E-F). Thus, while the data demonstrate a time-dependent loss of PV+ interneurons throughout
the hippocampus in Nhe6 KO, these mice already show region-specific changes at younger stages
of adulthood that suggest possible alterations in inhibitory regulation of area CAl cells at two
months of age. However, by six months of age, GABAergic interneurons, particularly those

expressing PV, appear to be lost throughout the KO hippocampus when compared to control mice.
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Figure 2: Age-dependent loss of GAD protein and PV+ interneuron density in Nhe6 KO
hippocampi. A: Representative immunoblots of glutamic acid decarboxylase 67 (GAD67) in
whole adult hippocampal lysates from P60 and P180 WT and Nhe6 KO mice, with -actin as
loading control. B: Mean + SEM quantification of GAD67 signal intensity relative to actin loading
control and normalized to WT for each time point. For P60, WT: n = 4, KO: n = 4; for P180, WT:
n=35,K0: n=4.C, E: Example immunofluorescent images of coronal brain sections taken from
P60 (C) and P180 (E) WT and Nhe6 KO male mice and immunoprocessed for parvalbumin (PV).
For each set of images, top image shows whole hippocampus (scale bar: 200 um), bottom-left
image shows zoom-in of area CA3 (scale bar: 100 um), and bottom-right image shows zoom-in of

Parvalbumin

P180 PV+ cells / mm?

HPC CA3 CA1

area CAl (scale bar: 100 um). Image sets in C and E are of equal magnification. D, F: Mean +
SEM quantification of PV+ cell density within areas CA3 and CA1, as well as whole hippocampus
(HPC) at P60 (D) and P180 (F), for each genotype. For P60, WT: n = 17 hippocampi in 10 sections
from 5 animals; KO: n = 19 hippocampi in 10 sections from 6 animals. For P180: n = 32
hippocampi in 16 sections from 4 animals of each genotype. *: p < 0.05, **: p < 0.01, ***: p <
0.0001, unpaired Student’s t-test.
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Taking into account the reduced density of PV+ interneurons in area CA1 in young adult
Nhe6 KO animals, we performed further immunohistochemical experiments to directly assess
inhibitory synapses onto CA1 pyramidal cells. For this purpose, we collected tissue from P60 WT
and Nhe6 KO mice in which subsets of hippocampal pyramidal neurons express a membrane-
tagged EGFP (mGFP), allowing us to easily visualize neuronal structures. We first examined
expression of glutamic acid decarboxylase 65 (GADG65), another GAD isoform that primarily
localizes to GABAergic presynaptic terminals, as well as the inhibitory postsynaptic scaffolding
molecule gephyrin. In accordance with the aforementioned reduction in perisomatic-targeting PV+
interneurons, we found that GAD65 puncta apposing and gephyrin puncta within CA1 pyramidal
cell somata were both reduced in P60 tissue (Fig. 3A-B). This loss of both pre- and postsynaptic
inhibitory markers suggested a loss of somatic inhibitory synapses on to CA1 principal cells. We
also observed a reduction of gephyrin puncta in the dendrites of KO CA1 pyramidal neurons,
indicating a decrease in dendritic inhibitory postsynaptic sites as well (Fig. 3C-D). Interestingly,
upon assessing the dendritic localization of the synaptic GABAAR subunits a1 and a2, we found
a reduction in the trafficking of a2, but not a1, in Nhe6 KO when compared to WT (Fig. 3C-D).
In all, these findings suggest a subunit-specific loss of GABA,Rs and inhibitory postsynaptic sites,

leading us to speculate that inhibitory transmission on to pyramidal neurons may be dampened.
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Figure 3: Reduced inhibitory markers in the soma and dendrites of Nhe6 KO CA1 pyramidal
neurons. A: Example confocal micrographs of mGFP-labeled WT and Nhe6 KO CA1 pyramidal
neuron somata stained for glutamic acid decarboxylase 65 (left) and gephyrin (right). Channels are
shown separate and merged; dotted lines in middle channels show outline of the cell body denoted
by the mGFP signal. Scale bar: 4 um. B: Mean + SEM quantification of GAD65 puncta in
apposition to (left), and gephyrin puncta within (right), CA1 pyramidal neuron somata. For
GADG65, WT: n = 18 cells, KO: n = 17 cells from 4 animals per genotype. For gephyrin, WT: n =
19 cells from 4 animals; KO: n = 16 cells from 3 animals. C: Example confocal micrographs of
mGFP-labeled WT and Nhe6 KO CA1 pyramidal neuron dendrites stained for gephyrin (top left)
and GABA4R subunits a1 (top right) and a2 (bottom). Channels are shown separate and merged;
dotted lines in middle channel show outline of the dendrite denoted by the mGFP signal. Scale
bar: 2 pm. D: Mean + SEM quantification of gephyrin, GABA,Ral, and GABARa2 dendritic
puncta density in WT and Nhe6 KO CA1 pyramidal neurons. For gephyrin, n = 19 cells from 3
animals for both genotypes. For GABA,Ra/, WT: n = 17 cells, KO: n = 15 cells from 3 animals
per genotype. For GABA,Ra2, n = 12 cells from 3 animals per genotype. *: p < 0.05, ***: p <
0.0001, unpaired Student’s t-test.
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4.4.3 Examining GABAergic transmission on to Nhe6 KO CA1 principal cells

Taking into account the decreases in both PV cell density and perisomatic GABAergic synapses,
we hypothesized that we would observe changes in GABAergic transmission as well. To verify
this, we recorded GABA ,R-mediated miniature inhibitory postsynaptic currents (mIPSCs) from
CA1 pyramidal neurons in the presence of tetrodotoxin (TTX) to block phasic transmission owing
to interneuron firing. As expected, we found a significant reduction in mIPSC amplitude in Nhe6
KO relative to WT, confirming an attenuation of synaptic GABAARs in KO cells (Fig. 4A-B, E-
G). The rise time of mIPSCs recorded from KO cells were also significantly longer when compared
to WT, although decay times were not significantly altered (Fig. 4B-D). These changes in kinetics
suggest a corresponding alteration in synaptic GABAAR subunit composition [57,58] and are thus
in line with the selective downregulation of the a2 in Nhe6 KO principal cells. In spite of this loss,
we did not observe a significant change in mIPSC interevent interval (IEI), an inverse measure of
event frequency (Fig. 4A, H-J). This may be indicative of an increase in release probability from
presynaptic GABAergic terminals. When taken together, our immunohistochemistry and
physiological data suggest deficits in the function and composition of postsynaptic GABAergic

sites onto CA1 pyramidal cells.
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Figure 4: Reduced GABA ,R-mediated inhibitory neurotransmission on to Nhe6 KO CAl
pyramidal neurons. A-B: Example recordings (A) and average event traces (B) of GABALR-

mediated miniature inhibitory postsynaptic currents (mIPSCs) recorded from WT (black) and
Nhe6 KO (red) CA1 pyramidal neurons within acute hippocampal slice preparations. C-D: Mean
+ SEM mIPSC rise (C) and decay (D) times. E-G: Mean + SEM (E), cumulative probability (F)
and frequency histogram (G) plots of mIPSC amplitudes. H-J: Mean + SEM (H), cumulative
probability (I) and frequency histogram (J) plots of mIPSC interevent intervals. WT: n = 18 cells
from 3 animals; Nhe6 KO: n = 15 cells from 2 animals. *: p <0.05; **: p <0.01, unpaired Student’s

t-test.
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We next sought to investigate GABAergic transmission on to postsynaptic pyramidal
neurons in the presence of interneuron activity by recording GABA,R-mediated spontaneous
inhibitory postsynaptic currents (SIPSCs) from CA1 pyramidal neurons in the absence of TTX.
We found a similar change in sIPSC kinetics as observed from our mIPSC data, with a significant
increase in rise time and no change in decay in Nhe6 KO when compared to WT (Fig. SB-D).
Again, the data suggest a possible change in GABA,R subunit composition, but it may also
represent a dispersal of inhibitory sites away from the pyramidal cell body in favour of more distal
sites. Indeed, studies assessing interneurons synapsing on to axosomatic and dendritic regions of
pyramidal cells have shown a delay in the kinetics of the IPSC recorded upon activation of the
later [59], thereby insinuating that axosomatic-targeting PV+ interneurons may have a reduced
impact on downstream GABAergic transmission on to Nhe6 KO CAL1 cells. Interestingly, despite
the attenuation in somatic inhibitory synapses, IEI was again unchanged between WT and KO
neurons (Fig. 5A, H-J), which more strongly implies an increase in the firing or release probability
of surviving PV+ cell axon terminals. Moreover, although the trafficking of some GABARs (Fig.
3) and mIPSC amplitude (Fig. 4) were both found to be reduced in Nhe6 KO, we found that KO
neurons showed a significantly greater mean sIPSC amplitude than WT cells (Fig. SA-B, E-G).
This surprising observation suggested a severe dysregulation in inhibitory signaling within area
CAI circuitry in Nhe6 KO. Overall, relative to WT, we hypothesize that Nhe6 KO CA1 pyramidal
neurons receive an enhanced degree of phasic GABAergic synaptic transmission from a reduced

but potentially hyperactive population of surviving PV+ cells.
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Figure 5: Altered GABAergic network inhibitory neurotransmission on to Nke6 KO CAl
pyramidal neurons. A-B: Example recordings (A) and average event traces (B) of GABALR-
mediated spontaneous inhibitory postsynaptic currents (sIPSCs) recorded from WT (black) and
Nhe6 KO (red) CA1 pyramidal neurons within acute hippocampal slice preparations. C-D: Mean
+ SEM sIPSC rise (C) and decay (D) times. E-G: Mean + SEM (E), cumulative probability (F)
and frequency histogram (G) plots of sIPSC amplitudes. H-J: Mean + SEM (H), cumulative
probability (I) and frequency histogram (J) plots of sIPSC interevent intervals. For both WT and
KO, n =19 cells from 3 animals per genotype. *: p < 0.05, unpaired Student’s t-test.

189



Could this change in sIPSC amplitude result from a dysregulation of CI- homeostasis and
thus Egaps in CA1 pyramidal neurons? To address this possibility, we measured protein levels of
the two primary neuron cation-Cl- cotransporters NKCC1 and KCC2 at multiple time points. At
P21, an age by which the NKCC1/KCC2 switch should have occurred in mice [43], Nhe6 KO
hippocampal tissue showed significantly reduced KCC2 levels when compared to WT; this pattern
persisted over time, as KCC2 levels were consistently significantly decreased in Nhe6 KO lysates
compared to age-matched WT samples at P60 and P180 (Fig. 6B, D). Interestingly, at these later
time points, we found that NKCC1 levels were also significantly elevated in KO tissue relative to
WT (Fig. 6A, C). These findings suggest a disturbance in the molecular mechanisms regulating
the expression of these cotransporters and allude to the possibility of [Cl]; being significantly
elevated in adult Nhe6 KO neurons. As a result, Eg4z4 may be significantly depolarized in KO
hippocampi relative to WT, resulting in GABA becoming less inhibitory or potentially excitatory,
which could account for the elevation in sIPSC amplitude seen in KO (Fig. 5). In the future,
additional perforated patch-clamp experiments will be required to verify potential changes in Egapa

between WT and Nhe6 KO CA1 pyramidal neurons.
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Figure 6: Upregulation of NKCC1 and downregulation of KCC2 in adult Nhe6 KO
hippocampi. A-B: Example immunoblots of NKCC1 (A) and KCC2 (B) from P21, P60, and P180
WT and Nhe6 KO whole hippocampal lysates, with 3-III tubulin as loading control. B-C: Mean +
SEM quantification of NKCC1 (C) and KCC2 (D) relative to tubulin loading control and
normalized to WT for each time point. For NKCC1: P21, WT: n =4, KO: n=4; P60, WT: n=7,
KO: n=8; P180: WTI:n=5,KO: n=4. For KCC2: P21, WT:n=6,KO: n=6; P60, WT:n=7,
KO: n=8; P180, WT: n=5,KO: n=4.*: p <0.05, **: p <0.01, unpaired Student’s t-test.
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4.4.4 Recapitulating inhibitory synaptic changes in a clinical NHE6 mutant in vitro

Our inferences to this point have been taken from Nhe6 KO mice, in which the Slic9a6 gene is
completely ablated. However, human CS patient genomes typically contain mutations in SLC9A6
as opposed to a full gene KO. While many of these variants introduce a premature stop codon that
results in a truncation of the NHEG6 protein upon translation, some mutations can still produce a
full-length protein product [8,10]. We have recently investigated the effect of one of these
mutations, an in-frame LOF deletion variant of NHE6 (p.Glu287_Ser288del, or AES), upon
neuronal structure, plasticity and behaviour [28,29], but we wished to expand upon the findings of
the current study by investigating whether the AES mutation could also impact inhibitory
postsynaptic sites. To this end, we transfected an mCherry fluorescent protein (mCh)-tagged
NHEG6 AES construct into mouse primary hippocampal neurons, which we have previously shown
to have a dominant negative effect over the endogenous WT form of the exchanger [28]. Primary
neurons overexpressing mCh-tagged NHE6 WT were used as controls. Similar to our observations
in Nhe6 KO mice, we saw a significant decrease in somatic gephyrin puncta density (Fig. 7A-B)
as well as the dendritic localization of gephyrin and GABA4R subunit a2, but not al, in NHE6
AES-expressing cells in comparison to control (Fig. 7E-H). Notably, we also found a higher degree
of colocalization between punctae of NHE6 WT and these inhibitory markers than that with NHE6
AES, with GABAAR 02 showing the most colocalization with NHE6 WT of the molecules
investigated (Fig. 7C-D, I-J). This observation brought forth the possibility that NHE6 may be
more commonly found in GABAAR a2-positive vesicles compared to those containing al to
regulate the trafficking of the former, hence the selective decrease in the a2 subunit in AES-

expressing cells.
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Figure 7: Similar downregulations of inhibitory postsynaptic proteins in primary
hippocampal neurons expressing loss-of-function NHE6 AES mutant. A, E-G: Example
confocal images of 14 DIV EGFP-positive primary hippocampal neuron soma (A) or dendrites (E-
G) co-transfected with mCherry-tagged NHE6 WT or AES and immunostained with gephyrin (A,
E), GABAARal (F) and GABA, R02 (G). Channels are shown separately and merged; dotted line
in white channel denotes EGFP signal. Scale bar: 4 um (A), 2 um (E). B, H; Mean + SEM puncta
density for each marker in the soma (B) and dendrites (H). C, I: Mean + SEM density of
colocalized puncta between NHEG6 and each marker in the soma (C) and dendrites (I). D, J: Mean
+ SEM thresholded Mander’s coefficients between each marker and NHEG6 in the soma (D) and
dendrites (J). For somatic gephyrin, n = 13 cells per condition, 3 separate experiments. For
dendritic gephyrin, n = 14 cells per condition. For GABA,Ral, n = 15 cells per condition; for
GABAR02, n = 13 cells per condition, 3 separate experiments. *: p < 0.05; **: p < 0.01, ***: p
< 0.0001, unpaired Student’s t-test.
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These in vitro data suggest a mistrafficking of inhibitory postsynaptic molecules mutant-
transfected cells, which we hypothesized could also disturb GABAaR-mediated
neurotransmission. Accordingly, when we measured mIPSCs from AES-expressing dissociated
neurons, we noted a significant increase in IEI compared to NHE6 WT transfectants (Fig. 8A, H-
J). This was suggestive of a cell-autonomous loss of functional inhibitory synapses, in line with
our immunohistochemical findings (Fig. 7). In contrast to our observations in Nhe6 KO pyramidal
neurons, we did not observe a change in mIPSC amplitude or kinetics (Fig. 8A-G), thus
representing a possible divergence between these in vivo KO and in vitro mutant models.
Nonetheless, these results suggest that the expression of a clinically relevant SLC9A6 variant
disrupts the trafficking of inhibitory postsynaptic molecules and GABA sR-mediated currents in a
similar fashion to NHE6 deficient neurons. Therefore, these findings strongly suggest that our
findings from Nhe6 KO mice may indeed be reflective of molecular changes in the neural circuitry

of CS patients possessing this NHE6 mutation, and possibly other such LOF variants, as well.
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Figure 8: Primary hippocampal neurons expressing NHE6 AES receive reduced GABAergic
neurotransmission. A-B: Example recordings (A) and average event traces (B) of GABALR-
mediated miniature inhibitory postsynaptic currents (mIPSCs) recorded from 14 DIV primary
hippocampal neurons expressed with mCherry-tagged NHE6 WT (black) or NHE6 AES (red). C-
D: Mean + SEM mlIPSC rise (C) and decay (D) times. E-G: Mean + SEM (E), cumulative
probability (F) and frequency histogram (G) plots of mIPSC amplitudes. H-J: Mean + SEM (H),
cumulative probability (I) and frequency histogram (J) plots of mIPSC interevent intervals. For
NHE6 WT,n = 11 cells, NHE6 AES, n = 10 cells from 3 separate experiments. *: p < 0.05, Mann-
Whitney test.
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4.5 DISCUSSION

In recent years, emerging work on the pathophysiology of CS has primarily focused on changes in
excitatory neuronal structure and plasticity. While the growing interest in CS has been
encouraging, little is currently known of the cellular changes in hippocampal circuitry that could
underlie the development of hyperexcitability. Given the numerous case reports of CS patients
developing epileptic seizures early in life (reviewed in [11]), this area of research is especially
critical to further explore. In the present study, we have uncovered multiple ways in which
inhibitory regulation in Nhe6 KO may be perturbed, ranging from changes in interneuron density,
postsynaptic GABAR composition, and CI- homeostasis. We strongly believe that these changes
may act together in synergy to disrupt E/I balance and give way to seizure generation in human
patients with CS, thus providing various potential targets to ameliorate epilepsy in this disorder.
Initially, we recorded extracellular potentials from hippocampal area CAl in acute slice
preparations from juvenile animals to assess network excitability in this region. While baseline
activity did not appear to differ between genotypes, Nhe6 KO slices exhibited epileptiform
discharges in response to a subthreshold concentration of the K*-channel antagonist 4-AP. As
expected, this treatment was insufficient to cause drastic activity increases in WT. Incidentally,
these data fall in line with a phenotypic report stating that male Nhe6 KO mice show a lower
threshold for chemically induced seizures (DeltaGen). The present study thus confirms that
hippocampal circuitry deficient in NHEG6 is indeed more susceptible to epileptiform activity, which
may give way to ictogenesis in human individuals with CS. To investigate the molecular basis
underlying the development of hyperexcitability, we assessed AP firing from Nhe6 KO CAl
pyramidal neurons under whole-cell current clamp conditions. However, we did not find that KO

cells showed significant deviations in passive or active properties when compared to WT neurons,

196



suggesting that they are not intrinsically more excitable. We instead hypothesized that this effect
arose from changes in the circuitry in area CA1l, as 4-AP can result in the depolarization of both
excitatory and inhibitory inputs [60-62]. Previous work has shown that hippocampal pyramidal
neurons lacking NHEG6 function experience a reduction in excitatory synapse density and function
[24,28], suggesting that enhanced glutamatergic activity does not explain increased excitability in
CA1 neurons in Nhe6 KO. Conversely, it has also been shown that a persistent depolarization of
inhibitory GABAergic inputs — either through direct stimulation or application of 4-AP — can
paradoxically result in a long-lasting depolarizing shift in GAB Aergic transmission due to a build-
up of postsynaptic [Cl]; [63—-66]. This possibility further underscores the importance of KCC2
function in rapidly extruding CI- from the cell to prevent prolonged changes in Egaga.

However, Nhe6 KO hippocampi showed decreased KCC2 protein expression in line with
increased NKCC1 levels. This likely results in a pathological elevation of [Cl']; and a depolarizing
shift of Egapsa in Nhe6 KO neurons compared to age-matched WT, which may be additionally
aggravated by even a subthreshold concentration of 4-AP to further depolarize GABAergic inputs.
Upon further stimulation, the polarity of GABAergic signaling may reverse from inhibitory to
excitatory to give way to the hyperexcitability observed in Nhe6 KO slices that are absent in WT
slices. The dysregulation of NKCC1 and KCC2 protein levels in developmentally mature Nhe6
KO hippocampi may thus be a central factor underlying the E/I imbalance observed in KO tissue.
Importantly, alterations in the levels and activities of these cation-Cl- cotransporters are commonly
found in a number of human epilepsy conditions, many of which arise from genetic deficiencies
in the SLC12A5 gene encoding KCC2 [43,47,67-69]. For instance, induction of seizures in adult
mice by lithium-pilocarpine resulted in a persistent increase and decrease in NKCC1 and KCC2

mRNA and protein levels, respectively, in hippocampal area CA1 for weeks following kindling
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[70]. Data from post-mortem tissue taken from human patients with chronic temporal lobe epilepsy
have further revealed a dysregulation in the expression of these transporters, which functionally
resulted in a reversal in GABA polarity to excitatory [71-73]. Thus, the mechanisms underlying
these changes in transporter expression in Nhe6 KO warrants further investigation. For KCC2, it
is possible that endosomal mistrafficking in the absence of NHE6-mediated pH regulation may
result in the mislocalization and degradation of KCC2 through the lysosome, as similar disruptions
have been observed in the trafficking of neurotrophin [24] and glutamate receptors [28].
Conversely, the concomitant upregulation of NKCC1 suggests a change in gene expression,
although how NKCCI1 expression is increased in multiple forms of epilepsy is still unclear.
Beyond broad changes in NKCC1 and KCC2 protein levels, there are numerous questions
with regards to these cotransporters that remain to be addressed. For one, the post-translational
modifications of these cation-Cl- cotransporters are arguably more important than their global
protein levels and therefore should also be analyzed in Nhe6 KO. In particular, the intracellular C-
terminal tail of KCC2 has recently come under greater scrutiny, as it contains various residues that
can be modified to impact its membrane stabilization and ion transport activity [74-76]. In fact,
the phosphorylation and dephosphorylation of some tyrosine and threonine residues mediate the
developmental upregulation of KCC?2 at the cell surface and can become dysregulated in response
to seizure generation [77—84]. Furthermore, the subcellular localization of these transporters must
be further characterized, as even minute changes in the plasmalemmal fractions of these
transporters can substantially impact Cl-homeostasis [47,85]. Finally, their relative expression in
different cellular identities remains to be seen. While KCC2 is specifically expressed by neurons,
NKCCI is also found within glia and other non-neuronal cell types, and hence uncertainty arises

in which cell types produce these elevated levels of NKCCI1 [85]. Interestingly, inhibitory
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interneurons usually express relatively more NKCC1 than excitatory pyramidal cells in the mature
CNS under WT conditions [86]. If NKCC1 expression is indeed increased selectively in Nhe6 KO
interneurons, this could contribute to the proposed hyperexcitability of PV+ interneurons (as
discussed later), either intrinsically or from upstream “gatekeeping” GABAergic interneurons
[31,87]. In all, it will be critical to address the phosphorylation and expression patterns of these
cation-ClI cotransporters to gain further insights into their activity, regulation, and ultimate impact
on hippocampal circuit function.

Aside from downstream postsynaptic changes in inhibitory transmission, we also wished
to study upstream GABAergic interneurons. Single cell RNA sequencing data from adult murine
hippocampi has revealed that interneurons express the highest degree of Slc9a6 when compared

to other hippocampal cell types (http://dropviz.org/? state id =9887ffac31b2fa28). This finding

alludes to the importance of NHEOG in interneurons, yet its potential roles in mediating interneuron
function and viability remain unclear. To this end, we first used immunoblotting to probe for
GADG67 to obtain a general measure of the number of GABA-producing cells within adult Nhe6
KO hippocampi. Notably, we found a reduction in GAD67 protein in six-month-old KO tissue
relative to age-matched WT samples. We then assessed if specific subpopulations of interneurons
were lost by performing immunohistochemical analyses of PV, as axosomatic PV+ interneurons
are known to play crucial roles in regulating pyramidal cell excitability and in synchronizing
oscillatory patterns of activity in the hippocampus [56,88—90]. Mirroring our biochemical data,
KO slices showed significantly less PV+ cell densities than WT across hippocampal regions. Our
observed reductions in interneuron number over time aligned with previous volumetric analyses
showing a progressive reduction in hippocampal volume in Nhe6 KO [50]. Interestingly, we have

previously demonstrated that transient expression of some genetic variants of SLC9A6 into
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cultured cells, including hippocampal neurons, induced cell death via apoptosis [29,94]. As the
loss of NHEG6 function clearly results in a neurodegenerative phenotype, we hypothesize that the
viability of certain interneuron subtypes - namely fast-spiking PV+ cells with relatively high
energy requirements [55,56] - may be especially impacted by the loss of NHE6. Notably, NHE6
has also been implicated in regulating cellular metabolism under conditions of stress [95,96]. Thus,
if NHEG6 deficient PV+ interneurons are indeed hyperactive, they may become more sensitive to
energetic challenges and subsequently die over time. Importantly, the loss or dysfunction of PV+
interneurons has been associated with cognitive impairments in other psychiatric disorders,
including schizophrenia [91] and Alzheimer’s disease [92,93], and could impair hippocampal
function in CS as well. Future work reintroducing NHEG6 specifically within PV+ neurons during
development could validate whether the presence of NHEO is sufficient to prevent cell loss and
prevent kindling in KO mice. It should be noted that these results primarily indicate a decrease in
PV translation, and it is possible that PV cells may indeed persist but show deficits in protein
synthesis. Future work analyzing levels of PV mRNA will thus be required to determine whether
PV downregulation also occurs at the transcriptional level. Furthermore, whether similar fates
befall other interneuron populations, including somatostatin-expressing dendritic-targeting cells
and upstream regulatory interneurons, are similarly impacted in Nhe6 KO remains to be elucidated.

Remarkably, the loss of PV+ interneurons appears to be age-dependent in KO tissue, as
whole hippocampal GADG67 protein and PV+ cell densities were comparable in younger two-
month-old WT and Nhe6 KO tissue. Nevertheless, areas CA3 and CAl showed reciprocal
increases and decreases, respectively, in PV+ cell counts in Nhe6 KO hippocampi when compared
to WT. Accordingly, Nhe6 KO CA1 pyramidal neuron somata displayed reductions in inhibitory

synaptic markers and prolongations of GABA sR-mediated current kinetics when compared to WT.
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Although these data imply a decrease in somatic inhibitory synapse number, the frequency of
currents recorded from KO CA1 pyramidal neurons were unchanged when compared to WT. This
suggests a possible increase in the release probability and firing activity of surviving PV+ cells
that masks the apparent decrease in GABAergic synapses. In combination with the proposed
dysregulation of Cl- homeostasis and possible depolarization of Eaz4, persistent PV+ activation in
response to relatively minor membrane depolarizations (such as those induced by subthreshold 4-
AP challenge) could therefore drive seizure generation rather than attenuate it. Indeed, numerous
reports have implicated the action of somatic-targeting, fast-spiking PV+ interneurons in
synchronizing rhythmic network activity to allow seizures to spread across cortical territories [90].
Accordingly, recent work has shown that optogenetically enhancing PV+ interneuron function
during an epileptiform discharge can facilitate and prolong the seizure [71,97]. Additional
investigations of PV+ interneuron firing and presynaptic release properties in Nhe6 KO could
verify their hyperactivity, as well as whether they play a pro- or anti-seizure effect in maintaining
E/I balance. The relative increase in area CA3 PV+ cells in P60 Nhe6 KO hippocampi further
suggests an enhancement in the function of these interneurons, which may directly or indirectly
contribute to the hyperexcitability seen in area CA1. The striking observation that area CA3 PV+
cells are initially spared in Nhe6 KO nonetheless warrants further investigation.

While the increase in sIPSC amplitude may indicate enhanced phasic GABAergic
transmission, our examination of quantal transmission through additional mIPSC recordings
showed a significant reduction of their amplitude in Nhe6 KO cells in comparison to WT. In
combination with immunohistochemical data demonstrating decreased puncta of inhibitory
synaptic marker, this strongly suggests that GABAergic synapses on CAl principal cells are

weaker and fewer in Nhe6 KOs. Interestingly, we saw a similar pattern of downregulation in these
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inhibitory postsynaptic molecules in cultured hippocampal neurons expressing the deletion LOF
mutant NHE6 AES. Like other membrane-bound receptors, GABA,Rs undergo constitutive and
activity-dependent trafficking to and from the cell surface [37,99-101], which may critically
depend on NHE6-mediated pH regulation. Thus, as we hypothesize to be the case for KCC2
trafficking, the overacidification of endosomes in the absence of NHE6 function may also result
in the mislocalization and subsequent lysosomal degradation of GABA,Rs as well. Colocalization
analyses between KCC2 or GABA4R with lysosomal markers could verify if these molecules are
indeed mistrafficked for putative proteolysis within these degradative compartments.

Strikingly, only GABAAR a2 trafficking was downregulated while levels of GABAAR al
were comparable to WT in both KO and AES neurons. Accordingly, we observed a stronger degree
of colocalization between transfected WT NHE6 and the a2 subunit than that with a1 in primary
hippocampal neurons. This suggests that while NHEO6 is broadly involved in GABA4R trafficking,
there may also be some degree of selectivity in which GABA 4R subunits are trafficked by NHE6.
As of yet, the contents of NHE6-containing endosomes still remain unclear, but these findings
imply that a2-containing GABA,Rs may be one such cargo. Notably, we have reported similar
trends in the specificity of NHE6-mediated trafficking of other membrane-bound proteins, such
as glutamate and transferrin receptors [28,29]. Alternatively, the selective downregulation in the
a2 subunit of GABARs could be coupled to the reduction of gephyrin in Nhe6 KO CA1 pyramidal
cells. Decreasing gephyrin expression has previously been shown to interfere with the localization
and clustering of synaptic GABA,R [102,103]. Conversely, other reports have suggested that
GABA\R clustering can also influence that of gephyrin [37,39,103,104]; specifically, deletion of
02 subunit inhibits the clustering of gephyrin, but not that of al or other inhibitory postsynaptic

proteins [105]. Thus, it is possible that the mistrafficking of the a2 subunit may be upstream of
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disturbances in gephyrin clustering in Nhe6 KO, which further highlights the importance of NHE6
trafficking in maintaining inhibitory postsynaptic integrity. This postulation is additionally
substantiated by our in vitro findings showing that transfection of AES NHE6 similarly attenuated
gephyrin and GABA,R 02 in hippocampal neurons, which strongly suggested that functional
NHE®G deficiency exerts a cell-autonomous effect in prohibiting the trafficking of these molecules.
Further evaluation into the fate of other GABA 4R subtypes and inhibitory postsynaptic scaffolding
molecules in Nhe6 KO may reveal additional mechanisms underlying these pathological changes
in cargo trafficking and whether they can be targeted to modulate circuit excitability.

It should be noted that while IPSCs recorded from Nhe6 KO neurons did not show
differences in IEI, AES-expressing neurons instead showed a significant increase in IEI relative to
controls. This was primarily indicative of a loss of functional inhibitory synapses. The
discrepancies in event frequency observed between Nhe6 KO and mutant may arise from the
inherent differences in these two models, as ex vivo acute slice preparations preserve more of the
intact in vivo network, whereas in vitro cell culture preparations disperse native interneuron
connectivity on to downstream principal cells. Thus, because compensatory presynaptic changes
are likely absent in vitro when compared to genetically deficient Nhe6 KO hippocampi, the
decrease in mIPSC frequency seen specifically in AES transfectants further supports a cell-
autonomous role for NHEG6 in establishing and/or maintaining postsynaptic GABAergic synapse
number. Parenthetically, the lack of significant changes in other mIPSC parameters in AES-
expressing cells may be reflective of the transient nature of the experimental paradigm. Given the
wide variety of GABAR subunits, which lends both complexity and redundancy to the assembly
of these receptors, it is possible that expressing the mutant construct for longer periods of time

may be required to fully replicate the changes in amplitude and kinetics seen in Nhe6 KO neurons.
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Taken together, the current study presents multiple mechanisms that could dysregulate CI-
homeostasis and perturb GABAergic transmission to give way to runaway excitation in the
hippocampus and lead to epileptogenesis in CS. However, as has been alluded to before with PV+
cell firing, whether these alterations in inhibitory regulation promote or counteract epileptiform
activity remains to be fully delineated. For instance, seizure induction itself can induce a rapid
downregulation of surface KCC2 and GABAARs [77,106—108], leading to a transient reduction of
inhibitory neurotransmission and, over time, the development of resistance to anticonvulsant drugs
that work through GABAAR activation [42,109,110]. However, if the polarity of GABA is indeed
reversed in Nhe6 KO, it is also possible that the aforementioned reductions in GAB Aergic function
in KO may actually be beneficial in dampening hyperexcitability. As such, the reduction in
interneuron density in older Nhe6 KO hippocampi could counterintuitively serve to offset a
potentially pro-ictal effect of pathological GABAergic transmission during seizure activity
[97,111]. Likewise, persistent GABAergic transmission or KCC2 activity in pyramidal cells can
substantially elevate [Cl]; or [K*],, respectively, which instead excessively depolarizes pyramidal
cells [74]. Moreover, past results have also shown that depolarizing GABA can contribute to the
initiation and maintenance of seizures [72,112—-114], and inhibiting GABARs can thus block ictal
activity [115-118]. Determining whether these “deficits” in GABAergic function may in fact be
homeostatic mechanisms that actually serve to deter hyperexcitability will likely require
longitudinal analyses of how these changes coincide with kindling models to induce seizures in
Nhe6 KO mice in vivo. In the future, such work will be essential to ensure that appropriate
therapeutic measures are taken to treat epilepsy in CS without inadvertently exacerbating the

underlying mechanisms that promote seizure generation in these patients.
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

5.1 SUMMARY

Although the worldwide incidence of CS has risen substantially over the past decade, very little is
presently known of the cellular and molecular mechanisms that underlie the myriad of symptoms
associated with this disorder. Consequently, viable therapeutic inventions are lacking, which likely
stems from the fact that there are relatively few studies researching the physiological function of
NHES itself in the brain. Previous work in our lab had implicated NHE6 in AMPAR localization
and in mediating cargo trafficking during hippocampal synaptic plasticity [326]. In my thesis work,
I elaborated upon these initial findings by expressing a patient-derived loss-of-function (LOF)
SLC9A6 mutation into cultured hippocampal neurons and by studying NHE6 deficient mice.

In brief, I found that AES mutant-transfected or KO hippocampal neurons showed
impairments in AMPAR trafficking, excitatory synaptic density, and functional and structural
remodeling following NMDAR-dependent LTP. However, I also uncovered potential ways to
correct these deficits in functional and structural plasticity within hippocampal neurons by
inhibiting excessive lysosomal degradation or by applying a TrkB agonist. In addition, I described
various mechanisms by which GABAergic dysregulation may be impaired in Nhe6 KO
hippocampi such that GABA could be less inhibitory and potentially excitatory. Moreover,
GABAergic interneurons and inhibitory synaptic sites on area CA1 pyramidal neurons were both
found to be downregulated in Nhe6 KO hippocampi. Consequently, these changes may favour the
development of hyperexcitability in NHE6 deficient circuitry that could underlie the generation of
epileptic seizures in human patients with CS. In summary, I have reported novel roles for NHE6
in both excitatory and inhibitory neurotransmission and how these systems may become impaired

to result in the learning impairments and epilepsy commonly seen in CS.
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5.2 DISCUSSION

5.2.1 Prospective concerns over comparing SLC946 KO and variants

By and large, NHE6 null mice have been found to be representative of human patients with LOF
nonsense mutations in CS and are thus a suitable experimental model to study this disorder.
However, many patients with CS also possess genetic mutations in the SLC9A6 gene that are still
capable of producing a full-length protein. As such, I initially elected to study the effects of one
particular in-frame deletion mutation (p.Glu277_Ser278del; AES), as this was one of the first
identified variants that did not prohibit production of a protein [2]. I transfected a DNA plasmid
encoding this variant into cultured murine hippocampal neurons in a dominant-negative fashion
and studied the impact upon trafficking and LTP (see Chapter 2). I later turned to the KO mouse
to better understand the circuit-level impacts of removing NHE6 function upon plasticity (see
Chapter 3). I then used both models to assess GABAergic inhibitory function (see Chapter 4).
Although Nhe6 KO and AES show a number of similarities in terms of their spine density
and remodeling, the most notable discrepancy between data from these models is: which AMPAR
subunit is impacted by a lack of NHEG6 function? As the long-tailed GluA1 and short-tailed GluA2
subunits differ in their trafficking, kinetics, and Ca>* permeability [156,161,369], a reduction in
either subunit could differentially impact excitatory neurotransmission and plasticity. In Chapter
2, I confirmed that NHEG6 colocalized strongly with GluA1 [326], and I also found that GluA1l
puncta density and activity-dependent insertion were both reduced in AES-transfected neurons in
vitro. Hence, we also expected GluAl to be downregulated in Nhe6 KO hippocampi in vivo.
However, my data in Chapter 3 instead indicated that while GluA1 protein levels and surface
expression after ChemL'TP were comparable to that of WT, both GluA2 protein and ChemLTP-

dependent surface insertion were impaired in Nhe6 KO. Parenthetically, I also found differences
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between KO and AES when comparing mIPSC parameters between the two in Chapter 4, although
I have addressed this already in the Discussion section of this chapter (see Chapter 4.4).

I hypothesize that the inconsistency in AMPAR subunit disruption between in vivo KO and
in vitro mutant studies is likely due to differences in experimental models utilized, particularly
with regards to the latter. As I discussed with greater detail in Chapter 2, glycosylated NHE6
monomers must dimerize to traffic properly, and the expression of the NHE6 variant into neurons
results in a mosaic of endogenous WT and exogenous AES NHE6 homodimers as well as
heterodimers. This induces a dominant-negative overexpression phenotype over the WT form of
the exchanger, as indicated by a significant decrease in NHEG6 trafficking into dendrites (see
Chapter 2). However, transfecting the AES NHE6 mutant transiently in mature (12 DIV) cultured
neurons in vitro is clearly in stark contrast to Nhe6 KO mice, which do not express any NHE6
throughout the course of neural development. Thus, these findings from AES-transfected neurons
may primarily reflect an immediate, cell-autonomous disruption in cellular trafficking as induced
by the introduction of the NHE6 mutant. It should also be noted that in Chapter 2, we did not
directly study GluA2 because the sparse transfection efficacy of primary neuron cultures did not
allow us to properly visualize GluA2 trafficking or levels using standard molecular biology or
microscopy techniques. As GluA1 and GluA?2 readily heteromerize together [156], distinguishing
between the two using immunocytochemistry alone would not have been feasible. Therefore, it is
possible that both subunits may indeed be perturbed in NHE6 AES-expressing cells. In the future,
using gene-editing technology to develop a knock-in AES NHE6 mouse model would allow for
the resolution of this and other possible disparities between Nhe6 KO and AES knock-in models.
Nevertheless, it remains clear that even transient ablations in NHE6 function can strongly impact

the trafficking of neurotransmitter receptors and activity-dependent remodeling.
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An additional area of consideration is the impact upon proteolysis. Nhe6 KO mice show
signs of lysosomal dysfunction that mirror both tau pathology in CS patients [13,337,368] as well
as lysosomal storage diseases (LSDs). Indeed, post-mortem examinations of neural tissue from
these mice reveal the accumulation of undegraded GM?2 gangliosides within lysosomes that are a
distinct hallmark of LSDs [336,370]. However, the direct mechanism behind how the loss of NHE6
impairs lysosomal function remains to be elucidated. Notably, this is somewhat in discordance
with hypotheses from us and other groups, as we have paradoxically suggested an enhancement of
lysosomal function following NHE6 disruption [309,344]. Likewise, we postulate that endosomal
overacidification, mistrafficking, and subsequent degradation of AMPARs, GABARs, and other
membrane-bound proteins in lysosomes are the root cause for the downregulation of these cargos
in both Nhe6 KO and AES. Moreover, in Chapter 2, I show that blocking lysosomal function in
AES transfectants can prevent the aberrant degradation of GluAl and restore its trafficking to
synapses during L'TP, in support of our theory of excessive lysosomal activity. These data raise
the question of how lysosomal processing may be both impaired for some cargos yet enhanced for
others in NHE6-deficient neurons. This will be an important distinction to clarify in future studies,
especially because I postulate that lysosomal inhibition could be novel therapeutic strategy in CS.

However, the potential role of NHEG6 in lysosomal function is still unclear. In Chapter 2, I
reported some degree of colocalization between WT NHE6 and markers for LEs and lysosomes,
suggesting that NHEG6 could be active in regulating the internal pH of these compartments as well.
However, observations from astrocytes found that overexpressing NHE6 did not alter lysosomal
pH [368], strongly suggesting that NHEO6 is not directly involved in maintaining the pH of these
compartments. Assessing lysosomal pH in neurons deficient in NHE6 could nonetheless be

performed to verify this supposition. It should be noted that autophagy through the lysosome is
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also dependent upon the integrity of endocytic mechanisms to deliver proteases and lysosomal
membrane proteins (such as ion channels and transporters) from the trans-Golgi network
[133,371-374]. Thus, the trafficking of specific lysosomal enzymes, such as B-hexosaminidase,
and other resident lysosomal proteins may depend upon NHEG6 and are mistrafficked in its absence.
Colocalization studies between NHE6 and B-hexosaminidase, as well as other factors involved in
lysosomal function, could reveal which of these proteins may be trafficked in NHEG6-positive
vesicles and thus verify whether disturbances in their localization occur in the absence of NHE6.
Indeed, future research on NHEG6 should seek to systematically characterize which cargos are
trafficked in NHE6-containing endosomes to assess those that may be mistrafficked its absence.
Incidentally, other NHE isoforms are known to play indirect roles in cellular autophagy through
mediating signaling cascades and endosomal function [375,376]. Indeed, such mechanisms have
been proposed for the other endosomal NHE (eNHE), NHE9, which colocalizes with autophagy
factors and is implicated in autophagic signaling cascades [258,377-379]. Whether NHEG6 is
similarly involved in the regulation of autophagy remains to be determined.

Thus, I postulate that the absence of NHEG6 function promotes the aberrant targeting of
endosomal cargos to the lysosome for degradation. In tandem, the lysosomal clearance of other
substrates, including gangliosides and other macromolecule aggregates, is impaired downstream
of an as-of-yet unidentified role of NHEG6 in endolysosomal processing and cellular autophagy.
Reintroducing NHE6 expression within KO neurons and assessing whether GM?2 gangliosides and
other substrates still accumulate in lysosomes of these cells could validate the role of NHE6 in
proteolytic function. The divergence in lysosomal integrity may also be reflective of the
differences in using the AES and KO models, further underscoring the need for developing AES

knock-in mice to better understand the impact of this mutation upon neuronal circuitry as a whole.
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5.2.2 Activity-dependent NHEG6 trafficking in structural LTP

In spite of the potential disparities between comparing experimental models, time-lapse imaging
experiments on both KO and AES primary hippocampal neurons revealed deficits in spine
enlargement following ChemLTP induction (see Chapters 2 and 3). Nhe6 KO neurons further
demonstrated a marked increase in spine motility, which was significantly exacerbated by
NMDAR activation. Moreover, static observations of KO and AES dendrites revealed a decrease
in larger mature spines with an increase in smaller, more immature structures [309], the latter of
which usually show a higher rate of motility while the former are thought to be more stable
[82,380]. As I have alluded to throughout my thesis, NHE6 regulates endosomal trafficking to
spines during LTP, which is crucial for mediating both their functional and volumetric
augmentations [120,124,381]. Therefore, it is likely that the absence of NHE6 disrupts vesicular
exocytotic events leading to impairments in spine head enlargement following LTP induction,
corroborating findings from past studies showing that disrupting RE exocytosis could prevent the
structural plasticity of dendritic spines [144]. However, modifications in the underlying spine actin
cytoskeleton should also be considered, particularly in light of the excess spine motility observed
in Nhe6 KO neurons (see Chapter 3).

Like I mentioned in the Introduction, the regulation of the internal actin cytoskeleton by
Rho family GTPases and other actin-associated proteins can impact the shape and volume of the
spine [97,382]. As such, the absence of NHE6 may lead to the dysregulation or mistrafficking of
such factors, thus enhancing spine motility while impairing stable spine enlargements. Previous
work has shown that interference with the regulatory phosphorylation of the actin
depolymerization factor cofilin still allows for spine enlargement but disrupts stabilization of the

spine cytoskeleton, thereby occluding structural LTP [93,383]. As these findings mirror my
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observations in Nhe6 KO neurons, it is possible that cofilin phosphorylation by upstream kinases,
such as LIM domain kinase 1 (LIMK1) [384], may be disrupted in Nhe6 KO, thus leading to cofilin
hyperactivity and excessive actin remodeling. Tangentially, LIMK1 activation is downstream of
PKA activity [384], which I speculate to be decreased because of the lack of enhanced
phosphorylation of GluAT1 at the PKA site S845 following LTP induction (see Chapter 3). If PKA
and, by extension, LIMKI1 are indeed hypoactive in Nhe6 KO, this might relieve the negative
regulation of cofilin by LIMK1, thus resulting in cofilin hyperactivity and spine hypermotility. In
addition, the synthesis or localization of actin stabilization proteins, such as capping protein CapZ
or Eps8 [73], may also be perturbed, which could prevent spine maintenance following LTP.
Presently, it is unknown whether the absence of NHE6 changes the integrity or regulation of the
actin cytoskeleton. While plasmalemmal NHE isoforms are known to interact directly with
cytoskeletal components and other actin regulatory proteins in some cell types through their C-
terminal domains [255,385-387], such a role has not yet been defined for eNHESs in neurons. Direct
investigations into whether alterations in the synthesis, trafficking, and regulation of these actin-
associated proteins may further explain the aberrant spine motility in Nhe6 KO. In addition,
proteomic assays to identify whether such factors directly interact with NHE6 would be further
suggestive of their dysregulation in the absence of NHE6 function.

Another possible cause for these structural impairments could be in the downregulation of
signaling and trafficking through the BDNF/TrkB pathway. Although BDNF/TrkB signaling is
commonly associated with protein synthesis-dependent late-LTP (L-LTP) [330,388,389],
BDNF/TrkB signaling can also regulate immediate changes in spine volume following LTP
stimulation. For instance, exogenous BDNF application alone can induce LTP expression by

promoting the phosphorylation and subsequent inhibition of cofilin to enhance actin
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polymerization [331]. Accordingly, LTP at hippocampal CA3-CAl synapses is impaired in
transgenic mice heterozygous for BDNF (BDNF*") [390]. Moreover, application of a function-
blocking TrkB antibody inhibits actin polymerization and LTP maintenance. Sustained TrkB-
dependent local synthesis of some of the factors involved in cytoskeletal remodeling, including
RhoA and LIMK1, is also necessary for actin remodeling and F-actin stabilization during BDNF-
LTP [391]. Importantly, TrkB is recruited to the postsynaptic membrane following NMDAR-
dependent LTP to mediate these effects [392,393]. Because previous evidence has suggested that
TrkB activation is impaired in Nhe6 KO neurons, suggestive of an involvement of NHE6 in TrkB
trafficking [309], NHEG6 disruption may also disrupt activity-dependent TrkB recruitment to spines
as well as signaling through the activated receptor. Thus, it is likely that impaired BDNF/TrkB
activation in Nhe6 KO may contribute to the previously shown deficits in neurite formation [309]
as well as in the changes in structural, actin-dependent remodeling (see Chapter 3). As such,
enhancement of TrkB activation through the application of the BDNF mimetic 7,8-DHF to KO
cells was sufficient to ameliorate spine stability and enlargement following ChemLTP induction.
The precise signaling cascades downstream of TrkB that are presumably impaired and
subsequently restored through 7,8-DHF application in Nhe6 KO remains to be properly
determined. Such molecular determinants would provide better insights into which downstream
signaling pathways are actually perturbed in the absence of NHE6-mediated TrkB trafficking.

It should also be noted that in my thesis, I have only focused on protein synthesis-
independent early-L'TP (E-LTP) that occurs during the first hour after TBS. This is because
activity-dependent AMPAR trafficking, of which NHE6 evidently plays a strong role [326], is
believed to be more critical in mediating E-LTP [120,381]. Nevertheless, extending these

recordings to further assess protein synthesis-dependent L-LTP, which is more reliant upon
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BDNF/TrkB signaling [389,394], could reveal if multiple stages of LTP are perturbed in Nhe6
KO. Tangentially, recent evidence has shown that NHE6 expression is upregulated in response to
the activation of cAMP-response element-binding protein (CREB), a prominent activity-
dependent transcription factor in metabolic stress as well as in L-L'TP [395]. This suggests that
NHEG6 transcription and translation may also be upregulated following prolonged activity
stimulation, further implicating NHEG6 in L-LTP consolidation. In tandem with the aforementioned
decrease in TrkB activation and the substantial deficit already observed in E-LTP expression, these

data strongly suggest that L-LTP will also be occluded in Nhe6 KO hippocampi.

5.2.3 Potential for epileptogenesis via enhancement of TrkB activation

As I mentioned in Chapter 3, numerous recent studies have sought to employ 7,8-DHF to enhance
TrkB signaling with the purpose of ameliorating behavioural and physiological deficits in mouse
models of neuropsychiatric conditions [396—404]. While I have discussed the importance of TrkB
activation in excitatory synaptic formation and plasticity, it is also vital to consider the potential
consequences of enhancing this pathway upon epileptogenesis, as there is a strong association
between the two. However, epileptic seizures are a prominent symptom of CS, thus raising the
question of whether enhancing TrkB activation through 7,8-DHF is appropriate for these patients.

Hippocampal BDNF expression in area CAl can increase substantially following
prolonged seizure induction [405], as does TrkB protein expression and phosphorylation
[406,407]. BDNF is also upregulated in the hippocampi of human epilepsy patients [408,409], and
transgenic mice overexpressing BDNF in the hippocampus and forebrain develop spontaneous
seizures by six months of age [410,411]. Curiously, findings from BDNF+*" mice revealed an

augmentation in GABAergic transmission [412—-414], which was accompanied by reduced seizure
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susceptibility following kindling [415]. Similarly, conditional deletion of TrkB from a subset of
CNS neurons completely eliminated kindling in mice [416]. Taken together, these results led to
the hypothesis that BDNF/TrkB signaling in the hippocampus exerts a pro-ictal effect upon
epileptogenesis. As such, reduced TrkB activation in Nhe6 KO [309,324] should be protective
against seizure development. Nevertheless, it is still possible that applying an agonist of TrkB may
paradoxically exacerbate these mechanisms to further impair inhibitory transmission and instead
promote seizure generation [417 418].

In Chapter 4, I present multiple lines of evidence to demonstrably show the dysregulation
of inhibitory function upon Nhe6 KO CA1 pyramidal neurons. Unfortunately, the effects of
BDNF/TrkB signaling upon inhibitory signaling are quite complex and can depend on the timing
and extent of BDNF exposure. In younger hippocampal neurons, BDNF/TrkB signaling has been
shown to be critical for the establishment of inhibitory synapses through the regulation of
GABA R surface expression and synaptic clustering of both GABAARs and gephyrin [419,420].
Chronic exposure of exogenous BDNF also appears to increase the number of functional
GABAergic synapses formed in cultures of dissociated hippocampal neurons, mostly through
enhancing presynaptic function [421-423]. However, pulsed or bath BDNF application on mature
hippocampal neurons transiently potentiates mIPSC amplitude, while continued exposure results
in a prolonged depression through modulating the phosphorylation state of the GABAsR [33
subunit [424]. Complicating the situation further, the acute application of BDNF at older
developmental stages has also been shown to enhance GABAAR internalization and reduce
GABAergic neurotransmission in primary hippocampal neurons [425] as well as in CA1 pyramidal
neurons of acute hippocampal slices [426.,427]. A study on isolated rat hippocampal CA1 neurons

found that BDNF application at younger (PD 6) time points increased GABAergic function,
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whereas the same treatment at older (PD 14) stages instead had an inhibitory effect upon
GABAergic neurotransmission [428]. The impacts of BDNF/TrkB signaling upon the function of
GABAergic synapses can thus be highly dependent upon age.

In addition to postsynaptic GABA4R and gephyrin clustering, BDNF/TrkB signaling can
also impact KCC2 expression. As I discussed in Chapter 4, the significant decrease in KCC2
protein in Nhe6 KO hippocampi may substantially increase intracellular [Cl-] and subsequently
lead to a depolarization of Egg4, Which could underlie the hyperexcitability observed in area CA1.
In mature neurons, this could reverse the polarity of GABA to be excitatory and contribute to the
development of hyperexcitability following subthreshold 4-AP challenge. Indeed, this trend has
been observed frequently in human and animal models of epilepsy [429—434]. Importantly, BDNF
contributes to the developmental upregulation of KCC2 transcription in immature neurons [435—
437], and KCC2 expression is accordingly decreased in the hippocampi of TrkB-deficient mice
[438]. However, exogenous BDNF exposure in adult neurons in vitro can promote KCC2
internalization and downregulate both mRNA and protein levels of KCC2 downstream of TrkB
signaling [436,439-441]. In addition, short-term degradation of KCC2 protein may occur as a
result of BDNF-triggered activation of the cellular protease calpain, while long-term changes are
likely mediated by changes in gene expression [442,443]. Therefore, akin to the effects on
GABAergic synapse formation, TrkB signaling may also differentially regulate KCC2 depending
on the maturation state of the system.

Overall, these data suggest that BDNF/TrkB signaling plays a dual, developmentally
regulated role in mediating inhibitory function: while BDNF supplements the establishment of
inhibitory GABAergic signaling earlier in development, BDNF exposure at later time points has

the opposite effect [444]. Thus, 7,8-DHF administration at younger time points may ameliorate
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these inhibitory deficits in Nhe6 KO, while the same treatment in adult animals may further
aggravate these phenotypes by further downregulating KCC2 and GABA,Rs, which are already
decreased in KO. It is even possible that a persistent decrease of TrkB activation well into
adulthood may actually serve to counter its negative impact upon inhibitory function. However,
some uncertainties remain with regards to the BDNF/TrkB pathway in Nhe6 KO. The
downregulation of pTrkB levels has only been observed in relatively young cultured hippocampal
neurons in vitro [309], suggesting that defective TrkB signaling is prominent from an early
developmental stage. Moreover, it is unknown if the expression or release of BDNF are similarly
affected in the KO hippocampus in vivo. A recent report has revealed a similar downregulation of
pTrkB in the cochlea of adult Nhe6 KO mice with no change in BDNF protein when compared to
WT mice [324]. As such, BDNF release may indeed be intact within KO brain cells as well,
although this stipulation should be confirmed. Thus, direct investigations of the interplay between
TrkB signaling and inhibitory neurotransmission in Nhe6 KO will be necessary to properly resolve
whether this pathway is causative or preventative in terms of seizure generation. Furthermore,
obtaining time-courses of BDNF and activated TrkB levels in Nhe6 KO hippocampal tissue could
aid in determining appropriate start times and durations of 7,8-DHF administration to best alleviate
the learning and memory deficits without aggravating kindling mechanisms. Ultimately, these

studies will be necessary to validate its suitability for future clinical trials in human CS patients.

5.2.4 Additional considerations of cation-Cl cotransporter dvsregulation in Nhe6 KO

In Chapter 4, I found that two- and six-month-old Nhe6 KO hippocampi contained significantly
less KCC2 and greater NKCC1 protein when compared to WT samples. Importantly, the question

still remains of how exactly the dysregulation of these cation-Cl- cotransporters comes about in
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adult Nhe6 KO hippocampi. While the upregulation of NKCC1 in many forms of epilepsy is
presently unclear, the majority of studies tend to focus on changes in KCC2 levels. I have just
described how a lack of proper BDNF/TrkB signaling may in fact play a role in the lack of
developmental KCC2 upregulation. Moreover, as I alluded to in Chapter 4, the ‘“simplest”
explanation for a decrease in KCC2 protein could be as follows: in the absence of NHE6-mediated
regulation of endosomal pH, internalized cargos like KCC2 are not recycled properly to the cell
membrane but misdirected to lysosomes for degradation. We and others have reported a similar
fate for AMPARs and TrkB due to endosomal overacidification and mistrafficking to the
lysosome, leading to their downregulation (see Chapter 2 and [309]). In support of this, I have
previously found preliminary evidence to show that NHE6 and KCC2 punctae substantially
overlap in mature primary hippocampal neurons (Fig. 6). This suggests that NHE6 is indeed
involved in the intracellular trafficking of KCC2 through the endosomal system. Thus, akin to the
experiments assessing GluAl trafficking in Chapter 2, applying lysosomal hydrolase inhibitors to
cultured KO hippocampal neurons and assessing KCC2 levels can determine whether KCC2 is

similarly aberrantly degraded through the lysosome.

GFP control NHEB6 WT

Figure 6: Colocalization of NHE6 and
KCC2 in the spines and dendrites of
hippocampal neurons. Representative
confocal micrographs of 14 DIV primary
murine hippocampal neurons transfected
with EGFP alone (as transfection control,
left) or EGFP and mCherry-tagged NHEG6
WT (right). Channels are shown separately
e Sl and merged; white dotted line denotes
’ dendritic structure based off of EGFP
signal. Scale bar: 2 um.
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Interestingly, KCC2 can also be downregulated in response to enhancements in neuronal
activity, such as during LTP [445] or epileptiform activity itself [429,434,436,446]. For instance,
elevations in network activity can lead to the dispersal of KCC2 clusters and promote its
internalization and degradation downstream of NMDAR-dependent Ca?* influx, thereby reducing
neuronal CI efflux [442,447-449]. These findings imply that elevations in membrane potential
could underlie the observed decrease in KCC2 within Nhe6 KO hippocampi, especially because I
hypothesize that the KO circuitry itself is already more prone to periods of heightened excitability.
However, the deficiency in CA3-CA1 LTP in Nhe6 KO refutes the idea that the potentiation of
excitatory neurotransmission downregulates KCC2. Nevertheless, it is possible that a reversal of
GABAergic polarity in Nhe6 KO may cause elevations in membrane depolarization that could
further decrease KCC2 levels. As I mention in Chapter 4, it is also unknown if the KCC2
downregulation is a cause or a response to enhanced circuit activity. Surprisingly, conflicting data
from both human and animal models has suggested that KCC2 can sometimes be elevated in
comparison to control, non-epileptic tissue [450]. Indeed, overactivation of KCC2 during a seizure
may cause a build-up of extracellular [K*] that heightens membrane depolarization, thus resulting
in a paradoxical pro-ictal effect [451,452]. It is important to note that these findings can depend
on the brain area, cell type, and phase (i.e. before or during a seizure) studied [443]. As such, it is
possible that the downregulation of KCC2 may in fact be a homeostatic mechanism to counter
further membrane excitability during prolonged periods of hyperexcitability.

The potential dysregulation of CI- homeostasis in adult Nhe6 KO mice raises the possibility
of targeting cation-Cl- cotransporters as a novel therapeutic area to treat epilepsy in CS without
interfering with TrkB activation, the potential risks of which I have already discussed. As many

CS patients develop neonatal seizures and often become resistant to conventional anticonvulsant
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drugs [5,24], there is a particularly urgent need to identify novel compounds to reduce seizure
severity and frequency. As potentiating KCC2 activity has remained challenging, inhibition of the
presumed elevation in NKCC1 activity presently holds the most promise in this regard. The general
NKCC inhibitor bumetanide, which can target both the widely expressed NKCCI1 and the kidney-
specific NKCC2 [453], has long been used as a loop diuretic in the treatment of systemic edema
due to heart, liver, and kidney failure [454-456], as well as in ischemia or traumatic injury in the
brain [457-461]. Because bumetanide also inhibits neural NKCC1 function and thus decreases CI-
influx, bumetanide has been frequently used as an anticonvulsant to ameliorate kindling in
experimental models and prevent neurobehavioural deficits induced by early-life seizures [462—
464]. Moreover, bumetanide has been shown to improve deficits associated with aberrant
GABAergic signaling in mouse models of other genetic intellectual disabilities, such as 22q11.2
deletion and Down syndromes [465,466]. Interestingly, this drug can also dampen epileptogenesis
in mice lacking developmental KCC2 upregulation [467], highlighting the possibility of inhibiting
elevated levels of NKCC1 to compensate for the loss of KCC2 activity.

As such, bumetanide is gaining traction for its off-label uses in the treatment of human
brain disorders [468]. In vitro experiments initially reported that bath application of bumetanide
blocked the development of epileptiform activity in resected tissue from recently deceased
temporal lobe epilepsy (TLE) patients [432]. Recent clinical trials assessing the viability of
administering bumetanide to human patients with ASD [469—474] and TLE [475] have also begun
to show promise in improving symptoms associated with such disorders. However, because
bumetanide can additionally inhibit the renal NKCC2 isoform [476,477], complications relating
to its intense diuretic effects, such as polyuria and hypokalemia, have also been reported [470,472].

Moreover, bumetanide has a relatively poor blood-brain barrier penetrance, which is further
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exacerbated by its active efflux via organic anion transporters [478—480]. Extremely high doses of
bumetanide can also impair KCC2 function [481,482]. The development of more specific
inhibitors of NKCC1 with improved brain bioavailability is thus required to overcome these
caveats, research for which is currently ongoing [483]. Nevertheless, if Egapa 1s indeed aberrantly
depolarized in adult Nhe6 KO hippocampi due to KCC2 downregulation, then bumetanide could
first be tested experimentally in an effort to rescue the hyperexcitability observed in KO
hippocampal circuitry. These data could establish the framework for employing novel NKCCl1

inhibitors as a treatment option for epilepsy in CS.

5.2.5 Possible crosstalk between cellular excitability and excitatory synaptic density

Throughout my thesis, I have primarily attributed the decreases in dendritic spine density to
disturbances in endosomal trafficking induced by the loss of NHE6. Although I propose that these
deficits underlie the impairments in learning and memory, the interplay between spine loss and
epileptic seizures in CS should also be considered. Dendritic spine pathologies are commonly seen
in childhood genetic disorders involving epilepsy, such as Rett’s and Fragile X syndromes [111-
116]. Similarly, spine dysregulation and dendritic damage have also been observed following the
induction of epilepsy in vivo, such as kainate induced status epilepticus [406,484,485] and lithium-
pilocarpine kindling models [486—488], as well as in in vitro systems subjected to epileptiform
burst discharges [489—-491]. Seizure activity in CS patients could thus further exacerbate the loss
of dendritic spines and the cognitive impairments associated with the disorder, as has been
described for other forms of childhood and adult epilepsies [492,493].

Despite the fact that Nhe6 KO pyramidal neurons are not intrinsically more excitable, nor

do they develop obvious seizures spontaneously, I did note that Nhe6 KO hippocampi have a
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higher propensity to develop hyperexcitable firing in response to subthreshold 4-AP challenge (see
Chapter 4). Likewise, spontaneous elevations in activity may also occur in Nhe6 KO brains in vivo
to induce sustained increases in neuronal firing, as bursts of ictal discharges are also routinely seen
in electroencephalograms (EEGs) taken from CS patients [1,2,7,14,20,24]. Normally, prolonged
elevations in circuit activity lead to reductions in the strength and number of excitatory synapses
to maintain proper E/I balance [494,495]. Thus, I speculate that the constant increases in neuronal
activity within KO hippocampi may promote the homeostatic downscaling of excitatory synapses
to tamper runaway excitation, as reflected by the reductions in spine density and AMPAR-
mediated neurotransmission observed in Nhe6 KO CA1l pyramidal neurons (see Chapter 3).
Presently, it is unknown if homeostatic plasticity mechanisms are affected in a similar fashion as
Hebbian plasticity in Nhe6 KO. This could be addressed in the future by chronically applying
GABAR blockers to cultured Nhe6 KO neurons in vitro to verify if synaptic downscaling
mechanisms are intact [495,496]. These findings will provide further insights into whether non-
Hebbian forms of plasticity contribute to the changes in excitatory synaptic density and function.

In addition to network activity, KCC2 has also been shown to play an unexpected role in
regulating spine dynamics independently of its ion transport function. Despite the fact that KCC2
is primarily studied in the context of GABAergic inhibition, KCC2 signal has also been observed
at glutamatergic synapses [497]. Consequently, recent evidence has suggested that KCC2 plays
additional roles in modulating dendritic spine dynamics. For example, the regulatory C-terminal
tail of KCC2 interacts with the cytoskeletal protein 4.1N to mediate spine development, which did
not require its ion transport domains [498,499]. As such, KCC2 KD in cortical and hippocampal
pyramidal neurons resulted in an increase in long, filopodia-like dendritic protrusions concomitant

with a reduction in the number of functional excitatory synapses [498,500]. Interestingly, KCC2
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KD can also prevent GluA1 AMPA receptor clustering at spine heads, thereby implicating KCC2
in the regulation of excitatory postsynaptic signaling as well [5S00]. Thus, the loss of KCC2 in adult
Nhe6 KO hippocampi could also account for the relative decreases in large mature dendritic spines
and AMPAR-mediated neurotransmission at CA1 pyramidal neurons (see Chapter 3 and [309]).
In fact, the downregulation of KCC2 in the absence of NHE6 function may, in fact, be a shared
link between the compromised establishment and function of both excitatory and inhibitory
synapses [501]. This supposition further underscores the importance of identifying the
mechanisms behind the decrease of KCC2 in Nhe6 KO to uncover potential associations between
the maintenance of functional excitatory synapses with the dysregulation of inhibitory signaling.
An initial step to address this question could be to overexpress KCC?2 in a NHE6 null background
and assess the impact upon spine formation and glutamatergic neurotransmission. In such
experiments, the precise timing of KCC2 expression must be considered carefully, as premature

expression of KCC2 can actually delimit the role of excitatory GABA in synaptogenesis [502,503].

5.2.6 Divergent and compensatory mechanisms from NHE9

One additional point of consideration is the possibility of the other eNHE, NHE9, playing a
compensatory role when NHE6 is mutated or ablated. Although both eNHEs localize to early and
recycling endosomes to regulate their luminal pH [304,309,326], it has been proposed that NHE9
expression may be upregulated when NHEG6 is downregulated. For instance, findings from post-
mortem tissue of ASD patients revealed a downregulation of NHE6 expression with a concomitant
increase in that of NHE9 [504]. Outside of the CNS, NHE6 dysfunction [505,506] and NHE9
overexpression [378,379,507] have also been reported in various forms of cancer. These data

suggest a possible reciprocity in the function of these eNHEs in both health and disease.
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Indeed, a recent report studying Nhe9 KO mice has revealed a number of differences from
NHE6 null animals. For instance, Nhe9 KO mice do not show obvious changes in gross
hippocampal morphology or impairments in locomotion, anxiety, or pain sensitivity [304],
whereas Nhe6 KO mice have exemplified deficits in all of these phenotypes [337,339-342].
However, Nhe9 KO do exhibit characteristics of ASDs, including repetitive behaviours and
impaired social and olfactory function [304]. In contrast, preliminary experiments from two-
month-old male Nhe6 KO mice assessing ASD-type behaviours did not reveal significant
differences in grooming or social learning from age- and sex-matched WT animals, though KO
mice again showed locomotor impairments during these experiments (Fig. 7). These findings were
somewhat surprising given the autistic behaviours observed in some CS patients [5], though they
imply a stronger association between ASDs and mutations in NHE9 as opposed to those in NHE6.
As I stipulate with regards to the learning paradigms examined Chapter 3, it is possible that the
performance of Nhe6 KO animals in these tasks may be age-dependent due to their progressive
neurodegeneration, and older Nhe6 KO mice may begin to show ASD-like behaviours.

Moreover, the developmental profiles of these NHEs also vary in mice: while NHEG6 is
strongly expressed during embryonic development, NHE9 expression is relatively low until
postnatal life [344] and peaks at around PD 50 [304]. Adult NHE9 expression is then primarily
restricted to the olfactory bulb, superficial cortical layers, and the hippocampus [325]. Conversely,
adult NHEG6 expression remains consistent throughout the whole brain [325]. These differences in
their expression patterns imply that NHE6 may be critical for neurite outgrowth, synaptogenesis,
and neuronal plasticity in the developing brain, while NHE9 may play a greater role in postnatal
circuit refinement. Importantly, disturbances in the latter are believed to underlie the development

of ASDs [140,508], further suggesting a specific role for NHE9 dysfunction in ASDs.

231



>
@
O

- 150- 159  ns. @ 4q
= n.s. = n.s.
c 2] .g
E 100 3 10 5]
8 8 <
()] 8 = 24
5 3 S
Q50 £ 51 ©
7 S o 14
z [=)]
Nl | :
= 0 0 20.
‘C} > ) v & \)\
o‘ ‘p\) &“ *db N 5O
& & & & & &
G{" & b+
& & %
- = ™
*%
D 150 E n.s. F
w n.s. s 50-
8 o T =
c c u Pl e)] B .0
O £ 100 “w O o wns 2407
as c ° L) > =100+ 1< °
® 2 . 2 & . O304 o+ %
S = . .} 2 R 5
2B, T SELE 2 gefTE
= . M 8 Q §0- 20+ o . um
-_ -
g o %- % 2. 3 |* -f-%
w £ g ¢ fu o 10+ - ]
i: - " = L
o c T T T 1 c
s182  S182 E St E S1 — 1 T 1

(\&@ (f’ ‘t\

e ‘\o \e& ‘;o
Rl
,.ocF" &

>
90‘5:
<

&

of
Figure 7: Adult Nhe6 KO male mice do not show indications of autistic phenotypes. A-C:
Mean + SEM time spent grooming (A), number of bouts (B), and average duration of bouts (C) of
grooming behaviours between control WT and Nhe6 KO mice. D-E: Mean + SEM quantification
of performance of WT (black) and Nhe6 KO (red) mice in social preference (D) and social novelty
(E) tasks; E: empty chamber, S1: familiar mouse; S2: novel mouse. F: Mean + SEM quantification
of total number of entries in three-chamber tasks in D and E. WT: n = 8; Nhe6 KO: n = 10 animals.
n.s. (not significant): p > 0.05, **: p < 0.01; Welch’s t-test (A-C), two-way repeated measures
ANOVA (D-E), one-way ANOVA (F).

At the cellular level, the overall morphology and dendritic spine density of Nhe9 KO
hippocampal neurons are comparable to WT, and basic electrophysiology recordings from Nhe9
KO CA1l pyramidal neurons also revealed a cell-autonomous impairment in excitatory
neurotransmission [304]. However, NHE9 did not colocalize strongly with the GluA2 AMPAR

subunit, and loss of NHE9 did not impact total or surface levels of AMPARs or NMDARs [304].
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Again, these data differ from my findings in Nhe6 KO and AES, which demonstrated reduced spine
number and impaired AMPAR trafficking (see Chapters 2 and 3). Ultimately, the strongest deficit
reported by the authors of this study was that the loss of NHE9 led to reductions in presynaptic
Ca* entry and attenuated quantal release [304]. These data imply that NHE9 predominantly plays
a presynaptic role in the axon terminal as opposed to the postsynaptic compartment. Unpublished
work from our lab, however, has also demonstrated an activity-dependent role for postsynaptic
NHE9-mediated dendritic trafficking during LTP and LTD. The importance of NHE9 in regulating
postsynaptic plasticity mechanisms remains to be further elucidated.

Thus, although NHE6 and NHE9 are considered to be related eNHE isoforms, it is evident
that the loss of either exchanger can have discernible yet divergent effects upon synaptic function,
plasticity mechanisms, circuit development, and behaviour. As such, I do not believe that NHE9
is elevated in the absence of NHEG6. For instance, the deficits in endosomal trafficking and
alkalinization observed in Nhe6 KO neurons [309] strongly suggest that NHE9 does not experience
a compensatory upregulation in expression when NHEG6 is absent. Similarly, preliminary evidence
from my work on AES NHEG6-transfected hippocampal neurons did not reveal a concomitant
increase in NHEDO trafficking into dendrites (data not shown), although it is unknown whether this
holds true for Nhe6 KO hippocampi. Future studies directly comparing the two eNHEs and
assessing whether there is indeed any redundancy in their function or respective cargos will better
resolve this question. For instance, using immunofluorescent methods to compare the degree of
colocalization between NHE6 and NHE9 with AMPARs, GABA,Rs, or Trk receptors could
readily reveal which cargos are localized in which eNHE-containing vesicle, and to what extent
the two eNHEs show commonalities in their overlap with these receptor subtypes. Furthermore,

overexpressing NHE9 into NHE6 null neurons and studying whether this is sufficient to restore
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excitatory synaptic density and plasticity could also determine whether these two eNHEs are
redundant in function. Moreover, if it is possible to generate a viable double KO mouse line lacking
both NHE6 and NHE9, then these animals would provide a prime model with which to fully

demonstrate the necessity of these eNHEs in neurophysiological function and behaviour.

5.3 FUTURE DIRECTIONS

Although I have provided a number of mechanisms that could underlie the learning deficits and
generation of epileptic seizures in CS, it should be acknowledged that the majority of my work
was performed in vitro or ex vivo. Consequently, future work should primarily focus on gathering
in vivo evidence or manipulating NHE6 expression to better elaborate upon the pathogenesis of
CS. While I have alluded to various future experiments throughout my thesis, I will now describe
additional approaches that I believe should be taken from the Nhe6 KO hippocampus to better
understand the pathophysiology of this disorder, some of which are currently (or will soon be)
ongoing as collaborative projects with other research groups.

Thus far, we and others have primarily employed the full-animal Nhe6 KO mouse to extract
evidence on the importance of NHEG6 function in neural function. While these findings are
undoubtedly important, the advent of modern genetic engineering techniques can allow us to
determine if the maladapted circuitry within these KO mice can be returned to that of WT by
restoring NHEG6 expression within certain cell types. To this end, Nhe6 KO/Cre-Lox mouse lines
could be developed with drug-inducible Cre recombinase expression downstream of specific gene
promoters that allows for the Slc9a6 gene to be reintroduced in specific subsets of neurons. This
system will also allow us to restore NHEG6 at different developmental time points to assess the

temporal dynamics of NHE6 reintroduction in rescuing the aforementioned deficits. Similar
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conditional gene repair approaches have recently been used to ameliorate deficits in rodent models
of other genetic disorders, such as Huntington’s disease [509] and Gaucher disease [510]. Thus,
employing this strategy in Nhe6 KO mice will allow us to answer the important question of which
cell types are most impacted by the ablation of NHE6. For instance, upon reintroducing NHE6
specifically in CA1 pyramidal neurons [511], we could repeat the LTP experiments at CA3-CA1l
synapses to determine if the deficit in LTP predominantly lies within postsynaptic CA1 cells, as I
postulate in Chapters 2 and 3. This could also allow us to determine if the downregulation of
various membrane-bound cargos, including AMPAR subunits, GABA,R subunits, and KCC2, are
due to a cell-autonomous mistrafficking effect within Nhe6 KO principal neurons. In addition, we
can also verify if restoring NHE6 expression globally within all interneurons or within specific
interneuron types - like those expressing PV or SOM - is sufficient to dampen the hyperexcitability
observed in Nhe6 KO hippocampi. In all, the data generated from these genetic repair experiments
could provide valuable insights into the differential role of NHE6 within excitatory and inhibitory
neurons. Moreover, they could also provide us with a means to guide targeted genetic therapeutic
interventions in human CS patients to correct these deficits.

Throughout my thesis, I have discussed at length the consequences of losing NHE6
function primarily at level of the single cell, cell subtype, or brain area. However, the manner in
which these various deficits coalesce together to impact neural circuitry as a whole remains to be
investigated. Irregularities in EEG examinations are one of the most distinguishing diagnostic
features observed in the majority of young children diagnosed with CS, with epileptiform
discharges being commonly reported [1,2,7,14,20,24]. These findings suggest that oscillatory
patterns of neural activity are dysregulated in the brains of CS patients, which may underlie the

severe impairments in cognitive function and promote seizure generation. In light of these
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distinctive electrophysiological findings, future work should also focus on longitudinally
recording EEGs and other such patterns of neurobehavioural activity from Nhe6 KO mice in vivo.
This includes the future analysis of theta, gamma, and other activity patterns that mediate memory
formation and spatial learning in the hippocampus [51-57]. Notably, theta rhythms are established
through the regulatory action of interneurons, particularly those expressing PV [63]. As I reported
in Chapter 4, PV+ GABAergic interneurons may become dysregulated and degenerate over time
in KO hippocampi. Therefore, I strongly believe that the generation of theta rhythms will also be
disturbed in Nhe6 KO when compared to WT. Indeed, previous work has shown that disruption of
PV+ cell function attenuated theta rhythms in area CA1 [512], thus highlighting the importance of
these interneurons in the generation and maintenance of these frequencies. Interestingly,
dampening PV+ cell hyperexcitability has recently been shown to improve learning mechanisms
in a mouse model of Alzheimer’s disease [513], suggesting that paradoxical elevations in PV+ cell
activity, which I describe in Chapter 4, may indeed be detrimental to memory acquisition in CS as
well. Taken together, it is possible that PV+ cell loss and/or dysfunction may disrupt theta rhythm
generation in Nhe6 KO, which could further contribute to the deficits in LTP and learning
mechanisms described in Chapter 3. These findings may also reflect the complex irregularities of
EEGs obtained from CS patients and could indeed underlie their severe cognitive impairments.
In addition, in vivo recordings from KO mice will allow us to glean possible disruptions in
their circadian rhythms and sleep/wake cycles, which are commonly reported by the families and
caretakers of CS patients. Preliminary data obtained thus far has suggested a dysregulation in the
circadian activity of Nhe6 KO mice, which also show alterations in their sensitivity to light.
Specifically, these mice have exemplified reductions and increases in their night- and daytime

activity, respectively, when compared to age- and sex-matched WT mice (data not shown). This

236



fell in accordance with a recent study involving a small cohort of CS patients, in which sleep
initiation and maintenance and sleep/wake transitions were the most common problems reported
[514]. Additional case studies have also frequently reported electrical status epilepticus during
slow-wave sleep (ESES) in individuals with CS [7,24,25,515], further exemplifying sleep
disruptions in these patients. Accordingly, disturbances in circadian rhythms are frequently
observed in various neuropsychiatric disorders, including schizophrenia and bipolar disorder
[516-518]. There is thus a pressing need to gain a better understanding of how sleep/wake cycles
and circadian rhythms are disrupted in Nhe6 KO with the intention of potentially correcting them
to improve the quality of life for CS patients and their caretakers.

Finally, an important phenotype of the Nhe6 KO mouse model that has yet to be thoroughly
addressed is the development of epileptic seizures. To my knowledge, the only available data that

exists regarding epilepsy in these mice is from a DeltaGen phenotypic assessment

(http://www.informatics.jax.org/knockout mice/deltagen/1688.html), which indicated that these
mice are not spontaneously epileptic but possess a lower threshold for metrazol-induced seizures
when compared to age- and sex-matched WT mice. This corresponds with my findings in Chapter
4, where I report that the firing of Nhe6 KO hippocampal area CA1 circuitry can readily transition
into a hyperexcitable state in response to subthreshold concentrations of 4-AP. Given the robust
epilepsy observed in CS patients, the lack of spontaneous seizures in Nhe6 KO mice was somewhat
surprising. However, proper kindling experiments in these animals have yet to be executed. Future
in vivo observations of WT and KO mice exposed to low concentrations of metrazol and monitored
using the adapted Racine scale (to measure seizure onset and severity [519]) would thus be a
logical future direction to address this. It should also be noted that the first study on hemizygous

Nhe6 KO male mice stated that some, but not all, die spontaneously at around 3 weeks of age

237



[337]. Anecdotally, we have also observed the spontaneous death of adult KO mice across different
ages, though this phenotype has not yet been formally quantified. Nonetheless, we hypothesize
that the heightened propensity of the KO neural circuitry to reach hyperexcitable states may
eventually lead to spontaneous seizure onset and result in the sudden unexplained death due to
epilepsy (SUDEP) in these mice. This phenomenon has previously been described in mouse
models of Dravet syndrome, another genetic form of infantile-onset epilepsy and SUDEP
[520,521]. Although post-mortem necroscopy reports on these animals have yet to be performed,
ongoing video monitoring that will be obtained during these aforementioned EEG recordings could
provide a definitive answer into the unexplained deaths of these Nhe6 KO mice and whether they
indeed succumb to SUDEP.

Therefore, future in vivo studies on Nhe6 KO mice will allow us to further our
understanding of how CS progresses and develops in human patients, and how these mechanisms
could be targeted to treat the various phenotypes of this disorder. Importantly, this information
could also be extended to other neurological disorders in which NHEG6 is affected, including ASDs
and AD. In all, delving into these unexplored territories of NHE6 function within the brain will be

a highly fascinating research area in the study of CS as well as other neurological disorders.

5.4 CONCLUSIONS

In conclusion, I have provided novel mechanisms through which intellectual disability and
epilepsy may develop in patients with CS. By developing and investigating models in which NHE6
is either mutated or ablated entirely, I have demonstrated various deficiencies in neuronal protein
trafficking and synaptic transmission that could result disrupt both excitatory and inhibitory

neurotransmission that could result in these severe phenotypes in human patients. In particular:

238



1.

2.

The loss of NHEG disrupts excitatory synapse function and plasticity: In neurons deficient in
NHEG6 or expressing a LOF mutant, neuronal structure and endosomal AMPAR trafficking
were both impaired. Consequently, excitatory synapses of these neurons were unable to
undergo both functional and structural potentiation following the induction of LTP. However,
I was able to partially rescue these deficits in synaptic remodeling by inhibiting lysosomal

hydrolase function or by applying 7,8-DHF, a TrkB agonist.

Neuronal circuitry lacking NHEG6 develops hyperexcitability due to impairments in GABAergic
inhibition: The loss of NHEG6 renders the hippocampal circuitry more susceptible to the
development of hyperexcitable burst discharges and also promotes the loss of GABAergic
interneurons over time. As a result, area CA1 pyramidal neurons showed a loss of inhibitory
synaptic molecules and GABA,R trafficking. Notably, adult Nhe6 KO tissue contained
reciprocal increases and decreases in NKCC1 and KCC2 protein levels, respectively, which
strongly suggested a dysregulation in Cl- homeostasis and GABAergic neurotransmission.
Notably, these deficits in GABAR localization and inhibitory neurotransmission carried over

to cultured neurons expressing AES NHEG6, confirming the clinical relevance of these data.

Taken together, my findings are some of the first investigations into the role of NHEG6 in the

function and plasticity of both excitatory and inhibitory synapses, as well as in the excitability of

individual pyramidal neurons and the hippocampal circuitry overall. In light of these findings, it

is my hope that some of the pathways that are detrimentally impacted by the absence of NHE6

function can eventually be targeted clinically with novel therapeutic agents. Such treatments could

address these cellular deficits and improve clinical outcomes for individuals afflicted by CS.
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Abstract

Background: Christianson Syndrome, a recently identified X-linked neurodevelopmental disorder, is caused by
mutations in the human gene SLC9A6 encoding the recycling endosomal alkali cation/proton exchanger NHE6.
The patients have pronounced limitations in cognitive ability, motor skills and adaptive behaviour. However, the
mechanistic basis for this disorder is poorly understood as few of the more than 20 mutations identified thus far
have been studied in detail.

Methods: Here, we examined the molecular and cellular consequences of a 6 base-pair deletion of amino acids
Glu®®” and Ser’®® (AES) in the predicted seventh transmembrane helix of human NHE6 expressed in established cell
lines (CHO/AP-1, HelLa and neuroblastoma SH-SY5Y) and primary cultures of mouse hippocampal neurons by
measuring levels of protein expression, stability, membrane trafficking, endosomal function and cell viability.

Results: In the cell lines, immunoblot analyses showed that the nascent mutant protein was properly synthesized
and assembled as a homodimer, but its oligosaccharide maturation and half-life were markedly reduced compared
to wild-type (WT) and correlated with enhanced ubiquitination leading to both proteasomal and lysosomal
degradation. Despite this instability, a measurable fraction of the transporter was correctly sorted to the plasma
membrane. However, the rates of clathrin-mediated endocytosis of the AES mutant as well as uptake of companion
vesicular cargo, such as the ligand-bound transferrin receptor, were significantly reduced and correlated with
excessive endosomal acidification. Notably, ectopic expression of AES but not WT induced apoptosis when
examined in AP-1 cells. Similarly, in transfected primary cultures of mouse hippocampal neurons, membrane
trafficking of the AES mutant was impaired and elicited marked reductions in total dendritic length, area and
arborization, and triggered apoptotic cell death.

Conclusions: These results suggest that loss-of-function mutations in NHE6 disrupt recycling endosomal function
and trafficking of cargo which ultimately leads to neuronal degeneration and cell death in Christianson Syndrome.

Keywords: NHE6/SLCOA6, Christianson syndrome, X-linked intellectual disability, Protein misfolding, Ubiquitination,
Endosomal pH homeostasis, Membrane trafficking, Apoptosis
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Abbreviations: 7-AAD, 7-amino actinomycin D; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor; AP-1, Chinese hamster ovary (CHO) cells deficient in the Na*/H* antiporter 1 isoform; AP2, Adaptor protein
2; Arf6, ADP-ribosylation factor 6; ARNO, ADP-ribosylation factor nucleotide site opener; AS, Angelman syndrome;
ASK1, Apoptosis signal-regulating kinase 1; BDNF, Brain-derived neurotrophic factor; cCASP3, Cleaved caspase 3
(Asp175); ChFP, Monomeric Cherry fluorescent protein; CS, Christianson syndrome; DMSO, Dimethylsulfoxide;

EEA1, Early endosome antigen 1; EGF, Epidermal growth factor; EGFR, Epidermal growth factor receptor;

EndoH, Endoglycosidase H; ER, Endoplasmic reticulum; ERAD, Endoplasmic reticulum-associated degradation;
ESCRT, Endosomal sorting complex required for transport; FITC, Fluorescein isothiocyanate; FRIA, Fluorescence
ratiometric image analysis; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; GFP, Green fluorescent protein;
HA, Influenza virus hemagglutinin epitope; IRET, Inositol-requiring kinase 1; JNK, c-Jun N-terminal kinase; Lamp-

2, Lysosome-associated membrane protein 2; M.LF, Median intensity fluorescence; NHE6/SLCOA6, Sodium/proton
exchanger isoform 6; NMDAR, N-methyl-D-aspartate receptor; NT-4, Neurotrophin-4; p75NTR, p75 neurotrophin
receptor; Pl, Propidium iodide; PNGaseF, Peptide-N-glycosidase F; SDS-PAGE, Sodium dodecyl sulfate polyacrylamide
gel electrophoresis; siRNA, small interfering ribonucleic acids; Tf, Transferrin; TfR, Transferrin receptor;

TrkB, Tropomyosin-related kinase receptor B; Ub, Ubiquitin; UBE3A/E6AP, E3 ubiquitin ligase 3A; UPR, Unfolded
protein response; WT, Wild-type; XLID, X-linked intellectual disability; AES, Deletion of Glu287-Ser288

Background

Christianson syndrome (CS) is a recently described
neurodevelopmental and progressively neurodegenera-
tive disorder characterized by moderate to severe in-
tellectual disability, epilepsy, mutism, truncal ataxia,
hyperkinesis, happy demeanor, postnatal microcephaly
and is often accompanied by one or more secondary
symptoms (e.g., autistic behaviour, eye movement dys-
function, hypotonia, gastroesophageal reflux, low height
and/or weight, high pain threshold, motor regression,
cerebellar vermis and brain stem atrophy as well as
neuronal cell loss) [1-3]; a phenotype that partially
mimics Angelman syndrome (AS) [4, 5]. However, the
underlying pathogenic gene variants are different.
Whereas AS is caused by defects in the E3 ubiquitin ligase
UBE3A/E6AP gene located at chromosome 15q11.2 [6, 7],
CS was recently found to arise from mutations in the gene
encoding the pH-regulating solute carrier (Na*, K)/H"
exchanger NHE6/SLC9AG6 located at chromosome Xq26.3
[2, 3, 8, 9]. The frequency of CS amongst X-linked devel-
opmental brain disorders has been estimated at approxi-
mately 1 to 2 % [3, 10-12], which places NHE6 amongst
the more commonly mutated genes associated with X-
linked intellectual disability (XLID) [13-17]. The des-
criptions of autistic behaviour in patients with CS also
parallels recent findings of a significant reduction in
NHE6 gene expression in postmortem cerebral cortex
from patients with idiopathic autism compared to control
tissue [18], further implicating an important role for this
transporter in disorders of cognitive development. As with
most X-linked disorders, mutations in NHE6 profoundly
affect males whereas female carriers are either asymptom-
atic or display a milder phenotype [1, 3, 8].

NHE6 belongs to the endomembrane subclass of
mammalian alkali cation/proton exchangers that are
sorted differentially to discrete organelles along the
secretory and degradative pathways [19, 20]. In the case
of NHES6, it is widely expressed but most abundant in
excitable tissues such as brain, heart, and skeletal
muscle. In non-neuronal cells, the bulk of the trans-
porter accumulates preferentially in a transferrin recep-
tor (TfR)-enriched recycling endosomal compartment
[21-23] where it has been implicated in the regulation
of vesicular pH and trafficking [24, 25] and maintenance
of epithelial cell polarity [24]. In the central nervous sys-
tem, NHEG6 is expressed in all regions and is particularly
high in the hippocampus, cortex, and Purkinje cell layer of
the cerebellum [26-28] (also see Allen Brain Atlas; http//
mouse.brain-map.org; [29]). Within hippocampal neurons,
NHES is present in both the soma and neurites, where it
overlaps with known early and recycling endosomal
markers and is especially prevalent in vesicles containing
the glutamatergic a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptor (AMPAR) subunit GluA1l [27]
and the neurotrophin tropomyosin-related kinase receptor
B (TrkB) which preferentially binds brain-derived neuro-
trophic factor (BDNF) and neurotrophin-4 (NT-4) [28].
Like AMPAR [30] and TrkB [31], NHES6 is recruited into
dendritic spines (i.e., the postsynaptic compartment of the
majority of excitatory synapses) upon induction of N-me-
thyl-D-aspartate receptor (NMDAR)-dependent long term
potentiation, thereby implicating its involvement in learn-
ing and memory processes [27]. In a NHE6 null mouse
model, hippocampal neurons showed reduced axonal and
dendritic arborization and decreased circuit activity [28]
as well as a progressive loss of cerebellar Purkinje cells
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[26], further linking its participation in processes under-
lying neuronal growth, maturation, function and survival.

A variety of inherited and de novo mutations in NHE6
have recently been identified in CS patients, including
frameshifts, nonsense, missense and deletions, although
their precise consequences on neuronal function have
yet to be elucidated [2, 3, 8, 9, 11, 12, 32-41]. The
majority of these mutations cause premature translation
termination and loss-of-function. However mutations
that do not truncate the protein may have different con-
sequences on its membrane targeting and activity which,
in conjunction with other genetic factors, may account
for the phenotypic diversity of patients with CS [3]. For
example, Garbern et al. [9] described an in-frame exci-
sion of three amino acids (*”°Trp-Ser-Thr*”?, AWST) in
the predicted ninth transmembrane helix of NHE6 that
caused the protein to be largely retained in the en-
doplasmic reticulum (ER) [42]. While these patients
displayed many of the pathophysiological and behav-
ioural features ascribed to CS, they were distinguished
by atypical accumulation of the microtubule protein tau
in neuronal and glial cells of cortical and sub-cortical
regions and widespread neuronal loss, features that are
characteristic of adult-onset neurodegenerative disorders
such as Alzheimer’s disease [9]. Patients with this
mutation also exhibited only occasional mild microceph-
aly, modest gross motor disability and absence of the
dysmorphic features attributed to the Christianson and
Angelman-like syndromes.

Here, we examine one of the original CS mutations
identified by Gilfillan et al. [8] that results in an in-frame
deletion of two highly conserved amino acids
(p.E255_S256del, AES) in the predicted seventh trans-
membrane helix of a short splice-variant of NHE6 (i.e.,
NHEG6v2). This mutant variant was found to be unstable
[43], though the precise mechanism of its pathogenicity
remains poorly understood. In our study, we established
relevant non-neuronal and neuronal cell model systems to
gain greater insight into the molecular and cellular conse-
quences provoked by this mutation, but using the equally
abundant longest splice-variant of NHE6 (ie,
p.E287_S288del in NHE6v1) as a template for study. Our
results show that though the mutant protein assembles
properly as a homodimer and is sorted to the plasma
membrane, its oligosaccharide maturation, half-life and
steady-state abundance are greatly reduced. In addition,
the membrane trafficking of the AES mutant and certain
other associated cargo are also impaired, ultimately elicit-
ing cell death in both non-neuronal and neuronal cells.

Methods

Antibodies and reagents

Mouse monoclonal anti-hemagglutinin (HA) antibody
was purchased from Covance Inc. (Berkeley, CA); rabbit
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polyclonal anti-HA, monoclonal anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and monoclonal
anti-GFP antibodies were obtained from Abcam Inc.
(Cambridge, MA); mouse monoclonal anti-Flag M2
antibody was from Sigma; rabbit polyclonal anti-GFP
antibody was from Life Technologies. Mouse monoclo-
nal anti-human transferrin antibody was from Invitro-
gen. Mouse monoclonal anti-B-tubulin was from Sigma.
Mouse monoclonal anti-ubiquitin antibody (P4D1) was
from Santa Cruz Biotechnology. Rabbit polyclonal anti-
cleaved caspase-3 (Aspl75) antibody was purchased
from Cell Signaling Technology (kindly provided by Dr.
Peter Siegel, McGill University). Horseradish peroxidase-
conjugated secondary IgG antibodies, as well as FITC-
conjugated goat anti-mouse secondary Fab were
purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA). All Alexa Fluor® conjugated secondary
antibodies were purchased from Molecular Probes
(Eugene, OR). Alpha-minimum essential medium (a-
MEM), fetal bovine serum, penicillin/streptomycin, and
trypsin-EDTA were purchased from Wisent (Saint-Bruno,
QC, Canada). The DMEM/F12 medium was from Corn-
ing. All other chemical and reagents were obtained from
BioShop Canada (Burlington, ON, Canada), Sigma or
Fisher Scientific and were of the highest grade available.

Recombinant DNA constructs and mutagenesis

The long transcript splice-variant of human NHE6
(NHE6v1; NCBI refseq NM_001042537) was cloned from
a human brain Matchmaker™ c¢cDNA library (Clontech)
using PCR methodology and was engineered to contain
the influenza virus hemagglutinin (HA) (YPYDVPDYAS)
epitope at its extreme C-terminal end. This construct was
termed wild-type NHE64 (NHE6y4-WT) and inserted
into the HindIIl and Xbal sites of the mammalian expres-
sion vector pcDNA3 (Invitrogen), as described previously
[42]. NHE6y;4 was then used as a template to engineer the
following mutations by PCR mutagenesis: double deletion
mutation of amino acids E287 and S288 (AE287/S288,
AES), the conservative double substitution E287Q/S288A,
and the single mutations E287A, E287Q, and S288A.

The same template (NHE64,) was also used to
introduce a triple Flag epitope (AAADYKDDDDKGD
YKDDDDKGDYKDDDDKAAA) in the first extracel-
lular loop immediately after residue Met>®. First, PCR
was used to engineer an in-frame Notl restriction site
after M53, followed by the introduction of annealed
primers representing the 3xFlag epitope, which gener-
ated a construct termed ;pNHEG6;4. This construct
was further used as a template to introduce the
AE287/S288, E287Q/S288A, E287Q, and S288A muta-
tions using PCR mutagenesis.

Green fluorescent protein (GFP) C-terminal-tagged
forms of NHE6 WT and AES mutant were constructed
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by insertion between the Xhol and HindlIl restriction
sites of the pAcGFP1-N1 vector (BD Biosciences
Clontech, Palo Alto, CA). Insertion of the different
epitope tags in the various positions did not alter the
biochemical properties or cellular distribution of ex-
ogenous NHE6 compared to the endogenous protein
[42]. All constructs were sequenced to insure that no
additional mutations were introduced during PCR.

Cell culture

Chinese hamster ovary AP-1 cells [44], HeLa, and
HEK293 cells were cultured in a-MEM supplemented
with 10 % fetal bovine serum, penicillin (100 units/mL),
streptomycin (100 pg/mL), and 25 mM NaHCOj3
(pH 7.4). Human neuroblastoma SH-SY5Y cells were
cultured in high glucose Dulbecco’s Modified Eagle
Medium (DMEM)/Ham’s F12 medium supplemented
with 10 % fetal bovine serum.

Primary cultures of mouse hippocampal neurons were
prepared from post-natal day (PD) 0-2 day C57BL/6
and L17 transgenic mice as previously described [27].
The L17 mice line express membrane-targeted enhanced
GFP (mGFP) under the control of a Thyl.2 promoter
cassette in a subset of hippocampal neurons, allowing
the visualization of cell soma and other neuronal struc-
tures. To prepare cultures, the pups were decapitated,
their brains were removed, and the hippocampi were
dissected out. These hippocampi were maintained in
chilled HBSS supplemented with 0.1 M HEPES buffer
and 0.6 % glucose, then digested with 165 U papain for
20 min at 37 °C. Neurons and glia were dissociated by
trituration and suspended in DMEM supplemented with
1 % penicillin-streptomycin, 10 % FBS, and 0.6 %
glucose. Cells were then plated onto poly-D-lysine-
coated 10 mm coverslips at an approximate density of
12,000 cells/cm?® and placed in an incubator at 37 °C.
Twenty-four hours later, plating media was then re-
placed with Neurobasal-A growth media supplemented
with 2 % B-27 supplement, 1 % GlutaMAX, and 1 %
penicillin-streptomycin. Cultures were then fed every 3—
4 days and maintained at 37 °C in a humidified environ-
ment of 95 % air, 5 % CO,.

Western blotting

For western blot analyses, AP-1, HeLa or SH-SY5Y cells
were grown in 10-cm dishes and transiently transfected
with 5 pg of plasmid DNA encoding NHE64 wild-type
or mutant constructs using Lipofectamine2000™ (Invitro-
gen) according to the manufacturer’s recommended
procedure. Cell lysates were prepared following 6 to
48 h post-transfection (as indicated in the figure legends)
by washing cells twice on ice with ice-cold PBS, followed
by scraping in 0.5 mL of lysis buffer (0.5 % NP40/0.25 %
sodium deoxycholate/PBS supplemented with protease
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inhibitor cocktail (Roche Diagnostics). Lysates were
incubated for 30 min on a rocker at 4 °C, and then
centrifuged for 20 min at 4 °C to pellet the nuclei and
cellular debris. Twenty pg of protein from the resulting
supernatants were eluted in sodium dodecyl sulfate
(SDS)-sample buffer (50 mM Tris—HCI, pH 6.8, 1 %
SDS, 50 mM dithiothreitol, 10 % glycerol, 1 % bromo-
phenol blue), and subjected to 9 % SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), then transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore,
Nepean, Ontario, Canada) for immunoblotting. The
membranes were blocked with 5 % non-fat skim milk
for 1 h, then incubated with the specified primary anti-
bodies (mouse monoclonal HA 1:5000, anti-B-tubulin
1:10,000, anti-ubiquitin 1:2000, or GAPDH 1:50,000) in
PBS containing 0.1 % Tween 20, followed by extensive
washes and incubation with goat anti-mouse horseradish
peroxidase (HRP)-conjugated secondary antibody for
1 h. Immunoreactive bands were detected using Western
Lightning ™ Plus-ECL blotting detection reagents (Per-
kin Elmer Inc., Waltham, MA).

Endoglycosidase treatments

To obtain post-nuclear supernatants of AP-1 cells
transiently expressing NHE6;4 WT or AES (24-h trans-
fection), cells grown in 10-cm dishes were washed with
ice-cold PBS, collected in 1 ml PBS, and then pelleted at
10,000 x g for 4 min at 4 °C. Pellets were resuspended in
300 pl sucrose solution (250 mM sucrose, 10 mM
HEPES-NaOH, 1 mM EDTA, pH 7.5), and passaged 15
times through a 26.5-gauge needle. The nuclei and insol-
uble cell debris were sedimented at 700 x g for 15 min
at 4 °C. The resulting post-nuclear supernatants were
treated with endoglycosidases, according to the manu-
facturer’s recommendations. First, glycoproteins were
denatured in 1x denaturing buffer (0.5 % SDS, 1 % p-
mercaptoethanol) at 100 °C for 10 min. Samples were
then divided equally and treated with either Peptide N-
glycosidase F (PNGase F) (750 units, New England
Biolabs, Mississauga, ON, Canada) or Endo-B-N-acetyl-
glucosaminidase H (Endo H) (750 units, New England
Biolabs, Mississauga, ON, Canada). The enzymes were
added to 30 pl reactions and incubated overnight at
37 °C. Next day, samples were diluted with two-fold
concentrated SDS-PAGE sample buffer, incubated for
30 min at room temperature, briefly centrifuged, and
analyzed by SDS-PAGE and western blotting with
monoclonal anti-HA antibody.

Cell surface biotinylation

AP-1 cells expressing NHE6;;4 WT or AES constructs
were cultured in 10-cm dishes to sub-confluence, placed
on ice and washed three times with ice-cold PBS con-
taining 1 mM MgCl, and 0.1 mM CaCl,, pH 8.0 (PBS-
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CM). Next, cells were incubated at 4 °C for 30 min with
the membrane-impermeable reagent N-hydroxysulfosuc-
cinimydyl-SS-biotin (0.5 mg/mL) (ThermoScientific,
Rockford, IL). Cells were washed and incubated twice in
quenching buffer (50 mM glycine in PBS-CM) for 7 min
each on ice to remove unreacted biotin. After two
more washes in PBS-CM, the cells were lysed for
30 min on ice, and then centrifuged at 16,000 x g for
20 min at 4 °C to remove insoluble cellular debris. A
fraction of the resulting supernatant was removed and
this represents the total fraction. The remaining
supernatant was incubated with 100 pL of 50 % Neu-
trAvidin® Agarose Resin slurry (Fisher Scientific,
Whitby, ON, Canada) in lysis buffer overnight at 4 °C
to extract biotinylated membrane proteins. The pro-
teins were then resolved by SDS-PAGE and analyzed
by western blotting.

Stability of NHE6 WT and AES mutant

To determine the stability of wild-type and mutant
NHE6, AP-1 cells were grown in 10-cm dishes and
transfected with NHE6;, wild-type or AES mutant con-
structs. Twenty-four hours post-transfection, the cells
were transferred to 6-well plates and further grown for
24 h. To inhibit new protein synthesis, cells were treated
with cycloheximide (150 pg/mL) in o-MEM supple-
mented with 10 % FBS and penicillin/streptomycin for
up to 24 h. At specific time points, cells were lysed,
protein concentrations were measured, and equal qu-
antities of protein were subjected to SDS-PAGE and
immunoblotting with mouse monoclonal anti-HA and
anti-GAPDH antibodies. The intensity of the bands was
quantified by densitometry of X-ray films exposed in the
linear range and analyzed using Image] software.

Ubiquitination and protein degradation

To examine ubiquitination of NHE6 WT and AES, AP-1
cells expressing NHE6;,WT or AES were lysed 24 h
after transfection in lysis buffer containing 10 mM N-
ethylmaleimide (Sigma). Equal amounts of total pro-
tein were pre-cleared for 2 h on Protein G-Sepharose
beads™ (GE Healthcare). After removing a small frac-
tion of the pre-cleared cell lysate for immunoblotting,
the remaining lysate was divided into two equal frac-
tions: one fraction was used to immunoprecipitate the
NHE6 protein overnight at 4 °C with a rabbit poly-
clonal anti-HA antibody (Abcam); the second fraction
was subjected to immunoprecipitation with a nonspe-
cific rabbit IgG antibody (Southern Biotech) as a
negative control. Next day, the lysates were incubated
with a 50 % slurry of Protein G-Sepharose beads for
3 h at 4 °C. The beads were subsequently washed and
the immunoprecipitated proteins were eluted in so-
dium dodecyl sulfate (SDS)-sample buffer (50 mM
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Tris-HCl, pH 6.8, 1 % SDS, 50 mM dithiothreitol,
10 % glycerol, 1 % bromophenol blue). The immuno-
precipitated proteins, along with aliquots representing
the total lysate were subjected to 9 % SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), then
transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Nepean, Ontario, Canada) for im-
munoblotting with a mouse monoclonal anti-ubiquitin
antibody (Santa Cruz Biotechnology). The membranes
were then stripped and reblotted with a mouse mono-
clonal anti-HA antibody (Covance).

AP-1 cells were cultured in 3.5-cm dishes and transfected
with NHE6,WT or AES using Lipofectamine2000™ (Invi-
trogen). Twenty-four hours after transfection, cells were
treated with DMSO as control, the proteasomal inhibitors
MG-132 (40 uM) or lactacystin (30 uM), the lysosomal
inhibitors leupeptin/pepstatin (100 pg/ml) or chloro-
quine (500 pM), all in the presence of cycloheximide
(150 pg/mL) to prevent new protein synthesis. Cellular
lysates were obtained after 4 and 8 h of treatment and
equal amounts of proteins were subjected to SDS-
PAGE and western blotting with a mouse monoclonal
anti-HA antibody. The membranes were also immuno-
blotted with mouse monoclonal anti-GAPDH antibody
as a loading control.

Co-immunoprecipitation

To test the hypothesis that WT and AES mutant can
heterodimerize, HeLa cells were cultured in 10-cm
dishes and transfected with a total of 8 pg of expression
plasmid DNA containing NHE6AWT, NHE6v1gppAES
or empty vector (pCMV), either singly or in combination
(4 pg each), using FuGene6 (Promega), according to
the manufacturer’s instructions. Forty hours post-
transfection, lysates were prepared by washing the
cells twice with ice-cold PBS and scraping them into
500 pl of cell lysis buffer (0.5 % Nonidet-P40, 0.25 %
sodium deoxycholate, and protease inhibitors in PBS,
pH 7.4). Cell lysates were rocked at 4 °C for 30 min
and centrifuged for 20 min at 16,000 x g to pellet
cellular debris. Supernatants were pre-cleared for 2 h
on Protein G-Sepharose beads™ (GE Healthcare). The
beads were removed by brief centrifugation and a
fraction of the cell lysate was removed for immuno-
blotting. Rabbit polyclonal anti-HA antibody (5 ug)
was added to the remaining cell lysates and incubated
with gentle rocking overnight at 4 °C. Subsequently, a
50 % slurry of Protein G-Sepharose beads was added
to each tube and incubated with the immunopreci-
pitates for 2 h at 4 °C. The immunoprecipitated pro-
teins, as well as aliquots of initial lysates were
resolved by SDS-PAGE, transferred to polyvinylidene
fluoride membranes, and immunoblotted with the in-
dicated mouse monoclonal antibodies.
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Fluorescence-based endocytosis assay

AP-1 cells were grown in 10-cm dishes and transiently
transfected with 6 pg of 3pNHE6y, WT or AES DNA
constructs. Twenty-four h post-transfection, cells were
transferred to 12 well-plates and grown for an additional
12 to 24 h. Cells were chilled on ice, washed with ice-
cold PBS-CM, pH 7.4, blocked in 10 % goat serum/
PBS-CM, and then incubated with a mouse monoclonal
anti-Flag antibody (1:3000) (Sigma) on ice. Internaliza-
tion of the bound antibody was initiated by incubating
the cells with warm (37 °C) a-MEM for the indicated
time points and terminated by placing the plates on ice.
Cell were washed and labeled with goat anti-mouse
HRP-conjugated secondary antibody (1:1000) (GE Health-
care). After extensive washes with PBS-CM, cells were
treated on ice with Amplex® Red reagent (Invitrogen). Ali-
quots were transferred to 96-well plates and fluorescence
readings were taken with a POLARstar OPTIMA (BMG
Labtech. Inc, Offenburg, Germany) plate reader using
544-nm excitation and 585-nm emission wavelengths. All
experiments were performed in triplicates and repeated at
least three times. Results were expressed as a percentage
of the fluorescence recorded prior to internalization, after
subtraction of the value measured with mock-transfected
cells. Results are shown as mean + standard error of the
mean (S.E.M.).

Measurement of endosomal pH

AP-1 cells were transfected with spNHE6;,WT or AES
and cell surface resident proteins were labeled on ice
with mouse monoclonal anti-Flag antibody (1:2000
dilution, Sigma-Aldrich) and FITC-conjugated goat anti-
mouse secondary Fab fragment (1:1000 dilution, Jackson
ImmunoResearch Laboratories, West Grove, PA). Cells
were then washed in PBS-CM and chased for the indi-
cated time points in growth medium at 37 °C. Endosomal
pH was measured by single-cell fluorescence ratiometric
imaging analysis (FRIA) on an Axiovert 100 inverted
fluorescence microscope (Carl Zeiss Microlmaging,
Toronto, ON, Canada) at room temperature equipped
with a Hamamatsu ORCA-ER 1394 (Hamamatsu, Japan)
cooled CCD camera and a Planachromat (63 x NA 1.4)
objective essentially as described previously [45]. Image
acquisition and FRIA were performed with MetaFluor
software (Molecular Devices, Downingtown, PA). Images
were acquired at 490+5 and 440+ 10 nm excitation
wavelengths, using a 535 + 25-nm emission filter. In each
experiment, the pH of 100-1000 vesicles was determined.
Mono- or multipeak Gaussian distributions of vesicular
pH values were obtained with Origin 7.5 software (Origi-
nLab, Northampton, MA). Calibration curves have been
performed as previously described [45]. Briefly, in situ
calibration was performed by clamping the vesicular pH
between 4 and 7.5 in K'-rich medium (135 mM KCI,
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10 mM NaCl, 20 mM Hepes or 20 mM MES, 1 mM
MgCl,, and 0.1 mM CaCl,) with 10 pM nigericin, 10 uM
monensin, 04 pM bafilomycin and 20 pM carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) and recording
the fluorescence ratios.

Calcium-phosphate transfection

Primary neurons were transfected by calcium phosphate-
mediated transfection [46]. Briefly, at 10-12 DIV, cover-
slips were transferred into a 35-mm dish filled with
warmed preconditioned growth media. For four cover-
slips, 4 pg of DNA plasmid was mixed with 50 pl 250 mM
CaCl, solution, which was then added to 50 ul 2x HEPES-
buffered phosphate solution, pH 7.05 to form DNA-
tagged calcium phosphate precipitate. This was added
dropwise to each dish of coverslips, which were then incu-
bated at 37 °C for 90 min. Afterwards, 33 pl of 0.3 M MES
hydrate solution, pH 5.5, was added to each dish, which
acidified the media to dissolve any remaining precipitate.
The coverslips were returned to their original plates with
fresh growth media, and cultures were then maintained at
37 °C for 48 h before being processed and fixed.

Cultures prepared from C57BL/6 mice were trans-
fected with GFP and NHE6¢L,pWT and NHE6¢,epAES.
The L17 cultures, which already express myristoylated
GFP (mGFP), were instead transfected with
NHE6cLepWT and NHE6¢,pAES and incubated with
TE-AF®® (100 pg/ml) for 1 h at 37 °C and then fixed.

Immunofluorescence confocal microscopy

To examine the internalization of NHE6 into transferrin-
containing endosomes, AP-1 cells were grown in 10-cm
dishes and transfected with spNHE61;, WT or AES
mutant. Twenty-four hours post-transfection, the cells
were transferred to fibronectin-coated glass coverslips and
grown for an additional 12 to 24 h (as specified in text).
For the zero time point, cells were serum-depleted for 1 h,
incubated with 10 pg/ml Alexa Fluor® 488-conjugated
transferrin (Tf-AF*®®) for 45 min in serum-free media at
37 °C, and then placed on ice. Cells were then labelled for
1 h on ice with mouse monoclonal anti-Flag antibody
(1:2000) in PBS-CM/10 mM glucose/10 mM HEPES,
pH 7.4, washed 3 times with PBS supplemented with
1 mM MgCl, and 0.1 mM CaCl, (PBS-CM), and then
incubated on ice with goat anti-mouse Alexa Fluor® 568-
conjugated secondary antibody (1:1300). After extensive
washes with PBS, cells were fixed in 2 % paraformalde-
hyde/PBS for 20 min at room temperature and
mounted onto glass slides. For the 60 min endocytosis
time point, after serum depletion, cells were labeled on
ice with the primary anti-Flag and secondary Alexa
Fluor® 568-conjugated antibodies, and then chased with
serum free media at 37 °C for 1 h. For transferrin label-
ling, the chasing media contained 10 pg/ml Tf-AF**®
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during the last 45 min of chase. Cells were subse-
quently fixed and mounted. Cells were examined by
laser scanning confocal microscopy using the ZEN soft-
ware of a Zeiss LSM 710 Meta equipped with a PMT
detector, with images acquired using a 63 x /1.4 N.A.
oil immersion objective lens.

Primary hippocampal neuronal cultures were fixed
with 4 % PFA/0.1 M PB, pH 7.4 (Sigma Aldrich) for
15 min at room temperature and washed with 0.1 M PB.
C57BL/6  cultures immunoprocessed for cleaved
caspase-3 (cCASP3) were first permeabilized for 1 min
in 0.2 % Triton X-100/0.1 M PB and blocked for 1 h at
room temperature in 0.2 % Triton X-100/1 % HIHS/
0.1 M PB before being incubated with a primary rabbit
polyclonal antibody against cleaved caspase-3 (Aspl75)
(cCASP3) (Cell Signaling Technology, 1:300) diluted in
blocking solution overnight at 4 °C. After subsequent
washing, cells were incubated with a secondary goat
anti-rabbit DyLight 649-conjugated secondary antibody
(Jackson laboratories, 1:1000) diluted in 1 % HIHS/
0.1 M PB for 45 min at room temperature, washed
again, and mounted. All coverslips were mounted onto
SuperFrost (Menzel-Glaser) microscope slides using
UltraMount fluorescence mounting medium (Dako) and
left to dry overnight at room temperature in the dark.
The soma of transfected neurons were then examined
for cCASP3 staining to assess apoptosis.

Mounted primary hippocampal cultures were im-
aged using a Leica SP2 confocal microscope. Images
were acquired using 40X and 63X HCXPL APO oil-
immersion objectives (NAs 1.25 and 1.4, respectively).
GFP was imaged using a 488 nm Ar laser line;
mCherry was imaged using a 543 nm HeNe laser line,
and Alexa Fluor 647, Alexa Fluor 633 and DyLight
649 were imaged using the 633 nm HeNe laser line.
Channels were acquired sequentially to prevent spec-
tral overlap of fluorophores. Optical sections of 300—
500 nm were taken and frame averaged 3X at low
resolution or line-averaged 2X at high resolution to
improve the signal-to-noise ratio. Images were first
deconvolved using Huygen’s Essential software by
using a full maximum likelihood extrapolation algo-
rithm (Scientific Volume Imaging), and 3D images
were compiled as maximum intensity projections
using Imaris software (Bitplane Ag). Colocalization
analyses between NHE6 and AF-Tfn were determined
using the ImarisColoc algorithm, which generated a
new channel (coloc) containing voxels representing
pixels of channel overlap. This also automatically cal-
culated Mander’s coefficient M1-M2 values between
NHE6 and Tf-AF®®*® channels from a set threshold.
Thresholds were applied relatively consistently be-
tween cells in order to remove subjectivity during the
analysis.

Page 7 of 28

Topographical order of neuronal morphology was
performed on 3D confocal images of primary hippocam-
pal neurons prepared from C57BL/6 mice. Images were
analyzed using the FilamentTracer program (Bitplane
AG, Zurich, Switzerland), which semi-automatically de-
tects 3D neuronal GFP-labeled filament structures and
calculates parameters such as the number of branch
points, total dendrite length and area.

Flow cytometry

To measure transferrin and EGF uptake by flow cytome-
try, HeLa cells were transfected with GFP alone, NHE6gpp
WT or AES mutant using FuGene6 (Promega). Forty-
eight h after transfection, the cells were serum-depleted
for 2 h, and then incubated with Alexa Fluor® 633-
conjugated transferrin (Tf-Alexa®®®, 10 pg/mL) or Alexa
Fluor® 647-conjugated EGF (EGE-Alexa®’, 100 ng/ml) for
5 min at 37 °C, in the absence or presence of 10-fold
excess unlabelled transferrin or EGF, respectively, followed
by washes to remove unbound transferrin or EGF. Cells
were detached from the plates by trypsinization and 5 puL
of the cell viability dye 7-amino-actinomycin D (7-AAD,
eBioscience) was added to each cell suspension. Cells were
analyzed by flow cytometry using a FACS Aria Sorter
(Becton Dickinson, San Jose, CA). A gate was set around
the GFP-positive cells and the amount of Tf-Alexa®®* or
EGF-Alexa®” taken up by 10* GFP-expressing live cells
(i.e, 7-AAD negative) was measured using the BD FACS
Diva software.

siRNA Knockdown

HeLa cells were cultured in 6-well plates and transfected
with 100 nM control siRNA pool #1 (scrambled siRNA)
or SMARTpool” NHE6 siRNA (Dharmacon, Lafayette,
CO) using Dharmafectl transfection reagent (Dharmacon)
according to the manufacturer’s recommended protocol.
Seventy-two hours post-transfection, the cells were
serum-starved for 1.5 h and then incubated with Tf-AF®*?
for 20 min at 37 °C. 10° cells were analyzed by flow
cytometry per experiment.

Apoptosis assays

Apoptosis was measured using three independent
methods: (1) a flow cytometry assay that measures
changes in plasma membrane asymmetry (annexin V-allo-
phycocyanin conjugate (Annexin V-APC) binding to
phosphatidylserine) and permeability (propidium iodide,
PI); (2) a luminescent assay to detect caspase 3/7 activity;
and (3) an immunofluorescence-immunocytochemistry
assay to detect activated cleaved caspase-3 (Aspl75).

For flow cytometry, AP-1 cells were grown in 6-cm
dishes and transfected with 4 pg of GFP, NHE6vigp WT
or AES using Lipofectamine2000 (Invitrogen). Forty-eight
h post-transfection, the cells were washed twice with



llie et al. Molecular Neurodegeneration (2016) 11:63

warm (37 °C) PBS, detached using Cell Dissociation
Buffer (GIBCO), and then collected by centrifugation.
The cell pellets were re-suspended in PBS and labeled
using the Annexin V-APC Apoptosis Detection Kit
(eBioscience) according to the manufacturer’s instruc-
tions. After labeling, cells were placed on ice, and 1 x 10*
GFP-positive cells were examined on a BD™LSR II flow
cytometer and the percentage of AnnexinV-positive cells
(i.e, early apoptotic), Pl-positive (i.e, necrotic), and
AnnexinV/PI — double positive cells (i.e., late apoptotic),
was determined.

Caspase 3/7 activity was measured using the lumines-
cent Caspase-Glo® 3/7 assay (Promega). AP-1 cells were
transfected in 10 cm dishes with 8 pg of GFP vector,
NHE6v1grp wild-type or AES using Lipofectamine2000
(Invitrogen). Twenty-four hours after transfection, cells
were sorted using a Becton Dickinson FACSAria Sorter
and 5 x 10* GFP-positive cells were plated in each well
of a 96-well plate. Twenty-four hours later, the assay was
performed according to the manufacturer’s instructions
and luminescence was read in white-walled 96-well
luminometer plates.

To measure apoptosis in primary hippocampal neu-
rons, immunocytochemistry was performed on fixed
neurons transfected with cytosolic GFP alone or co-
transfected with GFP and NHE6vlchep WT or AES
using a primary rabbit polyclonal antibody against
cleaved caspase-3 (Aspl75) (cCASP3) (Cell Signaling
Technology, 1:300) and a secondary goat anti-rabbit
DyLight 649-conjugated secondary antibody (1:1000)
from Jackson laboratories. The soma of transfected
neurons were then examined for cCASP3 staining to
assess apoptosis.

Real-time PCR (RT-PCR)

HeLa cells were grown in 6-well plates and trans-
fected with 100 nM siRNA control pool #1 (scram-
bled siRNA) or SMARTpool®° NHE6 siRNA (Dharmacon)
using Dharmafectl transfection reagent (Dharmacon)
according to the manufacturer’s recommended proto-
col. Total RNA was extracted with TRIzolreagent (Invi-
trogenCanada Inc.). Real-time PCRs were performed
using IQ SYBR Green Supermix (Bio-Rad Laboratories
Inc., ON) and analyzed with Gene Expression Analysis
for iCycler iQ® Real-Time PCR Detection System
(BioRad).

Statistical analyses

The data represent the mean + the standard error of
the mean (S.E.M.) and statistical analyses were per-
formed by using the Student’s t-test or a one-way
analysis of variance (ANOVA) followed by a Tukey
test. A minimum p-value of <0.05 was considered
significant.
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Results

Post-translational processing and stability of NHE6AES

is impaired

A foundational study by Gilfillan et al. [8] identified four
mutations in NHE6 (AV176-R201, H203{sX59, AE287-
S288, R500X in the longest splice-variant of NHES®,
NHEG6v1, as illustrated in Fig. 1a) in patients affected by
a severe form of X-linked intellectual disability originally
identified in a multigenerational South African family [1]
- since termed Christianson syndrome. The most subtle
mutation identified in these patients that would produce
a near-intact protein was the two amino acid in-frame
deletion AE287-S288 (AES). These amino acids are highly
conserved in all human NHE isoforms (Additional file 1:
Figure S1).

To assess the consequences of AES deletion on NHE6
biosynthesis, the mutation was engineered into NHE6v1
which contained an HA-epitope at its C-terminus (called
NHE6v1,). This construct was then examined in a
subline of Chinese hamster ovary cells (AP-1 cells) that
expresses negligible levels of endogenous NHE6 [27].
Previous light microscopy analyses indicated that human
NHES6 is properly sorted to the plasma membrane and
recycling endosomes in this cell line [42]. We now show
by electron microscopy that the transporter further par-
titions to microvilli and other small plasma membrane
projections (Additional file 1: Figure S2) present in
Chinese hamster ovary cells [47]; a pattern that mimics
the trafficking of NHE6 to dendritic spines of hippocam-
pal pyramidal neurons [27]. Thus, these cells provide an
ideal tractable model system to study the wild-type
(WT) as well as mutant NHE6 transporters in isolation
of each other. In addition to AP-1 cells, some experi-
ments were also performed in human neuroblastoma
SH-SY5Y cells which do express NHE6 natively [27].
Since NHEs assemble as homodimers [48-50], this
would allow us to examine the impact of the mutation
on the biosynthesis and post-translational processing of
either a homodimer (AES/AES) or potentially heterodi-
mer (WT/AES) in AP-1 and SH-SY5Y cells, respectively.
Indeed, biochemical and cellular analyses showed that
the WT and AES proteins can form a heterodimer pro-
tein complex by co-immunoprecipitation assays and par-
tially colocalize in transfected cells (Additional file 1:
Figure S3). As presented in Fig. 1b and c¢ and consistent
with earlier findings [21, 42], analyses of total cell lysates
from AP-1 and SH-SY5Y cells showed that the WT
transporter migrated identically in both preparations as
multiple bands that reflect the oligomeric and post-
translational oligosaccharide state of the transporter: (1)
a slower migrating, high molecular weight band (~200-
250 kDa) representing the fully-glycosylated dimeric
form of the exchanger that does not fully dissociate
under SDS-PAGE conditions; (2) a major diffuse, fully-
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Fig. 1 Expression and post-translational processing of NHE6 AES mutant protein is impaired in transfected AP-1 and SH-SY5Y cells. a Schematic
drawing of the predicted membrane topology of mammalian NHE6v1 (based on sequence alignment and transmembrane organization of NHE1
proposed by Wakabayashi et al. [127] and Nygaard et al. [128]) and locations of mutations (red shading) identified by Gilfillan et al. [8] in patients
with Christianson syndrome. The blue shading in the second extracellular loop (EL2) represents the additional 32 amino acids (residues 145-176)
present in the NHE6v1 splice-variant. Two predicted N-glycosylation sites within EL2 are also illustrated. b AP-1 and ¢, SH-SY5Y cells were transiently
transfected (24 h) with NHE6, WT or AES mutant. Total cell lysates of WT and AES-transfectants were examined by SDS-PAGE. The immunoblots were
probed with a mouse monoclonal anti-HA antibody (a-HA,,) to detect NHE6v1. NHE6V1 migrates as multiple bands: slower migrating high molecular
weight bands representing the fully-glycosylated (fg) and core-glycosylated (cg) dimeric forms of the exchanger (~200 and 175 kDa, respectively) that
do not fully dissociate under SDS-PAGE conditions and faster migrating fully-glycosylated (fg, ~100 kDa) and core-glycosylated (cg, ~70 kDa) and
unglycosylated (ug, ~65 kDa) forms of the monomeric protein. To control for protein loading, the blots were reprobed with a mouse monoclonal
anti-GAPDH antibody (a-GAPDH,,). d, e To confirm the nature of the oligosaccharide modifications of the NHE6 bands, AP-1 cells
transiently transfected (24 h) with WT or AES constructs were lysed in non-detergent buffers and post-nuclear supernatants were left
untreated or incubated with either endoglycosidase H (EndoH), which cleaves only asparagine-linked mannose-rich oligosaccharides (i.e.,
core-glycosylated) but not more highly processed complex oligosaccharides (i.e,, fully-glycosylated), or peptide-N-glycosidase F (PNGaseF)
which cleaves between the innermost N-acetylglucosamine and asparagine residues of all oligosaccharide structures (i.e, high mannose,
hybrid, and complex). The lysates were then subjected to SDS-PAGE and immunoblotting with an a-HA,, antibody. The data are representative of
three independent experiments

glycosylated form(s) of the monomeric protein (~100—
120 kDa); and (3) minor faster migrating, lower molecular
weight bands characteristic of the newly synthesized core-
glycosylated (~70 kDa) or unglycosylated (~65 kDa)

monomers. By contrast, the level of expression of the AES
mutant was noticeably reduced compared to WT in both
cell lines, but especially in AP-1 cells. Densitometric
analysis of the immunoblots (using multiple exposures of
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the immunoblots to ensure the signal intensities of the
bands were within the linear range of the X-ray film) indi-
cated that the levels of expression of the AES mutant in
AP-1 and SH-SY5Y cells were 22.1 % +3.2 (n=3) and
79.8 % + 4.0 (n=3) of WT levels (normalized to GAPDH
expression), respectively. Unlike WT, in both cell lines the
AES mutant migrated predominantly as a single band at
the level of the immature core-glycosylated or unglycosy-
lated monomers. However, fainter diffuse bands corre-
sponding to the predicted fully-glycosylated monomer
(~100-120 kDa) and/or the fully- (~250 kDa) and core-
glycosylated (~175 kDa) dimers were visible, suggesting
that a fraction of the mutant protein is capable of under-
going further processing and oligosaccharide maturation.
The similar patterns of expression of AES in both cell lines
also indicate that though the overall abundance of the
AES mutant was greater in the SH-SY5Y cells, possibly
due to stabilizing effects mediated by dimerization with en-
dogenous WT NHES, the relative oligosaccharide process-
ing of the exogenous AES mutant remained compromised.

To confirm the post-translational oligosaccharide state
of the proteins, cell lysates of AP-1 cells transiently ex-
pressing NHE6v1, WT or AES constructs were prepared
using detergent-free buffers and then subjected to treat-
ment with either endoglycosidase H (EndoH), which
cleaves only asparagine-linked mannose-rich oligosaccha-
rides (i.e., core-glycosylated) but not more highly proc-
essed complex oligosaccharides (i.e., fully-glycosylated), or
peptide-N-glycosidase F (PNGaseF) which cleaves be-
tween the innermost N-acetylglucosamine and asparagine
residues of all oligosaccharide structures (i.e., high man-
nose, hybrid, and complex). As shown in the immunoblots
presented in Fig. 1d and e for WT and AES, respectively,
EndoH treatment decreased the size of only the core-
glycosylated dimeric (~175 — ~165 kDa) and monomeric
(~70 — ~65 kDa) proteins for both WT and AES, whereas
the more diffuse fully-glycosylated dimeric (~250 kDa)
and monomeric (~100-120 kDa) bands were unaffected.
Conversely, PNGaseF removed essentially all the oligosac-
charide moieties for both WT and AES, resulting in
smaller dimeric and monomeric bands that migrated at
~165 and ~65 kDa, respectively.

To assess the relative contribution of Glu*™’ and
Ser’® to the observed processing behaviour, we engi-
neered the following point mutations into NHE6v1: the
single conservative (i.e.,, E287Q) and non-conservative
(i.e., E287A or S288A) substitutions as well as the double
substitution E287Q/S288A. The electrophoretic profiles
of the conservative E287Q as well as the S288A mutants
appear similar to WT (Additional file 1: Figure S4). By
contrast, mutants containing the double E287Q/S288A
and single non-conservative E287A substitutions showed
reduced abundance, though not as severe as AES. Collect-
ively, these data suggest both residues work synergistically

287
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to promote the proper maturation of NHE6v1, though
Glu*®” appears more critical.

The marked reduction in abundance of the AES
mutant might be due to impaired biosynthetic matur-
ation, reduced stability, or a combination of the two. To
obtain an approximate measure of their biosynthetic
maturation, AP-1 cells were transiently transfected with
NHE6v1g, WT or AES constructs, and cellular lysates
were obtained at periodic intervals over 48 h. Quantita-
tive immunoblot analysis revealed that the WT protein
is efficiently processed to the fully-glycosylated mature
form (monomer and dimer) within 12 h, such that at
36 h most of the transiently synthesized protein is fully
processed (Fig. 2a, c¢). On the contrary, while protein
production and dimer assembly of the AES mutant are
similar to WT during the first 6-12 h, the subsequent
post-translational maturation of the protein is deficient,
as revealed by a marked reduction in the addition of
complex sugars at 18 h which is more apparent in the
dissociated monomeric form (Fig. 2b, d). Moreover, the
abundance of AES is greatly decreased at 36 and 48 h
after transfection relative to WT, suggesting that it might
be subject to more rapid degradation.

In order to estimate the half-lives of the respective
proteins, AP-1 cells were transfected with WT or AES
for 24 h and then treated with cycloheximide for an
additional 2 to 24 h in order to block de novo protein
synthesis while tracking the fate of the previously syn-
thesized transporters. As shown in the immunoblots
presented in Fig. 3a and quantified in Fig. 3b, the WT
protein was relatively stable even after 24 h of treatment
(£1/2>24 h). By contrast, the AES mutant was rapidly
degraded with a calculated half-life of ~2.5 h. As a
loading control, the expression of the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was measured and found to be invariant over the treat-
ment period. The enhanced degradation of the AES mu-
tant could arise by shuttling the defective protein to
proteasomes and/or lysosomes, pathways previously
implicated in the proteolysis of the shorter NHE6v2-AES
splice variant [43]. Incubating the cells with MG132 or
lactacystin, two widely used inhibitors of the proteaso-
mal machinery, concurrently with cycloheximide did not
noticeably alter the levels of NHE6 WT over a subse-
quent 8-h period compared to diluent (dimethylsulfox-
ide, DMSO) controls (Fig. 3c), whereas they markedly
abrogated the decline in the levels of AES (Fig. 3d).
Similarly, incubating the transfected cells with lysosomal
inhibitors leupeptin/pepstatin or chloroquine did not
noticeably affect the abundance of the WT transporter,
whereas degradation of the AES mutant was lessened
significantly by either treatment regimen. These results
reveal that deletion of amino acids Glu*®” and Ser*®® in
NHE6v1y, drastically decreases the stability of the
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Fig. 2 Biosynthetic maturation of NHE6 is reduced for the AES mutant. AP-1 cells were transiently transfected with a NHE6v1,4 WT or b AES
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monoclonal anti-HA antibody (a-HA). The identities of the various NHE6 bands are as described in the legend to Fig. 1. For the AES immunoblot
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dimeric forms of WT or AES was assessed using Imagel software and expressed as ratios of fully glycosylated/total protein (fg/total). For
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protein. Moreover, this degradation appears to be per-
formed by two pathways; initially by the proteasomal
machinery indicating that disposal of the mutant protein
is mediated by the endoplasmic reticulum-associated
degradation (ERAD) pathway [51, 52] and subsequently
by the peripheral (ie., plasma membrane and endo-
somes) protein quality control machinery that sorts con-
formationally impaired membrane proteins that escape
the ERAD pathway to lysosomes (i.e., endosomal sorting
complex required for transport (ESCRT)-dependent
lysosomal degradation) [53, 54].

A common molecular signature of misfolded proteins
targeted for degradation by the ERAD or peripheral quality
control machinery is enhanced multi-monoubiquitination
or polyubiquitination [52, 55—57]. To test biochemically for
increased levels of ubiquitin, NHE6v1;, WT and AES were
transiently expressed (24 h) in AP-1 cells, followed by im-
munoprecipitation with a rabbit polyclonal antibody against
the HA-epitope (a-HA,) and immunoblotting with a
monoclonal anti-ubiquitin antibody (a-Ub,,). As illustrated
in Fig. 4a and quantified by densitometry in Fig. 4b, the
levels of ubiquitination of AES were markedly increased
(~13-fold) relative to WT on a protein mass basis, as
revealed by stripping the ubiquitin-probed immunoblot
and reblotting with a monoclonal anti-HA antibody
(a-HA,) to detect NHE6v1y4. The visibly diffuse signals
for ubiquitin represent various levels of ubiquitination of

NHE6 monomers and dimers that would increase their
molecular weight, extending from ~75 to >250 kDa.

Cell surface abundance and internalization kinetics of
NHEG6AES are reduced in AP-1 cells

Although NHE6 WT accumulates in a perinuclear
recycling endosomal compartment, a minor fraction (i.e.,
~5-10 % of total NHE6) resides at the plasma membrane
as the transporter transits along the recycling endosomal
pathway [22, 42]. To investigate whether the AES
mutant can traffic to the cell surface, plasmalemmal
localization was measured biochemically in transfected
AP-1 cells using a cell surface biotinylation assay [58].
For these experiments, a triple Flag epitope-tag was
inserted in the first extracellular loop of WT and AES
(5eNHE6vV1A-WT and 3pNHE6vV1;A-AES) as illustrated
Fig. 5a (upper panel). Insertion of epitopes in this
position has no discernible effects on the processing,
trafficking and function of the transporter [22, 42]. As
shown in the immunoblot in Fig. 5a (lower panel), the
extracted biotinylated cell surface fraction of the WT
protein was markedly higher compared to the AES
mutant, and essentially only fully-glycosylated trans-
porters (intact dimer and dissociated monomer) were
detected in the cell surface-enriched fraction. The AES
mutant protein also reached the cell surface mainly in
its dimeric fully-glycosylated form, although a minor
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Fig. 3 Stability of NHEG6 is diminished for AES mutant. a AP-1 cells were transiently transfected with NHE6v14 WT or AES mutant for 24 h and
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of time in the presence of cycloheximide. Values represent the mean + SEM. of three separate experiments. ¢-d AP-1 cells were transiently transfected
with NHE6V T4 WT (c) or AES (d) for 24 h and then treated with 150 ug/mL cycloheximide for the indicated time points in the presence of DMSO
(vehicle), the proteasomal inhibitors MG-132 (40 uM) or lactacystin (LC, 30 uM) (left panels), or the lysosomal inhibitors leupeptin/pepstatin (LeuP,
100 pg/ml) or chloroguine (CQ, 500 pM) (right panels). Cellular lysates were analysed by immunoblotting with a mouse monoclonal a-HA,,, antibody.
Membranes were also probed with a mouse monoclonal a-GAPDH,,, antibody as a loading control

amount of the core-glycosylated protein was also
detected. The non-biotinylated fractions of WT and
AES, representative of their intracellular pools that com-
prise ~90-95 % of total expression, were comparable to
their respective abundances in the total cell lysates, as
expected. To ensure that the extracted cell surface
biotinylated proteins were not contaminated with intra-
cellular proteins, the immunoblots were probed simul-
taneously with an antibody to GAPDH. GAPDH was
readily detected in the total cell lysates and non-
biotinylated fractions, but not in the plasmalemmal frac-
tions; thereby confirming the selective enrichment of cell
surface proteins. The presence of NHE6v1 WT and AES
at the plasma membrane was further confirmed visually
by imaging of fixed, non-permeabilized AP-1 cells
(Fig. 5b). These analyses also showed that the cell
surface distribution of NHE6 was discontinuous or
punctate. The basis for this is unclear, but may reflect
sites of exocytosis and/or endocytosis though other
explanations are also possible.

To further characterize the subcellular distribution of
NHE6v1 WT and AES, dual immunolabelling experiments

were performed with various organellar markers using
detergent permeabilized cells. As expected, the WT trans-
porter highly co-localized with internalized Alexa Fluor®
594-conjugated transferrin (Tf-AF°°*), a marker of recyc-
ling endosomes that is internalized in an adaptor protein
2 (AP2)/clathrin-dependent manner. Conversely, the
fluorescence signals for the AES mutant showed minimal
overlap with Tf-AF>®* and, furthermore, the intracellular
accumulation of Tf-AF°®* in cells expressing AES was
visibly reduced relative to neighboring untransfected cells
(Fig. 5¢). More quantitatively, by calculating the Mander’s
overlap coefficient, a statistical parameter that describes
the degree of channel overlap that is not dependent upon
correlated intensity, the degree of colocalization was
significantly reduced for the AES mutant compared to
WT (i.e.,, WT-Tf, 0.80 + 0.05, versus AES-Tf, 0.36 + 0.03,
p<0.01). Additional subcellular localization analyses
showed that immunostaining of AES mutant had min-
imal overlap with signals for the transfected ER marker
KDELgep [59] and endogenous early endosomal marker
EEA1 [60], whereas it overlapped strongly with the
transfected late endosomal/multivesicular body marker
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Fig. 4 Ubiquitination of NHE6 is increased for the AES mutant. a AP-1 cells transiently expressing NHE6v 1,4 WT or AES for 24 h were lysed and
total levels of NHE6 were analyzed by immunoblotting with a mouse monoclonal anti-HA (a-HA,)) antibody. GAPDH was measured as a loading
control (panel 1, far left). The level of ubiquitinated proteins in the total cell lysates (TCL) was examined using a mouse monoclonal anti-ubiquitin
(a-Ubyy,) antibody (panel 2). The TCL were subjected to immunoprecipitation with a non-specific rabbit polyclonal IgG (a-IgG,) antibody (panel 3)
or a rabbit polyclonal anti-HA (a-HA,) antibody (panel 4) and analyzed with a mouse monoclonal a-Ub, antibody to detect the ubiquitination
levels of NHE6 WT versus AES. The membrane from panel 4 was then stripped and reprobed with a mouse monoclonal a-HA, antibody to
examine the total amount of NHE6 WT and AES retrieved by immunoprecipitation (panel 5). b Quantitative analysis by densitometry of the ratio
of ubiquitinated to total protein abundance of NHE6vT WT and AES in the immunopreciptated pellets. Values represent the mean + S.EM. of three
separate experiments. Statistical significance was assessed using a Student’s t-test, * p < 0.01

Rab7gpp [61], suggesting that at 36 h post-transfection
the bulk of the defective transporter was being re-
directed towards the lysosomal degradative pathway
(Additional file 1: Figure S5).

Having established that a fraction of 3;pNHE6a
AES can reside at the cell surface and intracellular
vesicles, we next assessed whether its rate of internal-
ization was different from that of the WT protein. To
this end, 3pNHE6vIz, WT and AES were transiently
expressed in AP-1 cells and their internalization was
examined both visually by confocal microscopy and
quantitatively using a cell-based enzyme-linked im-
munosorbent assay [62]. For image analysis, the cells
were preincubated for 45 min with Alexa Fluor® 488-
conjugated transferrin (Tf-AF**®) to label the recycling
endosomal compartment, then placed on ice and
incubated with primary mouse monoclonal anti-Flag
antibody and Alexa Fluor® 568-conjugated goat anti-
mouse secondary antibody to label «cell surface
3seNHE6v1y,, followed by internalization of the la-
belled pool at 37 °C for 60 min. Confocal microscopy
analysis of these cells revealed the presence of both
WT and AES at the cell surface before the initiation
of endocytosis (Fig. 6a, first row of upper and lower

panels). After 60 min of internalization, WT was
highly concentrated in the perinuclear Tf-AF**®-con-
taining recycling endosomal pool (Fig. 6a, upper
panel, second row). By comparison, the punctate
signals for AES mutant and Tf-AF**® were more
dispersed throughout the cell after 60 min of internal-
ization rather than coalescing into a more compact
perinuclear compartment, but nevertheless were partially
overlapping. However, similar to results described in
Fig. 5c, the accumulation of Tf-AF**® by the AES-
expressing cells was visibly diminished compared to
neighboring non-transfected cells (Fig. 6a, lower panel,
second row). Quantitative measurements of NHE6 intern-
alization using a cell-based enzyme-linked immuno-
sorbent assay showed that the WT transporter was
endocytosed more rapidly than the AES mutant (Fig. 6b).
Fitting the data to a first order exponential decay function
yielded time constants of 2.76 + 0.48 and 4.81 + 2.68 min
for WT and AES, respectively. Collectively, these results
indicate that the sequence **’Glu-Ser*®® is important for
the efficient biosynthetic maturation and stability of
NHES6, which in turn seemingly affects the internalization
of NHE6-containing recycling endosomes and associated
vesicular cargo.
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Fig. 5 Subcellular distribution of NHE6 AES is altered in AP-1 cells. a Plasma membrane location of NHE6v1 as measured biochemically using a
cell-surface biotinylation assay. To detect cell surface expression of NHE6V1, a triple Flag epitope-tag was inserted into the first predicted extracellular
loop of NHEEV14a (3eNHEGV 1), as illustrated in the upper panel. AP-1 cells were transiently transfected with 3gNHE6v14 WT or AES for 36 h and cell
surface proteins were labeled with biotin as described in ‘Material and Methods'. Total cell lysates (TCL) were prepared and a small portion representing
the total fraction was removed. The remaining supernatants containing equal amounts of total protein for WT and AES were loaded onto NeutrAvidin®
Agarose beads to purify the biotinylated cell surface proteins from the non-biotinylated (intracellular) proteins. For the TCL and the remaining
non-biotinylated fractions, aliquots containing 20 pg and 80 pg protein for WT and AES, respectively, were examined by Western blotting (left
and right lower panels, respectively). For the plasma membrane fraction, 25 % and 100 % of the biotinylated proteins extracted from the total
cell lysates of WT and AES transfectants, respectively, were subjected to Western blotting (middle lower panel). All immunoblots were probed
with mouse monoclonal anti-HA,, antibody to detect NHE6 and anti-GAPDH,,, antibody to assess the enrichment of the biotinylated fraction,
as GAPDH is a cytosolic protein. b Confocal fluorescence microscopy and transmitted light images of fixed non-permeabilized AP-1 cells
showing surface expression of sgNHE6V 14 WT or AES. Scale bars represent 5 uM. € AP-1 cells were transiently transfected with seNHE6V T4
WT (upper panels) or AES (lower panels). Thirty-six h after transfection, cells were loaded with Alexa Fluor°®*labelled transferrin (Tf-AF>%,

10 pg/mL) for 45 min, fixed in 4 % paraformaldehyde, permeabilized, mounted onto glass slides and then examined by confocal microscopy.
Footprints of the transfected cells are indicated as white dotted outlines and were derived from the transmitted light images (far left panels).
Scale bars represent 10 um

NHE6-mediated stimulation of transferrin, but not EGF,
uptake is lost in cells expressing the AES mutant

The above imaging results indicated that the uptake of
Tf-AF*®® by AES-expressing cells was impaired relative
to untransfected neighbouring cells. This observation is
consistent with a previous study [25] which reported
that siRNA knockdown of NHE6 expression in HeLa
cells also decreased internalization of the transferrin

receptor (TfR). To determine the effect of the AES
mutant on internalization of Tf more quantitatively, we
developed a flow cytometry-based assay to measure the
uptake of red Alexa Fluor® 633-conjugated Tf (Tf-AF®*3).
For these experiments, HeLa cells were used instead of
AP-1 cells because the signal to noise ratio of Tf-AF®*?
uptake was much greater (4-fold) in HeLa versus AP-1
cells at the early linear phase of endocytosis (i.e., 5 min
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Fig. 6 Rate of endocytosis of NHE6 AES is reduced in AP-1 cells.
a AP-1 cells were transiently transfected with 3eNHE6V T4 WT (upper
panels) or AES (lower panels) for 36 h, serum-depleted and then
incubated with Alexa Fluor*®-conjugated transferrin (Tf-AF*®) for
45 min. Cells were then placed on ice and incubated with primary
mouse monoclonal anti-Flag antibody and Alexa Fluor’®® conjugated
secondary antibody, and either fixed in 2 % paraformaldehyde
immediately (0 min time point) or after incubation at 37 °C for
60 min. Footprints of the cells within the field of view are indicated
as white dotted outlines and were derived from the transmitted
light images (far left panels). After 60 min of internalization, the
signals for the WT transporter highly colocalized with those for
TF-AF*® whereas the AES mutant showed only partial overlap (the
white arrows heads indicate some overlapping punctate signals).
Scale bars represent 10 um. b Kinetics of endocytosis measured in
AP-1 cells transiently expressing sgNHE6V 14 WT or AES using a
cell-based enzyme-linked immunosorbent assay (ELISA). Thirty-six
hours post-transfection, surface NHE6 was labeled on ice using a
mouse monoclonal anti-Flag antibody, followed by internalization
of the Flag-labeled NHE6 at 37 °C for the indicated time points.
Remaining cell surface NHE6 was labeled with a goat anti-mouse
HRP-conjugated secondary antibody and detected using the
fluorescence Amplex®Red substrate. Data points represent mean +
SEM. of four different experiments, each done in triplicate. Statistical
significance (p < 0.05) was evaluated using a paired two-tailed
Student's t-test and indicated by an asterisk
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uptake) (Fig. 7a), presumably due to the higher plasma
membrane and total cellular abundance (3- to 4-fold) of
the TfR in HeLa cells (Fig. 7b). To this end, internaliza-
tion of Tf-AF®** was monitored by flow cytometry in live
HeLa cells transiently expressing GFP alone or GEFP-
tagged constructs of NHE6 WT or AES (Fig. 7c). Live
cells were distinguished from non-viable cells by their
ability to exclude the membrane-impermeant fluorescent
dye 7-amino actinomycin D (7-AAD). The median
intensity fluorescence (M.LF.) of internalized Tf-AF®*?
was measured in 10* live (ie, 7-AAD negative) GFP-
positive HeLa cells. As illustrated in Fig. 7d, cells
expressing WTgpp exhibited a significant increase in Tf-
AF®®? uptake compared to GFP-only expressing cells
(GFP: 100+ 6 %; WTgpp: 145+5 %; p<0.01, one-way
ANOVA followed by a Tukey test). However, this stimu-
lation was not evident in cells expressing AESggp and, if
anything, showed a slight, albeit statistically non-
significant, decrease to 85+7 % (p = 0.26) of GFP con-
trol levels, suggesting that the mutant is defective in en-
hancing the uptake of Tf-AF®*® and possibly other cargo
internalized via AP2/clathrin-dependent endocytosis. To
validate that the measured fluorescent signal was due to
receptor-mediated uptake of Tf-AF®*® rather than non-
specific bulk endocytosis, parallel competition experi-
ments were performed in the presence of 10-fold excess
unlabeled Tf. As shown in Fig. 7e, the fluorescent signal
was dramatically reduced to background levels in the
presence of competing unlabeled Tf, suggesting that the
measurements are indicative of receptor-mediated endo-
cytosis of fluorescently-labelled Tf. Moreover, reducing
endogenous NHE6 levels in HeLa cells using siRNA
(Fig. 7f) decreased Tf-AF®*® uptake by ~23 % (77 +2;
p<0.01, one-sample Student’s t-test) relative to con-
trols (Fig. 7g). Hence, up- or down-regulation of NHE6
expression reciprocally modulates the endocytosis of the
ligand-bound TfR.

Mechanistically, the elevated uptake of Tf-AF®*® in
NHE6grp-WT expressing HeLa cells could arise from an
enhanced rate of NHE6-dependent endocytosis due to
the elevated abundance of NHE6. However, overexpres-
sion of NHE6grp-WT in HeLa cells may also increase
the abundance of the TfR at the cell surface due to
enhanced recycling or exocytosis of the receptor and
thereby increase net Tf-AF®*® uptake, an effect that is
abolished by the AES mutation. To examine this latter
hypothesis, TfR cell surface levels were examined using a
biotinylation assay in HeLa cells expressing GFP, WTgpp
or AESgrp. As shown in Fig. 7h, the levels of TfR at the
cell surface were significantly higher (~1.6 fold) in HeLa
cells expressing WTgpp as compared to cells expressing
GFP alone. By contrast, in cells expressing AESgpp no
enhanced recruitment of TfR at the plasma membrane
was observed. Thus, NHE6 expression levels appear to
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Fig. 7 Uptake of transferrin is impaired in Hela cells expressing NHE6 AES. a Comparison of uptake of transferrin-Alexa Fluor®*® (Tf-AF%%%; 10 ug/
ml, 5 min) in AP-1 vs. Hela cells. Significance was measured using a one-sample Student’s t-test; *p < 0.05. b Surface expression of transferrin
receptor (TfR) in AP-1 vs. Hela cells was measured by cell surface biotinylation. A representative immunoblot shows TfR and GAPDH expression in
AP-1 and Hela cells (left panel). Quantification of surface and total TfR relative to total GAPDH expression from three different experiments; values
are normalized to the TfR/GAPDH ratio in AP-1 cells (right panel). ¢ Transient expression of GFP, NHE6v1gre WT or AES in Hela cells after 48 h.
Representative immunoblot probed with a polyclonal anti-GFP (a-GFPp) antibody. d Uptake of Tf-AF%** was monitored in Hela cells expressing
GFP, NHE6V1ep WT or AES. Median fluorescence intensity (M.LF) of TF-AF®** was measured in 10" GFP-positive cells by flow cytometry. Data were
normalized and represent mean + S.EM. of eight different experiments. Significance was established using a one-way ANOVA followed by a Tukey
test, **p <0.01. e Uptake of TF-AF®*? in Hela cells expressing GFP, NHE6V 16 WT or AES in the absence (—) or presence (+) of 10-fold excess
unlabeled Tf. The M.IF. of TF-AF®*® was measured in 10" GFP-positive cells by flow cytometry. Data represent mean + SEM. of three different ex-
periments, **p < 0.01. f gPCR of NHE6 mRNA levels in Hela cells treated for 72 h with non-target (scrambled) siRNA or NHE6 siRNA. g Uptake of
TF-AF®*% was monitored in Hela cells expressing non-target siRNA or NHE6 siRNA for 72 h. The M.LF. of TF-AF®** was measured in 10° cells by flow
cytometry. Data were normalized and represent mean + S.EM. of three different experiments. Significance was established using a one-sample
Student’s t-test, **p < 0.01. h Cell surface levels of TfR in Hela cells transiently expressing GFP, NHE6V 1 WT or AES were determined by cell
surface biotinylation. Representative immunoblot of TfR expression at the cell surface and the total fraction is shown in the left panel. Quantification

by densitometry of cell surface/total TR levels from three different experiments is shown in the right panel. Values were normalized to TR amounts
present in GFP-expressing cells and represent the mean + SEM. Significance was established using a one-sample Student t-test, ** p <0.01, * p <0.05

upregulate the surface abundance and recycling of
certain cargo.

While NHEG6 is seemingly important for the internal-
ization of Tf-TfR, the study by Xinhan et al. [25] also
indicated that this effect was somewhat selective, as up-
take of other clathrin-mediated cargo such as the epider-
mal growth factor (EGF) at a concentration of 1 ng/ml
was unaffected. However, an earlier study [63] proposed

that the EGF receptor (EGFR) could follow different
internalization pathways depending on the concentration
of its ligand EGF. Accordingly, at low concentrations of
EGF (1-2 ng/ml), the EGFR was endocytosed via a
clathrin-dependent route, whereas at higher ligand
concentrations (10-100 ng/ml), the receptor partitioned
roughly equally between clathrin-coated pits and ca-
veolae, suggesting that it can be internalized by both
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clathrin- and lipid raft-dependent mechanisms [63, 64].
While subsequent studies have disputed these latter
findings [65], we nevertheless tested whether NHE6
could internalize the ligand-activated EGFR at higher
EGF concentrations that involve not only clathrin medi-
ated endocytosis, but could also potentially favour a
caveolae-dependent route, and whether the AES mutant
impairs this function. To this end, we measured the
uptake of EGF-AF®" at the higher concentration of
100 ng/ml in HeLa cells. As shown in Fig. 8a, the signals
for neither NHE6 WTgpp nor AESgpp overlapped with
those for the EGFR labelled with EGF-AF®* by image
analysis. Consistent with this observation, overexpress-
ing WTgpp or AESgpp did not alter the uptake of EGF-
AF®” when compared to control cells expressing GFP
alone (Fig. 8b). The specificity of the EGF fluorescent
signal was validated by competition experiments in the
presence of 10-fold excess unlabeled EGF (Fig. 8c). Thus,
even at high concentrations of EGF, NHE6 does not
colocalize with the EGF-EGFR complex. These data are
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consistent with earlier findings by Xinhan et al. [25] and
confirm that NHEG6 regulates the internalization of some,
but not all, clathrin (or potentially caveolin)-dependent
cargo, at least in HeLa cells.

The pH of NHE6AES-containing endosomes fails to
alkalinize

The impaired uptake of Tf-A in cells expressing
NHEG6AES suggested that recycling endosomal function
has been compromised. Since proper acidification of
organelles is an important determinant of membrane
trafficking [66—68] and because NHE6 is believed to
operate as an alkalinizing mechanism to counter the
acidification generated by the vacuolar H*-ATPase [25],
we measured the vesicular pH (pH,) of NHE6 WT- and
AES-containing endosomes by fluorescence ratiometric
image analysis (FRIA) [69]. To this end, AP-1 cells were
transfected with 3pNHE6vIga WT or AES. Thirty-six h
post-transfection, cell surface NHE6 molecules were
labeled on ice with a primary mouse monoclonal anti-
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Fig. 8 Expression of NHE6 does not affect trafficking of the EGF receptor in Hela cells. a Hela cells were transiently transfected with NHE6V1ep
WT (upper panels) or AES (lower panels). Forty-eight h after transfection, cells were loaded with Alexa Fluor®*-labelled EGF (EGF-AF®*’, 100 ng/mL)
for 5 min, fixed in 4 % paraformaldehyde, permeabilized, mounted onto glass slides and then examined by confocal microscopy. Footprints of
the transfected cells within the field of view are indicated as white dotted outlines and were derived from the transmitted light images (far left
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Flag antibody, followed by incubation with a Fab second-
ary antibody conjugated to the pH-sensitive ratiometric
dye fluorescein isothiocyanate (FITC). Cells were then
incubated in cell culture media at 37 °C for 30 min or
60 min and individual vesicles were analyzed by FRIA.
The pH calibration curve is shown in Fig. 9a and an
example of the pH distribution of newly formed recyc-
ling endosomes as a function of time is presented in
Fig. 9b, with the median vesicular pH values from mul-
tiple experiments summarized in Fig. 9c. After 30 min of
internalization, both WT and AES were predominantly
targeted to a compartment with median pH, values of
~6.25 + 0.35 and 5.80 + 0.39, respectively, consistent with
accumulation in early/sorting endosomes, though in the
case of AES-expressing cells a minor fraction of the
transporter was also detected in more acidic vesicles
(pHy ~5.0) (Fig. 9b). At 60 min after internalization, the
WT protein was found in a more alkaline vesicular pool
(median pH, ~6.50+0.09), corresponding to the re-
cycling endosomal compartment, whereas the bulk of
the AES mutant protein accumulated in a very acidic
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compartment (pH, ~ 5.37 + 0.25) (Fig. 9c) more consist-
ent with late endosomes and lysosomes, suggesting that
its” alkalinizing function was compromised. As a control,
we also measured the luminal pH of recycling endosomes
in untransfected AP-1 cells using FITC-conjugated Tf as a
pH-sensitive probe. After 30 min of internalization, the
pH, was 6.26 £ 0.14 (mean + S.E.M., n=4) and remained
at that level after 60 min (Additional file 1: Figure S6).
These values are intermediate between those obtained for
the WT- and AES-transfected cells. Collectively, these
data further confirm an important role for NHE6 in the
late-phase alkalinization of recycling endosomes.

NHE6 AES expression enhances apoptosis in AP-1 cells

During the course of these studies, we noted that the
morphology of a signficant proportion of AP-1 cells
expressing the AES mutant appeared smaller, more
rounded, showed surface blebbing and exhibited exten-
sive loss of filamentous actin stress fibers (Fig. 10a,
Additional file 1: Figure S5), all features consistent with
cells undergoing apoptosis [70-72]. To examine this
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Fig. 9 Over-acidification of endosomes containing NHE6 AES. AP-1 cells were transiently transfected with sgNHE6, WT and AES and endosomal
delivery was assessed 36 h post-transfection. Anti-Flag M2 primary and FITC-conjugated Fab secondary antibodies were bound to live cells for 1 h
on ice. The temperature was raised to 37 °C for 30 or 60 min and endosomal pH was measured by fluorescence ratio imaging (FRIA). a In situ
calibration of FITC fluorescence as a function of vesicular pH was performed by clamping the vesicular pH between 4 and 7.5 as described in
“Methods”. b Measurement of vesicular pH as a function of time upon internalization of 3gNHE6,, WT and AES. The pH values represent the
mean + S.EM. and the number of vesicles (~250 to 1000 vesicles) analyzed from a representative experiment are shown. ¢ Graphical plot of the
median vesicular pH as a function of time derived from four experiments (mean + S.EM.)
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Fig. 10 Expression of NHE6 AES enhances apoptosis in AP-1 cells. a Confocal microscopy of fixed AP-1 cells expressing sgNHE6V1 44 WT (upper
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(48 h) of GFP, NHE6V1cep WT or AES in AP-1 cells. Representative immunoblot probed with a polyclonal anti-GFP antibody (a-GFPg). € Flow
cytometry analysis of AP-1 cells transfected with GFP alone, NHE6gr» WT or AES. Forty-eight hours after transfection, cells were labeled with
Annexin V-APC and propidium iodide (Pl) and 10* GFP-positive cells were examined by flow cytometry for each transfectant. Annexin V- and

PI- double negative cells represent viable cells. Cells taking up only PI (Pl+) are indicative of dead cells; Annexin V+ positive cells indicate early
apoptotic cells whereas Annexin V+ and Pl+ double positive cells represent late apoptotic cells. Results are shown as mean + S.EM. of eight
independent experiments. Significance was determined using a paired two-tailed Student t-test, **p < 0.01. d AP-1 cells transiently expressing
GFP alone, NHE66rp WT or AES were isolated by cell sorting and then assayed for caspase 3/7 activity as described in “Materials and Methods".
Data were normalized to values for GFP-expressing cells and displayed as mean + S.EM. of four independent experiments, each done in triplicate.
Significance was determined using a paired two-tailed Student t-test, *p < 0.05
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possibility, AP-1 cells were transfected with GFP as a
control, GFP-tagged NHE6v1 WT or AES (Fig. 10b).
Forty-eight hours post-transfection, the cells were
incubated in the presence of the fluorescent annexin V-
allophycocyanin conjugate (Annexin V-APC) and propi-
dium iodide (PI) and analyzed by flow cytometry to
determine the fraction of apoptotic cells. Annexin V is a
Ca**-dependent phospholipid-binding protein with high
affinity for phosphatidylserine which is normally present
in the inner leaflet of the plasma membrane [73]. Propi-
dium iodide is a fluorescent molecule whose signal is
enhanced 20- to 30-fold upon binding to double-
stranded DNA and RNA but generally cannot cross the
intact plasma membrane of viable cells. During the early
stages of apoptosis, phosphatidylserine is translocated to
the outer leaflet of the plasma membrane, where it is
now accessible for binding to an Annexin V-APC probe.
However, the integrity of the plasma membrane at this
stage is maintained, so PI cannot penetrate inside the
cells. As such, Annexin V-APC positive and PI negative
cells are considered to be early apoptotic. In the later
stages of apoptosis, as well as in necrosis (unregulated
cell death) or necroptosis (programmed necrosis) [74],
the plasma membrane becomes leaky, allowing PI to
enter the cells and to bind to nucleic acids, so Annexin
V-APC/PI-double positive cells are late apoptotic or
necrotic, whereas Pl-only positive cells are considered
necrotic [75]. GFP-positive cells (10* cells per experi-
ment) were analyzed and a significantly higher propor-
tion of early and late apoptotic cells were detected
among the AES-expressing cells compared to cells ex-
pressing wild-type NHE6gpp (Fig. 10c). To further sub-
stantiate the activation of an apoptotic pathway, which is
defined as a caspase-dependent form of regulated cell
death [76, 77], we measured caspase 3 and 7 activity
using the luminescent Caspase-Glo® 3/7 assay from Pro-
mega. To this end, GFP-positive AP-1 cells transiently
expressing GFP, NHE6grp WT or AES were isolated
by fluorescence-activated cell sorting (FACS) 24 h
post-transfection and grown for an additional 24 h.
As shown in Fig. 10d, the activation of caspase 3 and
7 is significantly higher (~3-fold) in cells expressing
the NHE6gpp-AES mutant compared to GFP or
NHE6¢gpp-WT, consistent with the flow cytometry
analyses.

The distribution of the NHE6AES mutant is altered in
primary mouse hippocampal neurons

The above results show that NHE6AES is mislocalized
in non-neuronal cells. To investigate whether the subcel-
lular distribution of the mutant protein is similarly
altered in neurons, primary cultures of differentiated
hippocampal pyramidal neurons (10-12 days in vitro,
DIV) prepared from C57BL/6 mice were transfected
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with GFP alone or GFP and either fluorescent mCherry
(ChFP)-tagged constructs of NHE6 WT or AES
(NHE6cppp-WT and NHE6¢Lpp-AES, respectively) and
visualized by confocal microscopy after 48 h. Following
fixation and mounting, multiple z-stack optical sections
of 300-500 nm were taken and frame averaged 3X at
low resolution or line-averaged 2X at high resolution to
improve the signal-to-noise ratio. Images were then
deconvolved by using a full maximum likelihood ex-
trapolation algorithm Huygens deconvolution software
(SVI), and 3D images were compiled as maximum inten-
sity projections using Imaris software (Bitplane AG). As
shown in Fig. 1la, representative neurons expressing
control GFP alone or GFP and NHE6¢,pp-WT exhibited
extensive dendritic arborization, whereas those express-
ing GFP and NHE6¢npp-AES displayed an apparent
reduction in higher-order dendritic branching, though
the number of primary dendrites (originating from the
soma) was similar to controls (GFP: 5.67 +0.95; WT:
4.86 +£0.59; AES: 4.14 +0.44; p >0.05). Using Filament-
Tracer Imaris software, there were significant reductions
in total dendritic length, surface area and number of
branch points of the neurons expressing NHE6¢y,pp-AES
(~50 % for each parameter; p <0.01 one-way ANOVA
followed by a Tukey test) compared to control GFP or
GFP and NHE6cppp-WT (Fig. 11b-d).

To investigate the vesicular nature of the NHE6-
positive puncta, dual labelling experiments were per-
formed using Tf-AF®®*® to mark recycling endosomes.
Visual analysis revealed that within the soma, the signals
for NHE6 WT closely overlapped with those for Tf-
AF®®?, though this spatial relationship diminished
markedly for the AES mutant (Fig. 12a). Quantitative
calculation of the Mander’s overlap coefficient M1-M2
indicated that the degree of colocalization was sig-
nificantly reduced for the AES mutant compared to WT
(i.e., M1; WT-Tf, 51.9 % + 5.1, versus AES-Tf, 35.0 % *
4.4, p<0.05 M2; TEWT, 78.7 % +2.7 versus Tf-AES,
44.6 % + 1.7, p<0.01) (Fig. 12b). These data suggest that
the AES mutant is being partitioned away from the
recycling endosomal pool, results consistent with those
obtained for AP-1 cells.

Given the above observations, we next investigated the
viability of the primary neurons transiently expressing
GFP alone, NHE6cpp-WT or NHE6cpp-AES by immu-
nolabelling for the activated, cleaved form of caspase-3
(caspase-3 (Aspl75); cCASP3) as a convenient indicator
of apoptotic cell death. As shown in Fig. 13, the per-
centage of neurons expressing GFP alone or GFP and
NHE6cLep-WT that co-stained for cCASP3 was low in
each case (~ <20 %), whereas the percentage of trans-
fected cells expressing NHE6cy,rp-AES that were positive
for cCASP3 increased 3-fold, indicative of pronounced
cell death.
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Tukey post-hoc test. Scale bar: 60 um
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Fig. 11 Expression of NHEGAES decreases the complexity of dendritic arborisation in primary hippocampal neurons. a Confocal images of mouse
primary hippocampal neurons transfected with cytosolic GFP alone or co-transfected with GFP and monomeric cherry fluorescent protein-tagged
NHE6 (NHE6cep) WT or AES. Forty-eight h post-transfection, cells were fixed in 4 % paraformaldehyde, mounted onto glass slides, and examined
by confocal microscopy. Images show each channel individually. b-d Quantification of parameters related to neuronal branching, including the
sums of total dendritic length (b) and area (c), as well as the total number of branch points per cell (d), using the FilamentTracer plug-in
module from Imaris Software. Transfection of NHE6crp-AES appeared to reduce the extent of neuronal arborisation, as can be discerned
from the representative images in a. Data from four experiments is represented as mean + S.EM. values. *: p <0.01, one-way ANOVA with
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Discussion

Patients with CS possess a spectrum of core and second-
ary clinical symptoms [1, 3, 8, 9], the variability of which
may depend on the severity of the mutation in NHE6,
functional overlap with other pH-regulating solute car-
rier proteins, or genetic-modifier effects. In the present
study, we examined in detail the molecular and cellular
consequences of one of the originally identified CS mu-
tations that causes an in-frame deletion of two highly
conserved amino acids in the predicted seventh trans-
membrane helix of the transporter, using the longest
splice-variant as a template (ie, NHE6vIAZ®ES*9),
Compared to the WT protein, excision of these two resi-
dues markedly reduced its rate of post-translational mat-
uration to complex oligosaccharides, as revealed by a
greater accumulation of its core-glycosylated form rela-
tive to the total AES population in transient transfection
assays in both fibroblastic and neuroblastoma cell lines.
This correlated with a significant reduction (~10-fold) in
its half-life compared to WT, effects that could be
partially prevented by inhibitors of both proteasomal-
and lysosomal-mediated proteolysis; indicative of
processing via the endoplasmic reticulum (i.e., ERAD)
and peripheral (i.e., ESCRT) quality control pathways,

respectively. Activation of ERAD indicates that newly
synthesized mutant proteins have an increased propen-
sity to misfold and undergo multi-monoubiquitination
or polyubiquitination and retrotranslocation from the
ER to the cytoplasm for degradation by the proteasome
[51, 52]. Consistent with this notion, the overall state of
ubiquitination of the AES mutant was significantly
elevated (~13-fold) compared to WT. By light micros-
copy, there was limited accumulation of the mutant pro-
tein in the ER, suggesting that the ERAD system was not
overly saturated due to ectopic expression under our
experimental conditions and could adequately handle
the misfolded mutated proteins. The remaining fraction
of mutated NHE6, however, was able to undergo pos-
ttranslational modification and assembly as a fully-
glycosylated homodimer and, furthermore, was delivered
correctly to the plasma membrane. However, upon
internalization, the AES mutant was redirected away
from the recycling endosomal compartment as it showed
minor overlap with markers of recycling endosomes
(transferrin) and early endosomes (i.e., EEA1), and in-
stead accumulated in Rab7-associated late endosomes/
multivesicular bodies prior to degradation in lysosomes.
Consistent with the microscopic evidence, degradation



llie et al. Molecular Neurodegeneration (2016) 11:63

Page 22 of 28

NH E_6_E hrr.'wT_ .

NHES,,,-AES

TRAF®

<

2 0.8
‘2’!.

=T

8o 0.6-

o5

n @

5< 04
g‘-—-'

(EU 0.2' M1

merged images of the NHE6ep and TFAF®®

Student’s t-test, two-tailed. Scale bar: 10 um

WT-Tf Tf-WT AES-Tf Tf-AES
Fig. 12 Expression of NHEGAES causes a reduction in transferrin uptake and colocalization in primary hippocampal neurons. a Confocal images of
the cell bodies of primary hippocampal neurons transfected with GFP (green) and NHE6¢,ep WT or AES (red) and incubated with Alexa Fluor
transferrin (TF-AF®) (pseudo-coloured blue) to assess endocytotic transferrin uptake and colocalization. Images show each channel individually, with
channels. b Quantitative summary of mean + SEM. thresholded Mander's coefficients, a measure of
colocalization, between Tf-AF®*® and NHE6¢» from four experiments. By the Mander's coefficient, the majority of TF-AF®*® was colocalized with
NHE6cHep WT than the inverse. The degree of colocalization was decreased with the NHE6¢p AES mutant. *: p < 0.0001; **: p < 0.05, independent
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of this population of transporters could be partly attenu-
ated by lysosomal inhibitors. These findings are compar-
able to the lysosomal degradation of other misfolded
plasma membrane proteins that escape the ERAD path-
way, such as certain mutant Cl~ channels (ie., cystic
fibrosis transmembrane regulator, CFTR) responsible for
cystic fibrosis [78, 79] and defective K* channels (i.e.,
human ether-a-go-go-related, hERG) that cause long QT
syndrome 2 [80], and highlight the importance of a
secondary peripheral quality control mechanism to elim-
inate the accumulation of improperly folded proteins.
These findings partially corroborate those of an earlier
study that showed that the analogous mutation in the
shorter NHE6v2 splice-variant (i.e., A*°ES*®) also
caused the protein to be highly unstable and rapidly
degraded by the proteasome and lysosome [43]. How-
ever, in this latter study, the GFP-tagged WT and
A°ES*® proteins were detected as single ~70 kDa

bands by Western blotting which is considerably smaller
than its predicted molecular mass of ~100 kDa, and
unlike the multiple core- and fully-glycosylated mono-
mers and dimers detected in the present study using the
longer NHE6v1 variant. Moreover, the GFP-tagged
NHE6v2-A*>°ES®*® protein accumulated mainly in the
endoplasmic reticulum, with only a minor fraction de-
tected in early endosomes but not recycling endosomes.
The basis for these differences is unclear, but may relate
to technical variances or the biochemical natures of the
respective splice-variants.

Aside from the intrinsic instability of the NHE6v1-
AES protein, its rate of internalization from the cell
surface of AP-1 cells was also significantly reduced
compared to its WT counterpart. By microscopy, AES-
expressing AP-1 cells showed visibly reduced uptake and
accumulation of fluorescently-labelled Tf compared to
neighboring untransfected cells. Comparable results
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Fig. 13 Expression of NHEGAES induces apoptotic cell death of primary hippocampal neurons. a Representative confocal images of primary
hippocampal neurons transfected with cytosolic GFP alone or GFP co-transfected with either NHE6crp-WT or NHE6prp-AES. Forty-eight h
post-transfection, cells were fixed, permeabilized, blocked, and assessed for apoptosis by immunostaining for cleaved caspase-3 (cCASP3, blue).
For each transfection condition, an overview is presented of the entire transfected neuron with the GFP, ChFP, and cCASP3 channels merged
(middle panels) with higher magnification cut-away images of the area around the cell soma (indicated by the white square) with each channel
displayed separately (right panels). For the co-transfected cells, the signals for the ChFP-tagged NHE6 constructs are also shown separately (left
panels). As noted in the images, cCASP3 was also detected in nontransfected cells, which could include not only neurons, but also astrocytes and
glia. Hence, to estimate the background level of apoptotic cells per field of view, companion cultures in each preparation were fixed, permeabilized
and immunolabelled for cCASP3 and stained with propidium iodide to mark the nuclei in order to calculate total cell density/field of view. Under each
treatment condition, the average number of cells per field of view ranged from 350 to 400 and the percentage of apoptotic cells per field of view for
GFP, GFP 4+ NHE6ep-WT or GFP + NHE6ep-AES was 9.8 % +0.7,9.7 % + 1.0 and 9.1 % + 0.8 (mean + SEM), respectively. Hence, ~10 % of the cells in
the background were apoptotic under each condition. b Quantitative representation of the percentages of cCASP3-positive (cCASP3+) neurons of
examined GFP or GFP- and NHE6q¢p transfected cells within each condition for four separate experiments. Data are presented as the mean + SEM.
(total transfected cells examined ranged from 21-25 cells per condition). Compared to transfection with GFP alone or GFP + NHE6¢p-WT, significantly
more neurons transfected with GFP + NHE6¢ep-AES were cCASP3-positive. *: p < 0.01, one-way ANOVA with Tukey post-hoc test. Scale bar: whole cell
images, 60 um; high magnification images, 10 pm

were also obtained in HeLa cells using a flow cytometry- latter difference was not statistically significant. One
based assay where the net uptake of the labelled Tf-TfR  possibility for the apparent lack of a strong dominant-
complex was significantly lower in AES compared to negative effect of the AES mutant in HeLa cells
WT transfected cells, and slightly lower that values compared to AP-1 cells is that its level of expression
obtained for GFP-transfected control cells, though the might not be sufficient to completely suppress the
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actions of the endogenous NHE6 WT transporter, which
is well expressed in HeLa cells [23] but negligible in AP-
1 cells. For this reason, we also performed a siRNA
knockdown (>95 %) of NHE6 in HeLa cells to validate
its involvement in endocytosis of Tf-TfR complexes, and
indeed we observed a small, but statistically significant,
depressive effect (~23 %, Fig. 7g), consistent with earlier
findings [25]. By contrast, other clathrin-mediated cargo
such as the EGF-bound EGFR was unaffected. The mo-
lecular basis for the differential regulation of clathrin-
dependent cargo by NHE6 is unknown, but may relate
to the recruitment of different endocytic adaptor pro-
teins and associated accessory proteins. Unlike the acti-
vated Tf-TfR which is highly dependent on the AP2
adaptor complex for internalization [81], the EGF-EGFR
is less restricted and can bind to AP2 as well as alternate
endocytic adaptors such as epsin-1 [82] and Grb2 [83,
84] and then is preferentially sorted to the lysosome for
degradation. Hence, NHE6 appears to play a role in the
endocytosis of a discrete subpopulation of clathrin-
dependent cargo that is preferentially targeted to recyc-
ling endosomes in HeLa cells and presumably other cell
types as well. In addition, we found that overexpression
of NHE6 WT, but not AES, also increased the abun-
dance of TfR at the plasma membrane. Based on these
data, we propose that NHE6 elevates the net uptake of
Tf not only by enhancing endocytosis but also in part by
promoting the exocytosis and steady-state cell surface
abundance of the TfR, and that this upregulation is
deficient in cells expressing the AES mutant.

The deficit in Tf uptake in AES-expressing cells also
correlated with aberrant over-acidification of endosomes
relative to those in WT-expressing cells. Using an
immunological-based approach that selectively targeted
a pH-sensitive fluorescent probe to the lumen of NHE6-
containing vesicles in AP-1 cells, we found that WT-
containing vesicles initially acidified (i.e., pH, ~6.25+
0.35) followed by a gradual alkalization (i.e., pH, ~6.50
+0.09) over a 60 min period. This biphasic pH fluctu-
ation is consistent with previous reports of pH transients
along the recycling endosomal pathway [85-87]. By
contrast, the AES-containing vesicles became progres-
sively more acidic throughout the measurement period
(i.e., pHy ~5.37 £ 0.25). This suggests that the catalytic
activity of the mutant was compromised and unable to
counter the H" influx driven by the vacuolar H"-ATPase,
resulting in a net increase in the luminal H" concentra-
tion. This loss-of-function is perhaps not unexpected as
mutation of the analogous glutamate residue (i.e., E262)
in the plasmalemmal-type NHE1 isoform was also found
to significantly decrease its total cellular and plasma
membrane abundance as well as intrinsic catalytic activ-
ity (~20 % of wild-type activity) [88]. Thus, this glutam-
ate residue is critical not only for protein stability, but
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also for its catalytic activity. The increased endosomal
acidification would also be consistent with the partition-
ing of AES-containing vesicles and any associated cargo
towards the endo-lysosomal degradative pathway.

Acidification has long been recognized as an import-
ant determinant of vesicular biogenesis, trafficking and
function [67, 86, 87, 89]. While the roles of acidification
on enzymatic processing of proteins along the secretory
and degradative pathways are well appreciated, the pre-
cise mechanisms by which intraorganellar pH is sensed
and transmitted to the cytoplasmic molecular machinery
that controls vesicular events such as budding, coat
formation, sorting and fusion are less well understood.
However, emerging evidence indicates that endosomal
pH-regulators themselves can serve as both pH-sensors
and scaffolds to recruit components of the vesicular
trafficking machinery. Recent studies by Marshansky
and colleagues [90, 91] have shown that two distinct
subunits of the transmembrane V, complex of the
vacuolar H*-ATPase, the ¢- and a2-subunits, directly re-
cruit the small GTPase Arf6 (ADP-ribosylation factor 6)
and its associated guanine nucleotide exchange factor
ARNO (ADP-ribosylation factor nucleotide site opener),
respectively, in an intra-endosomal pH-dependent man-
ner; interactions that are critical for endosomal trafficking
between the early and late endosomal compartments. This
process is seemingly selective, as it does not appear to in-
fluence membrane trafficking along the recycling endoso-
mal pathway. This is intriguing, but unexpected, since
previous findings had also linked Arf6 to the recycling
pathway [92-94]. This suggests that other endosomal pH-
regulatory transporters, such as NHE6, may play a more
prominent role in directing vesicular trafficking along the
recycling endosomal pathway and that this process is im-
paired in the AES-expressing cells.

In addition to disrupting recycling endosomal pH and
trafficking, we found that expression of the NHE6 AES
mutant in AP-1 cells elicited morphological and bio-
chemical changes symptomatic of programmed’apopto-
tic’ cell death [95, 96], as revealed by (1) disassembly of
the filamentous actin network accompanied by cell
rounding and retraction, (2) plasma membrane blebbing,
phospholipid flipping (i.e., external exposure of phospha-
tidylserine) and permeabilization, and (3) elevated activ-
ities of caspases 3 and 7. Similarly, ectopic expression of
AES in primary hippocampal neurons showed aberrant
subcellular distribution of AES-containing endosomes
and pronounced neurodegeneration, as manifested by
significantly reduced dendritic length, surface area and
number of secondary branch points as well as increased
activation of caspase 3; features consistent with regu-
lated cell death [97]. These observations complement
earlier in vitro studies showing that manipulations that
disrupt the molecular machinery involved in recycling
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endosomal trafficking at dendritic spines of hippocampal
neurons also cause pronounced morphological changes,
including decreased dendritic spine size and density and
impair long-term potentiation [98, 99]. Indeed, we have
recently shown that NHE6 exhibits a high degree of
colocalization with vesicles containing the glutamatergic
AMPA GluAl-containing receptor in dendrites and
dendritic spines of hippocampal neurons, suggestive of a
role for NHE6-containing vesicles in synapse formation,
maturation, and plasticity [27].

The above findings are also consistent with in vivo
observations of progressive neurodegeneration in NHE6
null mice [26, 28] and Christianson syndrome patients
[1, 3, 8, 9]. In the null mouse model, both mutant male
(Nhe6™) and homozygous female (Nhe6~) knockout
mice exhibit impaired endo-lysosomal function (i.e.,
aberrant accumulation of GM2 ganglioside and choles-
terol) in subpopulations of neurons within the amygdala,
hippocampus, hypothalamus and cerebral cortex as well
as pronounced formation of axonal spheroids and
degeneration of cerebellar Purkinje cells, features typical
of many lysosomal storage diseases [26, 100]. Further-
more, hippocampal and cortical pyramidal neurons of
Nhe6 knockout mice examined in vivo and in vitro
displayed morphological and functional abnormalities
typified by enhanced endosomal acidification, reduced
axonal and dendritic arborization, decreased synapse
density and maturation, and impaired circuit activity [28].
These changes correlated with marked decreases in the
levels of total and phospho-activated forms of the neuro-
trophin receptor TrkB, effects that could be largely
mitigated by pharmacological inhibitors of lysosomal pro-
teolysis or by chronic incubation with the exogenous TrkB
ligand BDNF [28]. Moreover, immunohistochemical stain-
ing revealed substantial colocalization of NHE6 and TrkB
in endosomes in the perinuclear region and along growing
axons and dendrites of hippocampal neurons. Thus, loss
of NHE6 was proposed to lead to excess degradation of
the TrkB receptor (and possibly neurotransmitter recep-
tors such as AMPAR) and attenuation of downstream sig-
nalling due to over-acidification of the endosome
compartment and sorting to lysosomes. Impairment in
TrkB signaling has also been implicated in the develop-
ment of Angelman Syndrome [101], a disorder that bears
many features in common with Christianson Syndrome
[8]. Hence, these findings suggest that disruption of endo-
somal trafficking that promotes neurotrophin receptor-
mediated prosurvival signals (e.g., via TrkB) [31, 102—104]
may shift the balance towards neurotrophin receptor-
mediated proapoptotic signals (e.g,, via p75™ " ~) [105-108]
leading to neuronal cell death. Analogous perturbations
of plasma membrane/endomembrane-triggered signal-
ling pathways may also apply in non-neuronal cells ex-
pressing the NHE6-AES mutant when the equilibrium
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between prosurvival growth factor receptors and proa-
poptotic death- or dependence-receptors is chronically
perturbed [109-112].

While loss of NHE6 function may disrupt trophic or
activity-dependent survival signals leading to cell deteri-
oration and death, ER stress [113] may also be another
important factor that reduces cell function and viability
in cells possessing the AES mutant. The mutant protein
might trigger the unfolded protein response (UPR), an
intricate homeostatic process that results in the arrest of
general protein translation, while simultaneously per-
mitting enhanced production of molecular chaperones
involved in protein folding, and increased protein po-
lyubiquitination and export of misfolded proteins to the
cytoplasm for proteasome-mediated degradation [114, 115].
Consistent with this process, the AES mutant is highly
ubiquitinated and its degradation can be partly blocked by
proteasomal inhibitors. However, like many neurodegenera-
tive diseases that arise from prolonged impaired protein
folding, such as Alzheimer’s, Parkinson’s and Hunting-
ton’s disease, the UPR is not always sufficient to rescue
the cell and apoptosis will be induced. Prolonged ER
stress is known to activate several kinases, including
glycogen synthase kinase-3f [116] and inositol-
requiring kinase 1 (IRE1) which activates apoptosis
signal-regulating kinase 1 (ASK1) that, in turn, stimu-
lates c-Jun N-terminal kinase (JNK) [113, 117], ultim-
ately leading to caspase activation and cell death. Post-
mitotic neurons are especially susceptible to ER stress,
as they are not protected from the accumulation of
misfolded proteins through the dilution of the ER fol-
lowing cell division [118]. This may also account for the
higher percentage of cell death observed in AES-
transfected primary hippocampal neurons (ie., 60 %)
compared to immortalized AP-1 fibroblastic cells (ie.,
~30 %), at least under our experimental conditions.

Conclusions

To conclude, our results provide new insight into the
molecular mechanisms by which disruption of NHE6
activity impairs recycling endosomal trafficking and
promotes neurodegeneration in the context of CS. These
analyses provide a framework for future investigations of
other NHE6 mutations and potential avenues for thera-
peutic interventions aimed at modulating the trafficking
of NHE6-dependent recycling endosomal cargo, such as
TrkB and AMPAR, thereby mitigating cell dysfunction
and damage in CS. These findings may also be relevant
to our understanding of other neurodevelopmental or
neurodegenerative disorders such as autism [119-123],
fragile X syndrome [124, 125] and Alzheimer’s disease
[126] where aberrations in recycling endosomal-associated
cargo and signaling events have been implicated as
contributing factors.
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1. Introduction

Christianson Syndrome (CS; OMIM 300243) is a rare but increas-
ingly diagnosed neurodevelopmental and regressive form of X-linked
intellectual disability (XLID) first described in a multigenerational
South African family in 1999 (Christianson et al., 1999). The causative
gene, SLC9A6 (solute carrier family 9, member A6), was identified at
chromosomal position Xq26.3 in 2008 and encodes the (Na*, K*)/H™
exchanger isoform 6 (also called NHE6) (Gilfillan et al., 2008). Since
then, over 50 different mutations in NHE6 have been identified
worldwide, many causing premature truncation of the protein in its N-
terminal transmembrane domain that likely results in total loss-of-
function (Gilfillan et al., 2008; Pescosolido et al., 2014) (also see sup-
plementary data Tables S1 and S2, and databases ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar/) and DECIPHER (https://decipher.
sanger.ac.uk/)). The CS population frequency is estimated to range
from 1 in 16,000 to 100,000 (Pescosolido et al., 2014), although this
may be an underestimate due to incomplete diagnoses. In addition to
significant limitations in cognitive abilities and social/behavioral
adaptive skills, all affected males lack speech despite noticeable audi-
tory perception, and most have seizures, microcephaly, ataxia, atrophy
and neuronal loss in brain regions including the cerebellum and brain
stem, and reduced life expectancy. While most female carriers are
asymptomatic, they may present with mild learning and behavioral
difficulties (Christianson et al., 1999; Masurel-Paulet et al., 2016;
Sinajon et al., 2016). Deficits in NHE6 function may also extend to
other neurodevelopmental disorders, as significantly reduced NHE6
gene expression has been described in postmortem cerebral cortex from
patients with idiopathic autism (Schwede et al., 2013); further sug-
gesting a critical role for this transporter in cognitive development.
However, the spectrum and frequency of clinical symptoms and geno-
type-phenotype correlations remain to be documented.

NHES®6 is expressed in most tissues (Fagerberg et al., 2014) but is
highest in the central nervous system (CNS), consistent with the pro-
minent neuropathologic phenotype of CS. In non-neuronal cells, it is
abundant in recycling endosomes together with the transferrin re-
ceptor (TfR) (Brett et al., 2002; Nakamura et al., 2005). Loss of NHE6
function results in excess endosomal acidification, impaired TfR traf-
ficking and dissolution of epithelial apical surface polarity (Ilie et al.,
2016; Ohgaki et al., 2010; Xinhan et al., 2011). In the CNS, NHE6 has
been extensively studied in mouse hippocampal neurons and found in
vesicles throughout the soma, dendrites and dendritic spines (i.e., the
postsynaptic compartment) that also contain glutamatergic a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)
(Deane et al., 2013) and neurotrophin tropomyosin receptor kinase B
(TRKB) (Ouyang et al., 2013). It is also present in ill-defined vesicles
along axons and at most presynaptic boutons (Deane et al., 2013;
Ouyang et al., 2013) and is linked to neuronal growth, maturation and
excitatory synaptic transmission; processes that govern memory and
learning. Indeed, loss of NHE6 function in knockout mice results in a
CS-like neuropathologic phenotype with reduced hippocampal and
cortical pyramidal neurite branching, synapse density, and circuit
function (Ouyang et al., 2013) and patterned degeneration of cere-
bellar Purkinje cells that correlate with dysfunction of the en-
dolysosomal pathway and deficits in mouse visuospatial memory and
motor coordination (Sikora et al., 2016; Stromme et al., 2011).
However, the molecular and cellular mechanisms responsible for this
disorder have yet to be fully defined. Only a few human variants
which leave the transporter intact have been studied at the molecular
and cellular levels (Ilie et al., 2016; Ilie et al., 2014; Roxrud et al.,
2009). Understanding the underlying pathobiology of CS may suggest
novel therapeutic strategies for the disease.

Herein we report on a Dutch family in which a male presented with
CS-like symptoms. Exome sequencing of the X chromosome of family
members identified a de novo variant in  NHE6
(Xq26.3:2.135080689G > A:NM_001042537.1:c.652G > A:p.Gly218
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Arg) of the affected male that results in substitution of a highly con-
served glycine at position 218 with an arginine in the transmembrane
domain of the longest splice-variant of NHE6 (i.e., NHE6v1). We in-
vestigate the effects of this mutation on the biosynthetic processing,
stability and membrane trafficking of NHE6 and its impact on en-
dosomal function and neuronal morphology. These results identify a
novel molecular pathology for organellar pH-regulating transporters
and provides further insight into the pathogenesis of this important
neurological syndrome.

2. Materials and methods
2.1. Antibodies and reagents

Mouse monoclonal anti-hemagglutinin (HA) antibody was purchased
from Covance Inc. (Berkeley, CA); rabbit polyclonal anti-HA, mouse
monoclonal anti-GAPDH, rabbit polyclonal anti-Lamp1, and rabbit mono-
clonal anti-TSG101 were obtained from Abcam Inc. (Cambridge, MA);
mouse monoclonal anti-Flag M2 antibody was from Sigma; rabbit poly-
clonal anti-GFP antibody was from Life Technologies. Rabbit polyclonal
anti-calnexin and mouse monoclonal anti-Hsp70 antibodies were from
Enzo Life Sciences, Inc. Mouse monoclonal anti-ubiquitin antibody (P4D1)
was obtained from Santa Cruz Biotechnology. Rabbit polyclonal anti-
cleaved caspase-3 (Aspl175) (cCASP3) antibody was purchased from Cell
Signaling Technology. The mEmerald GFP-tagged TGN46 was a gift from
Michael Davidson (Addgene, mEmerald-TGNP-N-10 plasmid # 54279).
Rab4-GFP, Rab5-GFP, and Rab7-GFP were a kind gift from Dr. Terry
Hébert (McGill University). Horseradish peroxidase-conjugated secondary
IgG antibodies were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA). All Alexa Fluor® conjugated secondary
antibodies were purchased from Molecular Probes (Eugene, OR). Alpha-
minimum essential medium (a-MEM), fetal bovine serum, penicillin/
streptomycin, and trypsin-EDTA were purchased from Wisent (Saint-Bruno,
QC, Canada). The DMEM/F12 medium was from Corning. All other che-
mical and reagents were obtained from BioShop Canada (Burlington, ON,
Canada), Sigma or Fisher Scientific and were of the highest grade available.

2.2. Genetic analyses

Whole-exome sequencing (WES) was performed using a trio diag-
nostic approach (proband and both parents). Genomic DNA was extracted
from blood and fragmented into 200 to 500 bp fragments by means of
Adaptive Focused Acoustics (Covaris Inc., Woburn, USA) shearing ac-
cording to the manufacturer's protocol. Exome capture was performed by
means of SureSelectXT Human all Exon v5 kit (Agilent, Santa Clara, USA)
accompanied by Illumina paired-end Sequencing library preparation, se-
quencing on the Illumina HiSEQ2500 (Illumina, San Diego,USA), gen-
erating 2 X 100 bp paired end reads with at least 70 X median coverage.
The in-house sequence analysis pipeline Modular GATK-Based Variant
Calling Pipeline (MAGPIE) (LUMC Sequencing Analysis Support Core,
LUMC) based on read alignment using Burrows-Wheeler Alignment
(BAM-MEM) (http://arxiv.org/abs/1303.3997) and variant calling using
Genome Analysis Toolkit (GATK) (McKenna et al., 2010) was used to map
FASTQ files, generate BAM files, mapping and variant calling. Reads were
aligned to human genome build GRCh37/UCSC hgl9. Variants were
annotated using variant effect predictor (VEP, Ensembl) for calling of
variants in coding regions and intron boundaries. Using variant databases
(dbSNP132, ExAC and the 1000 Genomes Project database), frequent
(> 5%) variants were excluded. LOVDplus (Leiden Genome Technology
Center, LUMC, Leiden) was used for further analysis of variants. The data
generated were deposited in the DECIPHER database (patient 368,102;
http://decipher.sanger.ac.uk) (Firth et al., 2009).

2.3. Animal procedures

All procedures for animal handling were approved by the McGill



A. Ilie et al.

University Facility Animal Care Committee (FACC) and carried out in
full compliance with the Policies and Guidelines of the Canadian
Council on Animal Care (CCACQ).

2.4. Recombinant DNA constructs and mutagenesis

The long transcript splice-variant of human NHE6 (NHE6v1; NCBI
NM_001042537) was cloned from a human brain Matchmaker™ cDNA
library (Clontech) using PCR methodology and was engineered to
contain the influenza virus hemagglutinin (HA) (YPYDVPDYAS) epi-
tope at its extreme C-terminal end as described previously (llie et al.,
2014). NHE6y, was then used as a template to engineer the G218R
missense mutation by PCR mutagenesis. The same templates was also
used to introduce a triple Flag epitope in the first extracellular loop
immediately after residue Met53 (Ilie et al., 2014). Enhanced green
fluorescent protein (GFP) and monomeric Cherry fluorescent protein
(ChFP) were also fused to the C-terminus NHE6 WT and G218R mutant.
Insertion of the different epitope tags in the various positions did not
alter the biochemical properties or cellular distribution of exogenous
NHE6 compared to the endogenous protein (Ilie et al., 2014). All con-
structs were sequenced to insure that no additional mutations were
introduced during PCR.

2.5. Cell culture

Chinese hamster ovary AP-1 and HeLa cells were cultured in a-MEM
supplemented with 10% fetal bovine serum, penicillin (100 units/ml),
streptomycin (100 pg/ml), and 25 mM NaHCOj3 (pH 7.4). Primary cul-
tures of mouse hippocampal neurons were prepared from postnatal day
(PD) 0-2 day C57BL/6 mice as described previously (Deane et al., 2013;
Ilie et al., 2014).

2.6. Western blotting

For western blot analyses, AP-1 and HeLa cells were grown in 10-cm
dishes and transiently transfected with 5ug of plasmid DNA encoding
NHE6y, wild-type or mutant constructs using Lipofectamine2000™
(Invitrogen), as described previously (llie et al., 2016).

2.7. Cell surface biotinylation

Extraction of biotinylated plasma membrane proteins was per-
formed by treating cells with the membrane-impermeable reagent N-
hydroxysulfosuccinimydyl-SS-biotin (0.5 mg/ml) (ThermoScientific,
Rockford, IL) as previously described (Ilie et al., 2016).

2.8. Isolation of extracellular membrane vesicles

AP-1 cells were grown in 15-cm dishes (5 for each construct) and
transfected with 20 pg of NHE64 WT or G218R in serum-free a-MEM
using Lipofectamine2000. Twenty-four hours after transfection, the
culture medium was collected in 50-ml Falcon tubes and centrifuged at
500 x g for 5min, then at 2000 X g for 10 min, in order to remove any
intact cells and cell debris. The supernatant resulting from these two
centrifugations was concentrated to 1.5ml using Amicon® Ultra-15
centrifugal filters with 100,000 NMWL (Nominal Molecular Weight
Limit), according to the manufacturer's instructions. This concentrated
culture medium was subjected to ultracentrifugation at 100,000 X g for
2h at 4°C to obtain the membrane fraction. The resulting pellet was
washed in 1.5ml PBS and re-centrifuged at 100,000 x g for 1.5h at
4°C. The membrane vesicle-enriched pellet was resuspended in lysis
buffer and stored at —80 °C. Total cellular lysates were also obtained by
lysing the cells of each dish in 1.5 ml lysis buffer. Protein concentrations
were measured and 40 pug of exosomal protein, along with 10 ug of total
cellular protein, were subjected to SDS-PAGE and immunoblotting with
the indicated antibodies. On average, the total protein levels of the

189

Neurobiology of Disease 121 (2019) 187-204

exosomal preparations for WT- and G218R-transfectants represented
~3-4% of the total cell lysate protein content.

For chloroquine treatment, AP-1 cells were transfected with
NHE6y4 WT or G218R in serum-free a-MEM for 10 h, then the medium
was changed to serum-free a-MEM containing no chloroquine (control
samples) or 250 uM chloroquine for 15h. Extracellular vesicles and
total cellular lysates were then obtained as described.

2.9. Neuronal DNA transfection

Primary hippocampal neuronal cultures were prepared from
C57BL/6 mice and co-transfected at 10-12 days in vitro (DIV) with GFP
and mCherry fluorescent protein (ChFP) or NHE6¢,rp WT or G218R by
calcium phosphate-mediated transfection as previously described (Ilie
et al., 2016).

2.10. Immunofluorescence confocal microscopy

AP-1 cells were cultured on fibronectin-coated 18-mm glass cover-
slips, transfected with ;pNHE6y, WT or G218R mutant, and fixed 24 h
post-transfection with 4% paraformaldehyde for 20 min at room tem-
perature. To label NHE6 present on the plasma membrane, cells were
incubated with mouse monoclonal anti-Flag antibody (1:1000) in PBS-
CM/10 mM glucose/10 mM HEPES/2% goat serum, pH7.4 for 1h at
room temperature (wash buffer), washed 4 times, and then incubated
with goat anti-mouse Alexa Fluor® 488-conjugated secondary antibody
(1:1300) for 1 h at room temperature. After extensive washes with PBS,
cells were permeabilized with 0.1% saponin/PBS for 20 min at room
temperature and then incubated with rabbit polyclonal anti-HA anti-
body (1:400) in wash buffer supplemented with 0.01% saponin at 4 °C
overnight to label the total cellular pool of NHE6. After washes with
PBS, cells were labelled with goat anti-rabbit Alexa Fluor® 568-con-
jugated secondary antibody (1:1200) for 1h at room temperature,
washed, and mounted onto glass slides.

To examine the subcellular distribution of WT and G218R mutant,
AP-1 cells were co-transfected with NHE6¢,rp WT or G218R and dif-
ferent GFP-tagged organellar markers (Rab4, Rab5, Rab7, and TGN46),
fixed and mounted 24h post-transfection. To label transferrin-con-
taining recycling endosomes, AP-1 cells transfected with NHE6¢,pp WT
or G218R for 24 h, were incubated with Alexa Fluor® 488-conjugated
transferrin (Tf-AF*®®) for 45 min in serum-free a-MEM, washed, fixed,
and mounted. To visualize the ER and lysosomes, AP-1 cells expressing
NHE6¢rp WT or G218R were fixed 24 h after transfection and labelled
with rabbit polyclonal anti-calnexin or anti-Lampl primary antibodies,
respectively, followed by goat anti-rabbit Alexa Fluor® 488-conjugated
secondary antibodies, washed, and mounted. Cells were examined by
laser scanning confocal microscopy using the ZEN software of a Zeiss
LSM 780 microscope equipped with a PMT detector, with images ac-
quired using a 63 X /1.4 NA oil immersion objective lens.

Mounted primary hippocampal cultures were imaged using a Leica
SP2 confocal microscope. Images were acquired using 40 x and 63 X
HCXPL APO oil-immersion objectives (NAs 1.25 and 1.4, respectively).
GFP was imaged using a 488 nm Ar laser line; mCherry was imaged
using a 543 nm HeNe laser line, and DyLight 649 was imaged using the
633 nm HeNe laser line. Channels were acquired sequentially to prevent
spectral overlap of fluorophores. Optical sections of 300-500 nm were
taken and frame averaged 3 X at low resolution or line-averaged 2 X at
high resolution to improve the signal-to-noise ratio. Images were first
deconvolved using Huygen's Essential software by using a full max-
imum likelihood extrapolation algorithm (Scientific Volume Imaging),
and 3D images were compiled as maximum intensity projections using
Imaris software (Bitplane Ag).

Topographical order of neuronal morphology was performed on 3D
confocal images of primary hippocampal neurons prepared from C57BL/
6 mice. Images were analyzed using the FilamentTracer program
(Bitplane AG, Zurich, Switzerland), which semi-automatically detects 3D
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neuronal GFP-labelled filament structures and calculates parameters
such as the number of branch points, total dendrite length and area.

2.11. Measurement of endosomal pH

AP-1 cells for grown overnight on FluoroDishes™ (World Precision
Instruments, Inc.) coated with fibronectin/PBS (2 pug/ml, for 2-4h at
37 °C). Cells were transfected with 1 ug/dish of NHE6v1 (WT or G218R)
containing pHluorin2 in the first extracellular loop (inserted at amino
acid position M53) (,z,NHE6V1) using Lipofectamine2000 reagent ac-
cording to the manufacturer's instructions. Twenty-four h after trans-
fection, cells were incubated for 5h with 100 ug/ml cycloheximide in
complete medium. Before imaging, cells were switched to COs-in-
dependent medium. Vesicular pH was measured by single-cell fluores-
cence ratiometric imaging analysis (FRIA) at 37 °C, using a Zeiss LSM
780 confocal microscope, equipped with a PMT detector. Images were
acquired with a 63 X /1.4 NA oil immersion objective lens by sequential
line scanning at 405 and 488 excitation wavelengths, with emission set
at 500-550 for both channels. All cells were imaged in a heated
chamber (37 °C) at 3 X zoom, while the laser power, resolution, speed
of scanning, digital gain and offset, pinhole opening and line averaging
were identical for both channels. Average intensities of fluorescent
puncta (0.3 to 3um in diameter) were obtained for both the 405 and
488 channels using the MetaXpress software (Molecular Devices,
Downingtown, PA) and 488/405 ratios were calculated. Calibration
curves of fluorescence as a function of vesicular pH were performed in
situ in AP-1 cells expressing ,noNHE6v1 WT by clamping the vesicular
pH between 5 and 7.8 in K" -rich medium (135 mM KCl, 10 mM NaCl,
20 mM Hepes or 20 mM MES, 1 mM MgCl,, and 0.1 mM CaCl,) with
10 uM nigericin, 10 pM monensin, 0.4 uM bafilomycin and 20 uM car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP) and recording the
488/405 fluorescence ratios, as described above. The calibration curves
and Gaussian distributions of vesicular pH values were plotted with
OriginPro 8 software (OriginLab, Northampton, MA).

2.12. Flow cytometry

To measure transferrin uptake by flow cytometry, HeLa cells were
transfected with GFP alone, NHE6gpp WT or G218R mutant using
FuGene6 (Promega). Twenty-four h after transfection, the cells were
serum-depleted for 2h, and then incubated with Alexa Fluor® 633-
conjugated transferrin (Tf-AF®*3, 10 ug/ml) for 5 min at 37 °C, followed
by washes to remove unbound transferrin. Cells were detached from the
plates by trypsinization and 5 pl of the cell viability dye 7-amino-acti-
nomycin D (7-AAD, eBioscience) was added to each cell suspension.
Cells were analyzed by flow cytometry using a FACS Aria Sorter (Becton
Dickinson, San Jose, CA). A gate was set around the GFP-positive cells
and the amount of Tf-AF®®? taken up by 10* GFP-expressing live cells
(i.e., 7-AAD negative) was measured using the BD FACS Diva software.

2.13. Statistical analyses

The data represent the mean = the standard error of the mean
(S.E.) and statistical analyses were performed by using the Student's t-
test or a one-way analysis of variance (ANOVA) followed by suitable
post-hoc tests as indicated (Tukey, Bonferroni, or Dunns). A minimum
p-value of < 0.05 was considered significant.

3. Results
3.1. Clinical features

The affected male patient, now 22 years of age, was the second child
born to non-consanguineous healthy parents of Dutch origin. He also

has a healthy older sister (24 years old). The proband displayed many
core symptoms ascribed to CS, including severe intellectual disability,
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epilepsy, absence of verbal communication, happy demeanor, micro-
cephaly, slender physique, truncal ataxia and hyperactivity. Several
common secondary symptoms were also evident, including autism-like
behaviors, ophthalmoplegia, flexed arms, sleep disturbances, low
weight, excessive drooling and incontinence; however, motor regres-
sion that often manifests after the first decade of life in CS children with
complete NHE6 loss-of-function was not apparent. A more complete
clinical description and list of symptoms compared to a subset of other
CS families (where comparable clinical information was available) is
presented in supplementary Table S1.

3.2. Mutation analyses

Extensive genetic analyses were performed, including single nu-
cleotide polymorphism (SNP)-array analysis, methylation analysis of
the Angelman/Prader-Willi region, sequencing of the UBE3A- and
SLC6A8-gene, all without abnormalities. Trio-based whole-exome se-
quencing revealed two hemizygous missense variants, one in FGDI
(FYVE, RhoGEF and PH domain-containing protein 1)
(Xp11.22:2.54492214A > G:NM_004463.2:c.1412T > C:p.Val471
Ala) and one in SLC9A6/NHE6  (Xq26.3:2.135080689G

> A:NM_001042537.1:c.652G > A:p.Gly218Arg). The FGD1 variant
was present in the mother, while the sister was not tested for this
variant. Mutations in FGDI are linked to Aarskog-Scott syndrome
(OMIM 300546), also known as faciogenital dysplasia, but the proband
did not exhibit clinical features characteristic of this disorder, sug-
gesting the variant is benign. By contrast, the NHE6 variant was not
present in the mother or sister, indicating it was unique to the proband
and arose by de novo mutation (Fig. 1A). This Gly residue is in the
predicted 5th membrane-spanning segment (M5) of NHE6 and is con-
served in all human NHE paralogs (Fig. 1B) and NHE6 orthologs from
mammals to fruit flies (Supplementary Fig. S1), and hence likely es-
sential for function. Human NHE6 undergoes alternate splicing at its 5’
untranslated sequence and coding region to generate at least four dis-
tinct cytoplasmic mRNAs (NHE6v1 to v4), of which NHE6v1l (701
amino acids, NCBI NM_001042537.1) encodes the longest transcript.
The mutation that would be present in all splice variants. The relative
abundances and functional differences, if any, between the splice var-
iants are unknown. A list of other documented NHE6 variants (mis-
sense, frameshift, nonsense, in-frame deletions, and splice-site variants)
linked to Christianson Syndrome are tabulated in supplementary Table
S2.

3.3. Structural homology modelling of NHE6

To gain insight into the possible significance of Gly218 for structure
and function, we performed homology modelling of homo sapien
NHE6v1 (HsNHE6v1) using the high-resolution crystal structures of
distantly-related bacterial Na*/H* antiporters (15-20% identity;
27-29% similarity), an approach that has been instructive in validating
the tertiary conformation of HsNHE1 (Landau et al., 2007; Nygaard
et al., 2011). Swiss-Model software was used to generate a 3D structural
model of the N-terminal transmembrane region (encompassing residues
74-540) of HsNHE6v1. Its sequence was threaded onto the outward-
facing conformation of the Thermus thermophilus NapA (TtNapA)
structure (Protein Data Bank accession code 5bz3.1.A; 2.30 /1’\, 15%
identity, 27% similarity) (Coincon et al., 2016), which provided the
broadest coverage, highest resolution, and best spatial fit among crys-
tallized bacterial Na*/H™ antiporters. An alignment of the two se-
quences is presented in Supplementary Fig. S2A and the resulting the-
oretical 3D structure of monomeric HsNHE6v1 (N.B., mammalian and
bacterial Na*/H™ exchangers/antiporters assemble as homodimers) is
shown in Fig. 1C. In this model, the alpha carbon atoms of Gly218 and
Arg457 are separated by ~5 A (Fig. 1D). Conservation of these closely
packed residues in all mammalian NHEs (Supplementary Fig. S2B) and
bacterial antiporters TtNapA (Gly94 and Lys305) and EcNhaA (Gly104
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Fig. 1. Identification of a de novo missense mutation in SLC9A6/NHES6 in a patient with Christianson Syndrome. A, Family pedigree and description of a de novo
missense mutation (c.652G > A: p.Gly218Arg) (G218R) in the longest splice variant (v1) of SLC9A6/NHES6. B, Schematic planar drawing of the predicted membrane
topology of mammalian NHE6v1 based on comparisons of the proposed transmembrane topology of NHE1 (Landau et al., 2007; Nygaard et al., 2011) and location of
the pG218R mutation (white circle) in the predicted fifth membrane-spanning (M5) helix. Two consensus N-glycosylation sites (N128 and N145) within extracellular
loop 2 have been verified experimentally (data not shown) and are illustrated in the drawing. Also presented is the sequence alignment of the M5 helix and conserved
Gly residue of all Homo sapien Na* /H" exchangers (HsNHE1-9). C, Side-view (left panel) of a 3D structure homology model of monomeric HsNHE6v1 (N.B., NHEs
normally assemble as homodimers) based on the crystal structure of the smaller bacterial Thermus thermophilus Na*/H™" antiporter NapA (TtNapA) (Protein Data
Bank accession code 5bz3.1.A; 2.30 f\, 15% identity, 27% similarity) (Coincon et al., 2016) which provided the broadest coverage, highest resolution, and best spatial
fit compared to other crystallized bacterial Na*/H* antiporters. The proposed structure includes only the membrane-spanning helices (M2-M12) that aligned with
homologous segments of TtNapA as well as the connecting loops and location of the two N-glycosylation sites. The opposite side-view (right panel) is illustrated to
expose the Gly218 residue and neighboring amino acids Gly456, Arg457 and Asn460. D, Enlargement of the region encompassing Gly218 (left panel) and analogous
representation of the same region where Gly218 and been replaced with Arg218.
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and Lys300) suggests they have a critical role. Mutating Arg425 of
HsNHE1 (equivalent to Arg457 of HsNHE6v1) markedly reduces its
glycosylation, stability, plasma membrane targeting and catalytic ac-
tivity (Li et al., 2014; Nygaard et al., 2011). Likewise, mutations of
Lys305 in TtNapA (Lee et al., 2013) and Lys300 in EcNhaA (Kozachkov
et al., 2007; Maes et al., 2012) were found to decrease the substrate
affinities and structural integrity of those antiporters (Calinescu et al.,
2017). Although the significance of the apposed Gly residue has not
been examined, based on homology modelling we speculated that re-
placement of Gly with a large, positively-charged Arg residue (G218R)
would cause steric and electrostatic repulsion between Arg218 and
Arg457 (Fig. 1D) and alter the structural stability and catalytic activity
of the transporter.

3.4. Post-translational processing and stability of NHE6-G218R are
impaired

The Chinese hamster ovary-derived AP-1 cell line is a useful ex-
pression system for studying and comparing the molecular and cellular
properties of NHE6 variants because endogenous NHE6 levels are
negligible and its subcellular distribution and behaviour are similar to
that in primary and organotypic cultures of hippocampal pyramidal
neurons (Deane et al., 2013; Ilie et al., 2016). Immunoblotting for C-
terminal HA epitope-tagged NHE6v1 (NHE6v1y,) revealed striking
differences between the wild-type (WT) and mutant G218R constructs
with respect to their biosynthetic maturation and stability (Fig. 2A).
Under SDS-PAGE conditions, NHE6v1y, migrates as multiple bands
reflecting different oligomeric and post-translational oligosaccharide
states, consistent with earlier findings (Ilie et al., 2014; Miyazaki et al.,
2001). The WT migrates as fully-glycosylated dimeric (~200-.

250 kDa) and monomeric (100-120 kDa) forms, and newly synthe-
sized core-glycosylated (~70kDa) monomer was also observed. By
contrast, G218R migrated predominantly as immature core-glycosy-
lated monomeric and dimeric forms, although a diffuse band corre-
sponding to the fully-glycosylated dimer was also detected suggestive of
limited posttranslational processing. Quantitation of the immunoblot
signals revealed that total expression of the G218 was significantly
reduced compared WT (Fig. 2B).

To estimate the half-lives of WT and G218R, pulse-chase experi-
ments were performed 24 h after transfection. Cells were treated with
cycloheximide for an additional 2-24h to inhibit de novo protein
synthesis and the levels of the previously synthesized transporters were
monitored by immunoblotting. As shown in Fig. 2C-D, WT was rela-
tively stable with a half-life (t;,,) exceeding 24 h whereas the G218R
mutant was rapidly removed (¢; > of ~1.5h).

Rapid clearance of the G218R mutant could occur by multiple me-
chanisms, including proteasomal degradation via the ERAD (endoplasmic
reticulum-associated degradation) pathway (Meusser et al., 2005) or
later in lysosomes by the peripheral quality control ESCRT (endosomal
sorting complex required for transport)-dependent degradative pathway
(Raiborg and Stenmark, 2009). To explore these possibilities, we first
examined G218R ubiquitination (i.e., multi-mono- or poly-ubiquitina-
tion), a distinguishing feature of both mechanisms. To compare the
ubiquitination of WT and G218R transporters (ub-WT and ub-G218R),
they were transiently expressed in AP-1 cells for 24h, im-
munoprecipitated from cell lysates, and immunoblots were probed with a
monoclonal anti-ubiquitin antibody. The signals for ub-WT and ub-
G218R ranged from ~150kDa to > 250kDa, which presumably re-
present ubiquitin conjugates of NHE6 monomers and/or undissociated
dimers (Fig. 2E). Ubiquitination of G218R was significantly elevated (~
5-fold) compared to WT when normalized to total NHE6 levels in their
respective immunoprecipitates (Fig. 2E-F). This also revealed that only
minor fractions of total WT and G218R were ubiquitinated.

To identify pathways mediating the degradation of G218R, we ex-
posed cycloheximide-treated cells to inhibitors of proteasomal (MG132,
lactacystin) or lysosomal (leupeptin plus pepstatin (LeuP), chloroquine)

192

Neurobiology of Disease 121 (2019) 187-204

proteolysis. As expected, the proteasomal and lysosomal inhibitors did
not affect WT levels appreciably over 8 h compared to vehicle-treated
controls (Fig. 3A). By comparison, inhibiting

the proteasome partially reduced the cellular loss of G218R (Fig. 3B),
implicating a limited role for the ERAD pathway. Curiously, the lyso-
somal protease inhibitors LeuP were ineffective whereas chloroquine was
a potent blocker. Unlike LeuP which are direct competitive inhibitors of
lysosomal peptidases, chloroquine is a weak base that accumulates in
acidic organelles where it becomes protonated (Maxfield, 1982). The
resulting alkalinization of these compartments impairs the activities of
acidic hydrolases (Seglen et al., 1979). However, given the ineffective-
ness of LeuP, and the ability of chloroquine to block the rapid dis-
appearance of G218R suggested it acted through a different mechanism.
We postulated that one such pathway could involve exosomes, small
lipid vesicles formed by the inward budding of late endosomes (LE) (also
termed multivesicular bodies, MVB) (Colombo et al., 2014). When MVB/
LE fuse with the plasma membrane rather than with lysosomes, they
discharge their intraluminal vesicles (comprised of lipids, proteins and
ribonucleic acids) into the extracellular milieu. Similar to the sorting of
cargo to lysosomes, ubiquitination (Buschow et al., 2005) and the ESCRT
machinery (Colombo et al., 2013) are also involved in the biogenesis and
secretion of exosomes.

3.5. Extracellular vesicular release of G218R

To assess this possible mechanism, an extracellular vesicular (EV)
fraction was prepared using serum-free culture media collected from
AP-1 cell cultures transiently expressing either WT or G218R after 24 h
using an established differential ultracentrifugation protocol (Greening
et al., 2015). High-molecular weight G218R (presumably ub-G218R)
was greatly enriched in the EV fraction compared to WT (Fig. 3C). The
nature of the EV membrane fraction was confirmed by probing the
immunoblots for EV markers, tumor susceptibility gene 101 protein
(TSG101, a component of the ESCRT-I complex that recognizes ubi-
quitinated proteins), and heat shock protein 70 (HSP70, HSPA1A/B, a
molecular chaperone that promotes protein folding and also disposal of
defective proteins). TSG101 is specific for MVB/LE-derived exosomes
whereas HSP70 is in both exosomes and PM-derived microvesicles (also
called ectosomes) (Kowal et al., 2016). The levels of both EV markers
prepared from WT- and G218R-transfected cells were relatively
equivalent, suggesting that expression of G218R did not markedly
perturb the net secretion of EVs, but was selectively enriched in them.
This was supported by measurements of the absolute protein content of
the EV and total cell lysate fractions derived from WT- and G218R-
transfected cells. In both cases, the EV fractions were equivalent when
expressed as a percentage of the total cell lysates (WT: 3.71% =+ 0.19;
G218R: 3.70% =+ 0.46) (Fig. 3E). As a negative control, immunoblots
were also probed for calnexin (CANX), an integral membrane protein
involved in endoplasmic reticulum (ER) quality control (Bergeron et al.,
1994). As expected, it was virtually absent in the EV fraction (Fig. 3C),
which excludes cell lysis as a contributing factor to the extracellular
membrane fraction.

Exposure to chloroquine (250 uM, 15h) blocked secretion of both
WT and G218R in EVs and, conversely, increased the total amount of
WT and G218R within cells (Fig. 3D). Chloroquine treatment also im-
paired the oligosaccharide maturation of both constructs, though this
was more pronounced for WT. Golgi alkalinization is known to reduce
glycosylation (Maeda and Kinoshita, 2010). However, this treatment
did not affect the relative levels of either TSG101 or HSP70 in EVs or
total cell lysates, indicating that the molecular composition and for-
mation of EVs were not adversely affected by chloroquine. Indeed,
chloroquine actually increased the net release of EVs per cell by ~3-
fold, although there was no difference between WT and G218R-trans-
fected cells (WT: 11.77% = 0.59; G218R: 10.24% = 0.74) (Fig. 3E).
Thus, chloroquine may disrupt an earlier pH-dependent step in the
trafficking and/or fusion of NHE6-containing endosomes to MVB/LE.
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Fig. 2. Biosynthetic maturation and stability of NHE6 is reduced for the G218R mutant. A, AP-1 cells were transiently transfected with NHE6v1y, WT or G218R and
lysed at the indicated time points over a 48 h period. Equal amounts of proteins (20 ug) were subjected to Western blotting and probed with a monoclonal anti-HA
antibody (aHA,,). NHE6v1 migrates as multiple bands: slower migrating high molecular weight bands representing the fully-glycosylated (fg) and core-glycosylated
(cg) dimeric forms of the exchanger (~200 and 175 kDa, respectively) that do not fully dissociate under SDS-PAGE conditions and faster migrating fully-glycosylated
(fg, ~100kDa) and core-glycosylated (cg, ~70kDa) forms of the monomeric protein. To control for protein loading, the blots were reprobed with a mouse
monoclonal anti-GAPDH antibody (a«GAPDH,,,). B, Densitometric quantification of the relative total cellular abundances of WT, G218R and GAPDH was expressed as
a ratio NHE6v1/GAPDH. Data are shown as mean *+ standard error of the mean (S.E.) of three different experiments. Statistical significance was assessed using a
paired Student's t-test, * p < 0.01. C, AP-1 cells were transiently transfected with WT or G218R for 24 h and then treated with 150 ug/ml cycloheximide for the
indicated time points, lysed and equal amounts of protein (20 ug) were analyzed by Western blotting using a mouse monoclonal anti-HA (aHA,,) antibody. Blots were
reprobed with a mouse monoclonal anti-GAPDH antibody (¢GAPDH,,) to control for loading. D, Densitometric quantification of WT and G218R protein abundance
(normalized to GAPDH levels) as a function of time in the presence of cycloheximide. Values represent the mean *= S.E. (n = 3). E, AP-1 cells were transiently
transfected with NHE6v1y, WT or G218R for 24 h, then lysed and their expression in total cell lysates (TCL) was analyzed by Western blotting with a mouse
monoclonal anti-HA (aHA,,,) antibody (panel 1). The blots was stripped and reprobed with a monoclonal antibody to B-tubulin (a-tub,,) as a loading control (panel
2). The level of ubiquitinated proteins in the TCL was examined using a mouse monoclonal anti-ubiquitin (aUby,) antibody (panel 3). The TCLs were further subjected
to immunoprecipitation (IP) with a non-specific rabbit polyclonal IgG (algG,) antibody (panel 4) or a rabbit polyclonal anti-HA (aHA;) antibody (panel 5) and
analyzed with a mouse monoclonal aUb,, antibody to detect ubiquitination of WT and G218R. The membrane from panel 5 was then stripped and reprobed with a
mouse monoclonal aHA,, antibody to examine the total amount of WT and G218R retrieved by immunoprecipitation (panel 6). F, Densitometric quantification of the
ratio of ubiquitinated to total protein abundance of WT and G218R in the immunopreciptated pellets. Values represent the mean + S.E. (n = 4). Statistical sig-
nificance was assessed using a Student's t-test, *p < 0.01.

ER-resident CANX was not detected in EVs in the absence or presence of we performed subcellular localization analyses using other biochem-
chloroquine. However, total cellular levels of CANX were increased ical and imaging approaches. Most NHE6 WT normally resides in re-
upon chloroquine treatment, perhaps due to ER stress (Ruddock and cycling endosomes, however in some cell types a small fraction (~5%)
Molinari, 2006). appears on the cell surface through endosomal recycling (Brett et al.,

2002), and this was confirmed for AP-1 cells (Supplementary Fig. S3).
3.6. G218R causes intracellular mislocalization of NHE6 To determine if the G218R mutant can also traffic to the cell surface,

PM localization was assayed using cell surface biotinylation (Le Bivic

To gain more insight into the membrane trafficking fate of G218R, et al., 1989). Total cellular expression of G218R was ~22% that of WT
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Fig. 3. Effect of proteasomal and lysosomal inhibitor on half-life and cellular clearance of NHE6. AP-1 cells were transiently transfected with (A) WT or (B) G218R for
24 h and then treated with 150 pg/ml cycloheximide for the indicated time points in the presence of diluent (dimethylsulfoxide, DMSO), the proteasomal inhibitors
MG-132 (40 uM) or lactacystin (LC, 30 uM) (left panels), or the lysosomal inhibitors leupeptin/pepstatin (LeuP, 100 ug/ml) or chloroquine (CQ, 500 uM) (right panels).
Total cell lysates were analyzed by Western blotting with a mouse monoclonal aHA,, antibody. Membranes were also probed for GAPDH expression as a loading
control. The immunoblots are representative of two separate experiments. C, AP-1 cells were transiently transfected with NHE6v1, WT or G218R for 24 h in serum-
free culture media. The media was collected and the extracellular vesicular (EV) membrane fractions were isolated by a differential ultracentrifugation protocol
(Greening et al., 2015). The EV fractions as well as total cell lysates (TCL) were analyzed by Western blotting for expression of NHE6v1y, detected with a mouse
monoclonal anti-HA (aHA,;,) antibody. The blots were repeatedly stripped and reprobed for expression of the ESCRT I complex protein TSG101, heat shock protein 70
(HSP70), and calnexin (CANX). D, AP-1 cells transiently expressing WT or G218R at 9 h post-transfection were left untreated (—) or treated (+) with chloroquine
(CQ, 250 uM) for an additional 15 h in serum-free culture media. EV and TCL fractions were isolated 24 h post-transfection and analyzed by Western blotting with the
indicated antibodies. The amount of protein loaded per lane is indicated at the bottom of the immunoblots. The immunoblots are representative of three independent
experiments. E, Quantitation of the total protein levels of the EV fractions expressed as a percentage of its corresponding TCL fractions in the absence or presence of
CQ. Values represent the mean + S.E. (n = 3). Statistical significance was determined by performing a one-way ANOVA with a Tukey post-hoc test; n.s., not
significant.
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Fig. 4. Membrane trafficking of NHE6 G218R is impaired. A,

AP-1 cells were transiently transfected with NHE6v1y, WT or

G218R for 24 h and cell surface proteins were labelled with
biotin as described in ‘Materials and Methods’. Total cell ly-

sates (TCL) were prepared and a small portion representing
the total fraction was removed. The remaining supernatants
containing equal amounts of total protein for WT and G218R
were loaded onto NeutrAvidin® Agarose beads to purify the
biotinylated plasma membrane (PM) proteins from the non-
biotinylated (intracellular) proteins. For the TCL fraction,
aliquots containing 20 ug protein for WT and G218R, were
examined by Western blotting (left panel). For the plasma
membrane (PM) fraction, 20% and 100% of the biotinylated
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(Fig. 4A-B), consistent with Fig. 2B, however the fraction of G218R at
the PM was < 2% of surface WT levels (note the 5-fold higher protein
loading in the G218R lane). This indicates there was not only a re-
duction in protein half-life and abundance, but also impaired delivery

proteins extracted from the TCL of WT and G218R transfec-
tants, respectively, were subjected to Western blotting (right
panel). Both immunoblots were probed with a mouse mono-
clonal anti-HA,, antibody (aHA,,) to detect NHE6v1y,, and
an anti-GAPDH,, antibody to assess the purity of the bioti-
nylated PM fraction. B, Densitometric quantification of the
relative TCL and PM abundances of WT and G218R. For TCL,
the relative protein abundance was expressed as a ratio of
NHE6/GAPDH. For the PM level, the relative abundance of
the biotinylated G218R was normalized to that of WT, taking
into account the differences in protein loading. Values re-
present the mean = S.E. (n = 4). C, Cell surface expression of
NHE6v1 was also assessed by imaging. To this end, a triple
Flag epitope-tag was inserted into the first extracellular loop
of NHE6v1y, (3pNHE6vV1y,), as described previously (Ilie
et al., 2016). AP-1 cells were transiently transfected (24 h)
with WT and G218R, fixed but not permeabilized with de-
tergent to detect only surface expression using a mouse
monoclonal anti-Flag antibody (aFlag,,). Cells were then
permeabilized with saponin to detect total cellular expression
using a rabbit polyclonal anti-HA antibody (aHA;) and
fluorescence and transmitted light images were acquired
using confocal microscopy. Footprints of the transfected cells
are indicated as white outlines in the transmitted light images
(far left panels). D, Representative images of AP-1 cells tran-
siently transfected (24 h) with NHE6v1cypp WT or G218R in-
dividually, or in combination with an organellar marker for
recycling endosomes (Rab4gpp). Recycling endosomes were
also labelled by uptake of Alexa Fluor**®-conjugated trans-
ferrin (Tf-AF**®, 10 ug/ml) for 45min. Scale bars represent
10 uM.

PM

and/or retention of the mutant at the cell surface. Moreover, while
only fully-glycosylated WT protein was detected in the PM-enriched
fraction, the G218R mutant reached the cell surface in both its fully-
and core-glycosylated forms.
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Fig. 5. Chloroquine blocks the fusion of NHE6 G218R-containing vesicles with late endosomes. AP-1 cells were transiently transfected with NHE6v1cppp WT or
G218R in combination with Rab7ggp for 9 h, then left untreated (—) or treated (+) with chloroquine (CQ, 250 uM) for an additional 15 h in serum-free culture media.
Representative images from two independent experiments are shown. Scale bars represent 10 uM.

The distribution of WT and G218R was also verified by fluorescence
imaging. A triple Flag epitope-tag (3F) was inserted in the first extra-
cellular loop of NHE6v1ya (3gpNHE6vV1y,) as described previously (Ilie
et al., 2014). AP-1 cells were transiently transfected (24 h) and fixed but
not permeabilized to immuno-detect only surface transporters. Cells
were then permeabilized with saponin for detection of total cellular
expression using an anti-HA antibody. The WT transporter was dis-
tributed on the cell surface in a relatively continuous pattern whereas
the G218R mutant had minor punctate immunostaining (Fig. 4C). In-
tracellularly, the WT transporter was in discrete round-oval and tubu-
lovesicular vesicles throughout the cell as expected. By contrast, the
G218R mutant showed a more diffuse, partially reticular, distribution
in addition to punctate signals.

To further compare the subcellular distribution of WT and G218R,
dual-labelling experiments were performed with C-terminal monomeric
Cherry fluorescent protein (ChFP)-tagged constructs of NHE6v1 (ie.,
WTcnrp and G218Rgyrp) and organellar markers. The WTcypp transporter
showed a punctate distribution with substantial accumulation in a com-
pact pericentriolar compartment that overlapped extensively with estab-
lished markers of recycling endosomes (ie., Alexa Fluor 488-conjugated
transferrin, Tf-AF*®® and Rab4cpp) (Fig. 4D). As expected, WTgypp also
showed partial overlap but distinct distribution with markers of the trans-
Golgi network (TGN) and associated secretory vesicles (i.e.; TGN46gpp),
clathrin-coated vesicles/early endosomes (i.e.; Rab5grp), and peripheral
recycling endosomes (ie; Rabllpy), whereas minimal overlap was
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observed with markers of the ER (i.e.; CANX), MVB/LEs (i.e.; Rab7ggp) and
lysosomes (ie., Lampl) (Supplementary Fig. S4). Conversely, immuno-
fluorescence signals for the G218R¢,rp mutant were more dispersed and
showed very limited colocalization with Tf-AF**® and Rab4ggp (Fig. 4D).
Moreover, G218R-expressing cells had visibly reduced uptake and accu-
mulation of Tf-AF**® compared to neighboring untransfected cells, sug-
gesting a defect in recycling endosomal trafficking. The G218R¢y,rp mutant
also showed more discernible overlap with markers of the ER, as well as
the TGN, early endosomes and MVB/LE, while overlap with peripheral
recycling endosomes or lysosomes was less evident (Supplementary Fig.
S5). To test whether the negligible detection of G218R at lysosomes was
simply a consequence of lysosomal proteolysis of the fluorophore-tagged
transporter, cells were treated with cycloheximide and LeuP for 6h to
track the fate of existing protein while inhibiting lysosomal proteolysis.
Blocking de novo protein synthesis and lysosomal proteolysis resulted in
the detection of both WT and G218R in dispersed vesicles, but did not
result in their enrichment in Lampl-labelled lysosomes (Supplementary
Fig. S6). These data are consistent with the biochemical data presented in
Fig. 3B where inhibition of lysosomal proteases with LeuP did not block
the loss of WT or G218R.

We next examined the effects of chloroquine which, unlike LeuP,
did lessen the loss of G218R (see Fig. 3B). Exposure to chloroquine
(250 uM, 15h) induced the formation of abnormally large, membrane-
bounded structures that colocalized with Rab7ggp, indicative of mal-
formed MVB/LEs (Fig. 5); results consistent with the vacuologenic
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effects of chloroquine (Fedorko, 1967). Notably, it largely prevented
the signal overlap between G218Rcyrp and Rab7ggp that was observed
in untreated cells. However, the G218R¢ppp-containing endosomes were
positioned immediately adjacent to the Rab7gpp-labelled compart-
ments, as if docked but not fused. Collectively, this subcellular dis-
tribution pattern suggests that chloroquine blocks the fusion of G218R-
endosomes with MVB/LE.

3.7. G218R-containing endosomes fail to acidify

Acidification of organelles is important for efficient sorting and
movement of proteins and lipids along the biosynthetic and endocytic
pathways (Casey et al., 2010; Weisz, 2003). To measure intraluminal
pH (pH,) of NHE6-containing vesicles, we inserted pHluorin2, a ratio-
metric pH-sensitive green fluorescent protein (Mahon, 2011), into the
first exofacial loop of the WT and mutant NHE6 (,5oWT and p;2G218R)
(Fig. 6A). This insertion did not alter biosynthesis and post-translational
maturation (Fig. 6B) or the subcellular distribution (Fig. 6C, right panel
and data not shown) of the proteins. An in situ calibration curve of
pHluorin2 fluorescence as a function of pH (using cells transfected with
pu2WT) is presented in Fig. 6C (left panel).

To compare the pH, profiles of ;yoWT and ,4,G218R-containing
vesicles, AP-1 cells were transiently transfected with each construct for
24 h, and then incubated with cycloheximide for an additional 5h to
block new protein synthesis while allowing the existing WT and G218R
to mature biosynthetically and accumulate in vesicles prior to imaging
(see examples of imaged vesicles in the insets of Fig. 6D). The pH,
spectrum of vesicles from all ,zWT or ,2G218R transfected cells
analyzed (n = 12 cells per construct) display a single-peak Gaussian
distribution (Fig. 6D). The average steady-state pH, of ,y,WT-con-
taining vesicles was 6.59 * 0.03 (mean * S.E.,n = 12 cells), which is
within the range (pH, 6.4-6.8) of transferrin-enriched recycling endo-
somes reported earlier using other approaches (Ilie et al., 2016; Teter
et al., 1998; Xinhan et al., 2011; Yamashiro et al., 1984). By contrast,
the mean pH, of ;;,G218R-containing vesicles was shifted significantly
to more alkaline levels; i.e., pH, 7.09 = 0.04 (mean * S.E, n =12
cells; p < 0.001, two-sample Student's t-test). This result suggests
G218R activity is altered, possibly enhanced (i.e., increased influx of
cytoplasmic Na™ or K* in exchange for luminal H*), which may dis-
rupt recycling endosomal trafficking.

Earlier studies have shown that NHE6 overexpression stimulates the
uptake of Tf-TfR complexes into recycling endosomes in a manner that
is dependent on its ion transport capabilities (Ilie et al., 2016; Xinhan
et al., 2011). As mentioned above, microscopy visualization of Tf-AF*8®
uptake in G218R-expressing cells appears decreased (Fig. 4D). To assess
this quantitatively, we used a flow cytometry-based assay to measure
the uptake of Alexa Fluor 633-conjugated Tf (Tf-AF®*®) as a measure of
recycling endosomal trafficking. For these experiments, HeLa cells
transiently expressing GFP alone or comparable levels of GFP-tagged
constructs of WT or G218R (Fig. 6E) were used instead of AP-1 cells
because of the significantly higher signal to noise ratio of Tf-AF®33
uptake, as previously described (Ilie et al., 2016). WTgpp-expressing
cells exhibited a significant increase in Tf-AF®*® uptake compared to
GFP-transfected controls (WTgpp: 171% = 11, p < 0.01, one-sample
Student's t-test), whereas this stimulation was attenuated in cells ex-
pressing G218Rgpp cells (123% =+ 5;p < 0.01) (Fig. 6F). Collectively,
these data indicate that cargo trafficking along the recycling endosomal
pathway is compromised in G218R-expressing cells.

3.8. Overexpression of G218R mutant alters dendritic morphology of mouse
hippocampal neurons

Previous examination of NHE6 null mice have revealed a crucial
role for the transporter in the development and maintenance of axonal
and dendritic branching and synapse number of cortical and hippo-
campal pyramidal neurons (Ouyang et al., 2013). Likewise, analogous
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changes in the morphology of cultured mouse hippocampal neurons
were also observed upon overexpression of NHE6 deletion mutants
(p-W370-T372del and p.E287-S288del) (Ilie et al., 2016; Ilie et al.,
2014). To investigate whether overexpression of G218R affects the
morphological integrity of mature neurons in vitro, primary cultures of
differentiated hippocampal pyramidal neurons (10-12days in vitro,
DIV) prepared from C57BL/6 mice were cotransfected with GFP and
ChFP (controls) or GFP plus ChFP-tagged constructs of WT or G218R
(i.e., WTchrp and G218Rcyrp) and visualized by deconvolution confocal
microscopy after 48 h. As shown Fig. 7A, WT¢,pp-containing vesicles
were distributed throughout the soma and neurites in a pattern that
mirrors that of endogenous NHE6 (Deane et al., 2013) and the neurons
exhibited extensive dendritic arborization comparable to control
GFP + ChFP-transfectants. By contrast, in GFP + G218Rcurp coO-
transfected neurons, the majority of G218Rcupp-containing vesicles
were concentrated in the soma and primary dendrites, at least as re-
vealed at this low level of resolution. Furthermore, this was associated
with striking reductions in higher-order dendritic branching. Using Fi-
lamentTracer Imaris software, total dendritic length, surface area and
number of branch points of the neurons expressing GFP + G218Rcprp
were significantly decreased (ranging from ~26-36% for each para-
meter) compared to control GFP + ChFP or GFP + WTcypp (Fig. 7B-D).
These observations are consistent with G218R¢ypp acting in a dominant-
negative manner to suppress endogenous NHE6 function and to disrupt
the gross morphology of differentiated neurons.

We next examined whether these changes also correlated with
corresponding changes in the distribution of G218R at dendritic spines
as well as in spine density and shape, with the latter parameter thought
to be a dynamic structural correlate of the strength and maturity of each
spine-synapse (i.e., stubby: ambiguous; thin: weak and plastic; mush-
room: strong and stable) (Harris et al., 1992). For these analyses, we
used the colocalization tool and spine detection and classification al-
gorithm of Imaris. Puncta localized within spines were then tallied
based upon their presence in the base, neck, or head subregions of these
spines. As shown visually in Fig. 8A-C, the fraction of spines associated
with NHE6v1 declined by ~38% for G218R¢prp compared to WTchgp
(WTchpp, 79.6% =+ 2.0; G218Rchrp, 49.7% * 4.0; p < 0.0001).
Moreover, of the NHE6v1-associated spines, there was a significant
decrease (~62%) in the accumulation of G218Rchep in the head
(WTchpp, 42.5% + 2.0; G218Rcppp, 16.1% + 3.7; p < 0.0001) and a
reciprocal increase (~63%) at the base (WTchep, 46.1% * 2.4;
G218Rchpp, 75.3% * 5.3; p < 0.0001) of spines compared to WTcprp,
whereas no change was detected in the neck subregion. These changes
coincided with a marked reduction in total spine density of G218Rcy,pp-
transfected neurons compared to control GFP + ChFP or GFP + WTcypp
transfectants (25% and 34%, respectively) (# spines/um dendrite:
ChFP, 0.91 = 0.06; WTchrp, 1.02 %= 0.05; G218Rcppp, 0.68 = 0.04;
p < 0.0001) (Fig. 8D). This decrease was attributed solely to the loss of
mature mushroom-shaped spines (ChFP, 0.35 * 0.03; WTcygp,
0.40 = 0.02; G218Rchpp, 0.17 * 0.01) and coincided with a several-
fold increase in the density of immature filopodial-like protrusions (#
filopodia/pm dendrite: ChFP, 0.012 + 0.006; WTcpgp, 0.005 = 0.005;
G218Rchpp, 0.064 = 0.014; p < 0.01) (Fig. 8E). Thus, in addition to
gross changes in neuronal morphology, expression of G218R selectively
impairs the formation of mature synapses.

To compare the steady-state pH, of WT and G218R-containing ve-
sicles, the neurons were transiently transfected with the ;o WT and
pu2G218R constructs for 24 h, but in this instance were not further
treated with cycloheximide as this was not well tolerated by the G218R-
expressing cells. To ensure pH measurements were confined to endo-
somes (and not newly synthesized NHE6v1 in the ER), image analyses
were focused primarily on discrete punctate in dendritic shafts and
spines (see insets of Fig. 8F). The average steady-state pH, of ,,WT-
containing vesicles was 6.79 * 0.02, whereas the mean pH, of
pu2G218R-containing vesicles was shifted significantly to more alkaline
levels; i.e., pH, 7.14 + 0.02 (p < 0.001) (Fig. 8F). These findings are
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Fig. 6. Acidification and cargo trafficking of NHE6 G218R-containing vesicles are impaired. A, Illustration of NHE6v1 containing the pH-sensitive pHluorin2 (pH 2)
inserted in its first extracellular loop (,z,NHE6V1). B, Representative Western blot of total cell lysates of AP-1 cells transient expressing (24 h) ,,WT or ;;2G218R.
The immunoblot was probed with a polyclonal anti-GFP antibody (aGFPp). C, Vesicular pH was measured by single-cell fluorescence ratiometric imaging analysis
(FRIA) at 37 °C using a Zeiss LSM 780 confocal microscope as described in ‘Materials and Methods’. The left panel shows the in situ calibration curve of pH2
fluorescence (excitation ratio 488/405) as a function of vesicular pH performed by in situ clamping of vesicular pH between 5 and 7.8. The right panel shows
representative fluorescence images of AP-1 cells expressing ;o WT when excited at 488 nm (green) and 405 nm (pseudo-coloured magenta) as well as the merged
(488/405) images when clamped at pH5 and 7.8. D, Graphical plot of the intraluminal pH of ,;;,WT- and p2G218R-containing vesicles. The experiment was
repeated 3 times and the plots show the frequency of vesicles as a function their intraluminal pH analyzed from 12 cells for each construct. The total number of
vesicles analyzed (n) and the average vesicular pH (pH,) (mean + S.E.) are indicated in the plots. Insets shows representative images of ,;,WT- and ;;,G218R-
containing vesicles in transfected cells. E, HeLa cells were transiently transfected (24 h) with GFP, NHE6v1grp WT or G218R. Total cell lysates were prepared and
analyzed by Western blotting using a polyclonal anti-GFP (aGFPp) antibody. F, Uptake of Tf-AF®>® was monitored in HeLa cells expressing GFP, WTgpp or G218Rgpp.
Median fluorescence intensity (M.LF.) of Tf-AF®>** was measured in 10* GFP-positive cells by flow cytometry. Data were normalized and represent mean *+ S.E.
(n = 4). Significance was established using a Student's t-test, *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.) (I'm not sure i understand what is meant by this comment. What is the reader being referred to?)
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Fig. 7. Heterologous expression of G218R decreases the complexity of dendritic arborisation in mouse hippocampal neurons. A, Confocal images of primary hip-
pocampal pyramidal neurons co-transfected with cytosolic enhanced GFP (to visualize cell morphology) and monomeric cherry fluorescent protein (ChFP) (as a
transfection control), or with GFP and ChFP-tagged NHE6 WT or G218R (WTcprp and G218Rcyrp, respectively). Forty-eight h post-transfection, cells were fixed in 4%
paraformaldehyde, mounted onto glass slides, and examined by confocal microscopy. Images show each channel separately and merged. B-D, Quantification of
parameters related to neuronal branching, including the sums of total dendritic length (B) and area (C), as well as the total number of branch points per cell (D) using
the FilamentTracer plug-in module from Imaris Software. Values represent the mean *+ S.E. of 3 separate experiments (n = 5 neurons for each condition/experi-
ment). *p < 0.05; **p < 0.01, one-way ANOVA with a Bonferroni post-hoc test. Scale bar: 60 um.

comparable to results obtained in AP-1 cells. alkalinization) of G218R-endosomes. Despite this ostensible “gain-of-
function”, the transporter was nonetheless recognized as defective as
evidenced by its elevated state of ubiquitination and rapid expulsion

4. Discussion from the cell by exosomal release. A schematic representation depicting
these events is illustrated in Fig. 9. This contrasts with other mutations

In this report, we describe a unique SLC9A6/NHE6 missense variant that cause total loss-of-function and correlate with overacidification
(p.G218R) associated with Christianson Syndrome that results in an and premature activation of acid proteases within endosomes and/or

apparent gain-of-function, as manifested by hypoacidification (ie.,
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Fig. 8. Heterologous expression of G218R reduces the density of mature dendritic spines and increases appearance of filopodia.

A, Representative confocal images of secondary and tertiary dendrites of 14+ DIV primary hippocampal neurons co-transfected with enhanced GFP and ChFP alone
or with GFP and WTcpgp or G218Rcppp. GFP and ChFP channels are shown individually and merged. Scale bar: 2 uym. B, Quantification of the fraction of spines
(mean = S.E.) containing puncta of transfected WTcyrp or G218Rcprp Of all spines analyzed for each transfection condition. C, Quantification of the proportion
(mean = S.E.) of spine-localized puncta of overexpressed WTcprp or G218Rcprp in each major spine subregion. i.e. base (black), neck (dark gray), and head (light
gray). D-E, Quantification of the density (mean + S.E.) of each major spine subtype, ie. stubby, mushroom, and thin (D), as well as immature filopodia-like
structures (E). Data were collected from 3 separate experiments: GFP control: n = 214 spines and 2 filopodia along 234 um of dendrite from 8 cells; WTchgp: n = 234
spines and 1 filopodia along 236 um of dendrite from 8 cells; G218R¢prp: n = 158 spines and 15 filopodia along 232 um of dendrite from 8 cells. **: p < 0.01; ***:
p < 0.0001, one-way ANOVA with Bonferroni post-hoc test for all comparisons except filopodia (Kruskall-Wallis test with Dunns post-hoc). F, Graphical plot of the
intraluminal pH of ;> WT- and ,;;2G218R-containing vesicles in transfected primary mouse hippocampal neurons. The experiment was repeated 3 times and the plots
show the frequency of vesicles as a function their intraluminal pH (pH,) analyzed from 8 to 14 cells for each construct. The total number of vesicles analyzed and the
average pH values (mean * S.E.) are indicated in the plots. Insets shows representative images of ,;,WT- and ,;;2G218R-containing vesicles in neurites of trans-
fected cells.
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Fig. 9. Cellular processing and membrane trafficking
of NHE6. Schematic representation of the cellular
processing of NHE6vl WT and G218R along the
exocytic and endocytic pathways. Nascent transpor-
ters are cotranslationally inserted into the ER mem-

RAB4 brane where they undergo N-linked core glycosyla-
RAB11 tion. Upon proper folding and dimer assembly, the
ectosomes . . s
recycling WT transporter is exported to the Golgi where it is
endosomes subject to additional complex glycosylation, prior to

L \ ESCRT
3 e
O < wild-type RAB7
5 ’ NHE6
~—7y

late endosomes/

mlsfolded reticulum
NHES MVBs
o o ubiquitin
ubiquitin o o ERAD 050 recycled |
’m \_,\/ ysosomes
OOOOO? g —> -1
MG132 \‘ 1\ Lamp1
NHE6 proteosome NHES6 peptides

export to the plasma membrane (PM). By contrast,
the G218R transporter is more prone to misfolding at
the ER and is targeted for ubiquitination and pro-
teasomal degradation (i.e., ERAD pathway), effects
that are partially blocked by proteasomal inhibitors
such as MG132 (and lactacystin, not shown).
However, a significant fraction of G218R is able to
assemble as a homodimer and traffic through the
Golgi to the PM, though complex glycosylation is
largely impaired. PM-resident WT is internalized and
normally recycled back to the PM. By contrast,
G218R is recognized by the peripheral quality con-
trol machinery (i.e., ESCRT pathway) and targeted to
late endosomes/multivesicular bodies (MVBs) that
subsequently fuse with the PM and release their in-
traluminal vesicles (or exosomes) containing NHE6
into the extracellular milieu. The lysosomotropic
agent chloroquine (CQ) blocks the transfer of G218R
from early/sorting endosomes to late endosomes/
MVBs.

o
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expansion of the lysosomal compartment (Ilie et al., 2016; Ouyang
et al., 2013; Roxrud et al., 2009). Despite these differences, in both
cases there is a net loss of NHE6 protein which correlated with similar
deleterious consequences on endosomal trafficking and neuronal mor-
phology (Ilie et al., 2016; Ouyang et al., 2013; Roxrud et al., 2009).
Clinically, the proband exhibited the vast majority of symptoms ob-
served in CS patients devoid of NHE6 expression, with the exception of
underdeveloped but stable motor skills. The significance, if any, of this
latter feature in relation to the G218R mutation is unclear. It could be
due to the variable degree and onset of motor regression in CS patients
as well as other genetic modifier effects.

The G218R mutation compromises the structure-function integrity
of the transporter. While the mutant transporter was capable of as-
sembling as a homodimer, its level of complex glycosylation was sig-
nificantly diminished and correlated with enhanced ubiquitination. A
fraction of ubiquitinated G218R was subjected to proteasomal proteo-
lysis, but contrary to expectations the bulk of ubiquitinated G218R was
secreted in EVs rather than targeted to lysosomes. EVs are generated by
virtually all cells and represent a heterogeneous population of vesicles
that include nanoscale vesicles or exosomes (~30-100 nm in diameter)
spawned by invagination and abscission of the limiting membrane of
MVB/LEs and subsequently expelled after fusion with the PM, and
larger-sized vesicles (often termed microparticles, microvesicles or ec-
tosomes that range in size from ~100-1000 nm) formed by the outward
budding and shedding of discrete subdomains of the PM (Colombo
et al.,, 2014). Cellular discharge of EVs was initially described as a
unique non-degradative route for removing unwanted or damaged
macromolecules (Johnstone et al., 1987). However, subsequent studies
have demonstrated that EVs also serve as a significant mode of inter-
cellular communication under different physiological and pathophy-
siological conditions due to their ability to fuse with and transfer bio-
logically active molecules to neighboring or more distally located cells
(Budnik et al., 2016; Colombo et al., 2014; Simons and Raposo, 2009).
While our isolation methods did not distinguish between exosomes and
ectosomes, the partial signal overlap of G218Rcypp With Rab7gpp-la-
belled MVB/LEs suggests that exosomal release is the likely route for

cellular clearance. Thus, CS can be added to a growing list of neuro-
degenerative diseases, such as Alzheimer's, Parkinson's and amyo-
trophic lateral sclerosis, associated with exosomal release of defective
proteins (Levy, 2017; Rajendran et al., 2014; Vella et al., 2016).

The mechanisms underlying the enhanced accumulation of ubiqui-
tinated G218R in MVB/LEs destined to fuse with the PM rather than
merge with lysosomes (i.e., secretory versus degradative MVB/LEs, re-
spectively) is unknown. However, the coexistence of discrete sub-
populations of MVB/LEs within cells is supported by biochemical and
ultrastructural studies. For instance, intraluminal vesicles of MVB/LEs
released as exosomes are highly enriched in cholesterol and the
sphingolipids ceramide, sphingomyelin and ganglioside GM3; compo-
nents associated with lipid raft microdomains in the plasma membrane
(Mobius et al., 2003; Trajkovic et al., 2008; Wubbolts et al., 2003).
Inhibition of ceramide formation from sphingomyelin by pharmacolo-
gical antagonists or RNAi depletion of neutral sphingomyelinase 2
(nSMase2), which has an optimum pH of 7.4, reduces release of exo-
somes without impairing lysosomal function (Trajkovic et al., 2008). By
contrast, intraluminal membranes of another subpopulation of MVB/LE
that progress to lysosomes are largely devoid of cholesterol but positive
for a unique phospholipid, bis(monoacylglycero)phosphate (BMP) - also
known as lysobisphosphatidic acid (LBPA)(Kobayashi et al., 1998;
Mobius et al., 2003), that is absent from exosomes (Wubbolts et al.,
2003). Interestingly, the intrinsic biophysical properties of BMP/LBPA
promote the formation of MVB/LE internal vesicles in a manner that is
dependent on acidic pH and Alix, an ESCRT-associated protein
(Hayakawa et al., 2007; Matsuo et al., 2004). Thus, these findings
provide some evidence for the coexistence of at least two separate
subpopulations of MVB/LEs that can be distinguished not only by their
lipid composition, but also by their intraluminal pH (i.e., acidic versus
alkaline). Based on these observations, we speculate that the more al-
kaline environment of G218R-containing early endosomes may favour
ceramide production and the sequestering of G218R into lipid raft-en-
riched intraluminal vesicles of MVB/LEs destined for secretion as exo-
somes.

This raises the question of whether intraluminal pH plays a more
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direct role in regulating the trafficking fate of distinct subpopulations of
MVB/LE. This possibility is supported by studies showing that pa-
thogen-mediated neutralization of endolysosomal pH in bladder epi-
thelial cells acts as a critical signal that selectively activates the tran-
sient receptor potential mucolipin-3 (TRPML3) cation channel to
release their luminal stores of Ca®*, triggering cellular expulsion rather
than internal degradation of bacteria-containing exosomes by lyso-
somes (Miao et al., 2015). Conversely, low luminal pH is thought to
potentiate Ca®>* conductance of the endolysosomal TRPML1 channel
and promote lysosomal biogenesis and function (Cheng et al., 2010; Xu
et al., 2007). Thus, differential regulation of endolysosomal pH and pH-
sensitive Ca®>* channels may play important roles in determining
whether vesicle-associated cargo is destined for secretion or degrada-
tion, though the precise sorting mechanisms remain obscure.

Consistent with the above notion, we found that chloroquine which
non-selectively neutralizes acidic endomembrane compartments en-
hanced the bulk release of EVs from CHO/AP-1 cells. However, while it
fostered release of EVs, it also concomitantly blocked the extracellular
export of G218R by preventing the fusion of G218R-vesicles with en-
larged Rab7gpp-labelled MVB/LEs. This effect agrees with earlier ob-
servations that chloroquine causes accumulation of endocytosed mac-
romolecules in early endosomes that otherwise would be transferred to
MVB/LEs and lysosomes (Lippincott-Schwartz and Fambrough, 1987;
Stenseth and Thyberg, 1989). Other studies have also shown that dis-
sipation of the proton gradient by inhibiting the vacuolar H*-ATPase
with bafilomycin preferentially abrogated protein trafficking between
the early and late endosomal compartments (Baravalle et al., 2005),
whereas internalization and recycling of membrane cargo back to the
cell surface were slowed but not blocked (Presley et al., 1997). Why this
particular step in endomembrane trafficking along the degradative
pathway is especially sensitive to agents that disrupt intraluminal
acidification is not fully understood. However, emerging evidence has
revealed that the vacuolar H-ATPase operates not only as a pH-reg-
ulator, but also as a platform to recruit components of the vesicular
trafficking machinery (i.e., small GTPase Arf6 and its associated gua-
nine nucleotide exchange factor ARNO) in an intra-endosomal pH-de-
pendent manner (Hurtado-Lorenzo et al., 2006). Notably, these inter-
actions were found to be critical for endosomal trafficking between the
early and late endosomal compartments, but not the recycling en-
dosomal pathway. Accordingly, this behaviour could explain how
chloroquine preferentially blocked the extracellular release of G218R,
but did not impair the secretions of EV-associated TSG101 or HSP70
which may be sorted to MVB/LE independently of early endosomal
delivery. Thus, bulk release of EVs at later stages of exocytosis do not
appear to be dependent on luminal acidification, but instead may be
stimulated by alkalinization.

Under steady-state conditions, NHE6 operates as an alkalinizing
mechanism (i.e., cytoplasmic Na™ or K* influx in exchange for luminal
H*) to counterbalance the acidifying effects of the vacuolar H™-
ATPase, achieving an intraluminal pH in the range of ~6.4-6.6 in
various cell types, including fibroblasts (Ilie et al., 2016; Xinhan et al.,
2011), epithelia (Ohgaki et al., 2010) and neurons (Ouyang et al.,
2013). Downregulating NHE6 expression or catalytic activity result in
overacidification of recycling endosomes which, by an ill-defined me-
chanism, reduces their shuttling to and from the PM (Ilie et al., 2016;
Ohgaki et al., 2010; Ouyang et al., 2013; Xinhan et al., 2011). Sig-
nificantly, this impaired vesicle trafficking was associated with loss of
epithelial apical cell polarity (Ohgaki et al., 2010) and neuronal de-
generation and death (Ilie et al., 2016; Ouyang et al., 2013; Stromme
et al., 2011). In contrast to loss-of-function mutations, we found that
G218R-containing endosomes where considerably more alkaline com-
pared to WT-endosomes in both AP-1 cells and primary cultures of
mouse hippocampal neurons. While the precise consequences of this
mutation on the kinetic properties of NHE6 will require further study,
the elevated pH, could simply be explained by a gain-of-function,
though other mechanisms are possible. For instance, the mutation could
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result in uncoupled H* efflux in a manner analogous to uncoupled Cl~
conductance for mutated forms of endosomal electrogenic 2C1~/1H™
exchangers of the CLC family (Scheel et al., 2005). Notwithstanding,
this mutation still negatively impacted recycling endosomal trafficking
in both cell types.

In hippocampal neurons, G218R overexpression resulted in pro-
nounced reductions in dendritic arborization and spine density, with a
selective loss of mature mushroom-shaped spines and the emergence of
immature filopodial-like protrusions. These morphological alterations
closely resemble effects observed when disrupting components of the
cytoplasmic molecular machinery (i.e., Rabl1, syntaxinl3, and EHD1/
Rmel) that control the trafficking of recycling endosomes, including
rapid declines in dendritic spine size and density and abolition of
AMPAR trafficking and long-term potentiation (LTP), a well-established
cellular model of learning and memory (Park et al., 2006). The colo-
calization of NHE6 with AMPAR (Deane et al., 2013) and TRKB
(Ouyang et al., 2013) in recycling endosomes suggests that NHE6 may
function as a molecular link between the fine control of endosomal pH
and trafficking signals that direct cargo needed for neurons to mature,
function and survive.

In conclusion, disruption of NHE6 activity through either loss- or
gain-of-function impairs optimal recycling endosomal function and thus
may explain many of the neurodevelopmental and neurodegenerative
symptoms associated with the pathophysiology of CS.
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