Transducer role of heme oxygenase-1 in

brain dysmaturation and schizophrenia

Ayda Tavitian

Integrated Program in Neuroscience
Department of Neurology and Neurosurgery
Faculty of Medicine
McGill University, Montreal

December 2021

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

Doctor of Philosophy

© Ayda Tavitian 2021



TABLE OF CONTENTS

Table of COMtents. .. ..o e e
Preface to thesis ...
A D S A Gt oo e e e e e e e e
A DT G B o e e e e e e e e e e
Acknowledgements ....... ... e e e e

Contributions to original knowledge ........... .. ... . . i

AUthor COMtEID UL oo e e e e e e e

List of figures ..o e e e e e e e e

List of abbreviations ... e e e e e

Chapter 1. Introduction, rationale and objectives of the research .........
Chapter 2. Literature revVIiew ...t e i e i et e
2.1. Schizophrenia ..... .. . e e
2.2. Animal models of schizophrenia research .....................................
2.3. Sensorimotor gating - prepulse inhibition of the acoustic startle

2.4, Corpus calloSUM ... e e e e e

B B G 1 - 1 0 1 1P

2.4.2. Corpus callosum formation .......... ..ot i e,

2.4.2.1i. Development and maturation of corpus callosum .............

2.4.2.11. Myelination within corpus callosum ...

2.4.3. Functional roles of corpus callosum .............cooiiiiiii i,
2.4.4. The corpus callosum and schizophrenia ...................oii il
2.5. Hippocampal dentate Gyrus ........ ...ttt e
2.5.1. Dentate gyrus granule cell layer ...

2.5.2. The hippocampus in schizophrenia .............coiiiiiiii i i

2.5.2.i. The dentate gyrus in schizophrenia .................ooooiiiiiin.t.

11
14
17
19
22
24
28
31
39
40
47

51

54
54
56

.57

60
64

.67

72
73
76
78



2.5.2.1i. Morphology of the human dentate gyrus in schizophrenia..... 84
2.5.2.1i1. Immature dentate gyrus molecular profile in animal models.86

2.6. Lateral ventricles ..... ... . 8T
2.6.1. The lateral ventricles in schizophrenia ...........................coee vl t. .. 89
2.7. Craniofacial morphology ............... i ... 90
2.7.1. Craniofacial bone formation .............coociiii i e 92
2.7.2. Craniofacial morphology in schizophrenia ....................................94
2.8. Heme oxygenase-1 ...ttt i i i eee e e .. 906
2.8.1. HEME OXYZENASES .evtrniit ittt et et et e et e it e it e e e ee e eeee a2 90
2.8.2. Heme oxygenase-1 .......ooiiit it i i e 22299
2.8.2.1. Regulation .......oouiii i e e e e 99
2.8.2.1i. Sub-cellular localization .............cocoiiiiiiiiii i 101
2.8.2.111. Protective and toxic roles ..........coiiiiii i 102
2.8.2.iv. HO-1 in neurological conditions .................c.coveeve ... 103
2.8.2.v. HO-1 and schizophrenia ..................cco i i i iee e el ... 105

2.9. GFAP.HMOXI1% 2™ mouse .......c.oooviviriiiieieieiceeeii e iieieeieeeen a2 110
Chapter 3. Methodology ......... .. i 119
1. Common methods for all experiments ................................... 121
1.1, Timeline of eXperiments ..........ooviiiiiiiinii i ceiiee ceeeeveee e e 121

1.2, Animal husbandry ... i .. 124

3.

3

3

3.1.3. Generation Of MICE .....c.ovtiiiiit it it i i i e e et e e e e enn .. 124

3.1.4. PCR genOtyPINg .ovoiniit it it e e i it e e eee et e e iee e e e e e e 2 125

3.2. Methods for Experiment 1 ........ ... .. ... .. i 127

3.2. 1 Animals .o e 127

3.2.2. Behaviour ..ot e e e e 128
3.2.2.i. Three-chambre social interaction test ............................. 128
3.2.2.11. Nest building ..o i i e e 129
3.2.2.11i. Spontaneous alternation in the Y-maze ...........................129
3.2.2.iv. Bar mouthing ... e 130

3.2.3. Statistical analysSes .......cooiiiiiiiiii i e e 131

3.3. Methods for Experiment 2 ........ ... .. ... .. ... i 133



W W W W W W W

W W W W W

3
3

3

3.

Bl AnImals Lo e e e
.3.2. Clozapine adminiStration ..........oouie it iir it oot e iee e ee et e aee e e
3.3 0pen field teSt cou i e e e e
.3.4. PPI of the acoustic startle reSPONSe .......ovuiiitiinieiiieine i eeneeeennns
3.5, Statistical analySes ..ot e e e e e e
4. Methods for Experiment 3 ........ .. . . s
4.1, Head shape analysis ..ottt e e e e e e e e e
3.4.1.1. Image acquUiSTtION ..ouiin ittt it et e e e et et e e e e e e e e aas
3.4.1.11. Computerized analysis of digital images ................c.ooiiiiint.
3.4.1.11.(a) Shape eXtraction .......oouiriir it it e e e et e e e et e e ee
3.4.1.11.(b) Shape desCriptors ....oouirit it it e e et e e e e e e
3.4.1.111. Statistical analySes ....c.ooiiiiit it e e
4.2 Skull morphometry ... e
3.4.2.i. Craniofacial bone preparations .............cooiiiiiiiiitiiniinienennnn.
3.4.2.1i. Craniofacial bone morphometry ..........c.oooiiiiiiiiiiiii i ..
3.4.2.111. Statistical analySes ....c.oooiiiii it i e
.5. Methods for Experiment 4 ... ... .. . .
5L SUTZICAl PrOCESSES tut it it i it et e e e et e e e e e e e e e e
5.2, TiSSUE SECLIOMIME uv vt it e ot et et et e et ee et e et e et een e et ee eeeeaen
5.3, Tissue section SEleCtioN ....c..ue it iit it i i i e e e e
.5.4. Histology / Histochemistry .......cooiuiiiiiiii i i i i
3.5.4.1. Hematoxylin and €0SIN ........oiiit it it e
3.5.4.11. Luxol fast blue - hematoxylin and eosin .........................ol .
3.5.4.111. Sudan Black B ... .o
5.5, Tmage aCcqUISTEION .ouuin ittt e e e e e e e e e e
5.6, MOTPROMEITICS .ottt it it it e e e et e e e e e e e e e e
3.5.6.1. HIpPOCAmMPUS oonit it it it it e et e et e et e e e ee e e e
3.5.6.11. Lateral ventricles .......oooiiiii i e
3.5.6.1ii. Dentate gyrus granule cell layer shape analysis ...................
5.7, Statistical analysSes ..o it e e

6. Methods for Experiment S ........ ... ... .

133
133
134
134
135
137
138
138
141
141
143
147
148
148
149
154
155
155
155
156
158
158
159
161
161
161
162
162
163
164
ceeee.... 166



3.6, 1. ANIMaAlS oo e e e e e e e e e e
3.6, 2. PP B St ot e e e e e e e e e e e e e e e
3.6.3. Statistical analySes ....oo.ui it ii i e e e
3.7. Methods for Experiment 6 ............ .. i
Tl ANIMALS e e e e e e e e e e

W W W W W W

3.7.6.1. Total RNA extraction, polyadenylation, and cDNA synthesis ....

3.7.6.1i. mRNA RT-qPCR ... e
3.7.7. Neuromorphological analysis ..........cooi i e
3.7.8. ImMmMunofluOTreSCEONCE ...ttt it it e e e e e e e e
3.7.9. Statistical analySes ....oouit it ii i e e e e
Chapter 4. Research findings ......... ... . i
4.1. Results of Experiment 1 ... .
Summary of Results ... e e e e
4.1.1. Nest building ..o e e e e e e e e e
4.1.2. Spontaneous alternation in the Y-maze ...............ccoiiiiiiiiiiin..
4.1.3. Three-chambre social interaction test ............cooiiiiiiiiiiiiiiiinenean...
4.1.4. Bar-mouthing ..o e e e e
4.2. Results of Experiment 2 ... .. . i i e
Summary of Results. ... e e e e e
4.2.1. 0pen field teSt .ot e e e e e e
4.2.2. Prepulse inhibition of the acoustic startle response ......................
4.3. Results of Experiment 3 . ... .. .
Summary of Results ..o e e e e e e e e
4.3.1. Head shape analysis .......ccooiiiiiiiin it i e e e e e e

4.3.1.1i. Dorsal view of mouse head ..............ooiiii i

4.3.1.11. Right and left lateral views of mouse head ...........................

.7.2. Brain reelin protein expression in middle adulthood .....................
.7.3. Whey protein isolate (Immunocal) supplementation ......................
7.4 Behavioural teStS oou it it it it e e e e e e e e e e e e
7.5 8urgical procedures .o i e

7.6, MRN A CXPIESSTON ittt it it et et e et e et e eee et ee et ee et e aae e e e

166
166
167
169
169
170
170
171
171
172
172
172
173
173
174
176
179
179
179
181
183
185
186
186
186
188
189
189
189
189
193



4.3.2. Craniofacial bone morphometry .............c.ccoiiiiiiiii i, 198
4.4. Results of Experiment 4 ........ .. ... ... . i 202
Summary of Results ... e e 2. 202
4.4.1. Lateral ventricles .......ccooiiiiiiiiii it 203
4.4.2, HIPPOCAMPUS tonrt ittt et it it ee et e et e eee e iee eee eireeeannaennne e 206
4.4.3. Corpus callosum .......coiiiit i i e e e e e 2119
4.4.3.1. Anterior Iimit ... e 21109
4.4.3.11. Posterior limit ... e 223
4.4.4. Overview of maturational trajectories of the dentate gyrus granule cell
layer, the corpus callosum and the lateral ventricles in GFAP.HMOX%-12m
transgenic vs. wild-type mice ..........ooiiiiiiii i el . 226
4.5. Results of Experiment 5 ........ ... ... il 228
Summary of Results ... e 228
4.5.1. Analysis of the PPI deficit in GFAP.HMOX1° 2™ transgenic mice ...228
4.5.2. Identification of adolescent mice eligible for longitudinal follow-up of
4.5.3. Acoustic startle response (ASR) in late adolescence and early
adulthood ... e 231
4.5.4. Prepulse inhibition of the acoustic startle response (PPI) in late
adolescence and early adulthood ................. ..l 234
4.5.5. Maturational trajectory of PPI between late adolescence and early
adulthood in WT and TG mice .......ccoooeiiiiiiiiiiiiii i e e 237
4.6. Results of Experiment 6 ......................coi it en ... 240
Summary of Results ... i e e e el 240
4.6.1. Brain reelin expression in GFAP.HMOX1°!?2™ transgenic mice in middle
adulthood ... 2. 240
4.6.2. Brain reelin expression in GFAP.HMOX1° 2™ transgenic mice
following cysteine-rich whey protein isolate (Immunocal®)
supplementation in early adulthood ...................... oLl 244
4.6.3. GFAP.HMOX1°!2™ TG mouse behaviour following cysteine-rich whey

protein isolate (Immunocal®) supplementation in early adulthood ..247



4.6.3.1. Locomotor aCtiVity ....couet it i i e e e e e 2477

4.6.3.11. Prepulse inhibition of the acoustic startle response (PPI) .......249
4.6.4. Hippocampal and ventricular pathology ...............ooiiii 00251
Chapter 5. Discussion ... i i i e 22 253
5.1. Overview of findings.......ccooit it i e i i e e e 2 254
5.2. Relevance to schizophrenia............coo it i e e e .00 256
5.2.1. Dentate gyrus granule cell layer morphology in schizophrenia......... 264
5.2.2. Dentate gyrus granule cell layer morphology in schizophrenia-relevant
animal models.... ... a2 267
5.2. 3. Model. ..o e 2770
5.2.4. Implications of the immature dentate gyrus endophenotype............. 271
5.3. Brain to behaviour........ocoi i i a2 274
5.4. Possible molecular and cellular mechanisms...................................280
5.4.1. Reelin ..o e e . 280
B T Nl o 1 2 PP
5.4.3. Lateral ventricles......oouuit it e e 282
5.4.4. Corpus callosSum. ..ot i e e .0 283
S5.4.5. Dentate SYTUS .ot it ittt et et e e et e e e e e e e e 0. 285
5.4.6. Craniofacial morphology........c.co i i e ... 288
5.5. HO-1 as transducCer.....c.ocv it it it i i i i e e e i 290
5.6. Limitations and potential pathways forward ...............................293
5.7. Future direCtions......oou ittt it i it it e e e e e e a2 295
Chapter 6. Conclusion and summary ........................cciii i cen ... 298

Bibliography ... e i e 302



Preface to thesis

This doctoral thesis is written in the traditional monograph style following the
thesis preparation guidelines set forth by the Graduate and Postdoctoral Studies
Office at McGill University and in conformity with thesis requirements of
Library and Archives Canada. The studies herein reported were conducted
under the supervision of Dr. Hyman M. Schipper. In this thesis I explore how
a critical period of heme oxygenase-1 overexpression shapes the brain and

behaviour, using mice as a model system.
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Abstract

The capability of a brain to efficiently carry out its fundamental function of
information processing depends on normal morphogenesis which includes
optimal development and maturation. Adolescence is a period when the brain
is completing its structural and functional maturation and exhibits heightened
susceptibility to adult mental illness, an example of which is schizophrenia. In
addition to the clinical manifestation of positive, negative and cognitive
symptoms, anomalies documented 1in schizophrenia patients include
cerebrocraniofacial dysmorphology and elevated levels of oxidative stress. The
causes of schizophrenia are still unknown, but many stressors have been
identified as risk factors. However, it is not known if select molecules act as
transducers between these stress stimuli and the final pathology.
GFAP.HMOX1°%!?2™ mice that overexpress heme oxygenase-1 (HO-1) in
astrocytes, and possibly other cells that express GFAP, continuously from
embryogenesis to midlife exhibit many schizophrenia-relevant features. HO-1
is a stress protein readily inducible by many identified schizophrenia risk
factors. Oxidative stress can both trigger and result from HO-1 expression in
cells. In recent years, evidence of an association between HO-1 and
schizophrenia has accrued in the literature. The main goal of my doctoral
research was to test my overarching hypothesis that a critical period of HO-1
overexpression in astrocytes and possibly other GFAP-expressing cells
interferes with brain maturation, with implications for the etiopathogenesis of

schizophrenia. Through experiments conducted on GFAP.HMOX1°!2™ mice at

11



three life phases: mid-to-late-adolescence, early adulthood and middle
adulthood, I demonstrate in this thesis that: 1) nest-building behaviour, short-
term spatial working memory, and preference for social novelty are impaired
and bar-biting stereotypy is enhanced in adult GFAP.HMOX1° 2™ mice; 2)
clozapine significantly improves hyperlocomotor and stereotypic behaviour in
adult GFAP.HMOX1%!2™ mice; 3) adult GFAP.HMOXI1%!2™ mice exhibit
craniofacial dysmorphology; 4) HO-1 interferes with the structural maturation
of the brain between adolescence and adulthood, as evidenced by abnormal gray
and white matter anatomy. Histopathological measurements revealed that
GFAP.HMOX1°% 2™ mice exhibit a deviant maturational trajectory of the lateral
ventricles, the hippocampus and the corpus callosum. Maturation of the dentate
gyrus granule cell layer and of the corpus callosum was arrested at the
adolescent-stage, and the lateral ventricles underwent a post-adolescent
dilatation. Importantly, this thesis exposes a previously unidentified distinctive
immature morphology of the dentate gyrus granule cell layer in the brains of
adult GFAP.HMOX1%!2™ mice which is indistinguishable from its normal
adolescent-age morphology; 5) functional maturation of the GFAP.HMOX10°-12m
mouse brain is impaired, as demonstrated by disrupted progression of prepulse
inhibition of the acoustic startle response from adolescence to adulthood; 6)
reelin immunoreactivity is diminished in several regions of the adult
GFAP.HMOX1°%!'2™ mouse brain as previously reported in schizophrenia
patients; 7) short-term treatment in early adulthood with a glutathione

precursor ameliorates hyperlocomotor and stereotypic behaviour and enhances

12



brain reelin content, but does not correct brain anatomical defects in
GFAP.HMOX1%!2™ mice. The findings described in this dissertation strengthen
the face validity of, and add predictive validity to, the GFAP.HMOX?-!12m
mouse model as a useful animal model for schizophrenia research and suggest
a role for HO-1 as a molecular transducer of prenatal and early-life stressors
into later-life pathology of brain and behaviour by interfering with brain
maturation. Inhibiting the glial HO-1 response during select windows of
opportunity may hold novel therapeutic and/or preventive potential for the

management of brain disorders like schizophrenia.
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Abrégé

La capacité d’un cerveau a effectuer sa fonction fondamentale de traitement de
I’information dépend de sa morphogenése normale, incluant un développement
et une maturation optimaux. L’adolescence est une période ou le cerveau
compléte sa maturation structurelle et fonctionnelle, et présente une
susceptibilité accrue a la maladie mentale adulte, dont la schizophrénie est un
exemple. Outre les symptomes positifs, négatifs et cognitifs, les anomalies
documentées de la schizophrénie incluent la dysmorphologie craniofaciale et
cérébrale et les niveaux ¢élevés de stress oxydatif. Les causes de la
schizophrénie sont encore inconnues, mais de nombreux agents stresseurs ont
¢té identifiés comme facteurs de risque. Cependant, on ne sait pas si certaines
molécules agissent en transducteurs entre ces stimuli de stress et la pathologie
finale. Les souris GFAP.HMOX1%!2™ qui surexpriment 1’héme oxygénase-1
(HO-1) dans les astrocytes, et peut-&tre d’autres cellules qui expriment la
GFAP, depuis 1’embryogenése a 1’age adulte exhibent de nombreuses
caractéristiques reliées a la schizophrénie. HO-1 est une protéine de stress,
inductible par plusieurs facteurs de risque identifiés de schizophrénie. Le
stress oxydatif peut a la fois déclencher et découler de 1’expression de HO-1
dans les cellules. Des études récentes ont démontré une association entre le
HO-1 et la schizophrénie. L’objectif principal de ma recherche doctorale était
de tester mon hypothése globale selon laquelle une période critique de
surexpression de HO-1 dans les astrocytes, et peut-étre d’autres cellules

exprimant la GFAP, interfére avec la maturation du cerveau, avec des

14



implications pour I’étiopathogénie de la schizophrénie. Par des expériences
menées sur les souris GFAP.HMOX1%!?m 3 3 phases de vie: mi-a-fin
d’adolescence, début d’age adulte et age adulte moyen, je démontre dans cette
thése que: 1)lesdites souris sont démunies dans leurs capacités de construction
de nids, de mémoire spatiale a court terme, et de préférence pour la nouveauté
sociale, et démontrent un niveau ¢levé de stéréotypie en captivité; 2)lesdites
souris présentent une dysmorphologie craniofaciale; 3)elles sont déficientes en
reeline dans plusieurs régions du cerveau; 4)leurs hyperkinésie et stéréotypie
motrice sont améliorées par la clozapine; 5)I’anatomie anormale de leurs
maticeres grise et blanche démontre que le HO-1 interfére avec la maturation
structurelle du cerveau entre [’adolescence et 1’4ge adulte. Ces souris
présentent une trajectoire maturationnelle anormale des ventricules latéraux,
de I’hippocampe et du corps calleux, avec un ¢élargissement post-adolescent des
ventricules latéraux et un arrét de maturation au stade adolescent du gyrus
denté et du corps calleux. Cette thése expose une morphologie immature
distinctive de la couche de cellules granuleuses du gyrus denté des souris
susmentionnées adultes, qui est indiscernable de sa morphologie normale d’age
adolescent; 6)la maturation fonctionnelle du cerveau desdites souris est
perturbée, avec une déficience de progression de la capacité de filtrage sélectif
sensori-moteur entre 1’adolescence et 1’dge adulte; 7)un traitement a court
terme avec un précurseur de glutathion améliore 1’hyperkinésie et la
stéréotypie motrice et augmente la reeline dans le cerveau, mais ne corrige pas

les défauts anatomiques cérébraux desdites souris. Les résultats décrits dans

15



cette thése renforcent la validité apparente du modéle de la souris
GFAP.HMOX1%!2m et y ajoutent une validité prédictive, en tant que modéle
animal utile pour la recherche sur la schizophrénie. Ils indiquent un réle pour
le HO-1, comme transducteur moléculaire des facteurs de stress précoce en
pathologie du cerveau et du comportement en 4age adulte, par voie
d’interférence avec la maturation du cerveau. Ainsi, 1’inhibition de la réaction
HO-1 dans les cellules gliales pourrait offrir une nouvelle avenue thérapeutique

et/ou préventive pour les troubles cérébraux, comme la schizophrénie.
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Contributions to original knowledge

The research presented in this thesis contributes to original knowledge with

the following novel findings:

1. The stress protein heme oxygenase-1 (HO-1) interferes with maturation of
the brain.
When overexpressed in astrocytes (and possibly other GFAP-expressing
cells) continuously from embryogenesis to early adulthood, HO-1 leads
to a deviant post-adolescent maturational trajectory of the brain in both
structure and function with: (a) arrested post-adolescent maturation of
the dentate gyrus granule cell layer and of the corpus callosum splenium;
and progressive post-adolescent enlargement of the lateral ventricles,
and (b) impaired post-adolescent augmentation of sensorimotor gating

capacity.

2. A distinctive immature, adolescent-like morphology is retained in the
dentate gyrus granule cell layer of adult GFAP.HMOX1°%!2™ mouse brains.
This morphological signature may also be present in other rodent models of

schizophrenia research, as well as the human schizophrenia-affected brain.

3. When overexpressed in astrocytes (and possibly other GFAP-expressing
cells) continuously from embryogenesis to early adulthood, HO-1 leads to
cognitive, social, and daily living/self-care dysfunction, and an enhanced

desire to escape from confined spaces in early adulthood. Nest-building

19



behaviour, social novelty preference, and short-term spatial working
memory were impaired and cage bar-biting behaviour was enhanced in adult

GFAP.HMOX1°%12™ mice.

. When overexpressed in astrocytes (and possibly other GFAP-expressing
cells) continuously from embryogenesis to early adulthood, HO-1 leads to
craniofacial dysmorphology in adult males. Nasal bones were lengthened,
head shape anisotropy was altered and left/right directional asymmetry of

facial shape was reduced in adult male GFAP.HMOX1°% 2™ mice.

. Acute treatment with the atypical antipsychotic, clozapine attenuates
hyperkinesia and motor stereotypy in adult GFAP.HMOX1°% 2™ mice, with a

trend toward improvement in prepulse inhibition.

. Short-term treatment with a glutathione precursor nutraceutical,
Immunocal® attenuates hyperkinesia and motor stereotypy, augments brain
reelin content, but does not correct established anatomical defects in adult

GFAP.HMOX1°%12m mice.

. The above findings strengthen the face validity of, and add predictive

validity to, the GFAP.HMOX1%!>™ mouse as a useful model for

schizophrenia research (and possibly other neurodevelopmental conditions)
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and offer a common mechanism whereby known risk factors are funnelled

through the HO-1 ‘transducer’ into pathogenesis of the disorder.
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CHAPTER 1

INTRODUCTION, RATIONALE AND OBJECTIVES OF THE RESEARCH
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A review of the relevant literature follows this general introduction in chapter 2.

The capability of a brain to efficiently carry out its fundamental function
of information processing depends on normal morphogenesis which includes
optimal development and maturation, a protracted process that continues until
early adulthood. This morphogenesis is reliant on the stepwise process of
proliferation, differentiation, migration, maturation and connectivity of the
brain’s anatomical units, the cells it is composed of. A disruption in the
carefully orchestrated spatiotemporal sequence of neural cell development at
any step can lead to aberrations in the final output of the nervous system at the
levels of cognition, emotion and behaviour. Such disruptions to, or deviations
from, the normative course of development can translate into brain disorders
that may be manifest in early childhood or may remain latent until early

adulthood, as in the case of autism and schizophrenia, respectively.

Neurodevelopment is a malleable and dynamic process and its end-result
emerges from both genes and the environment, as well as the interaction
between them. Therefore, it is not nature versus nurture, but rather nature and
nurture together that determine an individual’s position on the continuum
between mental health and illness, between a healthy and a diseased or
dysfunctional brain. In this respect, early life experiences exert a considerable
influence on shaping the brain and behaviour for later life. Environmental
influences on the development and maturation of the brain are strongest during

critical periods. Although these periods constitute windows of vulnerability to
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neurodevelopmental disorders, they also offer windows of opportunity for

therapeutic or preventive interventions.

At the far end of the afore-mentioned continuum lies schizophrenia, a
severe mental illness with dysfunctional cognition, emotion and behaviour. The
etiology of this brain disorder remains uncertain, but it is posited to arise from
genetic susceptibility coupled to environmental insults. Its origins seem
intimately related to brain development and maturation, even though illness
onset occurs in late adolescence or early adulthood. In the absence of valid
biomarkers, the diagnosis of schizophrenia rests solely on clinical
manifestation, with its symptomatology categorized into three domains:
positive symptoms (e.g. hallucinations and delusions), negative symptoms (e.g.
reduced social drive) and cognitive impairments (e.g. working memory
deficits). Presently, there is no cure for schizophrenia; symptoms are
alleviated, albeit not completely, by antipsychotic medication treatment.
Research into the schizophrenia-affected brain has revealed elevated levels of
oxidative stress and diminished levels of the major brain antioxidant
glutathione, in addition to various other alterations in gene expression and
neurochemistry. Schizophrenia patients show impaired sensorimotor gating,
tested in research settings by the prepulse inhibition paradigm. Research has
also uncovered midline craniofacial dysmorphology in schizophrenia patients,
as well as brain anatomical abnormalities confined to regional volumetric
changes compared to healthy control subjects. When I embarked on my doctoral

research, no clear anatomical lesion, no neuropathological signature, had yet
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been discovered in the brains of individuals with schizophrenia. Long-time
attempts to uncover a distinctive neuropathology in the schizophrenic brain had

yielded no results, raising uncertainty about its existence.

The causes of schizophrenia are still unknown, but a panoply of risk
factors has been identified for the illness. As a polygenic and multifactorial
disorder, schizophrenia is thought to arise from the interaction of several genes
with one another and with environmental factors in a time-dependent manner.
Environmental stressors that are believed to increase risk of schizophrenia
include pro-inflammatory cytokine release in maternal immune activation,
prenatal malnutrition, maternal psychotrauma with resultant hypothalamic-
pituitary-adrenal axis activation, obstetric complications, childhood trauma,
childhood brain infection and adolescent cannabis use. It has been suggested
that these factors may all converge upon limited developmental pathways to
instigate schizophrenia, but it is not known if select molecules act as

transducers between these stress stimuli and the final pathology.

The foregoing gives rise to several central questions that are of interest

to the present thesis:

1. Is there a yet undiscovered anatomical biomarker, a distinctly
identifiable anomalous morphology, a neuropathological marker, in the
brains of patients with schizophrenia?

2. If schizophrenia originates perinatally, why is illness onset in late

adolescence/early adulthood?
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3. How can early life stress, starting even at conception, alter the brain and
affect behaviour in later adult life?

4. At what stage in life do brain anatomical abnormalities appear in people
with schizophrenia? Do they precede, coincide with, or follow symptom
onset? Are they a cause or a consequence of the disease?

5. What is the cause of these brain anatomical abnormalities?

6. Are there specific molecules that act as transducers between the vast
array of stressors identified as risk factors for schizophrenia and the

final pathology? Is there a final common pathway?

Animal models are effective tools to study such questions. Despite the
nearly impossible task of fully modelling a human disorder like schizophrenia
in animals, many useful models have been developed to elucidate specific

neurobiological underpinnings of the disorder.

A few years ago, a novel conditional transgenic mouse line was
engineered in the laboratory of Dr. Hyman Schipper to overexpress heme
oxygenase-1 (HO-1) selectively in astrocytes and possibly other cells that
express glial fibrillary acidic protein (GFAP), under temporal control by
dietary doxycycline (the mouse construct was designed by Dr. Wei Song in the
Schipper laboratory). Through the strategic selection of temporal windows of
expression for the HMOXI transgene, this GFAP.HMOX1 mouse model would
enable the study of HO-1 in the context of different central nervous system
disorders and assist to delineate critical periods for HO-1 expression in each

disorder. When HMOXI! was continuously expressed in the time window
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extending from conception to midlife, we serendipitously discovered that these
GFAP.HMOX1%!2™ mice were mimicking a considerable number of
schizophrenia-relevant features, thus suggesting a role for HO-1 in the
etiopathogenesis of schizophrenia. At the time, only one study had evaluated
HO-1 expression in schizophrenia and found it to be overexpressed at the
mRNA level in postmortem brain tissue from schizophrenia patients. Another
possible association between HO-1 and schizophrenia could be deduced from
reports of HO-1 induction in the brains of rats treated with phencyclidine and
methamphetamine, both of which can be used to generate pharmacologic animal
models germane to schizophrenia. Since then, reports of HO-1 overexpression
in schizophrenia have been accruing in the literature originating from both

human and animal studies.

HO-1 is a stress response protein that catabolizes heme into biliverdin,
carbon monoxide and free ferrous iron. Biliverdin is then converted to bilirubin
by the action of biliverdin reductase. HO-1 acts as a sensor of cellular stress
and a regulator of redox homeostasis. Oxidative stress can both trigger and
result from HO-1 expression in cells. The HMOXI gene that encodes HO-1 is
readily inducible by a vast array of oxidative and inflammatory stimuli, many
of which are among identified schizophrenia risk factors. Thus, HO-1 is in a
strong position to carry out the role of a transducer molecule between the

stressful stimuli and the resulting pathology in a disorder like schizophrenia.

The main goal of my doctoral research was to test my overarching

hypothesis that a critical period of HO-1 overexpression in astrocytes, and
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possibly other GFAP-expressing cells, interferes with brain maturation, with
implications for the etiopathogenesis of schizophrenia. In light of the above
introduction, I sought to explore this hypothesis through the following specific

objectives:

Aim 1: Study additional behavioural domains in GFAP.HMOX1°%!2™ mice. In
our initial study, adult GFAP.HMOX1°!2™ mice exhibited increased locomotor
and stereotypical behaviour, which model positive symptoms of schizophrenia.
Here, my aim was to test GFAP.HMOX1°!>™ mice in behavioural paradigms
that fall within the negative symptom and cognitive dysfunction domains of

schizophrenia.

Aim 2: Test the predictive validity of the GFAP.HMOX1°!?™ mouse model for
schizophrenia by treatment with the atypical antipsychotic medication,

clozapine.

Aim 3: Study craniofacial anatomy in adult GFAP.HMOX1%!2™ mice by the

analysis of head shape features and skull morphometry.

Aim 4: Study brain anatomy in GFAP.HMOX1°!>™ mice at 3 timepoints in their
lifespan. The brain anatomical abnormalities in schizophrenia patients are most
prominent in the hippocampus and lateral ventricles. Abnormalities are also
present in the corpus callosum. Here, my aim was to examine the anatomy of
the hippocampus, the lateral ventricles and the corpus callosum and follow

their maturational trajectory in GFAP.HMOX1°!2™ mice from adolescence to
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early adulthood to midlife, with postmortem histochemical and morphometric

techniques.

Aim 5: Examine the progression of prepulse inhibition of the acoustic startle
response (PPI) from adolescence to adulthood in male GFAP.HMOX1% 2™ mice
through a longitudinal study. In our initial cross-sectional study, adult male
GFAP.HMOX1%!2™ mice showed impaired PPI, as seen in schizophrenia. Since
PPI follows a maturational trajectory, here my aim was to test the hypothesis
that PPI deficiency in adult GFAP.HMOX1°!2™ mice reflects an impairment in

the maturation of this brain function.

Aim 6: Test in GFAP.HMOX1°%!2™ mice the therapeutic potential of treatment
with the glutathione precursor Immunocal® for brain disorders such as
schizophrenia. Here, my interest was in the effects of such a treatment on

behavioural dysfunction, brain anatomy and brain reelin expression in

GFAP.HMOX1°%12m mice.

This dissertation presents the results of these investigations, discusses

their significance and implications, and proposes future lines of inquiry.
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CHAPTER 2
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Note: Text in quotation marks has been published in

Tavitian A., Song W., Schipper H.M. (2019) Dentate gyrus immaturity in

schizophrenia. Neuroscientist 25:528-547;

Tavitian A., Cressatti M., Song W., Turk A.Z., Galindez C., Smart A., Liberman
A., Schipper H.M. (2020) Strategic timing of glial HMOXI expression results
in either schizophrenia-like or parkinsonian behavior in mice. Antioxid Redox

Signal 32:1259-1272;

and

Schipper H.M., Song W., Tavitian A., Cressatti M. (2019) The sinister face of

heme oxygenase-1 in brain aging and disease. Prog Neurobiol 172:40-70.

Reproduced with permission.

This chapter reviews the background literature on subjects related to the studies
presented in this thesis. I begin with schizophrenia and animal models thereof,
then review the normative course and state as well as the state in schizophrenia
for each of: sensorimotor gating, brain anatomy (corpus callosum, dentate
gyrus, lateral ventricles) and craniofacial anatomy. I continue with heme

oxygenase-1, and lastly present the GFAP.HMOX1 mouse model.

2.1. Schizophrenia

“Schizophrenia is a complex neuropsychiatric disorder with risk factors

intimately related to brain development and maturation (Murray and Lewis,
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1987; Weinberger, 1987; Weinberger and Levitt, 2011). The coupling of genetic
susceptibility to environmental insults seems to determine the liability for
developing the disorder (Tandon et al., 2008). The brains of patients with
schizophrenia show anomalies in anatomy (Ellison-Wright and Bullmore,
2010), neurochemistry (Torrey et al., 2005; Keshavan et al., 2008), gene
expression (Gupta et al., 2005; Maycox et al., 2009), and electrical activity
(Sponheim et al., 1994; Wolwer et al., 2012). Clinical features of the disorder
are categorized within three broad domains: cognitive deficits such as
impairments in attention, working memory, and executive functioning; negative
symptoms such as apathy and reduced social drive; and positive symptoms,
including hallucinations, delusions, and thought disorder (Tandon et al., 2009).
While symptom onset is typically in late adolescence or early adulthood
(Tandon et al., 2009), the precise etiology and pathogenesis of this
neuropsychiatric disorder remain elusive. Importantly, the wide spectrum of
identified genetic and environmental risk factors may be converging on limited
pathways in neurodevelopment as they instigate schizophrenia (Brown,
2011).”1

In the absence of valid biomarkers, schizophrenia patients are diagnosed
on the basis of clinical manifestations according to criteria outlined in the
latest editions of the Diagnostic and Statistical Manual of Mental Disorders
(DSM) of the American Psychiatric Association and the International

Classification of Diseases (ICD) of the World Health Organization (APA, 2013;

I Tavitian A, Song W, Schipper HM (2019) Dentate Gyrus Immaturity in Schizophrenia. Neuroscientist 25:528-547.
Reproduced with permission.
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WHO, 2019). A core feature of schizophrenia is the significant impairment of
reality testing, the capacity to distinguish internally generated thoughts and
sensations from external reality (APA, 2013; WHO, 2019). As a consequence,
individuals with schizophrenia experience reality distortion exhibited through
positive symptoms of delusions, hallucinations, and disordered thought and
speech (Tandon et al., 2009). This, together with persistent negative symptoms
(e.g., avolition leading to apathy) and cognitive dysfunction (e.g., deficits in
attention, working memory and executive functioning) leads to significant
detriment in self-care, social, and occupational outcomes for schizophrenia
patients and places the disorder in the top 20 causes of disability worldwide
(Eack and Newhill, 2007; Wazni and Gifford, 2017; James et al., 2018; Harvey
et al., 2019).

Current pharmacological treatment for schizophrenia is solely with typical
(e.g., chlorpromazine, haloperidol) and atypical (e.g., clozapine, olanzapine,
quetiapine, risperidone) antipsychotic medications which exert their best effect
against positive symptoms, although atypical antipsychotics may also attenuate
negative symptoms (Tandon et al., 2010; Huhn et al., 2019). None conclusively
addresses the cognitive deficits, and all have disruptive side-effects; extra-
pyramidal symptoms with typical antipsychotics and metabolic syndrome with
atypical ones, for example (Tandon et al., 2010; MacKenzie et al., 2018; Huhn
et al., 2019). Nevertheless, the chance discovery in 1952 of chlorpromazine as
the first medication to benefit schizophrenia patients was a major advance,

paved the way for the development of other drugs in this family, and provided
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evidence for the involvement of the dopamine system in this disorder, although
other neurotransmitter systems also play a role (Delay and Deniker, 1955;
Seeman and Lee, 1975; Creese et al., 1976; Keshavan et al., 2008; McCutcheon
et al., 2020). In addition to neurotransmitter dysregulation, oxidative stress
and deficiency in glutathione, the brain’s major antioxidant, have been
documented in schizophrenia, as have mitochondrial damage (bioenergetic
failure) and alterations in brain proteins like suppressed reelin levels
(Impagnatiello et al., 1998; Fatemi et al., 2000; Guidotti et al., 2000;
Prabakaran et al., 2004; Yao et al., 2006; Gysin et al., 2007; Raffa et al., 2009;
Bitanihirwe and Woo, 2011; Gawryluk et al., 2011; Maas et al., 2017; Roberts,
2017; Kumar et al., 2020; Roberts, 2021).

Risk factors for developing schizophrenia include having a family history
of the disorder (Tandon et al., 2008). That schizophrenia has a genetic
component is demonstrated by its lifetime risk that increases with increasing
genetic proximity to a family member with the illness (Gottesman, 1991).
However, the concordance rate for schizophrenia in monozygotic twins, who
share 100% of their genome, is only 48% attesting to the influence of
environmental factors in precipitating the disease (Gottesman, 1991). Although
the mode of inheritance is unknown, the predominant view of the genetic basis
of schizophrenia is that of the combined involvement of a large number of
genes, each of small effect (Nasrallah et al., 2011). An alternate view is that
schizophrenia is caused by multiple highly penetrant but individually very rare

genetic mutations (Nasrallah et al., 2011). Both concepts found support in the
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largest genome-wide association study (GWAS) in schizophrenia which
identified 108 genetic loci (potentially implicating hundreds of genes) that
increase risk for developing the disorder (Schizophrenia Working Group of the
Psychiatric Genomics, 2014). How the environment interacts with
schizophrenia susceptibility genes, and what, if anything, mediates its effects
is also unclear, but several environmental risk factors have been identified.
These include: residence in and migration to urban areas (Tandon et al., 2008),
cannabis use during adolescence (Semple et al., 2005), late winter/early spring
birth (Torrey et al., 1997; Davies et al., 2003), childhood physical or
psychosocial trauma (Tandon et al., 2008), obstetric complications (Geddes and
Lawrie, 1995; Cannon et al., 2002; Byrne et al., 2007), maternal psychotrauma
(Tandon et al., 2008), maternal malnutrition (Susser et al., 1996; St Clair et
al., 2005; Penner and Brown, 2007) and maternal immune activation (Brown et
al., 2001; Brown et al., 2005; Meyer et al., 2007; Penner and Brown, 2007). In
addition, male sex also increases lifetime risk for developing schizophrenia
with an average male/female relative risk of 1.4 (Aleman et al., 2003; McGrath
et al., 2004).

The structural component of the schizophrenia-affected brain has received
varying degrees of attention over the years. In the early 20'™ century, the
neuropathologist Southard described diffuse structural abnormalities of a
probable maldevelopmental nature in the brains of individuals with
schizophrenia (Southard, 1915). In his opinion, schizophrenia had a structural

basis and its “potential victim” was “probably born with the normal stock of
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brain cells, although their arrangement and development are at times early
interfered with” (Southard, 1915). Nevertheless, when neuropathological
studies failed to discover a characteristic brain lesion in schizophrenia, interest
in the neuroanatomy of the disorder dwindled, to be revived only after the
advent of modern in vivo neuroimaging technology which revealed alterations
in the sizes of various regions in the brains of schizophrenia patients (Harrison,
1999). The Schizophrenia Working Group within the ENIGMA (Enhancing
Neuro Imaging Genetics through Meta Analysis) consortium recently conducted
large-scale multicentre mega-analyses of cortical, subcortical and white matter
imaging data across more than 4000 participants (van Erp et al., 2016; Kelly et
al., 2018; van Erp et al., 2018). These studies corroborated earlier evidence
gathered with smaller samples, as well as results from the largest meta-analysis
of brain volumes in schizophrenia conducted to that date, and found that
compared to healthy controls, individuals with schizophrenia have thinner
cortex, smaller hippocampus, amygdala, thalamus and accumbens, larger
putamen, pallidum and lateral ventricle volumes, and widespread white matter
abnormalities including in the corpus callosum (Haijma et al., 2013; van Erp
et al., 2016; Kelly et al., 2018; van Erp et al., 2018). The largest effect sizes
were in the hippocampus and lateral ventricles, as well as in the frontal and
temporal lobes for cortical measures (van Erp et al., 2016; van Erp et al., 2018).
The hippocampus, lateral ventricles and corpus callosum are of particular
relevance to this dissertation and are discussed further in sections 2.4-2.6.

Neuroanatomical abnormalities in schizophrenia are accompanied by
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craniofacial dysmorphology that includes dysmorphogenesis of the frontonasal
midline and deviation from normal facial asymmetry (Hennessy et al., 2004;

Deutsch et al., 2015), discussed in section 2.7.

In an attempt to integrate many levels of information from biological and
psychological systems and explore basic dimensions of functioning in human
behaviour, the U.S. National Institute of Mental Health launched the Research
Domain Criteria (RDoC) framework in 2009 for investigating mental disorders
(Cuthbert and Insel, 2013). The goal of RDoC is not to replace current
diagnostic systems, DSM and ICD, but to unravel the nature of varying degrees
of dysfunction seen in mental health and illness (NIMH, 2009). RDoC aims to
construct a comprehensive picture of both typical and atypical development of
brain and behaviour across the lifespan by adopting dimensional rather than
categorical conceptualizations (NIMH, 2009). It focuses on behavioural
elements contained within the following domains of human functioning:
negative valence systems, positive valence systems, cognitive systems, systems
for social processes, arousal/regulatory systems, and sensorimotor systems, in
order to elucidate the neural systems they arise from as well as genetic,
molecular and cellular components of those systems (NIMH, 2009). While
RDoC concentrates on human studies, basic and animal research are considered
important for laying a foundation for and guiding those studies (Simmons and
Quinn, 2014). Knowledge gained through the RDoC framework may be
informative on mechanisms operating in schizophrenia (Cuthbert and Morris,

2021).
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2.2. Animal models of schizophrenia research

“Numerous preclinical animal models have been developed to simulate the
etiopathogenesis of schizophrenia, but no single model fully recapitulates the
inherent biological and clinical complexities of the human disease (Lipska and
Weinberger, 2000; Lazar et al., 2011). Despite this limitation, individual
models have provided important clues concerning salient triggers, genetic and
molecular pathways, and endophenotypes germane to schizophrenia in humans.
[Similarly to animal models of other human illnesses, the usefulness of an
animal model for schizophrenia research is evaluated according to its face,
construct and predictive validity: face validity is the degree of similarity
between the phenotype of the model and that of the human disorder; construct
validity represents the degree of homology between the animal model and the
human illness in their underlying pathological mechanisms; predictive validity
is achieved by the ability of drugs used for the human illness to act on
corresponding attributes in the animal model (Wilson and Terry, 2010; Young
et al., 2010)]. Animal models for schizophrenia research have traditionally
been conceptualized within four major categories: pharmacologic (drug-
induced) models, lesion models, genetic models, and developmental (perinatal
risk factor) models. A recent addition to these categories is gene-environment
interaction models.

“Pharmacologic (drug-induced) models: Human studies have implicated
dysregulation of multiple neurotransmitter systems in schizophrenia, most

notably those involving dopamine, glutamate and gamma-aminobutyric acid

47



(GABA). Pharmacologic or drug-induced animal models germane to
schizophrenia are typically generated by administering to rats or mice
dopaminergic agonists (e.g., amphetamine), GABAA receptor antagonists (e.g.,
picrotoxin) and glutamatergic antagonists (e.g. phencyclidine, ketamine, MK -
801) (Marcotte et al., 2001; Lazar et al., 2011).

“Lesion models: These models attempt to replicate features of
schizophrenia by incurring focal damage to specific brain regions/pathways.
Important in this category are neonatal ventral hippocampal lesions, neonatal
medial prefrontal cortex lesions, and neonatal amygdalar lesions (Hanlon and
Sutherland, 2000; Daenen et al., 2003; Schneider and Koch, 2005; Tseng et al.,
2009).

“Genetic models: These models seek to delineate genes that impart risk for
schizophrenia, based on evidence for an important genetic component in this
multifactorial disorder. Genetic models have largely focused on single gene
mutations (Young et al., 2010; Lazar et al., 2011). Recently, the largest
genome-wide association study of schizophrenia conducted to date identified
83 novel risk loci for the disorder, as well as reconfirming 25 previously
identified ones (Schizophrenia Working Group of the Psychiatric Genomics,
2014), findings that may influence the development of future genetic animal
models (O'Tuathaigh and Waddington, 2015). [In this study, notable
associations with schizophrenia were found at the dopamine D2 receptor gene
(DRD2), the target of effective antipsychotic drugs, and at genes related to

glutamatergic neurotransmission, providing strong support to animal models
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generated by manipulations of these genes (Cazorla et al., 2014; Fujioka et al.,
2014; Schizophrenia Working Group of the Psychiatric Genomics, 2014; Cardis
et al., 2018)].

“Developmental (Perinatal risk factor) models: Included here are models
of maternal psychotrauma or malnutrition, obstetric complications, early
postnatal stress, and gestational/perinatal exposure to neurotoxic chemicals
and infectious agents (by administration, for example, of methylazoxymethanol
acetate [MAM]; arabinofuranosyl cytidine [Ara-C]; polyinosinic:polycytidylic
acid [Poly I:C]; lipopolysaccharide [LPS]) (King et al., 2010; Wilson and Terry,
2010; Brown, 2011).

“Gene-environment interaction models: Animal models in this emerging
category aim to elucidate the combined effects of schizophrenia susceptibility
genes and environmental insults. Examples are DISC1 gene mutations and Poly
[:C or lead exposure, NRG1 deletion and adolescent stress, COMT knockout
and chronic A-9-tetrahydrocannabinol (THC) exposure[, partial deletion of
MAP-6 combined with 2 subsequent “hits” of early postnatal maternal
separation and adolescent tetrahydrocannabinol (THC) exposure] (Kannan et
al., 2013; Abazyan et al., 2014; Bouet et al., 2021).

“Pharmacologic models are useful in delineating behavioural
consequences of specific neurotransmitter disruptions (Howes and Kapur,
2009; Lazar et al., 2011). They fall short, however, in simulating perceived
neurodevelopmental aspects of schizophrenia (Marcotte et al., 2001; Lazar et

al., 2011) except, perhaps, when the pharmacologic agent is administered

49



during critical periods of development. Lesion models attempt to replicate
features of schizophrenia by incurring focal damage to specific brain
regions/pathways (Hanlon and Sutherland, 2000; Daenen et al., 2003;
Schneider and Koch, 2005; Tseng et al., 2009) and consequently provide insight
into discrete brain loci and projections which mediate schizophrenia-relevant
behaviours. The fact that discrete brain lesions of this kind are not
characteristic of human neuropathology in schizophrenia remains a significant
limitation. Genetic models seek to delineate genes that impart risk for
schizophrenia and contribute to the elucidation of causal associations between
individual genes and specific endophenotypes (Young et al., 2010; Lazar et al.,
2011). However, the evaluation of mutant genes in isolation does not reflect
the complexity of the disease’s polygenic and multifactorial nature.
Developmental models include simulations of maternal psychotrauma or
malnutrition, obstetric complications, early postnatal stress, and
gestational/perinatal exposure to neurotoxic chemicals and infectious agents
(King et al., 2010; Wilson and Terry, 2010; Brown, 2011) and dovetail nicely
with the epidemiology of schizophrenia risk factors in humans. Finally, gene-
environment interaction models aim to elucidate the combined effects of
schizophrenia susceptibility genes and environmental insults (Kannan et al.,
2013; Abazyan et al., 2014). Such models have the potential to replicate more
closely the etiology of schizophrenia, as the importance of the “nature and
nurture” combination in precipitating manifestations of this illness has become

increasingly apparent. Nevertheless, combining isolated environmental insults
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with single risk genes does not fully capture the disorder’s polygenic and

multifactorial nature.”?

2.3. Sensorimotor gating - prepulse inhibition of the acoustic startle

response

The brain is constantly receiving interoceptive (e.g., memories) and
exteroceptive (e.g., auditory or visual) information that it needs to process
efficiently, distinguishing relevant stimuli from irrelevant ones in order to
prevent sensory overload, which it does through gating mechanisms that
develop with brain maturation (Freedman et al., 1987; Braff, 1993; Swerdlow

et al., 1999; Cromwell et al., 2008; Davies et al., 2009; Hedberg et al., 2021).

The brains of individuals with schizophrenia are deficient in sensory
processing and gating mechanisms and, therefore, are unable to filter out
irrelevant stimuli; this results in sensory overload that is thought to contribute
to the positive symptoms of hallucinations and delusions, to cognitive flooding
and fragmentation, as well as to negative symptoms like social withdrawal
(Venables, 1960; Chapman and McGhie, 1962; Hemsley, 1977; Braff, 1993;

Hemsley, 1994; Javitt, 2009; Javitt and Freedman, 2015).

Various experimental paradigms have been developed to measure gating
mechanisms in humans and laboratory animals. One such paradigm is prepulse

inhibition of the startle response (Swerdlow et al., 1999). The startle response

2 Ibid.
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is a defensive response to a sudden, intense sensory stimulus achieved by the
contraction of skeletal and facial muscles (Swerdlow et al., 1999). Prepulse
inhibition can be tested within different sensory modalities, for example by
visual, tactile or acoustic stimuli, although the latter is more widely used
(Bullock et al., 1997; Swerdlow et al., 1999). Prepulse inhibition of the
acoustic startle response (hereafter referred to as PPI) is a measure of
sensorimotor gating whereby the startle response of an organism to a strong
auditory stimulus (pulse) is attenuated when it is preceded by a weaker stimulus
(prepulse) within a small temporal interval (Graham, 1975). PPI deficits occur
in several central nervous system (CNS) disorders including schizophrenia
(Braff et al., 1978; Swerdlow et al., 2018; San-Martin et al., 2020), obsessive
compulsive disorder (Kohl et al., 2013), Gilles de la Tourette’s syndrome (Kohl
et al., 2013), and adults with autism (Perry et al., 2007). The PPI impairment
in schizophrenia is already apparent at first episode of psychosis (Ludewig et
al., 2003; Hedberg et al., 2021). Some studies have detected lower startle
magnitudes in schizophrenia patients compared to healthy control subjects
(Braff et al., 1999; Quednow et al., 2006; Matsuo et al., 2016), a finding
replicated in a recent large multi-site study (Swerdlow et al., 2018). PPI
deficits are displayed by most animal models of schizophrenia research

[(Carpenter and Koenig, 2008) Table 3].

PPI follows a maturational time course. In humans, it increases
continuously in childhood between the ages of 3 and 10 years, when it is

reported to have reached adult levels; however, the small sample size of five
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10-year-old children and ten adults in the one available study, as well as the
high variance, may have been limitations when comparing these two age groups
(Gebhardt et al., 2012). In mice, PPI seems to emerge at low levels around
postnatal day 14 and increases progressively with a strain-dependent
heterogeneity in maximal values reached in adulthood (Bullock et al., 1997;

Paylor and Crawley, 1997; Nakamura et al., 2006; Cowin et al., 2011).

Sexual dimorphism has been observed in PPI. Healthy young men show
greater levels of prepulse inhibition than healthy, age-matched, premenopausal
women (Swerdlow et al., 1993; Kumari et al., 2004; Aasen et al., 2005; Kumari
et al., 2008). Weaker PPI has also been detected in female rodents compared to
males of the same strain when tested at adult stages before aging (Lehmann et
al., 1999; Ison and Allen, 2007). In schizophrenia, both absence and presence
of PPI deficits have been reported in female patients (Kumari et al., 2004; Braff
et al., 2005). A recent meta-analysis of PPI deficiency in schizophrenia found
larger effect sizes in studies with a greater proportion of male participants,
therefore further investigations are needed to resolve this question (San-Martin

et al., 2020) .

The neural circuits that mediate the acoustic startle response and its
modulation by prepulses have been extensively investigated and the following
picture emerges. In mammals, the primary acoustic startle pathway is
delineated as a relatively simple circuit at the level of the brainstem, consisting
of the auditory nerve, cochlear nuclei, caudal pontine reticular nucleus, and
motor neurons (Davis et al., 1982; Lee et al., 1996; Koch and Schnitzler, 1997;
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Swerdlow et al., 1999; Scott et al., 2021). A sudden intense acoustic stimulus
activates the caudal pontine reticular nucleus which elicits the startle response
through activation of facial, cranial and spinal motor neurons leading to muscle
contraction (Koch and Schnitzler, 1997; Gomez-Nieto et al., 2014). The neural
circuitry of PPI is more complex. The current understanding is that PPI is
mediated by the following neural pathway: cochlear nuclei - inferior colliculus
- superior colliculus - pedunculopontine tegmental nucleus - caudal pontine
reticular nucleus (Fendt et al., 2001). The acoustic prepulse is relayed through
this pathway and inhibits the caudal pontine reticular nucleus, attenuating the
startle response (Fendt et al., 2001). The laterodorsal tegmental nucleus and
the substantia nigra pars reticulata bring a small contribution to this PPI-
mediating circuit (Fendt et al., 2001). In addition, PPI generated through this
mediating pathway is modulated by a regulating pathway that includes
hippocampus, medial prefrontal cortex, amygdala, ventral striatum, ventral
pallidum, pontine tegmentum and nucleus accumbens (Swerdlow et al., 2001).
The hippocampus, prefrontal cortex and amygdala likely exert their influence
on PPI via their projections to the nucleus accumbens and ventral tegmental
area, the source of dopamine in the nucleus accumbens which is thought to be

central to PPI modulation (Swerdlow et al., 2001; Swerdlow et al., 2016).

2.4. Corpus callosum

2.4.1. Anatomy
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The corpus callosum is a fibre tract found uniquely in the brains of
placental mammals (Aboitiz and Montiel, 2003). It is the largest white matter
tract in these brains and connects the right and left cerebral hemispheres
through callosal fibres, axons of neocortical neurons that cross the midline at
the base of the longitudinal fissure (Eccher, 2014; Hofman et al., 2020). Fibres
of the adult corpus callosum originate in one hemisphere from callosal
projection neurons found predominantly in cortical layers 2/3 and 5 (and to a
lesser extent layer 6) and project onto neurons in layers 1-3 and 5 of, mostly
homotopic but also heterotopic, neocortical areas in the contralateral
hemisphere. This pathway assures the flow and integration of information
between hemispheres at the level of the neocortex (Fame et al., 2011; De Ledn
Reyes et al., 2020). In addition to these callosal fibres, glial cells
(oligodendrocytes, astrocytes and microglia) and blood vessels form an integral
part of the corpus callosum (Goursaud et al., 2009; Yeung et al., 2014; Masuda

et al., 2019; Blaauw and Meiners, 2020).

Anatomical parcellation of the corpus callosum subdivides it into: rostrum,
genu, body, isthmus and splenium, with each subdivision carrying fibres to and
from specific areas of the neocortex (Raybaud, 2010). In midsagittal view, the
anterior-most point of the corpus callosum coincides with the anterior limit of
the genu, its posterior-most point coincides with the posterior limit of the
splenium, while the beak-like rostrum extends semi-horizontally from the
inferior posterior end of the genu and is sometimes treated as its component

(Witelson, 1989). The genu carries fibres of the prefrontal cortices and anterior
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cingulate gyri; fibres of the precentral cortices, their adjacent insular gyri and
overlying cingulate gyri cross through the callosal body; the isthmus contains
fibres of the primary auditory cortices and of the precentral and postcentral
gyri (motor and somatosensory strips); the splenium contains fibres from
parietal, occipital and temporal cortices; fibres in the rostrum likely connect
frontobasal cortices (Hofer and Frahm, 2006; Raybaud, 2019). This fibre
topography of the corpus callosum is conserved between human, non-human
primate (ape and monkey) and rodent (rat and mouse) brains (Olavarria and van
Sluyters, 1986; Olavarria et al., 1988; Hofer and Frahm, 2006; Hofer et al.,
2007; Allen Institute for Brain Science, 2011; Phillips and Hopkins, 2012; Oh

et al., 2014).

The total number of callosal fibres in the mature human corpus callosum
has been estimated at 175-200 million, of which an average of 138 million
fibres are myelinated (Tomasch, 1954; Aboitiz et al., 1992; Riise and
Pakkenberg, 2011). In mice, the estimated number of callosal fibres is 7
million, with around 28% myelinated fibres in the mature corpus callosum

(Sturrock, 1980; Livy et al., 1997).

2.4.2. Corpus callosum formation

The human corpus callosum develops prenatally, with all callosal fibres
already present at birth, and continues to grow and mature postnatally with
increased myelination until middle adulthood (Rakic and Yakovlev, 1968;

Prendergast et al., 2015; Lynn et al., 2021). In mice, development of the corpus
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callosum also occurs prenatally and proceeds until the end of the first postnatal
week when all fibres will have crossed the midline; its maturational growth and
myelination then continue until mid-adult ages (Sturrock, 1980; Wahlsten,
1982; Ozaki and Wahlsten, 1992; Verma et al., 2005; Carroll et al., 2011;

Fenlon et al., 2017; De Le6én Reyes et al., 2019).

2.4.2.i. Development and maturation of corpus callosum

Development of the corpus callosum follows a specific sequence of events.
First, the two telencephalic hemispheres must be fused at the midline in the
septal area (Silver et al., 1982; Raybaud, 2019). Although the mechanism for
this fusion is not completely understood, it seems to be achieved by the removal
of interhemispheric leptomeninges through the disruption of meningeal laminin
(basal lamina) by astrocytes destined for the transient guidepost structure
known as “midline zipper glia” which then seams the septal midline and
provides a substrate for callosal fibre crossing (Silver et al., 1993; Hakanen
and Salminen, 2015; Gobius et al., 2016). At the dorsal surface of the “midline
zipper glia”, neurons mix with astrocytes to form the “subcallosal sling” that
bridges the two hemispheres and acts as another transient guidepost cellular
structure together with the “induseum griseum glia” and “glial wedge”, all
necessary for the appropriate midline crossing of fibres in the corpus callosum
(Silver et al., 1982; Silver et al., 1993; Shu and Richards, 2001; Shu et al.,
2003b; Shu et al., 2003a; Lent et al., 2005; Ren et al., 2006; Jovanov-Milosevi¢
et al., 2009; Niquille et al., 2009). In addition to these four midline guidepost

structures, transient neuronal populations (intracallosal neurons) have been
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detected in the developing corpus callosum itself and are thought to provide
supplementary navigational guidance to the midline-crossing axons (Niquille

et al., 2009; Jovanov-MiloSevi¢ et al., 2010).

Once these transient guideposts are in place, they act in concert to direct
the navigation of midline-crossing axons towards their intended contralateral
targets through the corpus callosum by providing chemical guidance cues and
physical support (Raybaud, 2019). The first fibres to cross via this pathway are
pioneer axons from the cingulate cortex which likely provide a scaffold for the
later-arriving neocortical callosal projections (Rash and Richards, 2001; Ren
et al., 2006). Callosal fibres from the neocortex then navigate between these
pioneer fibres and the subcallosal sling to reach the opposite hemisphere

(Silver et al., 1982; Ren et al., 2006).

The complex molecular landscape of attractant and repellent axon guidance
cues, their receptors, and interactions during corpus callosum development is
an evolving area of research (Lindwall et al., 2007; Morcom et al., 2016;
Raybaud, 2019; Ku and Torii, 2020). The SLIT2/ROBO1, NETRIN1/DCC, and
SEMA3C/NRP1 pathways are prominent signaling systems identified within
this landscape. Slit-2 is secreted by the indusium griseum glia and the glial
wedge, binds to its receptor Roundabout-1 (ROBO1) on callosal axons and acts
as a dorsal and ventral repellent to channel these axons into the corpus callosum
(Shu and Richards, 2001; Fothergill et al., 2013). Netrin-1, expressed at the
cortical midline, attracts pioneering cingulate axons, but not later-arriving

neocortical axons, towards the midline through its receptor Deleted in
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Colorectal Cancer (DCC) (Fothergill et al., 2013). Intracallosal and sling
neurons express Semaphorin-3C (SEMA3C) which acts as an attractant cue for

callosal axons that express its receptor Neuropilin-1 (NRP1) (Niquille et al.,

2009; Piper et al., 2009).

During the developmental phase of the corpus callosum, the first segment
to form is its anterior body from where it extends bidirectionally forming its
rostral genu earlier than its caudal splenium (Patten, 1968; Rakic and Yakovlev,
1968; Wahlsten, 1981; Silver et al., 1982; Kier and Truwit, 1996; Huang et al.,

2006; Ren et al., 2006).

The mechanisms and molecules involved in corpus callosum formation are
highly similar in mouse and human brains, therefore the mouse is considered a
suitable model for the study of corpus callosum development in humans (Ren
et al., 2006; Jovanov-Milosevi¢ et al., 2009; Niquille et al., 2009; Jovanov-

MiloSevi¢ et al., 2010).

The sequence of developmental events described above for the formation
of the corpus callosum extends from gestational week (GW) 8 to GW30-33 in
humans and from embryonic day (E) 12 to postnatal days (P) 5-7 in mice when
all callosal fibres, including transient exuberant axons, will have crossed the
midline (Rakic and Yakovlev, 1968; Clarke et al., 1989; Jovanov-Milosevi¢ et
al., 2009; Gobius et al., 2016; Fenlon et al., 2017; De Ledn Reyes et al., 2019).
A period of refinement and elimination of supernumerary axons then seems to

follow, resulting in a final stabilization of callosal fibres by the 2"¢ postnatal
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month in humans and P21-30 in mice (Clarke et al., 1989; Innocenti and Price,
2005; De Leon Reyes et al., 2019). Subsequently, the corpus callosum grows in
size and matures with increasing myelination until middle adulthood in both
humans and mice (Sturrock, 1980; Wahlsten, 1982; Rajapakse et al., 1996;
Giedd et al., 1999; Keshavan et al., 2002b; Verma et al., 2005; Hasan et al.,
2008; Carroll et al., 2011; Prendergast et al., 2015; Sakai et al., 2017; Lynn et

al., 2021).

2.4.2.ii. Myelination within corpus callosum

Myelination begins in the mouse corpus callosum at approximately P10
and increases steadily, with the proportion of myelinated axons more than
doubling between mid-adolescent (P45) and early adult (P240) stages
(Sturrock, 1980; Vincze et al., 2008; Son et al., 2017). In the human corpus
callosum, although myelinating oligodendrocytes have been observed in
postmortem fetal tissue at mid-gestation (Jakovcevski and Zecevic, 2005),
myelination is first detectable by magnetic resonance imaging at 3-4 months
after birth, undergoes a steady increase with age, and peaks in middle adulthood

(Barkovich et al., 1988; Deoni et al., 2011; Lynn et al., 2021).

Myelin is an insulating sheath that enwraps axons and increases action
potential propagation speed through saltatory conduction (Huxley and
Stampfli, 1949; Raine, 1984). The conduction velocity of an axon increases
with its diameter and its degree of myelination, up to an optimal diameter to

myelin thickness ratio where velocity is maximized (Waxman, 1980). Ensuring
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maximum electrical signal conduction velocity along the axon is traditionally
considered to be myelin’s major function, although recent studies suggest it
may have additional roles in influencing and supporting neurons and their
circuits (Stadelmann et al., 2019). Myelin is synthesized by Schwann cells in
the peripheral nervous system and by oligodendrocytes in the CNS (Sherman
and Brophy, 2005). The myelin sheath originates as a flattened cytoplasmic
process from its cell of origin and becomes compacted as it spirals around the
axon forming multilamellar segments called internodes that are separated from
one another by the unmyelinated nodes of Ranvier (Raine, 1984). Voltage-gated
sodium channels are clustered at the nodes of Ranvier, the sites of membrane
depolarization where action potential propagation takes place in a saltatory
mode (Sherman and Brophy, 2005). Myelin is composed of lipids and proteins,
with the lipid proportion making up at least 70% of its dry mass (Saher et al.,
2005). Myelin basic protein (MBP), proteolipid protein (PLP), 2°,3’-Cyclic
nucleotide 3’-phosphodiesterase (CNP), myelin-associated glycoprotein
(MAG) and myelin-oligodendrocyte glycoprotein (MOG) are major myelin
proteins, while myelin-enriched lipids include glycosphingolipids and
cholesterol (Ishii et al., 2009; Stadelmann et al., 2019). Cholesterol, an
essential component of myelin, comprises approximately 40% of the molar
percentage of its total lipids (Stadelmann et al., 2019). The availability of
cholesterol in oligodendrocytes is a critical and rate-limiting factor for
myelination during maturation of the brain (Saher et al., 2005). Astrocytes are

significant  providers of myelin lipids including cholesterol to
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oligodendrocytes, in addition to amounts synthesized endogenously by the
oligodendrocytes themselves (Saher et al., 2005; Camargo et al., 2017).
Astrocyte support for myelination also likely includes the provision of
supplemental lactate for energy production and lipid synthesis in myelinating
oligodendrocytes (Sanchez-Abarca et al., 2001; Rinholm et al., 2011; Kiray et

al., 2016).

Myelinating oligodendrocytes of the corpus callosum originate as
oligodendrocyte progenitor cells (OPC) that are generated starting at E15.5 in
the lateral and caudal ganglionic eminences and around birth (P0) in the
cortical ventricular zone in mice, and at mid-gestation in the ganglionic
eminence and cortical sub-ventricular zone in humans (Rakic and Zecevic,
2003; Kessaris et al., 2006). OPCs then migrate into the developing corpus
callosum where their numbers undergo substantial pruning by amoeboid
microglia at P7 in mice, before the onset of myelination, as a homeostatic
mechanism for optimum myelin sheath formation by regulating proper
oligodendrocyte-to-axon ratios (Kessaris et al., 2006; Nemes-Baran et al.,
2020). A similar population of amoeboid microglia that express phagocytosis-
associated CD68 is also present in the human fetal corpus callosum, suggesting
that the same OPC pruning mechanism exists in the human brain (Kershman,
1939; Rezaie et al., 2005). Some surviving OPCs remain undifferentiated and
constitute a progenitor pool in the adult corpus callosum while the majority
differentiates into immature pre-myelinating oligodendrocytes that later

mature to become myelinating oligodendrocytes (Clarke et al., 2012; Simons
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and Nave, 2015; Marques et al., 2016). Once generated, over 90% of mature
myelinating oligodendrocytes in the corpus callosum survive lifelong in both
humans and mice (Yeung et al., 2014; Tripathi et al., 2017). New myelinating
oligodendrocytes continue to be added in the mouse corpus callosum through
OPC differentiation until at least the age of 8 months, with an average increase
of about 30% in their numbers between mid-adolescence and early adulthood
(Rivers et al., 2008; Zhu et al., 2011; Young et al., 2013; Tripathi et al., 2017).
The differentiation, maturation and myelinating fate acquisition of
oligodendrocytes follows a cell-intrinsic program (regulated by transcription
factors, microRNAs and chromatin remodelling factors) but is also influenced
by extrinsic factors (Temple and Raff, 1986; Emery, 2010; Baydyuk et al.,
2020). Astrocytes can exert an influence on oligodendrogenesis at each stage
from proliferation of progenitors to myelination by secretion of trophic factors
like platelet-derived growth factor (PDGF) necessary for OPC proliferation,
brain-derived neurotrophic factor (BDNF) required for OPC differentiation,
and leukemia inhibitory factor (LIF) which promotes oligodendrocyte
maturation (Raff et al., 1988; Fischer et al., 2014; Miyamoto et al., 2015); by
provision of lactate and lipids to support myelination by oligodendrocytes
(Sanchez-Abarca et al., 2001; Rinholm et al., 2011; Kiray et al., 2016; Camargo
et al., 2017); and by clearance of potassium and glutamate from the
extracellular environment for the maintenance of myelin compaction and
integrity (Menichella et al., 2006; Rash, 2010; Tognatta et al., 2020). In

addition, the axon influences its own myelination by promoting OPC

63



proliferation and differentiation, as well as myelin ensheathment by
oligodendrocytes (Mitew et al., 2018; Pease-Raissi and Chan, 2021). Although
the molecular mechanisms in axon-oligodendrocyte crosstalk remain to be fully
elucidated, oligodendrocytes seem to preferentially myelinate electrically
active axons with a diameter greater than 300 nm (Sturrock, 1980; Gibson et
al., 2014; Mayoral et al., 2018; Mitew et al., 2018; Pease-Raissi and Chan,

2021).

2.4.3. Functional roles of corpus callosum

Functional roles of the corpus callosum have been largely inferred from
human cases of callosotomies, callosal lesions and congenital callosal
malformations of complete or partial agenesis (absence from birth) or
hypoplasia (thinner corpus callosum with normal anteroposterior length), as
well as from research with animal models (Glickstein and Sperry, 1960;
Desimone et al., 1993; Gazzaniga, 2005; Paul et al., 2007; Llufriu et al., 2012;
Stewart et al., 2017; McDonald et al., 2018). Modern neuroimaging techniques
now also allow their delineation in the intact human brain (Gazzaniga, 2005;
Doron and Gazzaniga, 2008; Wang et al., 2020). The corpus callosum serves to
transfer information between the two hemispheres of the brain (van der Knaap
and van der Ham, 2011). Functional specificity exists within the corpus
callosum such that its different subregions transfer different types of
information across the hemispheres according to the cortical areas they
interconnect (Banich, 1995; Hofer and Frahm, 2006; Fabri and Polonara, 2013;

Raybaud, 2019). Interhemispheric transfer of information assured by the corpus
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callosum between related cortical regions serves to coordinate the activity of
the two hemispheres by mainly excitatory but also inhibitory effects on the
contralateral hemisphere (Bloom and Hynd, 2005; van der Knaap and van der
Ham, 2011). Interhemispheric cooperation (facilitated by the corpus callosum)
increases with the complexity of performed tasks in order to maximize the
brain’s processing capacity; simple tasks may be efficiently carried out by one
hemisphere alone, but the contralateral hemisphere is recruited for more
complex tasks for which the resources of one hemisphere are not sufficient

(Weissman and Banich, 2000).

Brain activity and behavioural modalities that necessitate intact callosal
functioning include: cross-hemispheric spread of sleep slow waves that are
essential for the restorative properties of sleep (Avvenuti et al., 2020);
interhemispheric interplay during auditory speech processing required for
speech comprehension (Friederici et al., 2007; Sammler et al., 2010); cognitive
processing speed (Kerchner et al., 2012; Marco et al., 2012); bimanual motor
coordination (Serrien et al., 2001; Muetzel et al., 2008; Mueller et al., 2009;
Serbruyns et al., 2015); social cognition and inference necessary for normative
social functioning (Badaruddin et al., 2007; Symington et al., 2010; Turk et
al., 2010; McDonald et al., 2018); visual segregation of objects from their
background (Desimone et al., 1993); selective auditory attention and brain
lateralization for auditory and language processing (Pollmann et al., 2002;

Westerhausen et al., 2006).
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Corpus callosum functionality develops with its morphological maturation
and myelination (Banich and Brown, 2000). An illustration of this maturational
improvement of functionality is in the speed of bimanual coordination which
increases significantly in adolescence concomitantly with increased
myelination (Thompson et al., 2000; Muetzel et al., 2008), and later declines
in old age in association with reduced myelin integrity (Sullivan et al., 2001;
Serbruyns et al., 2015). The extent of interhemispheric information transfer
dysfunction following callosotomy is also dependent on the age at which the
corpus callosum is severed; callosotomies in mid-late adolescence (15-21 years
of age) result in significant impairments of transfer whereas those conducted
in childhood do not, likely due to compensatory circuit development during the

earlier plasticity window (Lassonde et al., 1991; Tovar-Moll et al., 2014).

Behavioural abnormalities have been reported in mice with compromised
integrity of the corpus callosum, although the degree of callosal contribution
to various mouse behaviours is unclear. For example, mice with focal thinning
and demyelination of the corpus callosum show normal sociability but reduced
preference for social novelty (Yamamoto et al., 2014), whereas BTBR mice
with complete congenital absence (agenesis) of the corpus callosum and BALB
mice with varying degrees of callosal agenesis show the opposite trend of
reduced sociability and intact preference for social novelty (Moy et al., 2007;
Pobbe et al., 2010). Added to this, the 129S1 strain of mice that has varying
degrees of callosal integrity is deficient in both sociability and preference for

social novelty (Moy et al., 2007), as are mice subjected to cuprizone-induced
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demyelination (Sun et al., 2018), while surgical transection of the corpus
callosum on postnatal day 7 has no effect on adult mouse sociability (Yang et
al., 2009). Based on the foregoing, a primary role of the corpus callosum in
mouse social behaviour cannot be inferred. Similarly, it is not clear if the nest-
building capacity of mice is reliant on corpus callosum integrity, as both
impaired and intact nest-building behaviour have been reported alongside an
anomalous corpus callosum (Brunskill et al., 2005; Moy et al., 2007; Sun et
al., 2018; Bouet et al., 2021; Ma et al., 2021). Different aspects of memory
may have differential dependency on the corpus callosum. When tested in the
same mice, spatial reference memory (a form of long-term memory assessed in
the Morris water maze) but not spatial working memory (a type of short-term
memory tested by the spontaneous alternation task in a Y-maze) was impaired
with loss of corpus callosum integrity (Bouet et al., 2021). The corpus callosum
may play a more direct role in the modulation of prepulse inhibition (PPI) of
the acoustic startle response, a measure of sensorimotor gating, which is
disrupted in mice with callosal deficiency (Brunskill et al., 2005; Xu et al.,
2009; Poggi et al., 2016; Tomas-Roig et al., 2016; Sun et al., 2018; Dominguez-

Iturza et al., 2019; Ma et al., 2021; Xiao et al., 2021).

2.4.4. The corpus callosum and schizophrenia

The “disconnection syndrome” hypothesis of schizophrenia proposes that
the symptoms of the disorder are a result of dysfunctional connectivity leading
to inefficient communication between functionally specialized brain regions

(Friston and Frith, 1995). This concept of disconnection dates back to the
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introduction of the term “schizophrenia” by Bleuler to connote the splitting of
the psyche or fragmentation of mental processes observed in patients afflicted
by the illness (Bleuler, 1911). As the largest white matter tract in the brain, the
corpus callosum is a prominent subject of investigation in connectivity studies
of schizophrenia. Although reported in rare and isolated cases of patients with
schizophrenia, agenesis (complete or partial) of the corpus callosum is not
considered to be representative of the illness but either a co-occurring
condition or an exaggerated anomaly of the more subtle callosal defects
present in this population (Lewis et al., 1988; Velek et al., 1988; Swayze et al.,
1990; Degreef et al., 1992; O'Callaghan et al., 1992; David et al., 1993;
Edelstyn et al., 1997; Motomura et al., 2002; Chinnasamy et al., 2006; Stip and
Lungu, 2012; Popoola et al., 2019; Neupane et al., 2021; Rosewater et al.,
2021). A smaller volume of the corpus callosum has been reported in
schizophrenia patients compared to healthy control subjects (Rotarska-Jagiela
et al., 2008). The mid-sagittal area of the whole corpus callosum was found to
be reduced in some studies of schizophrenia patients but not in others (Rossi
et al., 1989; Stratta et al., 1989; Woodruff et al., 1993; Tibbo et al., 1998;
Meisenzahl et al., 1999; Chua et al., 2000; Rossell et al., 2001; Shenton et al.,
2001; Keshavan et al., 2002a; Panizzon et al., 2003; John et al., 2008; Rao et
al., 2011); meta-analyses, however, concluded that total corpus callosum area,
measured in the mid-sagittal plane, is reduced in schizophrenia patients
compared to healthy controls (Woodruff et al., 1995; Arnone et al., 2008). Some

studies detected mid-sagittal area deficits localized to one or more callosal
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subregions of individuals with schizophrenia, with prominent reductions
apparent in the genu and splenium (Downhill et al., 2000; Rao et al., 2011).
Relative to controls, a shorter anteroposterior length of the corpus callosum,
measured in the mid-sagittal plane, has also been observed in the
schizophrenia-affected brain (Woodruff et al., 1993; Hoppner et al., 2001). The
finding that fractional anisotropy (FA), reflecting axonal and myelin integrity
measured by diffusion tensor imaging (DTI), is reduced in the whole corpus
callosum and/or its subregions in schizophrenia has been well-replicated
(Foong et al., 2000; Agartz et al., 2001; Ardekani et al., 2003; Patel et al.,
2011; White et al., 2013; Ellison-Wright et al., 2014; Zhuo et al., 2016a; Zhuo
et al., 2016b; Klauser et al., 2017; Hummer et al., 2018; Teonnesen et al., 2018).
Discrepancies, where they exist, in above-mentioned measures of size or
myelination attained by different studies likely arise from subject
heterogeneity, methodological differences, or underpowered studies. The latter
is especially relevant to subtle alterations that may be present in the
schizophrenia-affected corpus callosum as it was shown that the extent of their
detection increased with increasing sample size in randomly selected subsets
within a larger dataset (Melicher et al., 2015). A recent multisite mega-analysis
of DTI measurements in schizophrenia included 29 cohorts from 14 countries
with a total of 2359 healthy controls and 1963 individuals with schizophrenia
and found reduced FA (representing reduced axon/myelin integrity) in the

whole corpus callosum as well as in its genu, body and splenium separately,
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thus providing strong support for the presence of corpus callosum deficits in

this illness (Kelly et al., 2018).

Although direct causality cannot be inferred, compromised corpus
callosum integrity in schizophrenia patients has been associated with: auditory
verbal hallucinations (Seok et al., 2007; Curti¢-Blake et al., 2015; Zhang et
al., 2018; Di Biase et al., 2020); impaired social functioning (Koshiyama et
al., 2018); impaired ability for empathy (Fujino et al., 2014); deficient facial
emotion perception (impaired social cognition) (Zhao et al., 2017); verbal
fluency deficits (Rushe et al., 2007); impaired interhemispheric transfer of
tactile information (Rushe et al., 2007); loss of attentional asymmetry (Barnett,
2006); reduced cognitive processing speed (Karbasforoushan et al., 2015;
Kochunov et al., 2016); and impaired illness awareness (Gerretsen et al., 2019).
Corpus callosum immaturity was hypothesized to be responsible for the verbal
fluency deficits and loss of attentional asymmetry in schizophrenia patients

(Barnett, 2006; Rushe et al., 2007).

The global versus focal nature of neuroanatomical abnormalities in
schizophrenia has been a subject of debate in the literature (DeQuardo et al.,
1996). In light of data garnered from their landmark-based study of structural
brain abnormalities in schizophrenia, DeQuardo and colleagues (1996),
however, propose that “anatomical abnormalities demonstrable in the
midsagittal plane of patients with schizophrenia are fairly circumscribed
(focal), involving the posterior half of the corpus callosum, upper brainstem,

and the quadrigeminal cistern” and consider it likely that “this finding
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represents the ‘footprint’ of abnormalities located at sites distant from this
region but connected to it or through it” with either dysgenesis or atrophy as
the cause (DeQuardo et al., 1996). This outlook is supported by the finding that
the splenium, but not the genu, of the corpus callosum exhibits reduced FA in
never-medicated first episode schizophrenia patients (Cheung et al., 2008;
Gasparotti et al., 2009) and that volumes of the splenium in individuals at high
risk for developing schizophrenia and of the whole corpus callosum in
treatment-naive first episode schizophrenia patients lack the age-related
increase seen in healthy control subjects (Keshavan et al., 2002a; Francis et
al., 2011). The latter suggests maturational arrest, a concept considered for
the schizophrenia-affected corpus callosum by other groups, as well (Flynn et

al., 2003; Bersani et al., 2010).

Although necessitating further investigations, available histological
evidence points to unchanged axonal counts in the schizophrenic corpus
callosum (Nasrallah et al., 1983; Machiyama et al., 1987; Casanova et al., 1989;
Highley et al., 1999), with one study reporting diminished numbers in only
female schizophrenia patients (Highley et al., 1999). However, a possible
confounding effect of age cannot be excluded for the results of that study as
the female patient group was older than the other groups and there was an
overall reduction in the number of fibres with increasing age (Highley et al.,
1999). Only one study has compared oligodendrocyte numbers in the corpus
callosum between schizophrenia patients and control subjects in postmortem

brain tissue (Williams et al., 2013). Only the genu was examined where an
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almost 26% reduction in oligodendrocytes did not reach statistical significance
(Williams et al., 2013). This study was Ilimited by an uneven sample
distribution with only 4 specimens in the schizophrenia group compared to 14
in the controls (Williams et al., 2013). In two other studies with a larger sample
size of 23 schizophrenia and 20 control brains, the cross-sectional area and
thickness of myelin sheaths around axons in the genu and splenium did not
differ between groups (Williams et al., 2015; Williams et al., 2019). The
authors, however, consider it necessary to conduct additional investigations
before reaching definitive conclusions on this issue (Williams et al., 2015;

Williams et al., 2019).

Proteomic and peptidomic assays in recent years have revealed altered
levels of various myelin-related proteins in the schizophrenia-affected corpus
callosum. Reductions were found in CNP, MOG and MBP, although the latter
was not replicated perhaps due to different sampling schemes as none of these
studies reported the subregion of the corpus callosum sampled (Saia-Cereda et
al., 2015; Café-Mendes et al., 2017; Schoonover et al., 2019; Shimamoto-
Mitsuyama et al., 2020). Further studies are needed to ascertain
oligodendrocyte and myelin status in the schizophrenia-affected corpus

callosum.

2.5. Hippocampal dentate gyrus

“The human hippocampus, situated within the medial temporal lobe, plays

important roles in memory encoding and retrieval, spatial navigation and
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regulation of stress responses (Eichenbaum, 2000; Ekstrom et al., 2003;
Greicius et al., 2003; Ulrich-Lai and Herman, 2009). Anatomically, the
hippocampus is divided into anterior (head), middle (body) and posterior (tail)
segments and comprises two interlocking cortical laminae: the cornu ammonis,
with its multilayered CA1, CA2, CA3, and CA4 fields; and the dentate gyrus
with its molecular, granular, and polymorphic (or plexiform) layers (Duvernoy,
1988).”3 This laminar organization is similar in human and rodent brains;
however, the rodent hippocampus is subdivided into ventral, intermediate and
dorsal segments that correspond respectively to anterior, middle and posterior
segments of the human hippocampus (Strange et al., 2014; Lothmann et al.,
2021). The dentate gyrus receives cortical sensory information relayed through
the entorhinal cortex, processes that information, and conveys it to the CA3
subfield of the hippocampus with the ultimate goal of declarative memory
production (Amaral et al., 2007). “A fundamental role ascribed to dentate gyrus
granule cells is pattern separation to discriminate among inputs and reduce
interference among encoded memories (Bakker et al., 2008)”% The granule cell
layer (granular layer) of the dentate gyrus is of particular relevance to this

thesis and is the subject of the following sub-sections.

2.5.1. Dentate gyrus granule cell layer

The granular layer, the principal cell layer of the dentate gyrus, is a 4 to

10 cell-thick neuronal layer of granule cells, densely packed into two blades,

3 Ibid.
* Ibid.
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the earlier-developing suprapyramidal blade (external limb) and the later-
forming infrapyramidal blade (internal limb) (Amaral et al., 2007; Frotscher et
al., 2007; Insausti et al., 2010). Granule cells are all oriented in the same
direction within each blade and extend their dendritic trees into the overlying
molecular layer of the dentate gyrus and project their unmyelinated axons, the
mossy fibers, into the subjacent polymorphic layer (hilus) (Amaral et al.,
2007). In the hilus, the mossy fibers form synapses unto mossy cells, pyramidal
basket cells and other interneurons, and extend towards the stratum lucidum of

the hippocampus to terminate unto CA3 pyramidal cells (Amaral et al., 2007).

The dentate gyrus granule cell layer has a protracted development that
extends from embryonic day 10 to postnatal day 20 in mice and from the 10'"
to the 25'" gestational weeks in humans, after which new granule cells continue
to be generated in the subgranular zone of the dentate gyrus (a layer of cells at
the interface between the polymorphic and granular layers) at a greatly reduced
rate throughout life (Angevine, 1965; Nicola et al., 2015; Cipriani et al., 2017;
Boldrini et al., 2018). The subgranular zone is one of two neurogenic niches
recognized to persist in adult brains of most mammalian species including
humans (Altman and Das, 1965; Eriksson et al., 1998; Abbott and Nigussie,
2020). However, a recent high-profile study challenged the notion that “adult
neurogenesis” takes place in the human dentate gyrus (DG) (Sorrells et al.,
2018) and sparked renewed debate in the field (Arellano et al., 2018;
Kempermann et al., 2018; Kuhn et al., 2018; Snyder, 2018; Lima and Gomes-

Leal, 2019; Steiner et al., 2019; Kronenberg and Klempin, 2020; Lucassen et
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al., 2020; Moreno-Jiménez et al., 2021; Sorrells et al., 2021), with three
subsequent independent investigations again presenting evidence for its
existence (Boldrini et al., 2018; Moreno-Jiménez et al., 2019; Tobin et al.,
2019). In an attempt to address this controversy, Snyder (2019) performed a
comparative study of published data on lifetime DG neurogenesis in mice, rats,
rhesus monkeys and humans and reported that while rates of DG neurogenesis
peak and decline at different points in early life across species, they are more
stable in the second half of the lifespan and remain at 0.1-0.5% of maximum
levels in all species studied (Snyder, 2019). This study estimated the rate of
DG neurogenesis at mid-adolescence to be 4-5% in mice and approximately
0.5% in humans, thereafter sharply declining in mice to around 1% by early

adulthood and less than 0.5% in later life (Snyder, 2019).

Three sequential germinative matrices have been identified for dentate
granule cells. The first-born granule cells are generated in the dentate
neuroepithelium (primary matrix) in the ventricular zone, migrate into the
dentate anlage and start forming the suprapyramidal blade. Concurrently,
neural progenitors leave the dentate neuroepithelium, form a proliferative
migratory stream (secondary matrix) and enter what will become the hilus of
the dentate gyrus (tertiary matrix) where they give rise to granule cells that
move into both blades of the granule cell layer in an outside-in fashion (i.e.,
the oldest-born granule cells occupy the most superficial layers). Once all
granule cells are produced, the tertiary matrix becomes restricted to the

subgranular zone that harbours neural stem cells, the source of subsequent DG
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neurogenesis (Altman and Bayer, 1990b, a; Mathews et al., 2010; Cipriani et
al., 2017; Cipriani et al., 2018). Granule cells are post-mitotic but are still
immature when born. To become fully functional, they have to go through a
maturational phase that includes increases in cell body size, nucleus size,
dendritic arbour complexity and extent, as well as maturation of dendritic
spines (Arnold and Trojanowski, 1996b; Espoésito et al., 2005; Zhao et al.,
2006). Accompanying maturational changes in the anatomy of the granule cell
layer include augmenting intercellular spacing and diminishing neuronal

density with increasing maturity (Arnold and Trojanowski, 1996b).

2.5.2. The hippocampus in schizophrenia

“A fairly extensive literature has implicated aberrant hippocampal
anatomy and activity in patients with schizophrenia and as a common thread

among numerous animal models of the disease.

“Hippocampal size is reduced and hippocampal shape is deformed in
schizophrenia (Falkai and Bogerts, 1986; Bogerts et al., 1990; Csernansky et
al., 2002; Harrison, 2004; Adriano et al., 2012; Haijma et al., 2013; Okada et
al., 2016; van Erp et al., 2016). Multiple studies have documented a bilaterally
diminished volume of the hippocampus already demonstrable at first clinical
presentation (for meta-analyses, see (Steen et al., 2006; Vita et al., 2006; Vita
and de Peri, 2007; Adriano et al., 2012)). Two recent large-scale multicentre
studies of subcortical volumes in schizophrenia included neuroimaging data

from 4568 (van Erp et al., 2016) and 2564 (Okada et al., 2016) non-overlapping
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participants. Both studies confirmed earlier findings of hippocampal volume
reduction in schizophrenia, which exhibited the largest patient-control effect
size among all brain regions examined, followed by enlargement of the lateral
ventricles (Okada et al., 2016; van Erp et al., 2016). The connectivity of the
hippocampus to other brain areas is also compromised in schizophrenia (Meyer-
Lindenberg et al., 2005; Zhou et al., 2008). In addition, its molecular profile
comprises altered expression of various proteins (Torrey et al., 2005). At the
neuronal level, the evidence points to dendritic and synaptic pathologies that
encompass diminished complexity of dendritic arbors, augmented frequency of
basal dendrites on granule cells, decreased density of dendritic spines,
differential expression of synaptic proteins, reduced density of dentate mossy
fiber terminal synapses, as well as alterations in nicotinic, glutamatergic,
GABA, and serotonin receptors or their subunits (Joyce et al., 1993; Freedman
et al., 1995; Young et al., 1998; Meador-Woodruff and Healy, 2000; Mizukami
et al., 2000; Rosoklija et al., 2000; Vawter et al., 2002; Harrison et al., 2003;
Lauer et al., 2003; Senitz and Beckmann, 2003; Kolomeets et al., 2005;

Kolomeets et al., 2007).

“Measurements of regional cerebral blood flow and of glucose
consumption suggest that baseline or intrinsic activity is increased, whereas
task-related or stimulus-evoked activation is impaired, in the hippocampus of
schizophrenic patients (Wiesel et al., 1987; Heckers et al., 1998; Medoff et al.,
2001; Malaspina et al., 2004; Molina et al., 2005; Wolwer et al., 2012; Ledoux

et al., 2013; Thoresen et al., 2014; Tregellas et al., 2014). Moreover, the

77



behavioral correlates of hippocampal dysfunction in these patients are
evidenced, for example, by impaired performance on relational mnemonic tasks

that are hippocampus-dependent (Hanlon et al., 2005).

“Many of the hippocampal abnormalities documented in schizophrenia
patients are recapitulated in animal models used for the study of this illness
(Fatemi et al., 1999; Hanlon and Sutherland, 2000; Abdul-Monim et al., 2007;
Radyushkin et al., 2010; Sigurdsson et al., 2010; Kvajo et al., 2011; Hradetzky
et al., 2012). However, it is still unclear whether the anomalous hippocampus
is a cause or consequence of the disorder, as its temporal appearance along the

developmental trajectory of schizophrenia remains enigmatic.

2.5.2.i. The dentate gyrus in schizophrenia

“In schizophrenia, the dentate gyrus is a heavily affected hippocampal
subfield (Tamminga et al., 2010). Neuroimaging studies in recent years have
reported subfield-specific hippocampal volume reductions in schizophrenia
patients that include smaller volumes of the dentate gyrus/CA4 region
(Kraguljac et al., 2013; Mathew et al., 2014; Haukvik et al., 2015; Kawano et
al., 2015; Ota et al., 2017; Nakahara et al., 2020). To date, [few]
postmortem studies have assessed the volume of the dentate gyrus in
schizophrenia. [A meta-analysis of those studies deduced that the volume of
the left but not the right dentate gyrus is significantly reduced in schizophrenia
(Roeske et al., 2020). Chen and colleagues (2020) recently reported

significantly smaller volumes of the schizophrenia-affected dentate gyrus
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granule cell layer and hilus compared to controls in a stereological postmortem
study (Chen et al., 2020). Only the mean volumes between the left and right
hemispheres were reported in that study (Chen et al., 2020).] In [another] . . .
recent stereological postmortem investigation, Falkai and colleagues (2016)
found a reduction of the left dentate gyrus volume in schizophrenia patients
that reached statistical significance in the anterior hippocampus (Falkai et al.,
2016). An earlier report by Walker and colleagues (2002) failed to find a similar
result in a postmortem study that, according to the authors, carried adequate
statistical power to detect a 10% volume reduction; this may have been
insufficient to demonstrate hippocampal volume deficits in schizophrenia
which are reportedly more subtle and are estimated at approximately four
percent (Nelson et al., 1998; Walker et al., 2002; van Erp et al., 2016).
Methodological differences as well as subject heterogeneity between the two
studies may also have contributed to the conflicting results. [Another] . . .
postmortem study measured the volume of the granule cell layer in the left
dentate gyrus and found it to be significantly diminished in schizophrenia
patients (Falkai and Bogerts, 1986). Volume reduction in this layer of the
dentate gyrus was also demonstrated by a recent in vivo magnetic resonance
imaging study that used a novel automated segmentation method to label
subfields of the hippocampus (Ho et al., 2017). In addition, schizophrenia
patients showed decreased T2 signal in the right dentate gyrus granule cell
layer on ultra-high-field 7.0-tesla magnetic resonance imaging (Kirov et al.,

2013). A bilaterally reduced thickness of the granule cell layer had been
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observed earlier by McLardy (1975) in 12 of 30 postmortem brains from early-
onset schizophrenic patients (McLardy, 1975). However, only seven controls
were included in this study, four of whom had other psychiatric conditions.
McLardy found no evidence of degeneration in the abnormal granule cell layer,
which he considered to be consistent with developmental arrest (McLardy,
1975). The total area occupied by granule cell perikarya did not show an
alteration in schizophrenia postmortem tissue when measured at a single level
of the lateral geniculate body (Hurlemann et al., 2005). The authors of this
study acknowledge that if histological alterations are present differentially
along the rostro-caudal axis of the hippocampus, they may have escaped
detection by restriction of their study to a single level (Hurlemann et al., 2005).
Nevertheless, their observation suggests unchanged numbers of granule cells
at the hippocampal level surveyed. This possibility is supported by several
postmortem studies that assessed the number of dentate gyrus granule cells in
schizophrenia and found no significant differences relative to controls (Luts et
al., 1998; Walker et al., 2002; Senitz and Beckmann, 2003; Altar et al., 2005),
which would imply normal proliferation of this cell type during neurogenesis.
One postmortem study reported decreased neuron numbers in the left anterior
dentate gyrus of schizophrenia patients (Falkai et al., 2016). However, this
study did not evaluate granule cell numbers separately, but examined all
neuronal cells together, including interneurons (Falkai et al., 2016). Therefore,
it is unclear if the reported decrease in neuron numbers resulted from a granule

cell deficit. In contrast to the studies that found no change in granule cell
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numbers in schizophrenia, Falkai and Bogerts (1986) detected a significant
reduction of this cell type in a subgroup of catatonic patients, which translated
into only a trend level decrease when this subgroup was combined with a larger
and symptomatically more diverse group of schizophrenic patients from the
same brain collection (Falkai and Bogerts, 1986). [Finally, Chen and colleagues
(2020) reported a reduction in granule cell numbers in schizophrenia; however
their stereological study calculated mean left/right values and any laterality, if
present, could have confounded the results (Chen et al., 2020). In sum, more
investigations are warranted to determine if granule cell numbers are affected

in schizophrenia.]

“Notwithstanding the question of granule cell number integrity, multiple
lines of evidence point to cellular and molecular abnormalities in the dentate
gyrus of schizophrenia patients. Under normal physiological conditions,
granule cells, the principal cells of the dentate gyrus, in their post-mitotic
immature state transiently express the calcium-binding protein, calretinin
(Brandt et al., 2003; Knoth et al., 2010). Calretinin is subsequently replaced
by another calcium-binding protein, calbindin when the granule cell matures
(Brandt et al., 2003; Abraham et al., 2009; Yu et al., 2014). As new granule
cells are [likely] generated in the dentate gyrus throughout life, there is always
a small proportion of granule cells that transiently express the immaturity
marker, calretinin, even in the normal adult brain (Eriksson et al., 1998; Brandt
et al., 2003; Knoth et al., 2010; Kempermann et al., 2018). In adult

schizophrenia patients, however, the dentate gyrus presents an immature
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molecular profile defined by excessive calretinin and diminished calbindin
expression in granule cells (Altar et al., 2005; Walton et al., 2012). Current
evidence for this immature profile is derived from the only two schizophrenia
postmortem studies that targeted calretinin and calbindin expression
specifically in dentate gyrus granule cells (Altar et al., 2005; Walton et al.,
2012). In a postmortem study of brain tissue from the Stanley Medical Research
Institute, Walton and colleagues (2012) demonstrated significantly elevated
levels of calretinin immunoreactivity in dentate gyrus granule cells of
schizophrenia patients compared with controls and attributed it to an immature
dentate gyrus (Walton et al., 2012). A decade earlier, Zhang and Reynolds
(2002), in their investigation of calretinin-expressing interneurons, had
reported that calretinin immunoreactivity was exclusively seen in non-granule
cells of the dentate gyrus in postmortem tissue from the same collection (Zhang
and Reynolds, 2002). However, as the focus of investigation of these authors
was on interneurons, their method of detection may have been optimized toward
those cells in particular, consequently missing any calretinin signal in granule
cells. Despite this factor, figure la of their article does appear to contain some
evidence of calretinin presence in the granule cell layer (Zhang and Reynolds,
2002). It is now known that calretinin remains detectable in human dentate
gyrus granule cells up to the age of 100 years (Knoth et al., 2010). An alteration
in calbindin immunoreactivity was not observed by Walton and colleagues
(2012) in the aforementioned study, perhaps due to insufficient sensitivity of

their experimental method (Walton et al., 2012). An earlier independent study
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by Altar and colleagues (2005), using brain tissue from the same source, found
a significant reduction in schizophrenia compared with control values in the
calbindin RNA expression of granule cells isolated from the dentate gyrus by
laser capture microdissection (Altar et al., 2005). Similarly, an approximately
60% decrease relative to controls was reported for hippocampal calbindin
expression in a separate set of schizophrenia postmortem brains by Yamasaki
and colleagues (2008), although it is unclear how much of this deficit was in
granule cells as the study included all areas of the hippocampus and not only
the dentate gyrus or its granule cells in isolation (Yamasaki et al., 2008). This
line of inquiry deserves additional focused research as no other studies have
probed for calretinin and/or calbindin in dentate gyrus granule cells in

schizophrenia.

“In addition to this immature molecular profile, dentate gyrus granule cells
in schizophrenia exhibit an increased frequency of basal dendrites compared to
controls (Lauer et al., 2003; Senitz and Beckmann, 2003). In the rodent dentate
gyrus, basal dendrites are a feature of immature granule cells which tend to be
eliminated with maturation (Nacher et al., 2001; Jones et al., 2003; Ribak et
al., 2004). Although basal dendrites are present on certain granule cells in the
normal adult human dentate gyrus (Seress and Mrzljak, 1987), further studies
are needed to determine their association with the maturational state of these
cells. Synapses in the dentate gyrus in schizophrenia also show an immature
phenotype of N-methyl-d-aspartate (NMDA) glutamatergic receptors. Thus,

low messenger RNA and protein expression of the GluNl (NR1, NMDARI)

83



subunit of NMDA receptors seen in the schizophrenia-affected dentate gyrus
and replicated by at least three different studies (Gao et al., 2000; Law and
Deakin, 2001; Stan et al., 2015) recapitulates the gene expression profile
observed early in development (Law et al., 2003). No schizophrenia-relevant
change was seen in this subunit in an immunoautoradiographical study (Toro
and Deakin, 2005). Additional synaptic pathology in schizophrenia includes a
lower density of synapses formed by terminals of mossy fibers, the axons of
dentate granule cells, with hippocampal pyramidal neurons in the CA3 subfield
(Kolomeets et al., 2007), as well as an excess of GluN2B subunits of NMDA
receptors in these CA3 synapses (Gao et al., 2000; Li et al., 2015) which the
authors describe as an immature NMDA receptor profile (Li et al., 2015;
Tamminga and Zukin, 2015). Reduced glutamatergic input from dentate gyrus
mossy fibers to CA3 is proposed by this group as an underlying cause of
hippocampal hyperactivity in schizophrenia (Tamminga et al., 2010).
Interestingly, a higher abundance of the flip isoform in GluR2 subunits of the
glutamatergic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor was found in whole hippocampal lysates from the brains of
schizophrenic patients and interpreted as an immature molecular profile

(Eastwood et al., 1997).

2.5.2.ii. Morphology of the human dentate gyrus in schizophrenia

“The granule cell layer of the dentate gyrus presents a distinctive
morphological appearance that is readily identifiable in histologically stained

tissue sections. Morphologic, cytoarchitectural, and cytoskeletal properties of
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this layer as it develops and matures have been described by Arnold and
Trojanowski (1996a, 1996b) who mapped the anatomic development of the
human hippocampus from fetal to adult age, providing a template against which
deviations from the normal trajectory in various brain disorders can be
interpreted (Arnold and Trojanowski, 1996a, b). This work outlines discrete
changes in the granule cell layer as it matures; notably there is progressively
sharper demarcation of this layer from the adjoining molecular and
polymorphic layers, and increased intercellular distances among the granule
cells (Arnold and Trojanowski, 1996b). It is plausible that immature properties
of dentate gyrus granule cells, if retained in adulthood as postulated for
schizophrenia, would confer a developmentally arrested morphology on the
granule cell layer. The adult human dentate gyrus granule cell layer exhibits
variations of shape along its rostro-caudal axis (Harding et al., 1998).
Therefore, any comparison of morphology between two specimens must be
made at identical dissection levels along the longitudinal axis of the
hippocampus, with identical dissection planes and angles in cases and controls
Systematic stereological sampling of dentate gyrus granule cell layer
morphology has not been performed on human postmortem tissue in
schizophrenia. Consequently, no record exists detailing this morphology and
carefully comparing it with that of healthy controls.”” (But see chapter 5:

discussion).

® Ibid.
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2.5.2.iii. Immature dentate gyrus molecular profile in animal models

“In animal models that exhibit behavioural abnormalities reminiscent of
schizophrenia, the immature dentate gyrus molecular profile has been described
in calcium calmodulin-dependent protein kinase II alpha heterozygous
knockout (a-CaMKII-HKO) and schnurri-2 knockout (Shn-2 KO) mice
(Yamasaki et al., 2008; Takao et al., 2013). The granule cells of the dentate
gyrus in these models also have morphological and electrophysiological
properties akin to those of immature granule cells (Schmidt-Hieber et al., 2004;
Yamasaki et al., 2008; Walton et al., 2012; de Koning et al., 2013; Takao et al.,
2013; Nakao et al., 2017). Another animal model of schizophrenia that possibly
shares the immature molecular profile of increased calretinin and decreased
calbindin in dentate gyrus granule cells is the isolation-reared rat (Greene et
al., 2001; Harte et al., 2007). Miyakawa and colleagues, who pioneered these
studies, posited that this immature dentate gyrus in adulthood should be
considered a characteristic endophenotype of schizophrenia, inasmuch as they
and Walton and colleagues have also demonstrated a similar immature signature
in the dentate gyrus of the schizophrenia-affected human brain (Yamasaki et
al., 2008; Walton et al., 2012).”° “Of note, the immature dentate gyrus profiles
of a-CAMKII-HKO and Shn-2 KO mice remain . . . inobvious at 1 and 2 weeks

postnatally relative to the naturally immature molecular profile of the dentate

8 Ibid.
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gyrus in wild-type animals of comparable age and only emerge in the late

adolescent period (de Koning et al., 2013; Takao et al., 2013).””

2.6. Lateral ventricles

The mammalian cerebral ventricular system consists of four
interconnected ventricles, cerebrospinal fluid (CSF)-filled cavities, in the
centre of the brain parenchyma. The two lateral ventricles, one in each cerebral
hemisphere, connect to the medial third ventricle in the diencephalon via the
interventricular foramina of Monro. The third ventricle communicates with the
fourth ventricle of the hindbrain through the cerebral aqueduct of Sylvius. The
fourth ventricle narrows into the central canal of the spinal cord at the obex;
it further communicates with the subarachnoid space via the median foramen
of Magendie and the two lateral foramina of Luschka (Wilkinson, 1992; Kandel

et al., 2013; Corbett and Haines, 2018).

The ventricles are lined externally by the ependyma, a simple layer of
cuboidal epithelium. The luminal surfaces of ependymal cells have microvilli
and tufts of cilia that direct the flow of CSF through the ventricular system,
while their bases make contact with astrocytic processes of the subependymal
layer. Inside the ventricles, CSF is produced by the choroid plexus, a highly
vascularized tissue arranged in many folds called villi. Each villus is comprised
of a layer of cuboidal or columnar epithelial cells, derived from ependymal

cells, around a core of connective tissue and fenestrated capillaries. The

7 Ibid.
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tightly-junctioned epithelial cells of the choroid plexus form the blood-CSF
barrier. CSF circulation in the ventricular system is unidirectional, from the
lateral ventricles to the third ventricle to the fourth ventricle. From the fourth
ventricle, CSF flows into the central canal of the spinal cord as well as exiting
through the foramina of Magendie and Luschka into the subarachnoid space
from where it enters the venous circulation. CSF also communicates with the
interstitial fluid of brain parenchyma through the ependymal layer of the
ventricles and its astrocytic connections. Functional roles of CSF include
provision of buoyancy and mechanical protection to the brain inside the skull,
maintenance of interstitial fluid homeostasis, removal of metabolic waste from
brain parenchyma, as well as provision of nutrients, metabolic precursors and
signalling molecules to the developing and mature brain (Kandel et al., 2013;

Lun et al., 2015; Corbett and Haines, 2018).

The ventricular system arises from the cavity of the neural tube (the neural
canal) in the embryo and its ependymal cells are derived from neuroepithelial
cells and radial glia (Del Bigio, 2010; Corbett and Haines, 2018). The
ependymal lining is generated by GW26-28 in humans and P2 in mice (Spassky
et al., 2005; Del Bigio, 2010). The size of the human lateral ventricles increases
between GW28 and birth, undergoes a reduction during the first week of life
then increases again, rapidly at first until week 6 and at a slower rate for the
remainder of the first year (Levene, 1981; Bompard et al., 2014). Another
period of size reduction follows until the end of the second year of life

(Bompard et al., 2014). Lateral ventricular volume then remains stable until
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middle adulthood after which it starts expanding (Pfefferbaum et al., 1994;
Blatter et al., 1995). In mice, the volume of the lateral ventricles seems to
increase steadily throughout life, with the greatest augmentation in the peri-

adolescent period (Chen et al., 2011).

Abnormal enlargement of the ventricles (ventriculomegaly, hydrocephaly)
may arise from several mechanisms including overproduction of CSF, impaired
absorption of CSF, obstruction of CSF pathways, brain atrophy, and
dysfunction of ependymal cilia leading to CSF flow disturbance (Kobayashi et

al., 2002; Edwards et al., 2004; Kandel et al., 2013; Corbett and Haines, 2018).

2.6.1. The lateral ventricles in schizophrenia

In 1976, Johnstone and colleagues published the results of what would
become a landmark study reporting enlargement of the lateral ventricles in a
group of patients with chronic schizophrenia, measured by computerized axial
tomography (Johnstone et al., 1976); a finding that was in line with
pneumoencephalographic data published over a decade earlier (Haug, 1962,
1982). The significance of the Johnstone et al. study lies in the fact that it re-
awakened interest in and propelled a new era of research into the neuroanatomy
of schizophrenia with modern methods (Harrison, 1999). Since then, dilatation
of the lateral ventricles has proved to be one of the most consistent
neuroanatomical anomalies demonstrated by numerous CT and MRI
investigations in the schizophrenia-affected brain (Harrison, 1999; Wright et

al., 2000; Haijma et al., 2013; van Erp et al., 2016), with the second largest
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effect size after a smaller hippocampus (van Erp et al., 2016). However, the

cause of this ventriculomegaly is still unknown.

2.7. Craniofacial morphology

Morphogenesis of the brain, skull and face are highly interrelated.
Marcucio and colleagues (2015) divide brain/face development integration into
three general categories: 1) they both have a common origin; 2) the brain acts
as a structural platform providing physical forces for directional growth of the
face; 3) there is molecular crosstalk between brain and facial tissues (Marcucio
et al., 2015). This brain-face reciprocal molecular interaction largely involves
bone morphogenetic protein (BMP), fibroblast growth factor (FGF), sonic
hedgehog (SHH), and wingless/integrated (WNT) signalling pathways (Creuzet
et al., 2004; Minoux and Rijli, 2010; Marcucio et al., 2011; Marchini et al.,
2021). Marcucio and colleagues (2015) also indicate that the brain has a
tremendous influence on facial development during early phases, but its effect
on sculpting final facial form may not be as important as the effects exerted by
facial skeletal bone and cartilage (Marcucio et al., 2015). Nevertheless, facial
dysmorphology may still arise from abnormal brain/face interactions which are
not fully compensated for by later processes (Marcucio et al., 2015), and skull
and brain morphogenesis themselves evolve in perfect correspondence with one

another (Richtsmeier and Flaherty, 2013).

The brain and face originate from the neural plate of the embryonic

ectoderm. During neurulation, the neural plate folds and gives rise to the neural
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tube that harbours the neural crest at its dorsal aspect. The rostral neural tube
develops into the brain and the caudal neural tube forms the spinal cord.
Craniofacial cartilage and bone are derived from neural crest cells, while
craniofacial muscles originate from mesoderm (Tzahor, 2009; Minoux and
Rijli, 2010; Richtsmeier and Flaherty, 2013; Marcucio et al., 2015). Neural
crest cells are vertebrate-specific multipotent cells that undergo epithelial-
mesenchymal transition, delaminate from the neuroepithelium, migrate
extensively in the developing embryo, and differentiate into a multitude of cell-
types including chondrocytes and osteoblasts for craniofacial cartilage and
bone formation (Dash and Trainor, 2020). Once migrating neural crest cells
populate the facial primordium, they proliferate within five facial prominences
(swellings), a midline frontonasal prominence and bilateral maxillary and
mandibular prominences, that are formed by E9.5 in mice and GW4 in humans
(Szabo-Rogers et al., 2010). These facial prominences later fuse to produce the
face which is shaped by the directional growth of the facial skeleton (Szabo-
Rogers et al., 2010). In addition to a shared origin, the brain and face share a
common space in the embryo. The developing face grows upon the physical
scaffold provided by the brain. However, the rates of growth in the face and in
the brain appear independent of one another, possibly due to distinct growth
regulating centres in each. Consequently, when growth is slowed in the brain,
the face has a smaller foundation to grow on which may result in a protruding
(prognathic) face, whereas a larger brain would lead to a flattened face

(Marcucio et al., 2011; Marcucio et al., 2015).
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2.7.1. Craniofacial bone formation

The mammalian skull is composed of the facial skeleton (viscerocranium)
and the neurocranium (or braincase, with its two components: the cranial base
and the cranial vault). The neurocranium includes the frontal, parietal,
occipital, sphenoid, ethmoid and temporal bones, while the mandible,
premaxilla, maxilla, zygomatic, lacrimal and nasal bones are part of the facial
skeleton. (Richtsmeier et al., 2000; Richtsmeier and Flaherty, 2013). Individual
bones are conserved between human and mouse skulls (see figure 6 in chapter
3), except for the interparietal bone that is separate in mice but is rarely
encountered in humans where it is usually completely fused to the occipital
bone (Singh et al., 1979; Richtsmeier et al., 2000; Koyabu et al., 2012). The
facial skeleton originates from neural crest cells, whereas the neurocranium
contains bones of both mesodermal and neural crest origin (Richtsmeier and
Flaherty, 2013). Mesenchymal cells (of both neural crest and mesodermal
origin) differentiate into chondroblasts (cartilage-forming cells) or osteoblasts
(bone-forming cells) under the effect of signalling molecules that induce in
them either SOX9 (sex determining region Y-box 9) expression for
chondroblast fate or RUNX2 (Runt-related transcription factor 2) expression
for osteoblast fate (Richtsmeier and Flaherty, 2013; Dash and Trainor, 2020).
BMP and WNT signalling pathways are conducive for chondroblastogenesis and
osteoblastogenesis, respectively (Dash and Trainor, 2020). Craniofacial bones
are formed through one of two ossification processes: endochondral or

intramembranous ossification. In endochondral ossification, mesenchymal cells
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differentiate into chondroblasts that form a cartilage template which is later
replaced by bone matrix deposited by osteoblasts. In intramembranous
ossification, bone is formed directly through osteoblast differentiation of
mesenchymal cells without a cartilage intermediate template. Bones of the
facial skeleton and the cranial vault are produced by intramembranous
ossification, whereas those of the cranial base are formed through endochondral
ossification (Richtsmeier and Flaherty, 2013). Osteoblasts first secrete proteins
like type I collagen, osteocalcin and bone sialoprotein into the extracellular
matrix, then deposit mineralizing bone matrix (hydroxyapatite and calcium
phosphate) (Ozawa et al., 2008). Bone growth occurs appositionally, and as
bone matrix is added some osteoblasts become embedded in it and mature into
osteocytes that participate in bone maintenance (Franz-Odendaal et al., 2006;
Richtsmeier and Flaherty, 2013). Bone homeostasis requires continuous bone
turnover by deposition and resorption, the process of bone remodelling
(Florencio-Silva et al., 2015). While osteoblasts perform bone deposition, bone
resorption is accomplished by osteoclasts, cells of myeloid lineage that are
recruited into bone through canaliculi within the mineralized matrix

(Richtsmeier and Flaherty, 2013; Jacome-Galarza et al., 2019).

Postnatal growth patterns differ between the neurocranium and the
viscerocranium. In humans, the neurocranium reaches its peak size in childhood
and remains stable thereafter (Macho, 1986; Waitzman et al., 1992; Edwards et
al., 2007). Viscerocranium (facial skeleton) growth continues until middle

adulthood, after which bone resorption seems to lead to area-specific decreases
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in size (Macho, 1986; Waitzman et al., 1992; West and McNamara, 1999; Shaw
et al., 2010; Mendelson and Wong, 2012). A similar growth pattern has been
shown in rats, with the neurocranium attaining 93% of its adult size by the age
of one month and facial growth continuing until at least 5 months of age (early
adulthood) (Moore, 1966). Individual craniofacial bones also have unique
growth patterns in mice (Vora et al., 2015; Maga, 2016; Wei et al., 2017). A
recent study that mapped postnatal craniofacial skeletal development from P7
to P390 in mice reported an interesting growth pattern in the nasal bones (Wei
et al., 2017). Among craniofacial bones, the length of the nasal bone had the
largest growth rate before the age of one month, and continued to grow until
P120 (Wei et al., 2017). However, there was an 8% reduction in nasal bone
length between P120 and P180, followed by a 6% elongation from P180 to P390
(Wei et al., 2017). The authors suggest that continuous remodelling of the nasal

bone may underlie this growth trajectory (Wei et al., 2017).

2.7.2. Craniofacial morphology in schizophrenia

Cranial size does not appear to be significantly altered in schizophrenia
patients relative to controls (Andreasen et al., 1987; DeMyer et al., 1988;
Grove et al., 1991; Lohr and Flynn, 1993; Ward et al., 1996; Buckley et al.,
2002; Donovan-Lepore et al., 2006), although a widening of the skull base was
found in some studies (Lane et al., 1997; Hennessy et al., 2004; Donovan-
Lepore et al., 2006), but not in all, with the discrepancy attributed to
methodological differences (Henriksson et al., 2006). Various craniofacial

anomalies, however, have been detected in the schizophrenia patient population
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by several groups. These abnormalities seem to excessively affect the facial
midline region, and include midline facial elongation particularly in the
mid/lower face (Lane et al., 1997; Hennessy et al., 2004; Buckley et al., 2005;
Kelly et al., 2005; Henriksson et al., 2006), and frontonasal anomalies (e.g.,
deep nasal root and frontonasal-maxillary junction asymmetry) (Deutsch et al.,
2015). As this dysmorphic region is derived from the embryonic frontonasal
prominence which has the closest connection to the forebrain during
development, the authors of these studies propose that a shared pathological
process may culminate in brain and craniofacial dysmorphology and that
understanding how midline morphogenesis 1is regulated could provide
information on disturbed development in schizophrenia (Hennessy et al., 2004;

Henriksson et al., 2006; Deutsch et al., 2015).

Another craniofacial anomaly in schizophrenia is the sexually dimorphic
deviation from normal facial directional asymmetry. Directional asymmetry
refers to the tendency for a trait to show consistent differences between the
left and right sides (Klingenberg, 2015). In a three-dimensional morphometric
analysis of facial shape in schizophrenia patients and age, sex, and ethnicity-
matched normal control subjects, Hennessy and colleagues (2004) discovered
marked directional asymmetry in the shape of male control faces, while female
controls exhibited little directional asymmetry (Hennessy et al., 2004). This
tendency was reversed in the schizophrenia patients. The facial shapes of male
patients had only modest directional asymmetry which was significantly

reduced compared to male controls, while female patients had marked
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directional asymmetry in facial shape (although the accentuation in asymmetry
did not show statistical significance relative to female control shape)
(Hennessy et al., 2004). Of note, the authors emphasize that these facial shape
differences are subtle, detectable on a population level, but not discernable by
eye on an individual basis, and suggest that they may reflect a disruption in
the establishment of normal cerebral/craniofacial asymmetries (Hennessy et

al., 2004).

2.8. Heme oxygenase-1

2.8.1. Heme oxygenases

The heme oxygenase (HO) family of enzymes catalyzes the degradation of
heme in all organisms from bacteria to humans (Li and Stocker, 2009). In
mammalian cells, two HO isoforms are expressed: HO-1 (also known as heat-
shock protein 32 or HSP32) and HO-2 (Schipper et al., 2019). A third isoform,
HO-3, is only found in rats, is actually a retrotransposition of HO-2, and has
poor heme catalytic activity (McCoubrey et al., 1997; Scapagnini et al., 2002;
Hayashi et al., 2004). HO-1 and HO-2 are encoded by separate genes and differ
in molecular weight (32kDa for HO-1 and 36kDa for HO-2), electrophoretic
mobility, tissue distribution, antigenicity and regulation (Dennery, 2000;
Loboda et al., 2008). They exhibit only 43% amino acid sequence homology in
humans, but have identical substrate and cofactor specificities (Dennery, 2000;
Loboda et al., 2008). These isozymes catalyze the rate-limiting step in the

metabolism of heme; in concert with NADPH cytochrome P450 reductase, they
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cleave heme into biliverdin, free ferrous iron and carbon monoxide at their
primary sub-cellular location in the endoplasmic reticulum (ER) (Dennery,
2000). Biliverdin is then reduced to bilirubin through the action of biliverdin
reductase in the cytoplasm (Dennery, 2000) (Figure 1). By their tight control
of heme metabolism, heme oxygenases regulate iron homeostasis, oxygen
transport and storage, cellular respiration and redox homeostasis (Dennery,

2000; Li and Stocker, 2009; Schipper et al., 2019).
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Figure 1. “The heme catabolic pathway. The heme degradation products,

ferrous iron (Fell), carbon monoxide (CO) and biliverdin/bilirubin may behave
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as either pro-oxidants or antioxidants accounting for the disparate influences
of heme oxygenase expression on cell function and survival (symbolized by
Janus faces)”.® Figure reprinted with slight modification from Free Radical
Biology and Medicine, Volume 28, Issue 2, Ryter, S.W. and Tyrell, R.M., The
heme synthesis and degradation pathways: role in oxidant sensitivity: Heme
oxygenase has both pro- and antioxidant properties, Pages 289-309, Copyright
(2000), with permission from Elsevier.

An important distinction between HO-1 and HO-2 is in their inducibility.
HO-2 is the constitutive form of the enzyme, with constant expression and
inducible by only a limited number of factors like dexamethasone,
corticosterone and hypoxia (which can also downregulate HO-2 expression
depending on cell type and microenvironment); HO-1, on the other hand, is a
highly inducible stress response protein that acts as a dynamic sensor of
cellular stress (Loboda et al., 2008). HO-2 protein is abundant in vasculature,
liver, testis, kidney, gut and CNS including the brain (Ryter et al., 2006). HO-
1 has high expression in spleen, liver and bone marrow, tissues involved in the
degradation of erythrocytes or hemoglobin (Ryter et al., 2006). In other tissues,
HO-1 has a low or undetectable basal level that rises rapidly and sharply in
response to various chemical and physical stimuli (Ryter et al., 2006). In
normal, unstressed mammalian brain, HO-2 is strongly expressed in a wide
distribution of neurons, whereas HO-1 expression is minimal and confined to
sparse groupings of glia and neurons (Schipper et al., 2009b). Upon exposure

to detrimental stimuli, HO-1 is upregulated in both neuronal and non-neuronal

8 Schipper HM, Song W, Tavitian A, Cressatti M (2019) The sinister face of heme oxygenase-1 in brain aging and
disease. Progress in Neurobiology 172:40-70. Reproduced with permission.
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brain cells with a stronger response in astrocytes and microglia than in neurons

and oligodendrocytes (Schipper et al., 2019).

2.8.2. Heme oxygenase-1

2.8.2.i. Regulation

The vast number of stimuli that can activate HO-1 gene transcription is
considered to exceed that of any other single gene (Maines, 2005). In humans,
the HO-1 gene (HMOXI) localizes to chromosome 22q12 (Kutty et al., 1994),
while in mice, the HmoxI locus is on chromosome 8 (MGD, 2021). A proximal
enhancer, at least two distal enhancers, and a 500-bp promoter are included in
the mammalian Hmox] gene regulatory region which contains nuclear factor
kappa B (NF«B), activator protein (AP-1 and AP-2) and hypoxia-inducible
factor (HIF-1) binding sites, in addition to stress response elements (StRE),
metal response elements (MtRE, CdRE) and heat shock consensus (HSE)
sequences (Schipper et al., 2019) (Figure 2). This leads to the high
responsiveness of the Hmox] gene to upregulation by a large array of oxidative
and inflammatory stimuli including heme, dopamine, B-amyloid, nitric oxide,
peroxynitrite, Th1l cytokines, prostaglandins, hydrogen peroxide, heavy metals,
ultraviolet light, hyperoxia, lipopolysaccharide, oxidized lipid products and
various growth factors (Dennery, 2000; Schipper, 2000; Kinobe et al., 2006;
Loboda et al., 2008). In addition, hypoxia can induce, repress, or have no effect
on HMOXI expression in a cell-type specific manner (Loboda et al., 2008).

Other inducers of HmoxI include cannabidiol (Schwartz et al., 2018; Bockmann
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and Hinz, 2020), phencyclidine (PCP) (Rajdev et al., 1998), and

methamphetamine (Jayanthi et al., 2009).
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Figure 2. Regulatory domains of the HMOX1 gene. P, promoter; PE, proximal
enhancer; DE, distal enhancer; NFkB, nuclear factor k-B binding site; AP-1,
activator protein 1 binding site; AP-2, activator protein-2 binding site; HIF-1,
hypoxia-inducible factor binding site; StRE, stress responsive element; MtRE,
metal responsive element; CdRE, cadmium responsive element; HSE, heat
shock element.

Transcriptional regulation of mammalian HmoxI is largely under the
control of the opposing effects of two transcription factors, Nrf2 (nuclear
factor erythroid 2-related factor 2) which induces HmoxI, and Bachl (broad
complex—tramtrack—bric-a-brac (BTB) domain and cap’n’collar (CNC)
homolog 1) which represses it (Campbell et al., 2021). Under homeostatic
conditions, the binding of Nrf2 to Keapl (Kelch-like ECH-associated protein
1) in the cytoplasm and its subsequent proteasomal-degradation, in
combination with Bachl binding to the antioxidant response element (ARE) on
the Hmox 1 promoter, inhibits Hmox/ gene transcription (Campbell et al., 2021).
Under cellular stress, reactive oxygen species (ROS) and heme promote the

dissociation of Nrf2 from Keapl and Bachl from the ARE; Bachl exits the
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nucleus and is degraded by the proteasome, while Nrf2 enters the nucleus, binds
the ARE and promotes HmoxI transcription (Campbell et al., 2021). The
transcription factors NFxB, AP-1 and HIF-la can also upregulate HO-1
expression by binding the HmoxI promoter (Campbell et al., 2021). Conversely,
glucocorticosteroids may suppress HmoxI by interacting with STAT-3/acute-
phase response factor binding site in the promoter region (Lavrovsky et al.,

1996).

The magnitude of HO-1 expression in humans is affected by
polymorphisms in the lengths of GT sequences (from 11 to 40) within the
HMOXI promoter; long GT repeats result in lower basal and stimulated HO-1
protein levels, and short-GT polymorphisms are associated with strong HO-1

activity (Loboda et al., 2008).

2.8.2.0i. Sub-cellular localization

Normally, HO-1 is anchored by a carboxyl-terminal transmembrane
segment into the ER membrane from where it carries out enzymatic breakdown
of cellular heme, but it can also translocate to mitochondria, plasma membrane
caveolae, and the nucleus (Ryter et al., 2006; Dennery, 2014; Dunn et al.,
2014). Transport of HO-1 into mitochondria Ilikely occurs through
mitochondria-associated membrane (MAM) regions of the ER (Dennery, 2014;
Dunn et al., 2014). The Golgi apparatus seems to be involved in HO-1
translocation to caveolae (Dunn et al., 2014). For transfer into the nucleus,

HO-1 is cleaved and released from its C-terminal anchor in the ER (Dennery,
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2014). This enzymatically inactive, truncated form of HO-1 may participate in
cellular signalling and modulation of gene transcription in the nucleus,

including autoregulation of its own gene (Biswas et al., 2014; Dennery, 2014).

2.8.2.iii. Protective and toxic roles

Free heme is a pro-oxidant that may promote membrane lipid peroxidation
and damage cellular membranes (Ryter and Tyrrell, 2000). Oxidative stress can
augment the intracellular free heme pool by facilitating the release of heme
from its protein-bound states (Ryter and Tyrrell, 2000; Loboda et al., 2008).
HO-1 upregulation may confer protection to stressed cells by degrading pro-
oxidant heme into biliverdin and bilirubin that have radical-scavenging
capacities (Stocker et al., 1987; Nakagami et al., 1993; Llesuy and Tomaro,
1994; Doré et al., 1999; Barafiano and Snyder, 2001). Carbon monoxide
generated in this pathway can exert anti-inflammatory, antiproliferative,
antiapoptotic, and anticoagulative effects (Ryter et al., 2006; Ryter, 2019).
Concomitant production of the iron storage protein apoferritin can sequester
the heme-derived ferrous iron and mitigate free radical injury to the cell
(Dennery, 2000; Ryter and Tyrrell, 2000). However, although the primary goal
of the enzymatic activity of HO-1 may be cytoprotection, under certain
circumstances iron and carbon monoxide released through this activity may
augment oxidative injury by contributing to reactive oxygen species (ROS)
generation within mitochondria and other subcellular compartments (Zhang and
Piantadosi, 1992; Frankel et al., 2000; Ryter and Tyrrell, 2000; Desmard et al.,

2007). The intensity and chronicity of HmoxI induction, the cell types

102



involved, and the chemistry of the redox microenvironment may determine
whether HO-1 offers cytoprotection or exerts cytotoxicity in any given

condition (Galbraith, 1999; Suttner and Dennery, 1999).

Several decades of in vitro work from the Schipper laboratory has
demonstrated that upregulation of HO-1 in astrocytes, either by stimulation of
endogenous HO-1 activity or by transient transfection of cultured astrocytes
with HMOXI ¢cDNA, leads to a ‘core neuropathological tetrad’ of: “i) oxidative
stress and associated protein, lipid and nucleic acid modifications, ii) excessive
[mitochondrial] deposition of non-transferrin bound iron, iii) mitochondrial
membrane damage and bioenergetic failure, and 1iv) macroautophagy

”? in the affected glia. In turn, this HO-1-mediated gliopathy

(mitophagy)
increases the susceptibility of neighbouring neurons to oxidative injury
(reviewed in (Schipper et al., 2019)). In recent years, this ‘core
neuropathological tetrad’ concept was further validated when it also became
manifest in the brains of GFAP.HMOX1 transgenic mice bioengineered in the

Schipper laboratory to overexpress HMOXI in astrocytes (discussed in section

2.9).

2.8.2.iv. HO-1 in neurological conditions

Consistent with the remarkable responsiveness of HMOXI to oxidative
stress, variable patterns of neural HO-1 expression are seen in the broad

spectrum of brain disorders in which redox homeostasis is perturbed, with

° Ibid.
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immunoreactive HO-1 protein overexpressed in affected regions and co-
localized with hallmark cytopathological features of each condition (Schipper
et al., 2019). Such distinctive overexpression of immunoreactive HO-1 protein
has been detected in brain tissue of individuals with Alzheimer disease (Smith
et al., 1994; Schipper et al., 1995; Schipper et al., 2006), Parkinson disease
(Castellani et al., 1996; Schipper et al., 1998), mild cognitive impairment
(Schipper et al., 2006), corticobasal degeneration (Castellani et al., 1995), Pick
disease (Castellani et al., 1995), progressive supranuclear palsy (Smith et al.,
1994), multiple sclerosis (brain and spinal cord) (Mehindate et al., 2001;
Stahnke et al., 2007), autism (Evans et al., 2008), focal cerebral infarction
(Beschorner et al., 2000), traumatic brain injury (Beschorner et al., 2000;
Orihara et al., 2003), cerebral malaria (Schluesener et al., 2001), and cerebral

neoplasms (Deininger et al., 2000).

Experiments on animal models of CNS trauma and vascular disease
(traumatic brain injury, intracerebral hemorrhage, cerebral ischemia, focal
cerebral hypoperfusion, spinal cord injury) have supported both a
neuroprotective and a neurodystrophic role for HO-1 in these conditions
(Fukuda et al., 1995; Kadoya et al., 1995; Koeppen and Dickson, 1999;
Panahian et al., 1999; Lin et al., 2007; Wang and Doré¢, 2007; Chen-Roetling et
al., 2015; Chen-Roetling et al., 2017; Zhang et al., 2017). In a mouse model of
familial Alzheimer disease (APPswe/PS1AE9 TG mice), targeted blockade of
neural HO-1 activity provided neurotherapeutic effects (Gupta et al., 2014).

GFAP.HMOX18-3-1™ mice that overexpress human HO-1 in astrocytes from 8.5
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to 19 months of age exhibit a behavioural, neuropathological, neurochemical
and molecular profile consistent with parkinsonism (Song et al., 2017a). In
human cerebral neoplasms, HO-1 expression correlated with tumour grade and
aggressiveness (Deininger et al., 2000). An in vitro study provided evidence
that acute induction of HO-1 in cultured oligodendrocytes is protective, while
its chronic overexpression is cytotoxic to these cells (Stahnke et al., 2007).
The neurodystrophic role of HO-1 is supported in these conditions. In acute
neurological conditions HO-1 appears to be mostly protective, whereas in
chronic states it is predominantly detrimental (Schipper et al., 2019).
“Successful exploitation of HO-1 modulation as a therapeutic target
presupposes a nuanced appreciation of its specific (beneficial or dystrophic)

role in the tissue, condition or process under consideration.”!°

2.8.2.v. HO-1 and schizophrenia

“Abnormal redox homeostasis and oxidative stress have been proposed to
play a key role in the etiopathogenesis of several human neuropsychiatric
disorders (Calabrese et al., 2017). HMOXI induction has been demonstrated in
the prefrontal cortex of patients with schizophrenia and is associated with
perturbed redox homeostasis and mitochondrial dysfunction in this brain region
(Prabakaran et al., 2004). A genome-wide methylation analysis of DNA
extracted from peripheral blood samples revealed significant hypomethylation

of the HMOX1 promoter in schizophrenia patients which may contribute to HO-

10 1bid.

105



1 overexpression in this disease (Rukova et al., 2014). Additionally,
schizophrenia-relevant stressors such as anoxia-ischemia, pro-inflammatory
cytokines (TNFa, IL-1B) and DA induce HmoxI in mammalian astroglia
(Schipper et al., 1999; Mehindate et al., 2001; Schipper, 2004). Exposure to
the former stimuli or transient transfection of astrocytes with HMOXI results
in mitochondrial dysfunction and mitophagy. The elevated HO-1 activity may
therefore be directly responsible for the mitochondrial insufficiency observed
in the Prabakaran study (Prabakaran et al., 2004) and for the accelerated
production of pre-corpora amylacea and corpora amylacea, [glycoprotein-rich
cytoplasmic concretions that contain mitochondrial debris,] in schizophrenia-

affected neural tissues (Stevens, 1982; Nishimura et al., 2000).

“Changes in systemic levels of bilirubin have been consistently
documented in patients with schizophrenia and related psychoses, offering
tantalizing clues to the putative role of HO-1 in these neuropsychiatric
conditions. Hyperbilirubinemia in infants has been associated with the
development of psychiatric illness during childhood (Dalman and Cullberg,
1999). Moreover, elevation of circulating bilirubin levels is over-represented
in adults with mental illness, particularly in men with schizophrenia and acute
psychotic disorder (Miiller et al., 1991; Miyaoka et al., 2000; Miyaoka et al.,
2005; Yasukawa et al., 2007; Bach et al., 2010). In the latter, the
hyperbilirubinemia does not appear to be confounded by exposure to alcohol
or antipsychotic medications (Miiller et al., 1991; Powell and Hansen, 2007),

may correlate with the degree of brain dysfunction (Miyaoka et al., 2000) and
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improve with remission of psychotic symptoms (Powell and Hansen, 2007).
Consistent with the elevation of serum bilirubin, increased concentrations of
urinary biopyrrins, products of oxidative bilirubin metabolism, have been
reported in patients with acute psychosis (Yasukawa et al., 2007). In one study,
conjugated and unconjugated bilirubin were associated, respectively, with
acute psychosis and chronic schizophrenia (Radhakrishnan et al., 2011),
although the pathophysiological significance of these nuanced correlations

remains uncertain.

“[Recently,] . . . a provocative paper was published by Sainz and co-
workers linking HMOX1 expression with the responsiveness of schizophrenic
patients to antipsychotic medications (Sainz et al., 2018). The authors
sequenced total mRNA from [peripheral whole] blood samples of 30
antipsychotic-naive patients who, after 3 months of treatment, were determined
to be good or poor responders to antipsychotic drugs. Significant differential
expression of 130 genes correlated with clinical response. Interestingly,
schizophrenia-annotated genes were over-represented among the top 30
performers lending plausibility to the study. Four genes were found by logistic
regression to predict the response to antipsychotic medication with a high cross
validation accuracy. HMOXI overexpression was among these four genes and
was the second most robust predictor of responsiveness to antipsychotic
medications. Beyond its role as a candidate prognosticator of neuroleptic
responsiveness, and citing the hyperdopaminergia inherent to

GFAP.HMOX1° 2™ TG mice (see Section 2.9.), the investigators echoed the
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position of the Schipper laboratory (Song et al., 2012b) implicating the HO-1-
dopamine axis as an attractive therapeutic target in patients with

schizophrenia.”!!

In a study of serum markers of oxidative stress that included 44 patients
with schizophrenia and 49 healthy control subjects, serum HO-1 protein
concentration correlated positively with total and positive symptom scores on
the Positive and Negative Symptom Scale (PANSS), but a trend-level increase
in serum HO-1 protein concentration of patients did not reach statistical
significance (Ma et al., 2020). Conversely, another study reported that HMOX!
induction in peripheral blood lymphocytes was moderately, but significantly,
attenuated in patients experiencing a first episode of paranoid schizophrenia (n
= 40) compared to healthy control participants (n = 25), whereas it was
significantly elevated in subjects with alcohol-induced psychosis (n = 22)
(Shmarina et al., 2020). We recently conducted a small pilot study of HO-1 in
acute psychosis where we measured HO-1 protein in plasma and saliva, as well
as HMOXI] mRNA in lymphocytes, obtained from individuals having an acute
episode of psychosis and age/sex matched normal controls (Bertrand et al.,
2021). Our study, which included 16 psychosis subjects and 17 control
participants, detected a significant overexpression of HO-1 protein in saliva
specimens of psychosis patients relative to controls, but plasma HO-1 protein
and lymphocyte HO-1 mRNA levels did not differ between groups (Bertrand et

al., 2021). Salivary HO-1 was also positively associated with psychiatric

1 Ipid.
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symptom severity and disability (Bertrand et al., 2021). Five patients in our
study had a history of schizophrenia, six had been diagnosed with a
schizoaffective disorder, and five experienced a first psychotic episode without
underlying psychiatric comorbidities or known secondary cause (Bertrand et
al., 2021). Our small sample size did not allow sub-analyses according to
underlying psychiatric comorbidities, therefore larger studies are needed to
permit stratification of patient groups and help determine differential

expression of HO-1 (if any) among these groups.

Ex vivo investigations by two independent groups demonstrated that
baseline expression of HMOXI was significantly higher in lymphoblastoid cell
lines (LCL) derived from schizophrenia cases compared to those from controls
(Duan et al., 2018; Ifhar et al., 2019). This was accompanied in the
schizophrenia-derived cells by a significant elevation of HO-1 protein levels
at baseline (Ifhar et al., 2019) and a significantly higher induction of HMOX1I
upon challenge by dopamine (Duan et al., 2018). In another ex vivo model, cells
derived from neurospheres originating from olfactory mucosa of schizophrenia
patients exhibited augmented HMOXI expression relative to cells from control

subjects (Abrahamsen, 2008).

Brain upregulation of HO-1 has also been detected in some animal models
used for schizophrenia research. In the maternal immune activation model of
prenatally Poly I:C-exposed rats, HO-1 protein is significantly upregulated in
the dorsal hippocampus and the medial prefrontal cortex (Ifhar et al., 2019).

Hmox1 gene expression is increased in the hippocampus of Shnurri-2 knockout

109



mice that exhibit schizophrenia-relevant behavioural, neuronal and molecular
phenotypes (Takao et al., 2013). Shnurri-2 is an inhibitor of the HmoxI
activator NFkB (Takao et al., 2013). In a mouse model of influenza A viral
infection in pregnancy, severe maternal and perinatal complications included
an enhanced maternal inflammatory response leading to placental and fetal
brain hypoxia, with concomitant increases in HmoxI mRNA in the placenta and
the fetal brain (Liong et al., 2020). Schizophrenia-like features are seen in mice
subjected to maternal influenza infection in utero, a known schizophrenia risk
factor in humans (Shi et al., 2003; Brown et al., 2004; Boksa, 2010). Finally,
GFAP.HMOX1°%!2™ transgenic mice designed to overexpress HO-1 in astrocytes
throughout embryogenesis until adulthood exhibit many schizophrenia-relevant

characteristics, described in the next section.

2.9. GFAP.HMOX1%12m poyse

GFAP.HMOX1 transgenic mice were engineered in the laboratory of Dr.
Hyman Schipper to conditionally and selectively overexpress HO-1 in
astrocytes under temporal control by tetracycline or its more stable analogue
doxycycline (Song et al., 2012b). GFAP.HMOX1 mice express
GFAP.tTA.TRE.Flag. HMOX1 final constructs (Figure 3) on Friend virus B
(FVB) background strain (Song et al., 2012b). Doxycycline provided in the diet
inhibits transgene expression, whereas omission of doxycycline from the diet
initiates transgene expression (Tet-OFF system). The transgene cascade in

GFAP.HMOX1 mice is described in chapter 3 (section 3.1.3).
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Figure 3. “Design of conditional GFAP.HMOX1 transgenic mice. In absence of
tetracycline/doxycycline, tTA (tetracycline activator) binds to the tetracycline
response element (TRE), thereby activating transcription of the Flag-tagged
HMOX1 gene under the minimal human cytomegalovirus (CMV)
promoter/enhancer (Pcmv). The GFAP promoter restricts transgene expression
to the astrocyte compartment. tTA is inactivated in the presence of

doxycycline (DOX), thereby preventing expression of the HMOX1 transgene.

Modified from Song et al. 2012b, with permission”!2.

Through the strategic selection of temporal windows of expression for the
HMOX]I transgene by either omitting or including doxycycline in the diet to
turn the gene on or off, the GFAP.HMOX1 mouse model enables the study of
downstream effects of HO-1 induction in astrocytes (and possibly other GFAP-
expressing cells) within defined critical periods, which we denote by
superscript in the nomenclature of the model. Thus, GFAP.HMOX]10%-12m
represents GFAP.HMOX1 mice with continuous transgene expression from
embryogenesis to 12 months of age, thereby upregulating HO-1 in GFAP-

expressing cells during that period of their lifespan.

12 Ipid.
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In the brains of GFAP.HMOX1%!2™ mice, HMOXI transgene expression
was detectable, as immunoreactive Flag-tagged human HO-1 protein, at all ages
verified: embryonic day 12.5, 1 week postnatal, 6 weeks postnatal (mid-
adolescence), 6.5 months postnatal (early adulthood), and 48 weeks (11
months) postnatal (mid-adulthood) (Song et al., 2012b; Song et al., 2017b). For
a description of mouse life phases and mouse/human age and life phase
equivalencies, see chapter 3 (section 3.1.1). HMOX]I transgene expression was
present in astrocytes throughout the CNS including the striatum (STM),
hippocampus (HC), amygdala (AMYG), substantia nigra (SN), ventral
tegmental area (VTA), nucleus accumbens (NAcc), caudate—putamen (CPu),
prefrontal cortex (PFC), and temporal cortex (TC) (Song et al., 2012b).
Transgene expression was also seen in ependymocytes and ependymal
tanycytes, but not in neurons, cerebrovascular cells, oligodendroglia or
microglia (Song et al., 2012b). Nor was it detected in peripheral tissues
including heart, lung, gonads, liver, spleen, stomach, intestines and kidney
(Song et al., 2012b). Compared with wildtype (WT) controls, total HO-1
protein expression in GFAP.HMOX1%!2™ mouse brains was increased 1.36- to
5.76-fold, with the greatest augmentation in SN/VTA (5.76-fold) and the lowest
in PFC (1.36-fold). Fold changes were in the order of SN/VTA > HC > AMYG
> TC > PFC (Song et al., 2012b). Of note, in the human ex vivo studies
mentioned in the previous section, baseline HO-1 mRNA expression was
increased 5.87-fold (Duan et al., 2018) and 1.8-fold (Ifhar et al., 2019) in the

schizophrenia-derived lymphoblastoid cell lines, and 1.9-fold in the

112



schizophrenia-derived olfactory stem cell lines (Abrahamsen, 2008). These

fold changes are in line with those seen in the GFAP.HMOX1° 2™ mouse brain.

Behavioural phenotyping of adult GFAP.HMOX1°!2™ mice at 48 weeks of
age (11 months) revealed novelty-induced hyperlocomotor behaviour and
enhanced stereotypy compared to WT controls in the open-field test, but no
deficit in motor coordination or balance on the rotarod, no anxiety in the
Thatcher-Britton paradigm and no deficit in nonspatial olfactory memory in the
olfactory discrimination task (Song et al., 2012b). Male, but not female,
GFAP.HMOX1°%!2™ mice exhibited a significant impairment in PPI relative to
WT counterparts (Figure 4) (Song et al., 2012b). Locomotor abnormalities were
not observed in 48-week-old GFAP.HMOXI1 transgenic mice exposed to
doxycycline (thereby inhibiting HMOXI transgene expression) either
continuously throughout embryogenesis until mid-adolescence (6 weeks
postnatal), or from mid-adolescence (6 weeks postnatal) until mid-adulthood
(48 weeks postnatal) (Song et al., 2012b). Thus, confining the temporal window
of HO-1 upregulation to either pre-adolescent life (GFAP.HMOX1%!-3m) or
post-adolescent life (GFAP.HMOX1!-3-12m) prevented locomotor abnormalities

in adulthood.
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middle adulthood
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Figure 4. Prepulse inhibition of the acoustic startle response in GFAP.HMOX1°-
12m (TG) and WT mice at 48 weeks (11 months) of age. PPI, prepulse inhibition;
pp, prepulse; WT, wildtype; TG, transgenic; M, male; F, female; dB, decibel.
Modified from Song et al. 2012b, with permission.

GFAP.HMOX1%1!?2™ mice exhibit the ‘core neuropathological tetrad’
described in section 2.8.2.1i1., “viz. increased brain iron deposition, elevated
oxidative stress, mitochondrial membrane damage and macroautophagy (Song
et al., 2012b; Song et al., 2012a). As per the HMOXI-transfected astrocytes
grown in vitro (Zukor et al., 2009), brain iron sequestration in these mice is
not associated with overt changes in IRPI1/IRP2, transferrin receptor,
ferroportin or ferritin protein concentrations (Song et al., 2012a), and therefore
may be considered “unregulated” (transferrin pathway-independent). The
gliodystrophy observed in the GFAP.HMOX1%!>™ mouse is similar, if not

identical, to ultrastructural abnormalities reported in the human schizophrenia
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hippocampus (Kolomeets and Uranova, 2010).”"* Redox imbalance in
GFAP.HMOX1%!2™ mouse brains is also evidenced by augmented protein
carbonylation and perturbed homeostasis of glutathione, a major brain

antioxidant (Song et al., 2017Db).

Evoked cerebral blood flow responses, contingent on the integrity of
neuronal-astroglial-microvascular communication, are significantly impaired
in GFAP.HMOX1%!2™ mice, a deficit also present in schizophrenia patients
(Ford et al., 2005; Song et al., 2012b). Several proteins with known
dysregulation in schizophrenia are dysregulated in GFAP.HMOX1°!2™ brains
as well. These include: reduced mRNA and protein expression of the critical
GABA-synthesizing enzyme glutamic acid decarboxylase 67 (GAD67) ((Torrey
et al., 2005; Song et al., 2017b) Tavitian and Schipper, unpublished
observations), diminished mRNA expression levels of the presynaptic
membrane cell-adhesion molecule neurexin-1 (Nrxnl) and its inhibitory-
synapse-specific postsynaptic binding partner neuroligin-2 (Nlgn2) (Kirov et
al., 2009; Sun et al., 2011; Krueger et al., 2012; Song et al., 2017b; Hu et al.,
2020), and decreased immunoreactivity of parvalbumin ((Torrey et al., 2005)
Tavitian and Schipper, unpublished observations). In addition, the expression
of microRNAs miR-137, miR-181a, miR-138, and miR-128 in GFAP.HMOX1"

12m brains deviated substantially from WT values (Song et al., 2017b).

13 Ibid.
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GFAP.HMOX1%1!2™ mice exhibit elevated basal ganglia concentrations of
dopamine and its metabolites, 3,4-dihydroxyphenulacetic acid (DOPAC) and
homovanillic acid (HVA), and elevated serotonin and its metabolite, 5-
hydroxyindoleacetic acid (Song et al., 2012b). The dopamine augmentation
likely results from increased tyrosine hydroxylase (TH) and dopamine
transporter (DAT) gene expression, which, in turn, are the result of the
induction of transcription factors nuclear receptor related-1 (Nurrl) and
pituitary homeobox 3 (Pitx3) mRNA and protein, with downregulation of their
targeting miR-133b and miR-145, all of which are manifest in GFAP.HMOX1°
I2m mouse brains (Song et al., 2012b). Further, Dl-receptor binding is

diminished in the nucleus accumbens of adult GFAP.HMOX1°!>™ mice (Song

et al., 2012b).

Short-term treatment of adult GFAP.HMOX1%!2™ mice with the cysteine-
rich whey protein isolate Immunocal®, which acts as a glutathione precursor,
restored brain glutathione homeostasis, alleviated cellular oxidative stress,
attenuated protein carbonylation, and reversed mRNA deficits for GADG67,
Nrxnl and Nlgn2 while normalizing expression profiles of their targeting
miRNAs in salient regions of the GFAP.HMOX1°!2™ brain (Song et al., 2017b).
All HMOXI-related changes in brain neurotransmitters were improved by
Immunocal supplementation (Song et al., 2017b). Principal characteristics of

the GFAP.HMOX1%!2m model are depicted in figure 52 (section 5.5, page 291).

The GFAP.HMOXI1%!2™ mouse neurophenotype, which bears many

similarities to schizophrenia, is specific to the early-to-midlife temporal
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window of sustained exposure to elevated levels of HO-1. In contradistinction,
shifting the HO-1 temporal window to mid-to-late life exposure in the
GFAP.HMOX1 mouse model produces an opposite neurophenotype consistent
with parkinsonism (Song et al., 2017a). Thus, GFAP.HMOX1%3-1"™ mice,
generated by inhibiting HMOXI transgene expression with doxycycline until
the age of 8.5 months, then withdrawing doxycycline from the diet to allow
HMOXI1 transgene expression from 8.5 to 19 months of age, exhibit a
hypodopaminergic phenotype that includes locomotor incoordination and
neuropathological and molecular profiles encountered in idiopathic Parkinson
disease, while exhibiting the same ‘core neuropathological tetrad’ as
GFAP.HMOX1°!2™ mice (Song et al., 2017a). These two opposing phenotypes
emerging as a result of earlier vs. later HO-1 exposure in the same model system
may help resolve the ‘great dopamine paradox’ (Schipper et al., 2019) of mixed
hyper/hypodopaminergic manifestations in schizophrenia and Parkinson
disease and “suggest that perinatal stressors activating the glial HO-1 cascade
before the maturation of nigrostriatal and mesolimbic pathways promote
““hypertrophy’” of dopaminergic circuitry . . . alongside relatively minor
degenerative changes, culminating as a ‘‘net’”” mneurodevelopmental

hyperkinesia in early adulthood. Contrariwise, stressors acting upon

established (‘‘hard-wired’’) dopaminergic projections later in life yield
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phenotypes that are exclusively degenerative in nature.”'* (Schipper et al.,

2019; Tavitian et al., 2020).

GFAP.HMOX1% 2™ mice show robust neuroprotection and survival in acute
intracerebral hemorrhage settings (Chen-Roetling et al., 2015; Chen-Roetling
et al., 2017), further attesting to the Janus-faced behaviour of HO-1 and to our
group’s position that HO-1 upregulation is beneficial in the setting of acute

illness, but detrimental in chronic disease.

This thesis presents the results of further investigations into the
neurophenotype manifested in GFAP.HMOX1°!2™ mice, as outlined in chapter

1: introduction, rationale and objectives of the research.

14 Tavitian A, Cressatti M, Song W, Turk AZ, Galindez C, Smart A, Liberman A, Schipper HM (2020) Strategic Timing
of Glial HMOX1 Expression Results in Either Schizophrenia-Like or Parkinsonian Behavior in Mice. Antioxidants &
Redox Signaling 32:1259-1272. Reproduced with permission.
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CHAPTER 3

METHODOLOGY
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This chapter presents details of methodology employed in:

Experiment 1. To test GFAP.HMOX1%!2™ mice in behavioural paradigms that
fall within the negative symptom and cognitive dysfunction domains of

schizophrenia.

Experiment 2. To test the predictive validity of the GFAP.HMOX1° 2™ mouse
model for schizophrenia by treatment with the atypical antipsychotic

medication, clozapine.

Experiment 3. To study craniofacial anatomy in adult GFAP.HMOX1° 2™ mice

by the analysis of head shape features and skull morphometry.

Experiment 4. To examine the anatomy of the hippocampus, the lateral
ventricles and the corpus callosum and follow their maturational trajectory in
GFAP.HMOX1%!2™ mice from adolescence to early adulthood to midlife, with

postmortem histochemical and morphometric techniques.

Experiment 5. To examine the progression of prepulse inhibition of the
acoustic startle response (PPI) from adolescence to adulthood in male

GFAP.HMOX1%!2™ mice through a longitudinal study.

Experiment 6. To test in GFAP.HMOX1° 2™ mice the therapeutic potential of
treatment with the glutathione precursor Immunocal® for brain disorders such
as schizophrenia. In particular, to study the effects of such a treatment on
behavioural dysfunction, brain anatomy and brain reelin expression in

GFAP.HMOX1%12™ mice.
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3.1. Common methods for all experiments
3.1.1. Timeline of experiments

Experiments were conducted on GFAP.HMOX1°%!2™ mice and their
wildtype counterparts at 3 life phases: mid-to-late adolescence, early
adulthood, and midlife (middle adulthood). These periods within the lifespan
were selected because of their importance to brain maturation and
schizophrenia (discussed in the literature review section of this dissertation).
The American Academy of Pediatrics defines early human adolescence as ages
11-14 years, middle adolescence as ages 15—17 years, and late adolescence as
ages 18-21 years (Hardin et al., 2017). Figure 5 illustrates the timeline of
experiments included in this thesis. Mouse/human age and life phase
equivalencies were determined as published by Flurkey et al. (2007) (Figure 6)
(Flurkey et al., 2007). Mouse adolescent period was divided into early (P21-
34), middle (P34-46) and late (P46-59) adolescence as described by Laviola et

al. (2003) (Laviola et al., 2003).
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Experiment 1
Experiment 2
Experiment 3

Experiment 4

Experiment 5

Experiment 6

1S @w777%227777777 0 772
EO P!) |P43 P54 | | | | | | |
Birth 1m 2m 3m 4m 5m 6m 7m 8m 9m 10m 11m 12m
VA comont

Experiment 1: nest-building (5-6m), social interaction (5-6m), Y-maze (8m), bar-biting (6m)
Experiment 2: clozapine (5-6m)

Experiment 3: craniofacial anatomy (head shape, 6m; bones, 6-8m)

Experiment 4: brain anatomy (P43-54/6m/10-12m)

Experiment 5: PPl (P50-54/6m)

Experiment 6: Immunocal (6.5m)

Figure 5. Experimental timeline. E, embryogenesis. P, postnatal day. m, month.

TG, transgenic. WT, wild-type.
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Figure 6. Mouse/human age and life phase equivalencies. Red rectangle
represents the experimental timeline described in figure 5.

(https://www.jax.org/research-and-faculty/research-labs/the-harrison-

lab/gerontology/life-span-as-a-biomarker). From figure 20-3: Flurkey K, Currer

JM, Harrison DE. 2007. The Mouse in Aging Research. In The Mouse in
Biomedical Research 2nd Edition. Fox JG, et al, editors. American College
Laboratory Animal Medicine (Elsevier), Burlington, MA. pp. 637-672, with

permission.
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3.1.2. Animal husbandry

All experimental protocols were approved by the Animal Care Committee
of McGill University in accordance with the guidelines of the Canadian Council
on Animal Care (Animal Use Protocol # 2001-2739). Mice were bred and cared
for in the Animal Care Facility at the Lady Davis Institute for Medical
Research. Mice were kept at a room temperature of 21 £ 1 °C with a 12-hour
light/12-hour dark schedule and ad /ibitum access to food and water. Indices of
general health, fur texture, body weight, and survival rates were regularly

monitored.

3.1.3. Generation of mice

Transgenic (henceforth GFAP.HMOX1 or TG) mice expressing
GFAP.tTA.TRE.Flag. HMOX1 final constructs (on Friend virus B (FVB)
background strain that originated from Harlan Laboratories) were generated as
previously described by our group (Song et al., 2012b). The transgene cascade
in GFAP.HMOX1 mice leads to activation of the entire coding sequence of
human HO-1 through the upstream promoter drive of glial fibrillary acidic
protein (GFAP) and the “control switch” of tetracycline transactivator protein
(tTA) (Song et al., 2012b). This design permits (1) selective targeting of
HMOXI1 gene expression to astrocytes (and possibly other GFAP-expressing
cells) and (2) temporal control of transgene expression by the Tet-Off system
through tetracycline or its more stable analogue doxycycline. Doxycycline

provided in the diet (200mg/kg, sterile; Bio-Serv, Frenchtown, NJ, USA)
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inhibits transgene expression, whereas omission of doxycycline from the diet

initiates transgene expression.

For the generation of GFAP.HMOX1 mice used in all experiments of this
thesis, only regular rodent diet (2918 Teklad; Envigo, Madison, WI, USA) was
provided to breeding pairs and their offspring, which remained free from
doxycycline during embryogenesis and throughout life allowing continuous
HMOXI transgene expression. We use the notation GFAP.HMOX1% 2™ to
represent GFAP.HMOX1 TG mice in which the HMOXI transgene is expressed
(consequently HO-1 protein is overexpressed in astrocytes and possibly other
GFAP-expressing cells) from conception to the age of 12 months. FVB mice
that do not harbour the transgene were used as wild-type controls in all
experiments, and were either non-transgenic littermates of TG mice bred in-
house or were obtained from commercial breeders (Charles River Laboratories,

Canada or Envigo (formerly Harlan Laboratories), Indianapolis, IN, USA).
3.1.4. PCR genotyping

Mouse genotype was verified by polymerase chain reaction (PCR) using
REDExtract-N-Amp™ Tissue PCR Kit (XNAT-100RXN, Sigma-Aldrich,
Germany). Genomic DNA was extracted from mouse tail biopsy specimens with
solutions for extraction, tissue preparation and neutralization provided in kit.
The tTA coding sequence (1009 bp fragment) was amplified with the following
primer pair: forward primer (5’-CGG CTC ATG ATG TCT AGA TTA GA-3’);
reverse primer (5°-AAT TAG AAT TCT CGC GCC CCC TA-3’). The

FlagtHMOX1 gene segment (989 bp fragment) was amplified with the

125



following primer pair: pTRE2 sequence forward primer (5°-CGC CTG GAG
ACG CCA TC-3"); reverse primer (5’-CGT GCA TCT AGA TCA CAT GGC ATA
AAG CCC-3’). Amplifications were performed in a total volume of 15 pul
containing 7.5 pl of REDExtract N-Amp PCR Ready Mix, 4.5 pl of a mixture
of each primer and PCR grade water, and 3 pul of mouse tail extract as template.
The thermal cycler (GeneAmp PCR System 9700) was used with the following
cycling parameters: an initial denaturation step of 3 minutes at 94°C, followed
by 35 cycles of 30 seconds at 94°C (denaturation), 1 minute at 57°C
(annealing), 1 minute at 72°C (extension), a final extension cycle of 10 minutes
at 72°C, hold step at 4°C. PCR products were size fractionated by gel
electrophoresis (GIBCO BRL Horizon 58 Gel Apparatus) in 1% agarose gel
with TAE (Tris base, acetic acid, EDTA) buffer. DNA bands were visualized
with 0.05 pl/ml RedSafe Nucleic Acid Staining Solution (FroggaBio, ON,

Canada) under ultra-violet light (Figure 7).

WT TG WT TG  Base pairs

tTA 1009

Flag.HMOX1 989

Figure 7. DNA bands resulting from agarose gel electrophoresis fractionation
of polymerase chain reaction genotyping products from WT and GFAP.HMOX1
(TG) mice.
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3.2. Methods for Experiment 1

The symptomatology of schizophrenia is categorized into three domains:
positive symptoms, negative symptoms and cognitive impairments. At midlife
ages of 10-12 months, male and female GFAP.HMOXI1°%!'2™ mice exhibit
increased locomotor and stereotypical behaviour which model positive
symptoms of schizophrenia. Experiment 1 was designed to test GFAP.HMOX1 "
I2m mice in behavioural paradigms that fall within the negative symptom and

cognitive dysfunction domains of schizophrenia.

Methods and results of this experiment were published in: Tavitian A,
Cressatti M, Song W, Turk AZ, Galindez C, Smart A, Liberman A, Schipper

HM. Strategic Timing of Glial HMOXI! Expression Results in Either

Schizophrenia-Like or Parkinsonian Behavior in Mice. Antioxid Redox Signal.

2020 Jun 10;32(17):1259-1272. doi: 10.1089/ars.2019.7937. Epub 2020 Jan 23.

PMID: 31847534 (Tavitian et al., 2020).
3.2.1. Animals

Mice used in this study were aged 5-8 months (nest-building, 5-6m;
social interaction, 5-6m; Y-maze, 8m; bar-biting, 6m). GFAP.HMOX1°% 2™ TG
mice were bred and cared for as described in ‘Common Methods for All
Experiments’ above. Wild-type controls in this experiment were FVB/NCrl
mice obtained from Charles River Laboratories (Laval, QC, Canada). Wild-type
and TG mice were matched for age and sex. Unless otherwise stated, all

behavioural tests described below included male and female mice.
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3.2.2. Behaviour

“All behavioural tests were performed blinded at the Animal Facilities
of either the Lady Davis Institute for Medical Research or the Douglas
Research Centre Neurophenotyping Platform [Three-chambre social interaction

test] during the 12-hour light cycle, unless otherwise stated.

3.2.2.i. Three-chambre social interaction test

[This test was conducted on a fee-for-service basis at the Douglas Research
Centre Neurophenotyping Platform according to the Platform’s Standard

Operating Procedures.]

“Social interaction was assessed in a transparent Plexiglas apparatus
comprising three chambres (22 cm by 18 cm, each). Each of the left and right
chambres contained a wire mesh cage with a diameter of 9 cm. A trial consisted
of three 10-minute phases. In phase 1 (habituation phase), the test mouse was
allowed to freely explore all three chambres for 10 minutes with both mesh
cages empty. In phase 2 (social vs. no object preference), a novel target mouse
(unfamiliar to the test mouse) was placed in one of the mesh cages, and the test
mouse was allowed to freely explore all three chambres for 10 minutes (Figure
17A, top panel). Placement of the novel mouse was counterbalanced across test
animals. In phase 3 (novel vs. familiar mouse preference), a second novel
mouse was placed into the empty mesh cage. The original target mouse was left

in its current position and was considered to be the ‘‘familiar mouse’’ in this
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phase. Phase 3 testing also consisted of a 10-minute exploration period as in

the previous two phases (Figure 17B, top panel).

“Trials were conducted during the dark phase of a reverse light/dark
cycle and were videotaped under red light (100 W bulb) with an infrared camera
positioned directly above the apparatus. Video analysis of each trial was
performed with TopScan 2.0 (Clever Systems, Inc., Reston, VA). Entries into
and cumulative time spent in each of the three chambres by the test mouse were
automatically measured in each phase. Only male mice were used in this

experiment. N = 12WT, 12 TG.

3.2.2.ii. Nest building

“Nest building was assessed as described by Deacon (2006). Mice were
placed in individual cages with corn cob bedding (irradiated 1/4", Teklad;
Envigo), but no environmental enrichment material, 1 hour before the [start of
the] dark phase. A cotton Nestlet (Ancare, Bellmore, NY) was provided in each
cage (weighed to 3.0 g/cage). Ad libitum access to food and water was also
provided. The following morning nests were photographed with a digital
camera (Sony Cybershot, 12.1 megapixels; Sony, Tokyo, Japan). Nests were
scored by a single investigator blinded to genotype and sex. A nest rating scale
of 1-5 was used, with near-perfect nests assigned a score of 5 and [almost non-
existent nests with] nesting material nearly untouched assigned a score of 1

(Deacon, 2006). N =20 WT (12M, 8F), 23 TG (12M, 11F).

3.2.2.iii. Spontaneous alternation in the Y-maze
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“The testing apparatus consisted of a Y-shaped maze with three white
opaque Plexiglas arms, designated as A, B, and C, and spaced 120° apart. Each
arm measured 35 cm in length, 5 cm in width, and 10 cm in height. Mice were
individually placed at the center of the Y-maze and allowed to freely explore
all three arms of the maze for 5 minutes (Figure 16, top panel). There were no
intramaze cues, and all arms of the maze received equal lighting. The total
number and sequence of arm entries were recorded by a single experimenter
blinded to mouse genotype [and sex]. An arm entry was recorded when all four
paws were inside the arm. After 5 minutes, the mouse was returned to its
cage.”' For each mouse, the recorded sequence of arm entries was divided into
sets of 3 consecutive entries (triads = sets of 3 letters). The number of triads
which contained 3 different letters (representing consecutive entries into 3
different arms) was determined to be the number of spontaneous alternations.
For example, a sequence of ACBAABCACBC is segmented into ACB-CBA-
BAA-AAB-ABC-BCA-CAC-ACB-CBC. Five triads contain 3 different letters
(ACB, CBA, ABC, BCA, ACB), therefore the number of spontaneous
alternations in this sequence of arm entries is 5. Percent alternation was
calculated as follows: (number of spontaneous alternations / chances to
alternate) x 100 = (number of spontaneous alternations / total arm entries -2)

x 100. N = 19 WT (9M, 10F), 23 TG (12M, 11F).

3.2.2.iv. Bar mouthing

1> Ipid.
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“Mice were transferred into individual cages 24 hours before testing.
Cages contained corn cob bedding (irradiated 1/4", Teklad; Envigo), a cotton
Nestlet (2"x2"; Ancare), 20 g gray shredded paper bedding/nesting material
rolled into a ball (Tek-Fresh; Envigo), and ad libitum access to food and water.
Cage conditions were identical for all mice. On day of testing, mice were
brought into the sound-attenuated testing room in their home cages and were
allowed to acclimatize to the room for 1 hour. After acclimatization, cage
activity was recorded with an overhead video camera for a 2-hour interval.
Twelve cages were filmed simultaneously [with control and experimental
animals distributed evenly between testing sessions]. Filming of the whole
group occurred over 4 days, always at the same time of day. Bar-mouthing
behaviour was assessed in the 00:05:00-01:05:00 segment of the recording. The
number and duration of cage bar mouthing by each mouse within a 1-hour
interval were quantified by a single experimenter blinded to genotype and sex.
A mouse was considered to be engaged in bar-mouthing activity when it held a
cage bar in its diastema, and made sham-biting movements or wiped its open

916

mouth along the bar”'®, as described in the mouse ethogram of the Garner

laboratory at the Stanford School of Medicine https://mousebehavior.org/bar-

mouthing/ . N = 19 WT (9M, 10F), 23 TG (12M, 11F).

3.2.3. Statistical analyses

18 Ibid.
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Statistical analyses were performed using GraphPad Prism software for
Windows (GraphPad Software, San Diego, California USA,

www.graphpad.com). Data are expressed as means + standard error of the mean.

Student’s ¢-test (unpaired, two-tailed, 95% confidence interval) was used for
comparisons between 2 groups. For non-normally distributed data, Mann-
Whitney U test was used for comparisons between 2 groups. Ordinary one-way
Analysis of variance (ANOVA) followed by Newman—Keuls post hoc multiple-
comparison test was used for comparisons between more than 2 groups.

Statistical significance was set at p < 0.05.
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3.3. Methods for Experiment 2

Experiment 2 was designed to test the predictive validity of the
GFAP.HMOX1%!2™ mouse model for schizophrenia by treatment with the

atypical antipsychotic medication, clozapine.

Methods and results of this experiment were published in: Tavitian A,
Cressatti M, Song W, Turk AZ, Galindez C, Smart A, Liberman A, Schipper

HM. Strategic Timing of Glial HMOXI! Expression Results in Either

Schizophrenia-Like or Parkinsonian Behavior in Mice. Antioxid Redox Signal.

2020 Jun 10;32(17):1259-1272. doi: 10.1089/ars.2019.7937. Epub 2020 Jan 23.

PMID: 31847534 (Tavitian et al., 2020).

3.3.1. Animals

GFAP.HMOX1%!?2™ TG mice were bred and cared for in the Animal Care
Facility at the Lady Davis Institute for Medical Research (Jewish General
Hospital, Montreal, QC Canada) as described in ‘Common Methods for All
Experiments’ above. Wild-type controls in this experiment were FVB/NCrl
mice obtained from Charles River Laboratories (Laval, QC, Canada). At 4-5
months of age, mice were transferred to the Douglas Research Centre
Neurophenotyping Platform (Montreal, QC Canada). One month after transport
(i.e. at age 5-6 months), the mice received drug treatment and behavioural
testing according to the Platform’s Standard Operating Procedures (on a fee-

for-service basis).

3.3.2. Clozapine administration
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“Mice received an intraperitoneal injection of either clozapine (item
number 12059; Cayman Chemical Company, Ann Arbor, MI) dissolved in a
vehicle solution of 3.4 ml saline with 0.6 ml lactic acid or the vehicle solution
only. The clozapine dosage used was 1 mg/kg of body weight. Dosage was
determined based on published studies (Stefansson et al., 2002; Fradley et al.,
2005). Thirty minutes after injection of clozapine or vehicle, locomotor
activity in the open field and PPI were assessed as described . . . [below]. Male
mice were used in this experiment because male, but not female, GFAP.HMOX1

mice exhibited PPI deficits in our original study (Song et al., 2012b).

3.3.3. Open field test

“The open field arena consisted of a Plexiglas box equipped with a
system of infrared beams allowing for automated recording of horizontal
movement, vertical movement, and stereotyped behaviour through the
Versamax computer program (Accuscan Instruments, Columbus, OH). Mice
were individually placed in the open field and allowed a habituation period of
60 min after which the locomotor activity of the animal was measured and

recorded for 30 min.

3.3.4. PPI of the acoustic startle response

“PPI was assessed in an automated seven-unit SR-LAB Startle Response
System (San Diego Instruments, Inc., San Diego, CA). Each unit contains a
cylindrical Plexiglas enclosure (diameter: 8 cm, length: 16 cm) mounted on a

Plexiglas base inside a sound-attenuating chambre with adequate light and
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ventilation. Background noise (70 dB) and prepulse and pulse acoustic stimuli
are provided by a speaker in the ceiling of the chambre. The whole-body
acoustic startle response of the animal is transduced by a piezoelectric strain
meter attached to the base. Stabilimeter readings are rectified, digitized on a

4095 scale, and recorded by a computer.

“Startle magnitude was assessed with the presentation of a 120 dB, 30ms
[pulse] stimulus. To assess PPI, a 30ms prepulse stimulus preceded this startle
stimulus. Prepulse intensities were 3, 6, 9, 12, and 15 dB above the background

noise of 70 dB [(i.e. 73dB, 76dB, 79dB, 82dB and 85dB stimuli)].

“Mice were placed into the Plexiglas enclosures and after a 5-minute
acclimatization period, they were exposed to a total of 37 trials with an average
inter-trial interval of 15 seconds. The first two trials were startle trials [where
startle magnitude was measured in response to the 120dB pulse stimulus] with
no prepulse presented. Over the next 35 [randomly generated] trials, animals
received 10 more startle trials and 5 trials at each of the 5 prepulse intensities
[where the 120dB startle pulse was preceded by one of the 5 prepulses]. No
more than two trials of the same type occurred in succession. Percent PPI was

calculated as follows:

startle magnitude on "pulse alone" — startle magnitude on "prepulse+pulse"

x 100.

startle magnitude on "pulse alone"

3.3.5. Statistical analyses

“All data are expressed as means + standard error of the mean. Statistical

significance between control and experimental values was determined using
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Student’s z-test (unpaired, two-tailed, 95% confidence interval), or two-way
ANOVA with Bonferroni correction. Statistical significance was set at p <
0.05.”'7 Statistical analyses were performed using GraphPad Prism software for
Windows (GraphPad Software, San Diego, California USA,

www.graphpad.com).

7 Ibid.
136



3.4. Methods for Experiment 3

The conservation of individual bony elements between mouse and human
skulls (Richtsmeier et al., 2000) (Figure 8) enables the comparative study of

human craniofacial dysmorphologies using mouse models.

- lacrimal |:| parietal
ethmoid D interparietal
D zygomatic - occipital

‘ squamosal/
- sphenoid temporal

Figure 8. Comparison between mouse and human skulls. Conservation of
individual bony elements between mouse (top) and human (bottom) skulls
(correspondence shown by colour-coding). The interparietal bone is present in

mouse but not human skull. Reproduced from Richtsmeier et al. 2000, with

permission.
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Experiment 3 was designed to study craniofacial anatomy in
GFAP.HMOX1%!2™ mice by the analysis of head shape features and skull
morphometry in the early adulthood period (see figures 5 and 6 in “Common
Methods for All Experiments” for timeline of experiments). Male WT and TG

mice aged 6-8 months were used in this experiment.
3.4.1. Head shape analysis

We used computer vision techniques for the extraction and analysis of
mouse head shape parameters from systematically acquired 2D digital images,
as employed in various fields that study and quantify shape, including the
shapes of particles, cells, plants, food products etc. (Pons et al., 1999; Vivier
et al., 2000; Du and Sun, 2004; McAtee et al., 2009; Camargo et al., 2014;
Zanier et al., 2015), with modifications to develop a workflow customized for

our study.
3.4.1.i. Image acquisition

Fifteen male WT and 16 male TG mice, aged 6 months, were anesthetized
with isoflurane (inhalant) in an anesthetic induction chamber. Anesthetized
mice were placed on a contrasting black, non-reflective, flat surface underneath
a stationary digital camera (Sony Cybershot, 12.1 megapixels, Super HAD CCD
optical sensor, DSC-W210; Sony, Tokyo, Japan) fixed on a stand at a height of
21lcm. A fixed ruler was included in our camera set-up and was always
photographed with each mouse in all positions. Each mouse was photographed

in three positions: 1. ventral recumbency (prone position) with head straight -
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snout facing forward and ears delimiting lateral edges of head contour - (for
extraction of dorsal shape features of the head); 2. left lateral recumbency
with complete overlap between ear pinnae (for extraction of right-side facial
shape features); 3. right lateral recumbency with complete overlap between ear
pinnae (for extraction of left-side facial shape features). At each position,
digital images were captured in standard Red Green Blue colour space at a bit-

depth of 24 (Figure 9).
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Figure 9. Digital photographs. The same mouse photographed in ventral
recumbency for dorsal view (A), left lateral recumbency for right facial view

(B), right lateral recumbency for left facial view (C).
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3.4.1.ii. Computerized analysis of digital images

For head shape analysis by computer vision, we used Fiji (Schindelin et
al., 2012) and FracLac (Karperien, 1999-2013) plugins of the scientific image
analysis program ImagelJ (Schneider et al., 2012) to create a customized semi-
automated sequential workflow consisting of two stages: (a) shape extraction
from the region of interest (ROI), followed by (b) feature extraction (shape

descriptors) for each shape thus obtained.

(a) Shape extraction

Each digital image was visually inspected for conformity with pre-
determined orientation parameters described in the “image acquisition” section
above, before being imported into Fiji / ImagelJ. A variance filter with a radius
of 3 pixels was applied to the raw digital image to highlight edges in the image.
For the left and right lateral view images, a Gaussian smoothing step was
included prior to variance filtering. The image was then converted into binary
and filter operations were performed to erode or dilate pixels until complete
fitting to the mouse contour (as on the original digital photograph) was
achieved. Skeletonizing the binary images produced accurate contour
delineation in the left and right lateral view image sets but was ineffective for
the dorsal view images. Therefore, this step was included only for the lateral
view images. Next, the rectangular ROI selection tool was used to delineate
the head of the mouse. The boundaries of the rectangular ROI were set to
include the facial region of the head from (but not including) the ears to the

snout. The mandibular region was excluded from the designated ROI on the
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lateral view images. The ROI was cropped and the contour of the head was
annotated with the wand tool on lateral view images and with the freehand
selection tool on dorsal view images. All pixels outside the annotated region
were cleared into the background colour (i.e. designated as background) and
the annotated selection was filled with the foreground colour (i.e. designated
as foreground object). The foreground object (the segmented shape of the head)
was converted to a binary mask (Figure 10A) from which its one-pixel-wide
outline was generated (Figure 10B). Final 8-bit binary outline images were
saved as TIFF (Tagged Image File Format) files. At every step in this workflow,
the output was visually compared to the original input (i.e. the raw digital
image) to ensure segmentation accuracy of the extracted shape (accurate

boundary representation).
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Figure 10. Extracted shapes. A) Binary masks, B) outlines.

(b) Shape descriptors

For a given object, shape is the attribute that remains after information
about scale, orientation and location are removed (Kendall, 1977). For each
shape obtained by the procedure described in “(i) shape extraction”, we
generated the following set of dimensionless shape descriptors which are

invariant to transformation, scaling and rotation and which are commonly used
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for the quantitative representation of shape (Vivier et al., 2000; (ISO), 2008;
Russ and Neal, 2018): aspect ratio, compactness, roundness, circularity,
solidity, convexity, eccentricity, ratio of maximum to minimum radii from
hull’s centre of mass, ratio of maximum to minimum radii from centre of
bounding circle. The description and computation of each shape descriptor is

given below.

For each extracted shape, the following parameters were measured with
Fiji/ImagelJ: area, perimeter, width of minimum bounding box (fitted
rectangle), length of minimum bounding box (fitted rectangle), maximum
Feret’s diameter, minimum Feret’s diameter, circularity and solidity. In
addition, the following parameters were measured for each extracted shape with
the FracLac plugin of ImagelJ: convex hull area, convex hull perimeter,
diameter of bounding circle, ratio of maximum to minimum radii from hull’s
centre of mass, ratio of maximum to minimum radii from centre of bounding
circle. From these parameters, we calculated aspect ratio, compactness,
roundness, convexity and eccentricity for each extracted shape (formulas and

descriptions provided below).
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//

Figure 11. A) Convex hull (blue) and bounding circle (magenta), B) Minimum

bounding box.

Minimum bounding box = minimum bounding rectangle (fitted rectangle)
= rectangle with the minimum area that encloses the shape completely

(Figure 11B).

Convex hull = smallest convex polygon that fits tightly around the shape

and encloses it completely (Figure 11A).
Convex area = area of convex hull
Convex perimeter = perimeter of convex hull

Bounding circle = circumscribed circle = smallest circle enclosing the
shape (Figure 11A). FracLac calculates the bounding circle by using 3

points on the convex hull.

145



Ratio of maximum to minimum radii from hull’s centre of mass = the
ratio of the largest to the smallest radius from the centre of mass of the

convex hull to its boundary.

Ratio of maximum to minimum radii from centre of bounding circle = the
ratio of the largest to the smallest radius from the centre of the bounding

circle to the boundary of the convex hull.

Maximum Feret’s diameter = maximum caliper dimension = the longest

distance between any two points on the shape’s contour.

Minimum Feret’s diameter = minimum caliper dimension = the shortest

distance between any two parallel tangents on the shape’s contour.

Area-equivalent diameter = Diameter of a circle with the same area as

the extracted shape.
Circularity = 4nArea / Perimeter?
Solidity = Area / Convex Area

Aspect ratio = Minimum Feret’s diameter / Maximum Feret’s diameter

(as defined by ISO 9276-6:2008)

Compactness = Area-equivalent Diameter / Maximum Feret’s Diameter

f 4 . .
= (;) * Area/maximun Feret's diameter

Roundness = Area / Bounding Circle Area

Convexity = Convex Perimeter / Perimeter
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Eccentricity = Length of Minimum Bounding Box / Width of Minimum

Bounding Box

3.4.1.iii. Statistical analyses

Statistical analyses were performed using GraphPad Prism software for
Windows (GraphPad Software, San Diego, California USA,

www.graphpad.com). Statistical significance was set at p < 0.05. D'Agostino-

Pearson (omnibus K2) and Anderson-Darling normality tests (alpha = 0.05)
were used to verify the distribution of data in each data set. Student’s z-test
(unpaired, two-tailed, 95% confidence interval) or Welch's unequal variances
t-test (unpaired, two-tailed, 95% confidence interval) were used for
comparisons between WT and TG groups in the “dorsal” datasets. Where there
were more than 2 groups (WT & TG in each of “left” and “right” views),
ordinary one-way ANOVA was used, followed by planned comparisons
between: (1) WT/Left and WT/Right, (2) TG/Left and TG/Right, (3)WT/Left
and TG/Left, (4)WT/Right and TG/Right. Although each of these comparisons
stands alone, we nevertheless corrected for multiple comparisons by
controlling the False Discovery Rate (Glickman et al., 2014) using the “two-
stage linear step-up procedure of Benjamini, Krieger and Yekutieli” test
(Benjamini et al., 2006) with statistical significance set at a false discovery
rate threshold of Q = 0.05. Paired #-test (two-tailed, 95% confidence interval)
was used to compare left-right differences in facial shape features of individual

mice within each of WT and TG groups.
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3.4.2. Skull morphometry

3.4.2.i. Craniofacial bone preparations

Six-to-eight-month-old male mice were euthanized with
isoflurane/oxygen inhalant and decapitated by guillotine. Skulls were manually
cleaned from fur, skin and flesh. Brains were removed by maceration with a
21gauge hypodermic needle followed by vacuum suction. Skulls were immersed
for 20 minutes in hot detergent/deionized water (1% v/v). After 3 rinses in
deionized water, skulls were cleaned manually from soft tissue using surgical
tools under a stereo/dissecting microscope (M3B, Wild Heerbrugg, Switzerland
with fiber-lite high intensity illuminator series 180, Dolan-Jenner Industries,
USA) and immersed in acetone overnight at room temperature to remove fat.
Remaining soft tissue was manually removed with surgical tools under the
stereo/dissecting microscope and skulls were rinsed 3 times in deionized water.
For visual enhancement of landmarks and sutures, skulls were immersed in
Alcian blue/Alizarin red staining solution (0.004% w/v Alizarin red (bone
stain), 0.05% w/v Alcian blue (cartilage stain), with 20% acetic acid in 95%
ethanol) overnight at 37°C. Stained skulls were rinsed 3 times in deionized
water, after which they were air-dried (Figure 12 A,C). Skulls were thus
prepared from 12 wild-type and 15 transgenic mice. Prior to measurements, the
condition of each cranial and facial bone was inspected on every skull and only
intact bones were measured. The exclusion of a bony element from
measurements on a skull did not preclude or affect measurements of other bones

on the same skull. N = 11-15.
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3.4.2.ii. Craniofacial bone morphometry

Linear distance measurements based on landmarks published by
Richtsmeier et al. (2000) (Figure 12 B,D) were taken directly on each skull
with hand-held digital calipers (resolution: 0.0lmm,VWR traceable,
model:62379-531, Control Company, USA) under a stereo/dissecting
microscope (M3B, Wild Heerbrugg, Switzerland with fiber-lite high intensity
illuminator series 180, Dolan-Jenner Industries, USA). This direct
measurement method has been validated for accuracy and precision in several
studies (Mao et al., 2009; Yang et al., 2011; Liu et al., 2014; Durussel et al.,
2016; Palmer et al., 2016) as well as the Jackson Laboratory Mouse Resource

for Craniofacial Research (The Jackson Laboratory, 2020).
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Figure 12. Mouse craniofacial bone preparation and landmarks. Mouse skull
stained with Alcian blue/Alizarin red, dorsal view (A) lateral view (C). Mouse
skull landmarks, dorsal view (B) lateral view (D). Landmarks used in the
present study are depicted in red: 1, nasale; 2, nasion; 3, bregma; 4,
intersection of parietal and interparietal bones; 5, intersection of interparietal
and occipital bones at the midline; 15 and 26, joining of squamosal body to
zygomatic process of squamosal bone; 16 and 27, intersection of parietal,
temporal and occipital bones. Panels B and D adapted from Richtsmeier et al.

2000, with permission.
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The following linear distances were measured between known

landmarks (Figure 13A):

Axis I (right, left) = nasale to most posterior point of nasal bone (nasal

bone length) as per Maga et al. (2015) (Maga et al., 2015);

Axis Il = nasion to bregma (frontal bone length along the midline);

Axis IIT = bregma to intersection of parietal and interparietal bones

(parietal bone length along the midline);

Axis IV = intersection of parietal and interparietal bones to intersection
of interparietal and occipital bones at midline (interparietal bone length

along the midline);

Axis V = intersection of parietal, temporal and occipital bones, right

side to left side;

Axis VI = joining of squamosal body to zygomatic process of

squamosal bone, right side to left side (cranial width).
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Figure 13. Craniofacial bone measurement axes. (A) I, linear distance between
nasale and most posterior point on nasal bone (nasal bone length). I, linear
distance between nasion and bregma (frontal bone length along midline). IlI,
linear distance from bregma to intersection of parietal and interparietal bones
(parietal bone length along the midline). IV, linear distance from intersection
of parietal and interparietal bones to intersection of interparietal and
occipital bones at midline (interparietal bone length along the midline). V,
right side to left side linear distance at intersection of parietal, temporal and
occipital bones. VI, right side to left side linear distance at junction of
squamosal body to zygomatic process of squamosal bone (cranial width). (B)

a, frontal-nasal angle.
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Measurements were made by a single investigator (the candidate) blinded
to genotype, and each axis was measured in all samples during a single session

to ensure constant ambient conditions.

As additional validation of the obtained measurements: (1) digital images
of a subset of skulls were acquired in dorsal view on a Leica M651 operating
microscope (Leica Microsystems, Wetzlar, Germany) equipped with an
Infinityl digital camera (Teledyne Lumenera, Canada), and linear distance
measurements were taken on the digital images along all axes described above
(n = 4 mice per group) using Adobe Photoshop (Adobe Inc., USA) by a second
investigator. Yan et al. (2007) have also employed Adobe Photoshop for linear
distance measurements on digital images of mouse skulls (Yan et al., 2007);
(2) linear distance measurements were also acquired directly with the hand-
held digital calipers on the same subset of skulls (n = 4 mice per group) by a
third investigator. Similar results were obtained with the three investigations
(caliper measurements by candidate, image analysis by second investigator,
caliper measurements by third investigator), therefore the candidate proceeded

with data collection on all samples with the above-described caliper method.

The nasal bone inclination angle (frontal-nasal angle) was measured
directly on each skull with a digital angle finder/ruler tool (range: 0 to 360°,
resolution: 0.1°, General Tools & Instruments, USA) at the junction between
the interfrontal and internasal sutures (Figure 13B). For validation of the
obtained measurements, digital images of a subset of skulls were acquired in

lateral view on a Leica M651 operating microscope (Leica Microsystems,
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Wetzlar, Germany) equipped with an Infinityl digital camera (Teledyne
Lumenera, Canada), and an independent investigator measured the frontal-nasal
angle on the digitized images (n = 4 mice per group) using the ‘angle tool’ of
FIJI / Imagel] scientific image analysis program (Schindelin et al., 2012;
Schneider et al., 2012). ImageJ has been used in several studies for angular
measurements on mouse skulls (Simon et al., 2014; Eimar et al., 2016; Wei et
al., 2017). Similar results were obtained with the two methods (direct, manual
measurements by candidate and computerized measurements by independent

rater).

3.4.2.iii. Statistical analyses

Statistical analyses were performed using GraphPad Prism software for
Windows (GraphPad Software, San Diego, California USA,
www.graphpad.com). D'Agostino-Pearson (omnibus K2) and Anderson-Darling
normality tests (alpha = 0.05) were used to verify the distribution of data in
each data set. Ordinary one-way ANOVA was used to analyze nasal bone length
data (genotype by side), followed by Tukey’s post hoc multiple comparisons
test. For all other measurements where only 2 groups were present (WT and
TG), Student’s ¢-test (unpaired, two-tailed, 95% confidence interval) was used
to compare data from WT and TG mice. Percent difference in nasal bone length
(based on the equation: 100 x (TG-WT) / WT) and the associated error
propagation were calculated in GraphPad Prism. Statistical significance was

set at p < 0.05.
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3.5. Methods for Experiment 4

Experiment 4 was designed to examine the anatomy of the hippocampus,
the lateral ventricles and the corpus callosum and follow their maturational
trajectory in GFAP.HMOX1%!2™ mice from mid-to-late adolescence (P43-P54)
to early adulthood (6 months of age) to midlife (10-12 months of age), with
histochemical and morphometric techniques on postmortem brain tissue from
mice at each of these 3 ages. For sample sizes, see figures and their legends in

Chapter 4 (Research Findings).
3.5.1. Surgical processes

Male and female mice were anesthetized with isoflurane (inhalant) in an
anesthetic induction chamber. Anesthesia was maintained with isoflurane
administration through a mask (nose cone). Anesthetized mice were
transcardially perfused with cold saline followed by cold 4% buffered
formaldehyde solution (EMD Millipore, Merck, Darmstadt, Germany). The
brains were removed and immersed in the same fixative (4% formaldehyde) at

4°C.
3.5.2. Tissue sectioning

For thin sections, fixed brains were placed in an acrylic coronal mouse
brain matrix with 1mm divisions (Ted Pella, Redding, California, USA) and
sliced along the coronal plane into 2mm blocks. Tissue blocks were embedded

in paraffin and sectioned at a thickness of 4um on a fully automated rotary
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microtome (Leica Biosystems, Wetzlar, Germany). The sections were mounted

on microscope slides and dried for 1 hour in a 50°C oven.

For free-floating sections of fixed brains, right hemispheres were marked
by creating a superficial anterior-posterior groove in the cortex with a 21gauge
hypodermic needle. The brains were then serially sectioned at a thickness of
50um along the coronal plane on a semi-automatic vibratome (Vibratome Series
1000 Classic Tissue Sectioning System, The Vibratome Company, St. Louis,
Missouri, USA). Sections were collected in serial order and stored in
consecutive wells of 24-well culture plates (Sarstedt Ref: 83.3922 TC Plate 24
Well. Standard.F, Niimbrecht, Germany) in a solution of 0.16% formaldehyde /
0.1M phosphate buffered saline (PBS), pH 7.2 + 0.2 (Thermo Scientific™
Pierce™ 16% Formaldehyde (w/v), Methanol-free; Beckman Coulter PBS
buffer). Tissue sections were selected according to below-defined criteria and
floated onto positively charged microscope slides (Fisherbrand™ Superfrost™
Plus, Thermo Fisher Scientific, Waltham, Massachusetts, USA) in a bath of
acetate buffered mounting solution, pH4.9 (IM acetic acid, 1M ammonium
acetate, gelatin subbing solution, 95% ethanol, distilled water) to ensure better
adhesion and avoid loss of sections during subsequent processing. Mounted

sections were air-dried overnight before histochemical processing.

3.5.3. Tissue section selection

Due to morphological variability of a given brain structure along any of
its axes (Franklin and Paxinos, 2013; Mai et al., 2015), comparisons of

neuroanatomy between control and experimental samples can only be made
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reliably if the analysed tissue originates from similar positions in the brain.
Therefore, mouse brain tissue sections destined for neuroanatomical analyses
were carefully chosen in concordance with plates of interest in the mouse brain
atlas of Paxinos and Franklin, The mouse brain in stereotaxic coordinates, 4"
edition (Franklin and Paxinos, 2013). Free-floating vibratome-cut sections
were selected by examination under a stereo/dissecting microscope (M3B, Wild
Heerbrugg, Switzerland with fiber-lite high intensity illuminator series 180,
Dolan-Jenner Industries, USA), and confirmed by examination under an upright
binocular light microscope (CH2, Olympus, Japan) once section was mounted
on slide. Paraffin sections were selected by examination under an upright

binocular light microscope (CH2, Olympus, Japan).

For the lateral ventricles, sections corresponding to plates 23-28 of the
mouse brain atlas (Franklin and Paxinos, 2013), with antero-posterior (AP)
coordinates of +0.97mm to +0.37mm relative to bregma, were chosen for
further processing and analysis. The hippocampus and dentate gyrus were
analysed at three coronal levels in the brain: sections corresponding to plates
43-44 (AP coordinates of -1.43mm to -1.55mm relative to bregma), plates 46-
48 (AP coordinates of -1.79mm to -2.03mm relative to bregma) and plate 51
(AP coordinate of -2.45mm relative to bregma) of the mouse brain atlas
(Franklin and Paxinos, 2013). To determine the anterior limit of the corpus
callosum in each serially sectioned brain, the tissue section wherein the genu
was first visible was identified and analysed. The posterior limit of the corpus

callosum was determined by identifying and analysing the tissue section where
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the splenium was last visible, followed by the adjacent section where the

splenium was no longer present but the forceps major appeared.

Selected tissue sections were then processed for histochemistry as
described below. After the revelation of cyto- and/or myeloarchitecture by
histochemical staining, a final ascertainment of concordance with the plate of
interest in the mouse brain atlas was done with the Olympus CH2 light
microscope before proceeding with image acquisition, measurements and

analyses.

3.5.4. Histology / Histochemistry

Tissue cytoarchitecture was delineated by hematoxylin and eosin
staining. Myeloarchitecture was exposed by Sudan Black B staining.
Simultaneous cyto- and myeloarchitecture exposure was achieved by combined

Luxol fast blue / hematoxylin and eosin staining.

3.5.4.i. Hematoxylin and eosin

Coronal sections of paraffin-embedded brain tissue (thickness, 4um)
were deparaffinized in two changes of toluene, cleared in two changes of
anhydrous ethanol and hydrated in a graded series of alcohol solutions (90-80-

70 percent ethanol) followed by distilled water.

Coronal sections of vibratome-cut brain tissue (thickness, 50um) were
rinsed in phosphate buffered saline (pH 7.2) followed by distilled water. Tissue
sections were then dehydrated in a graded series of alcohol solutions (20-50-
70-80-90-100 percent ethanol). This was followed by rehydration of the
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sections through a graded series of alcohol solutions in the reverse order (100-

90-80-70-50-20 percent ethanol) ending in distilled water.

After the tissue preparation steps above, hematoxylin and eosin
histochemistry for both paraffin-embedded and vibratome-cut tissue was
performed using a commercial stain kit (HAE-1-IFU, ScyTek laboratories Inc.,
Logan, Utah, USA) according to manufacturer’s instructions. Tissue sections
were incubated for 5 minutes in hematoxylin (Mayer’s, Lillie’s modification).
Excess stain was removed by rinsing twice with distilled water. Tissue sections
were then incubated for 15 seconds in Bluing Reagent (supplied in kit), rinsed
twice with distilled water, dipped in anhydrous ethanol and incubated with
modified alcoholic Eosin Y solution (supplied in kit). After a short rinsing step
in anhydrous ethanol, tissue sections were dehydrated in three changes of
anhydrous ethanol, cleared in CitriSolv™ Clearing Agent (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), mounted with a pinene resin
mounting medium (Fisher Chemical™ Permount™ Mounting Medium, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and covered with grade No.
1 glass coverslips (FisherFinest Premium Cover Glass, 12-548-5M, Thermo

Fisher Scientific, Waltham, Massachusetts, USA).

3.5.4.ii. Luxol fast blue - hematoxylin and eosin

Coronal sections of paraffin-embedded brain tissue (thickness, 4um)
were deparaffinized in two changes of toluene, cleared in two changes of
anhydrous ethanol and hydrated in a solution of 95% ethanol. Staining for white

matter was achieved by the method described by Kluver and Barrera (Kluver
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and Barrera, 1953) with slight modifications. Tissue sections were immersed
in a prewarmed solution of Luxol fast blue (LFB; 1% in 95% ethanol with
glacial acetic acid) for 2 hours in a 60°C water bath. After a 5-minute cooling
period, excess stain was removed by first rinsing with 95% ethanol followed
by distilled water, then differentiating in lithium carbonate (0.05% in distilled
water) followed by 70% ethanol. Differentiation was stopped by washing
sections twice with distilled water when the greenish-blue stained white matter
was clearly distinguishable from the unstained gray matter. For the concurrent
visualization of cyto- and myeloarchitecture, LFB-stained tissue was further
processed with hematoxylin and eosin histochemistry using a commercial stain
kit (HAE-1-IFU, ScyTek laboratories Inc., Logan, Utah, USA) according to
manufacturer’s instructions. Tissue sections were incubated for 5 minutes in
hematoxylin (Mayer’s, Lillie’s modification). Excess stain was removed by
rinsing twice with distilled water. Tissue sections were then incubated for 15
seconds in Bluing Reagent (supplied in kit), rinsed twice with distilled water,
dipped in anhydrous ethanol and incubated with modified alcoholic Eosin Y
solution (supplied in kit). After dehydration in 95% ethanol followed by three
changes of anhydrous ethanol, tissue sections were cleared twice in CitriSolv™
Clearing Agent (Thermo Fisher Scientific, Waltham, Massachusetts, USA),
mounted with a pinene resin mounting medium (Fisher Chemical™ Permount™
Mounting Medium, Thermo Fisher Scientific, Waltham, Massachusetts, USA)
and covered with grade No. 1 glass coverslips (FisherFinest Premium Cover

Glass, 12-548-5M, Thermo Fisher Scientific, Waltham, Massachusetts, USA).
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3.5.4.iii. Sudan Black B

Coronal sections of vibratome-cut brain tissue (thickness, 50um) were
washed for 10 minutes in Tris buffered saline (pH 7.6) followed by 10 minutes
in 70% ethanol. Staining for white matter was achieved with Sudan Black B
dye (S-0395, Sigma, Darmstadt, Germany) as described by Ineichen et al. and
Shi et al. (Ineichen et al., 2017; Shi et al., 2017) with slight modifications.
Tissue sections were incubated for 20 minutes at room temperature in a 0.5%
weight/volume solution of Sudan Black B dissolved in 70% ethanol. Sections
were then washed for one minute three times in 70% ethanol, followed by three
5-minute washes with distilled water. An aqueous antifade mounting medium
(Prolong Diamond, P36970, Invitrogen, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) was added to the sections before covering them with
grade No. 1 glass coverslips (FisherFinest Premium Cover Glass, 12-548-5M,

Thermo Fisher Scientific, Waltham, Massachusetts, USA).

3.5.5. Image acquisition

Photomicrographs were acquired using a Leica DM LB2 widefield upright
microscope equipped with a Leica DFC 480 colour digital camera and Leica
Application Suite software version 3.4.0 (Leica Microsystems, Wetzlar,

Germany).

Whole slide digital scans were obtained with a Leica Aperio ScanScope

AT Turbo digital pathology scanner (Leica Biosystems, Wetzlar, Germany).

3.5.6. Morphometrics

161



3.5.6.i. Hippocampus

Selected slides of hematoxylin/eosin-stained tissue (see above for tissue
section selection criteria) were examined under an upright binocular light
microscope (CH2, Olympus, Japan) and hippocampal measurements were taken
by a single investigator blinded to tissue source. Measurements were made
under the 10x objective (i.e. at a magnification of 100x) using an eyepiece
micrometer (reticle consisting of a centered crosshair and ten numbered
concentric circles; Periplan GF 10x/20 M, #519817, Leitz Wetzlar, Germany)
and calibrated with a stage micrometer (2mm scaling slide with 0.01lmm
intervals; #513106, Ernst Leitz Wetzlar GmBH, Germany). The following were
measured in the coronal plane: horizontal width of the hippocampus, vertical
height of the hippocampus, length of the dentate gyrus granule cell layer

(suprapyramidal and infrapyramidal blades).

3.5.6.ii. Lateral ventricles

For cross-sectional area measurements of the lateral ventricles, selected
slides of hematoxylin/eosin-stained tissue (see above for tissue section
selection criteria) were digitized and whole slide digital scans were obtained
with a Leica Aperio ScanScope AT Turbo digital pathology scanner (Leica
Biosystems, Wetzlar, Germany) at 20x equivalent objective magnification and
0.4971 microns per pixel resolution. Scanned digital images were viewed and
analyzed with Aperio ImageScope pathology image viewing and analysis
software (Leica Biosystems, Wetzlar, Germany). On each image, the lateral

ventricles were annotated along the external contour of the ependymal layer
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using an electronic pen tablet (Wacom Technology Corporation, USA) by a
single investigator blinded to tissue source. Aperio ImageScope then

automatically calculated the annotation area measurement in pm?.
3.5.6.iii. Dentate gyrus granule cell layer shape analysis

The shape of the dentate gyrus granule cell layer (DGGCL), of male WT
and TG mice at mid-to-late adolescence (P43-P54) and early adulthood (6
months), was extracted and analyzed using computer vision techniques with
Fiji (Schindelin et al., 2012) plugin of the scientific image analysis program
ImagelJ (Schneider et al., 2012). Slides of hematoxylin/eosin-stained coronal
tissue sections corresponding to plates 46-48 (AP coordinates of -1.79mm to -
2.03mm relative to bregma) of the mouse brain atlas (Franklin and Paxinos,
2013) were digitized and whole slide digital scans were obtained with a Leica
Aperio ScanScope AT Turbo digital pathology scanner (Leica Biosystems,
Wetzlar, Germany) at 40x equivalent objective magnification and 0.248
microns per pixel resolution. Scanned digital images were viewed with Aperio
ImageScope pathology image viewing and analysis software (Leica Biosystems,
Wetzlar, Germany). On each image, the ‘extract region’ function of Aperio
ImageScope was used to extract the dentate gyrus from each of the 2
hemispheres which was saved as a lossless TIFF output file. The TIFF file was
imported into Fiji / ImagelJ and opened as a grayscale image. The DGGCL was
annotated, all pixels outside the annotated region were cleared into the
background colour (i.e. designated as background) and the annotated selection

was filled with the foreground colour (i.e. designated as foreground object).
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The foreground object (the segmented shape of the DGGCL) was converted to
a binary mask (Figure 14A) from which its one-pixel-wide outline was
generated (Figure 14B). Final 8-bit binary outline images were saved as TIFF
files. At every step in this workflow, the output was visually compared to the
original input (i.e. the raw digital image) to ensure segmentation accuracy of

the extracted shape (accurate boundary representation).

A B

Figure 14. Extracted shape. A) Binary mask, B) outline.

For each extracted shape, the circularity parameter was automatically
calculated with Fiji/ImageJ. Circularity, also called ‘form factor’, is a
dimensionless shape descriptor, invariant to transformation, scaling and
rotation. It is a measure of how close a shape is to a mathematically perfect
circle. Circularity values range from 0 to 1 (a value of 1 denoting a perfect

circle). Circularity = 4nArea / Perimeter?.
3.5.7. Statistical analyses

Statistical analyses were performed using GraphPad Prism software for
Windows (GraphPad Software, San Diego, California USA,

www.graphpad.com). Student’s ¢-test (unpaired, two-tailed, 95% confidence

164



interval) or Welch's unequal variances ¢-test (unpaired, two-tailed, 95%
confidence interval) were used for comparisons between 2 groups (WT & TG).
Where more than 2 groups were present, ordinary one-way ANOVA was used
followed by Tukey’s (when comparing every mean with every other mean) or
Bonferroni’s (for planned comparisons between selected sets of means) post
hoc multiple comparisons tests, as per GraphPad Prism 9 Statistics Guide
recommendations. Genotype by age interaction effects were analyzed by two-
way ANOVA followed by Tukey’s post hoc multiple comparisons test. Fisher’s
exact test was used to compare the distribution of categorical variables between

groups. Statistical significance was set at p < 0.05.
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3.6. Methods for Experiment 5

In our initial cross-sectional study, male GFAP.HMOX1% 2™ mice showed
impaired prepulse inhibition of the acoustic startle response (PPI) in middle
adulthood (Song et al., 2012b). Since PPI follows a maturational trajectory
(discussed in the literature review section of this dissertation), I hypothesized
that PPI deficiency in adult GFAP.HMOX1%!2™ mice reflects an impairment in
the maturation of this brain function. Experiment 5 was designed to examine
the progression of PPI from adolescence to early adulthood in male
GFAP.HMOX1%!2™ mice through a longitudinal study. The experimental

timeline is illustrated in figure 3 (see ‘Common Methods for All Experiments’).
3.6.1. Animals

Wild-type controls in this experiment were FVB/NHsd mice from Envigo
(formerly Harlan Laboratories, Indianapolis, IN, USA). Timed pregnancies
were set up to obtain adequate numbers of transgenic and wild-type mice of
similar age. At the age of P31 £ 2,20 TG and 19 WT male mice were transferred
to the Douglas Research Centre Neurophenotyping Platform (Montreal, QC
Canada) where they were housed and cared for until the age of 6 months (P184

+ 2).
3.6.2. PPI test

Each mouse underwent PPI testing at age P52 £ 2 (late adolescence) and
again at the age of 6 months (P184 £ 2, early adulthood). Both test sessions of

each mouse took place in the same chambre of the testing apparatus. The
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potential of long-term habituation between the 2 test sessions was controlled
for by subjecting each mouse to the entire PPI testing protocol at age P44 + 2.
One WT mouse died before reaching the age of P52, therefore 38 mice (20TG,
18WT) were tested for PPI at P52 £ 2. Another WT mouse died before the age
of 6 months, leaving 17 WT and 20 TG in the early adulthood test cohort.
Details of the PPI testing protocol, conducted according to the Douglas
Research Centre Neurophenotyping Platform’s Standard Operating Procedures
(on a fee-for-service basis), are provided in ‘Methods for Experiment 2’ above.
Acoustic parameters were identical to those used in Experiment 2. Thus, startle
magnitude was assessed with the presentation of a 120 dB, 30ms pulse stimulus.
To assess PPI, a 30ms prepulse stimulus preceded this startle stimulus. Prepulse
intensities were 3, 6, 9, 12, and 15 dB above the background noise of 70 dB

(i.e. 73dB, 76dB, 79dB, 82dB and 85dB stimuli). Percent PPI was calculated

startle magnitude on "pulse alone" — startle magnitude on "prepulse+pulse"

x 100.

as follows: . . -
startle magnitude on "pulse alone

3.6.3. Statistical analyses

To identify the localization of PPI deficits found in male GFAP.HMOX1°-
12m mice in middle adulthood, post hoc orthogonal comparisons with Fisher’s
Least Significant Difference test were performed on our cross-sectional study
dataset described above. The PPI deficit in male GFAP.HMOX1% ™ mice was
evident with the greater prepulse intensities. In the present longitudinal
experiment, my aim was to compare the change in %PPI (A%PPI) from late

adolescence to early adulthood in TG vs WT mice. In order to avoid potential

confounding effects of the inherent heterogeneity of PPI levels present even
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within a population of genetically identical mice (Shoji and Miyakawa, 2018),
it was desirable to use samples with a comparable baseline (i.e. adolescent-
age) level of PPI for the calculation of A%PPI. To identify eligible samples,
P52 £ 2 WT and TG datasets of %PPI in response to the highest prepulse
intensity (15dB above background) were combined and the upper and lower
limits of the 95% confidence interval of the mean within the whole sample
distribution were calculated without regard to genotype. Samples that fell
within these limits were used to follow the progression of PPI from late
adolescence to early adulthood and calculate the difference in %PPI values
(A%PPI per mouse) between these 2 ages. Statistical analyses were performed

using GraphPad Prism software for Windows (GraphPad Software, San Diego,

California USA, www.graphpad.com). Data are expressed as means *+ standard
error of the mean. Student’s ¢-test (unpaired, two-tailed, 95% confidence
interval) was used to compare data from WT and TG mice. When equal variance
was not assumed between groups, unpaired ¢-test (two-tailed, 95% confidence
interval) was used with Welch’s correction to compare 2 groups and one-way
ANOVA (Welch) was used to compare 3 or more groups, followed by Dunnett's
T3 multiple comparisons test (when comparing all pairs of means) or the “two-
stage linear step-up procedure of Benjamini, Krieger and Yekutieli” multiple
comparisons test (to control the False Discovery Rate when comparing selected

pairs of means). Statistical significance was set at p < 0.05.
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3.7. Methods for Experiment 6

Experiment 6 was designed to test in GFAP.HMOX1°!2™ mice the
therapeutic potential of the glutathione precursor Immunocal® for brain
disorders such as schizophrenia. We were particularly interested in studying

the effects of such treatment on behavioural dysfunction, brain anatomy and

brain reelin expression in GFAP.HMOX1° 2™ mice.
Methods and results of this experiment were published in:

Song W, Tavitian A, Cressatti M, Galindez C, Liberman A, Schipper

HM. Cysteine-rich whey protein isolate (Immunocal®) ameliorates deficits in

the GFAP.HMOX1 mouse model of schizophrenia. Free Radic Biol Med.

2017;110:162-175 (Song et al., 2017b); and

Song W, Zukor H, Lin S-H, Hascalovici J, Liberman A, Tavitian A, Mui
J, Vali H, Tong X-K, Bhardwaj SK, Srivastava LK, Hamel E, Schipper HM.

Schizophrenia-like features in transgenic mice overexpressing human HO-1 in

the astrocytic compartment. J Neurosci. 2012;32(32):10841-10853 (Song et al.,

2012b).

3.7.1. Animals

Mice were generated and cared for as described in ‘Common Methods for

All Experiments’ above.
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3.7.2. Brain reelin protein expression in middle adulthood

Brains of 11 month-old, treatment-naive, male and female TG and WT
mice were harvested, fixed and immunostained for reelin detection as described

below.

3.7.3. Whey protein isolate (Immunocal) supplementation

“Immunocal® is a dietary natural health product with an NPN 80004370
issued by Natural Health Product Directorate (NHPD) Health Canada. It is a
natural source of the glutathione precursor, cysteine. Immunocal is fat-free,
contains less than 1% lactose and has a high protein biological value (>110
BV) providing all essential amino acids. It has been tested in experimental
animals (Bounous et al., 1983; Wong and Watson, 1995; Low et al., 2003) and
human clinical trials (Lands et al., 1999; Ross et al., 2012; Karelis et al., 2015)
and is marketed worldwide for enhancement of the immune system.
Experimental protocols have been approved by the Animal Care Committee of
McGill University in accordance with the guidelines of the Canadian Council
on Animal Care. Mice were kept at a room temperature of 21 + 1 °C with a 12
h light/dark schedule. All the mice were bred and cared for in the Animal Care
Facilities at the Lady Davis Institute for Medical Research. Male and female
heterozygous GFAP.HMOX1 (continuously expressing the HMOXI transgene)
and wild-type (WT) mice at 5 months of age were treated daily with Immunocal
at 33 mg/ml drinking water (equivalent to 0.89 mg/ml of cysteine or 1.2 mg/ml
of N-acetylcysteine (NAC)) vs. drinking water containing 33 mg/ml casein

(control, equivalent to 0.2 mg/ml of cystine). Fresh Immunocal and casein
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solutions were prepared daily to minimize protocol deviations. Daily drinking
volume per mouse was recorded and noted to be unaffected by genotype, sex or
treatment. The average daily dose equivalents of Immunocal were 0.27 mg/g
body weight (male) and 0.24 mg/g body weight (female). For casein, the
average daily dose equivalents were 0.28 mg/g body weight (male) and 0.26
mg/g body weight (female). After 6 weeks of treatment, all animals were
assessed for the behavioural, neurochemical and neuropathological endpoints
described below. Fur texture, body weight and survival rates were monitored
as indices of general health. For sample sizes, see figures and their legends in

Chapter 4 (Research Findings).

3.7.4. Behavioural tests

“GFAP.HMOX1 mice and their WT littermates were transferred to the
Neurophenotyping Centre of the Douglas Mental Health University Institute
(Montreal) for behavioural analyses. The animals were tested for locomotor
activity and startle response (prepulse inhibition (PPI)) [as per protocols

described in ‘Methods for Experiment 2’ above].

3.7.5. Surgical procedures

“Mouse brains were fixed by transcardial perfusion as previously
described with minor modifications (Song et al., 2012b). Briefly, the animals
were deeply anesthetized with rodent mixture containing ketamine, xylazine,
acepromazine and saline and perfused with 200 ml of ice-cold saline followed

by 250 ml of cold 4% paraformaldehyde in 0.1 M PBS, pH 7.4, for light-
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microscopic analysis. The brains were removed and immersed in the same
fixatives for 24 h at 4 °C. For histomorphology and immunohistochemistry,
brains were embedded in paraffin. For RNA . . . expression assays, mouse
brains were frozen on dry ice immediately after transcardial perfusion with 200

ml of ice-cold PBS and stored at —80 °C.

3.7.6. mRNA expression

3.7.6.i. Total RNA extraction, polyadenylation, and cDNA synthesis

“Total RNA from each dissected brain region was extracted in Trizol
according to the manufacturer’s instructions (Invitrogen). Two and half
micrograms of total RNA were subjected to RT-qPCR using RevertAid First

Strand cDNA Synthesis Kit (Thermo Fisher) and anchored-oligo-dT18 primer.

3.7.6.ii. mRNA RT-qPCR

“The Applied Biosystems 7500 Fast Real-Time PCR System (Applied
Biosystems by Life Technologies) was used to quantify mRNA . . . with
EvaGreen RT-qPCR Mastermix-Low ROX reagent (Diamed) according to
manufacturer’s instructions. Twenty nanograms (ng) of cDNA were quantified
for mRNA, using the above reagent (Diamed) via RT-qPCR. The forward (F)
and reverse (R) primer sequences used to detect mouse mRNA were . . . [a]
designed with Primer Express Software Version 3.0 (Applied Biosystems by
Life Technologies) and validated by published study, [b] validated by published
study. Additional checks of melting curve for each reaction was carried out to

assess for possible contamination of genomic DNA or poor primer design
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(primer dimer formation) (Applied Biosystems by Life Technologies): . . . [1]
Reelin (Reln)*: 5'-GCCACGCCACAATGGAA-3’ (F) and 5'-
CGACCTCCACATGGTCCAA-3"(R); [2] As an internal reference [(endogenous
control)], P-Actin® mRNA was used and probed using a pair of primers: 5'-
CAGCAGATGTGGATCAGCAAG-3'" (F) and 5'-GCATTTGCGGTGGACGAT-3’
(R) (Mak et al., 2009). mRNA . . . expression fold changes between groups
were calculated using the AACt [(delta-delta cycle threshold)] method relative
to controls following normalization with levels of [B-Actin mRNA] (Livak and

Schmittgen, 2001).

3.7.7. Neuromorphological analysis

“Coronal brain sections (4 pum) were deparaffinized in toluene and
rehydrated in a series of graded alcohol solutions followed by H20. Sections
were stained with hematoxylin and eosin (H & E) [as described in ‘Methods for
Experiment 4’ above]. The preparations were examined using a Leica DM LB2
microscope. Bregma coordinates were identified using the mouse brain atlas of
Paxinos and Franklin (Franklin and Paxinos, 2013). The lateral ventricles of
left and right hemispheres were examined at + 0.50 mm from bregma. The width
and height of the hippocampus and the length of the dentate gyrus granule cell
layer were measured at —1.55 mm to —1.99 mm from bregma with the aid of an

ocular grid by a single investigator unaware of the tissue source.

3.7.8. Immunofluorescence
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“Coronal brain sections (4 pum) were deparaffinized in toluene and
rehydrated in a series of graded alcohol solutions followed by H2O. Antigen
retrieval was performed with hot citrate buffer (0.01 M). Membranes were
permeabilized with 0.1% Triton X-100 (Sigma). After blocking with serum,
sections were incubated overnight at 4 °C with primary antibody directed
against reelin (clone 142, Calbiochem) followed by secondary antibody
conjugated to Alexa Fluor 488 (Molecular Probes). [For the middle adulthood
no-treatment cohort, secondary antibody conjugated to FITC (Jackson
ImmunoResearch) was used.] Nuclei were stained with DAPI (4’, 6-diamidino-
2-phenylindole, dilactate) (Molecular Probes). Sections were mounted in
ProLong Gold antifade reagent (Molecular Probes). Imaging was performed
with a Quorum Wave FX Spinning Disc confocal microscope. Images were
acquired and analyzed using the Improvision Volocity software at the Cell

Imaging Facility of the Lady Davis Institute.

3.7.9. Statistical analyses

“Data are expressed as means = standard error of the mean. For locomotor
activity, analyses were performed in cases with more than two groups using a
genotype (TG and WT) by treatment (Immunocal and casein) [ordinary one-
way] ANOVA followed by Newman—Keuls post hoc [multiple] comparisons . .
. [test]. For PPI assessment of WT and TG mice (with Immunocal or casein),
two-way ANOVA was used to analyze serial intensity tests considering two
factors (genotype and intensity). For quantitative hippocampal pathology, the

comparison was made between two genotypes for each item using Student’s ¢-
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test (unpaired, two-tailed with 95% confidence interval). Fold changes in TG
mice versus WT mice for qPCR assays were analyzed with paired Student’s ¢-
test (two-tailed[, 95% confidence interval]) [within each of casein control and
Immunocal treatment groups. Mixed effects model analysis followed by
Dunnett’s multiple comparisons test were used to analyze fold changes of PFC
reelin mRNA in all groups relative to WT casein control]. Statistical
significance was set at p < 0.05.”!8 Statistical analyses were performed using
GraphPad Prism software for Windows (GraphPad Software, San Diego,

California USA, www.graphpad.com).

18 Song W, Tavitian A, Cressatti M, Galindez C, Liberman A, Schipper HM (2017) Cysteine-rich whey protein isolate
(Immunocal(R)) ameliorates deficits in the GFAP.HMOX1 mouse model of schizophrenia. Free Radical Biology &
Medicine 110:162-175. Reproduced with permission.
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CHAPTER 4

RESEARCH FINDINGS

176



Note: When a figure and its legend are on the same page, the legend is
underneath the figure. When a figure occupies a whole page, its legend is on

the preceding page.

This chapter presents details of the research findings that resulted from each

experiment:

Experiment 1. Continuous overexpression of HO-1 in astrocytes - and possibly
other GFAP-expressing cells - impairs behaviours in positive valence (nest-
building), cognitive system (short-term spatial working memory) and social
process (preference for social novelty) domains and enhances negative valence
domain behaviour (bar-biting stereotypy) in adult GFAP.HMOX]?-12m
transgenic mice. Thus, adult GFAP.HMOX1%!?™ mice present behavioural
features that fall within negative symptom, positive symptom and cognitive

dysfunction domains of schizophrenia.

Experiment 2. Acute treatment with the atypical antipsychotic clozapine
significantly improves hyperlocomotor and augmented stereotypical behaviour
in GFAP.HMOXI1%!?™ transgenic mice. A trend-level improvement of
sensorimotor gating, measured by prepulse inhibition of the acoustic startle
response, was also observed in GFAP.HMOX1°!?2™ transgenic mice following

clozapine treatment but did not reach statistical significance.

Experiment 3. In early adulthood, male GFAP.HMOX1°!?™ transgenic mice

exhibit craniofacial dysmorphology including elongation of the nasal bones,
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alteration of head shape anisotropy and reduction of directional asymmetry in

facial shape features.

Experiment 4. HO-1 interferes with the structural maturation of the brain
between adolescence and adulthood, evidenced by abnormal gray and white
matter anatomy in GFAP.HMOX1%!2™ mice. Histopathological measurements
revealed that GFAP.HMOX1°!2™ transgenic mice exhibit a deviant maturational
trajectory of the lateral ventricles, the hippocampus and the corpus callosum
with a post-adolescent enlargement of the lateral ventricles and an arrested
maturation of the dentate gyrus granule cell layer and of the corpus callosum
at the adolescent-stage. Importantly, a previously unidentified distinctive
immature morphology of the dentate gyrus granule cell layer is exposed in the
brains of adult GFAP.HMOX1%!>™ mice which is indistinguishable from the

normal adolescent-age morphology of this structure.

Experiment 5. HO-1 interferes with the functional maturation of the brain
between adolescence and adulthood. Sensorimotor gating deficits of male
GFAP.HMOX1%!2™ transgenic mice emerge in early adulthood as the result of
an aberrant maturational trajectory of prepulse inhibition of the acoustic startle

response (PPI) between late adolescence and early adulthood.

Experiment 6. During early adulthood, short-term treatment with cysteine-rich
whey protein isolate (Immunocal®) augments brain reelin expression and
ameliorates behavioural deficits, but does not correct brain anatomical defects

in GFAP.HMOX1°!2™ transgenic mice.
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4.1. Results of Experiment 1

These results were published in: Tavitian A, Cressatti M, Song W, Turk

AZ, Galindez C, Smart A, Liberman A, Schipper HM. Strategic Timing of Glial

HMOXI Expression Results in FEither Schizophrenia-Like or Parkinsonian

Behavior in Mice. Antioxid Redox Signal. 2020 Jun 10;32(17):1259-1272. doi:

10.1089/ars.2019.7937. Epub 2020 Jan 23. PMID: 31847534 (Tavitian et al.,

2020).
Summary of Results

Continuous overexpression of HO-1 in astrocytes - and possibly other
GFAP-expressing cells - impairs behaviours in positive valence (nest-
building), cognitive system (short-term spatial working memory) and social
process (preference for social novelty) domains and enhances negative valence
domain behaviour (bar-biting stereotypy) in adult GFAP.HMOX]?-!2m
transgenic mice. These behavioural features exhibited by adult GFAP.HMOX1°
12m

mice fall within negative symptom, positive symptom and cognitive

dysfunction domains of schizophrenia.
4.1.1. Nest building

“Relative to WT controls, GFAP.HMOX1° 2™ TG mice exhibited a highly
significant impairment in [non-maternal] nest building ( p < 0.0001 for males,
p < 0.0001 for females) (Figure 15A, B). WT mice built near-perfect, fluffed,
round nests with a crater-like wall confined to one quadrant of the cage (Figure

15A) [mean nest score £+ SEM: 5.00 £ 0.00 (females), 4.96 £ 0.04 (males)].
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This grade of nest-building efficiency was not attained by any TG mouse
(Figure 15A, B) [mean nest score + SEM: 2.96 £ 0.28 (females), 3.17 £ 0.24
(males)]. [No significant difference was found in body temperature between
WT and TG mice (p > 0.05), suggesting that the impairment in nest building
behaviour of TG mice does not arise from genotypic differences in

thermoregulatory needs.]
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Figure 15. Impaired nest building in GFAP.HMOX1°-12™ TG mice. (A) Typical
nests built by WT (a) and TG mice (b—e) with nest scores of 5 (a), 4 (b), 3 (c),
2 (d), and 1.5 (e). (B) Nest scores of WT and TG mice. n = 20 WT (12M, 8F), 23
TG (12M, 11F). F, female; M, male. (Published as Figure 4A and 4B in Tavitian

et al., 2020, reproduced with permission).
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4.1.2. Spontaneous alternation in the Y-maze

“The spontaneous alternation task in the Y-maze revealed impaired short-
term spatial working memory in GFAP.HMOX1°!?2™ TG mice relative to WT
counterparts. [Compared to WT mice, spontaneous alternation behaviour was
significantly reduced in TG mice (p < 0.05) (Figure 16), with no significant

difference in total number of arm entries between WT and TG mice (p > 0.05).]
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Figure 16. Short-term spatial working memory is impaired in GFAP.HMOX1°-
12m TG mice. Top panel: schematic of testing apparatus. Bottom panel: percent
alternation in the Y-maze spontaneous alternation task. n = 19 WT (9M, 10F),
23 TG (12M, 11F). *p < 0.05. Error bars indicate SEM. F, female; M, male.

(Published as Figure 5 in Tavitian et al., 2020, reproduced with permission).
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4.1.3. Three-chambre social interaction test

“GFAP.HMOX1% 2™ TG mice did not differ from their WT counterparts
in their preference for the novel target mouse versus the empty cage
(sociability) in phase 2 of the three-chambre social interaction test (Figure
17A). Phase 3 testing in the three-chambre paradigm revealed decreased social
novelty preference in TG mice, evidenced by a significantly higher amount of
time spent with the familiar mouse than with the novel stranger mouse ( p <

0.05 relative to WT controls) (Figure 17B).
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Figure 17. Social behaviour of GFAP.HMOX1°'2™ TG mice in the three-
chambre social interaction test. (A) Sociability. Top panel: schematic of
testing apparatus. Bottom panel: time spent in chambre with an empty cage
or a novel mouse. (B) Preference for social novelty. Top panel: schematic of
testing apparatus. Bottom panel: time spent in chambre with novel mouse or
familiar mouse. n=12. *p < 0.05; **p < 0.01. Error bars indicate SEM. E, empty
cage; F, familiar mouse; N, novel mouse. (Published as Figure 3 in Tavitian et

al., 2020, reproduced with permission).
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4.1.4. Bar-mouthing

“Male GFAP.HMOX1% 2™ TG mice showed a significant increase in bar-
mouthing bouts ( p = 0.01) and duration ( p = 0.03) compared with WT mice
(Figure 18). A similar increase was not observed in female GFAP.HMOX%-12m
TG mice (p =0.23 and p = 0.17 for bouts and duration, respectively) (Figure
18). Bar-mouthing is a stereotypy developed by animals in captivity and is

posited to reflect a desire to escape (Nevison et al., 1999).”"
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Figure 18. Bar-mouthing behaviour of GFAP.HMOX1°-12™ TG mice. (A) Mouse
engaged in bar-mouthing. (B) Bar-mouthing bouts in 1 hour. (C) Total time
spent in bar-mouthing behaviour in 1 hour. n =19 WT (9m, 10f), 23 TG (12m,
11f). *p < 0.05. Error bars indicate SEM. f, female; m, male. (Published as

Figure 6 in Tavitian et al., 2020, reproduced with permission).

19 Tavitian A, Cressatti M, Song W, Turk AZ, Galindez C, Smart A, Liberman A, Schipper HM (2020) Strategic Timing
of Glial HMOX1 Expression Results in Either Schizophrenia-Like or Parkinsonian Behavior in Mice. Antioxidants &
Redox Signaling 32:1259-1272. Reproduced with permission.
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4.2. Results of Experiment 2

These results were published in: Tavitian A, Cressatti M, Song W, Turk

AZ, Galindez C, Smart A, Liberman A, Schipper HM. Strategic Timing of Glial

HMOXI Expression Results in FEither Schizophrenia-Like or Parkinsonian

Behavior in Mice. Antioxid Redox Signal. 2020 Jun 10;32(17):1259-1272. doi:

10.1089/ars.2019.7937. Epub 2020 Jan 23. PMID: 31847534 (Tavitian et al.,

2020).
Summary of Results

Acute treatment with the atypical antipsychotic clozapine produced a
significant improvement in locomotor and stereotypical behaviour in
GFAP.HMOX1°%!?™ transgenic mice. A trend-level improvement of
sensorimotor gating, measured by prepulse inhibition of the acoustic startle
response, was also observed in GFAP.HMOX1° '™ transgenic mice following

clozapine treatment but did not reach statistical significance.
4.2.1. Open field test

Acute intraperitoneal administration of the atypical antipsychotic
clozapine (1 mg/kg) significantly attenuated open field locomotor activity
(movement bouts: p < 0.05 relative to vehicle treatment, total distance traveled:
p < 0.05 relative to vehicle treatment, time spent moving: p < 0.05 relative to
vehicle treatment) and stereotypy (stereotypy counts: p < 0.05 relative to

vehicle treatment, stereotypy bouts: p < 0.001 relative to vehicle treatment) in
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TG mice (Figure 19). A similar treatment with clozapine did not affect WT

locomotion (p > 0.05 for all comparisons).
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Figure 19. Attenuation of open field locomotor activity and stereotypy in
GFAP.HMOX1°12m TG mice by 1mg/kg, i.p., clozapine. (A) Movement bouts.
(B) Total distance traveled (cm). (C) Time spent moving (second). (D)
Stereotypy counts. (E) Stereotypy bouts. (F) Time spent in stereotypical
behavior (second). n =9(V), 10(Cl). *p < 0.05; ***p < 0.001. Error bars indicate
SEM. CI, clozapine; V, vehicle. (Published as Figure 1(G-L) in Tavitian et al.,

2020, reproduced with permission).
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4.2.2. Prepulse inhibition of the acoustic startle response

A trend toward improvement of prepulse inhibition of the acoustic startle
response (PPI) in TG mice by clozapine administration (1mg/kg, i.p.) did not
reach statistical significance (two-way ANOVA with Bonferroni correction,
treatment effect: p = 0.06) (Figure 20). Clozapine treatment did not affect PPI
in WT mice (two-way ANOVA with Bonferroni correction, treatment effect: p

= 0.32).

1007 = Cl(n=10)
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Figure 20. No significant effect of clozapine (1 mg/kg, i.p.) on PPI in
GFAP.HMOX1°-12™ TG mice. Percent PPl of the acoustic startle response in
GFAP.HMOX1°%712™ TG mice treated with either vehicle or clozapine. n = 10-11.
Error bars indicate SEM. Cl, clozapine; V, vehicle; PP, prepulse intensity above
background (dB); PPI, prepulse inhibition of the acoustic startle response.

(Published as Figure 2 in Tavitian et al., 2020, reproduced with permission).
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4.3. Results of Experiment 3
Summary of Results

In early adulthood, male GFAP.HMOX1°!2™ transgenic mice exhibit
craniofacial dysmorphology including elongation of the nasal bones, alteration

of head shape and reduction of directional asymmetry in facial shape features.
4.3.1. Head shape analysis
4.3.1.i. Dorsal view of mouse head

All dorsal view data sets passed the D'Agostino-Pearson (omnibus K2)
and/or the Anderson-Darling normality test (alpha = 0.05). In dorsal view, TG
mouse head shape differed significantly from WT counterparts in aspect ratio,
eccentricity and ratio of the maximum to the minimum radius from the centre
of mass of the convex hull to its boundary. Aspect ratio (ratio of minimum to
maximum caliper dimensions) of head shape in dorsal view was significantly
higher in TG vs. WT (p = 0.0020) (Figure 21A). The ratio of maximum to
minimum radii from the centre of mass of the convex hull to its boundary was
significantly lower in TG vs. WT (p = 0.0253) (Figure 21H). Eccentricity (ratio
of length to width of minimum bounding box) of head shape in dorsal view was
significantly lower in TG vs. WT (p = 0.0013) (Figure 21G). These results

reflect differences in head shape anisotropy between TG and WT mice.

Dorsal view head shapes of TG and WT mice did not differ significantly
in their compactness (p = 0.1530) (Figure 21B), roundness (p = 0.2977) (Figure
21C), circularity (p = 0.9284) (Figure 21D), solidity (p = 0.5883) (Figure 21E),

189



or convexity (p = 0.1304) (Figure 21F). A trend-level reduction in the ratio of
the maximum to the minimum radius from the centre of the bounding circle to
the boundary of the convex hull in TG vs. WT mice fell just short of statistical

significance (p = 0.0548) (Figure 211).
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Figure 21. Shape descriptors of WT and GFAP.HMOX1°12™ TG mouse heads in
dorsal view. (A) Aspect ratio. (B) Compactness. (C) Roundness. (D) Circularity.
(E) Solidity. (F) Convexity. (G) Eccentricity. (H) Ratio of maximum to minimum
radii from centre of mass of the convex hull to its boundary. (I) Ratio of
maximum to minimum radii from centre of the bounding circle to boundary of
the convex hull. n = 15WT, 16TG. *p < 0.05; **p < 0.01. Error bars indicate

SEM. WT, wild-type; TG, transgenic; Max., maximum; Min., minimum.
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4.3.1.ii. Right and left lateral views of mouse head

All right and left lateral view data sets passed the D'Agostino-Pearson
(omnibus K2) and/or the Anderson-Darling normality test (alpha = 0.05).
Compared to WT controls, GFAP.HMOX1°!2™ TG mice displayed a significant
reduction in “roundness” of the left hemiface shape (false discovery rate-
adjusted P value (q) = 0.0393) (Figure 22C). No significant difference was
found between TG and WT mice in “roundness” of the right hemiface shape (q

= 0.6888) (Figure 22C).

Neither right nor left hemiface shapes of TG mice differed significantly
from their WT counterparts in aspect ratio (right: q = 0.2806, left: g = 0.2806)
(Figure 22A), compactness (right: q = 0.6486, left: ¢ = 0.0557) (Figure 22B),
circularity (right: q = 0.9215, left: ¢ = 0.1003 ) (Figure 22D), solidity (right:
q = 0.6438, left: q = 0.6438) (Figure 22E), convexity (right: q = 0.8610, left:
q = 0.8610) (Figure 22F), eccentricity (right: q = 0.4753, left: q = 0.4753)
(Figure 22G), ratio of maximum to minimum radii from centre of mass of the
convex hull to its boundary (right: q = 0.9427, left: q = 0.2380) (Figure 22H),
or ratio of maximum to minimum radii from centre of the bounding circle to

boundary of the convex hull (right: q = 0.7562, left: q = 0.0739) (Figure 22I).

Wild-type mice displayed significant directional asymmetry of facial
shape (i.e. statistically significant left-right differences) in aspect ratio (q =
0.0172) (Figure 22A), compactness (q = 0.0348) (Figure 22B), roundness (q =
0.0351) (Figure 22C), and ratio of maximum to minimum radii from centre of

the bounding circle to boundary of the convex hull (q = 0.0012) (Figure 22I).

193



No significant directional asymmetry of facial shape was found in TG
mice for these shape features (aspect ratio: q = 0.2806 (Figure 22A),
compactness: q = 0.6486 (Figure 22B), roundness: q = 0.6888 (Figure 22C),
ratio of maximum to minimum radii from centre of the bounding circle to

boundary of the convex hull: q = 0.0739 (Figure 221I)).

Neither WT nor TG groups exhibited statistically significant directional
asymmetry of facial shape in any of the other analyzed shape descriptors
(circularity: qWT = 0.1165, qTG = 0.9215 (Figure 22D); solidity: qWT =
0.6438, qTG = 0.2982 (Figure 22E); convexity: qWT = 0.9241, qTG = 0.8610
(Figure 22F); eccentricity: qWT = 0.0552, qTG = 0.4753 (Figure 22G); ratio of
maximum to minimum radii from centre of mass of the convex hull to its

boundary: qWT = 0.2380, qTG = 0.9198 (Figure 22H)).

These analyses of directional asymmetry were performed at the group
level, i.e. comparisons between group means of all left configurations and

group means of all right configurations.

Directional asymmetry in a population can be estimated from either the
average of all left configurations vs. the average of all right configurations (as
in the values above), or equivalently from the individual left-right shape

differences across all individuals in the sample (Klingenberg, 2015).

In addition to group-level analyses presented above and in figure 22, left-
right facial shape differences were also analyzed at the level of individual mice

within each of the WT and TG groups. WT mice exhibited significant
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directional asymmetry in max/min radii from centre of bounding circle (p <
0.0001), roundness (p = 0.0233), aspect ratio (p = 0.0176), eccentricity (p =
0.0371) and compactness (p = 0.0219), but not in solidity (p = 0.5327),
circularity (p = 0.0652), convexity (p = 0.8709) or max/min radii from hull's
centre of mass (p = 0.0842). TG mice exhibited directional asymmetry only in
max/min radii from centre of bounding circle (p = 0.0432), although to a lesser
degree than WT. No significant directional asymmetry was found in other shape

descriptors of TG faces (roundness (p = 0.8756), aspect ratio (p = 0.2780),

eccentricity (p = 0.4225), compactness (p = 0.7687), solidity (p 0.0560),
circularity (p = 0.8505), convexity (p = 0.4385) or max/min radii from hull's
centre of mass (p = 0.5732)). Thus, TG mice showed markedly reduced

directional asymmetry in facial shape features compared to their WT

counterparts.
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Figure 22. Shape descriptors of WT and GFAP.HMOX1°'2™ TG mouse heads in
right and left lateral views. (A) Aspect ratio. (B) Compactness. (C) Roundness.
(D) Circularity. (E) Solidity. (F) Convexity. (G) Eccentricity. (H) Ratio of
maximum to minimum radii from centre of mass of the convex hull to its
boundary. (I) Ratio of maximum to minimum radii from centre of the bounding
circle to boundary of the convex hull. n = 15WT, 16TG. *q < 0.05 (FDR-adjusted
P value); **q < 0.01 (FDR-adjusted P value). Long horizontal lines represent
group means. Error bars indicate SEM. WT, wild-type; TG, transgenic; Max.,

maximum; Min., minimum; FDR, false discovery rate.
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4.3.2. Craniofacial bone morphometry

All data sets passed the D'Agostino-Pearson (omnibus K2) and/or the
Anderson-Darling normality test (alpha = 0.05). A highly statistically
significant increase in nasal bone length (Axis 1) was found in GFAP.HMOX1°"
I2m TG mice compared to WT counterparts. This elongation was seen in both
right (p < 0.0001, multiplicity adjusted P wvalue) and left (p < 0.0001,
multiplicity adjusted P value) TG nasal bones compared to WT (Figure 23A).
The difference in mean nasal bone length between TG and WT values was 8.1
+ 1.1 % for the right nasal bone and 8.4 = 1.1 % for the left nasal bone. No
difference was seen between right and left nasal bone lengths in either TG
(multiplicity adjusted P value = 0.9623) or WT (multiplicity adjusted P value

=0.9941) animals.

No significant difference was found between TG and WT values in
measurements of the remaining axes. Thus, frontal bone length along the
midline (Axis II), parietal bone length along the midline (Axis III),
interparietal bone length along the midline (Axis IV), linear distance between
right and left sides of the skull at the intersection of parietal, temporal and
occipital bones (Axis V), and cranial width (Axis VI) of TG mice did not differ
significantly from those of WT counterparts (p > 0.05 for each comparison)

(Figure 23B-F).
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Figure 23. Craniofacial Bone Morphometry of WT and GFAP.HMOX1°%-12m TG
mice. (A) Right and left nasal bone lengths. n = 12WT, 11TG. (B) Frontal bone
length along the midline. n = 12WT, 15TG. (C) Parietal bone length along the
midline. n = 12WT, 15TG. (D) interparietal bone length along the midline. n =
10WT, 12TG. (E) linear distance between right and left sides of the skull at the
intersection of parietal, temporal and occipital bones. n = 12WT, 12TG. (F)
cranial width. n=12WT, 15TG. ****p < 0.0001. Black horizontal lines represent
group means. Error bars indicate SEM. mm, millimetre; WT, wild-type; TG,

transgenic.
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No significant difference was found between TG and WT frontal-nasal
angles (nasal bone inclination angle measured at the junction between the

interfrontal and internasal sutures), p > 0.05 (Figure 24).

frontal-nasal angle
degrees)

O
160.0- ﬁ e
000 —%—
° 5
T

WT TG

Figure 24. Frontal-nasal angle of WT and GFAP.HMOX1°12™ TG mouse skulls.
Black horizontal lines represent group means. Error bars represent SEM. n =

11. WT, wild-type; TG, transgenic.

201



4.4. Results of Experiment 4

Hippocampal neuropathology and neuromorphometry results in middle
adulthood from this experiment were published in: Song W, Zukor H, Lin S-H,
Hascalovici J, Liberman A, Tavitian A, Mui J, Vali H, Tong X-K, Bhardwaj

SK, Srivastava LK, Hamel E, Schipper HM. Schizophrenia-like features in

transgenic mice overexpressing human HO-1 in the astrocytic compartment. J

Neurosci. 2012;32(32):10841-10853 (Song et al., 2012b).

Dentate gyrus granule cell layer neuropathology results in adolescence
from this experiment were published in: Tavitian A, Song W, Schipper HM.

Dentate gyrus immaturity in schizophrenia. Neuroscientist. 2019;25(6):528-

547 (Tavitian et al., 2019).
Summary of Results

HO-1 interferes with the structural maturation of the brain between
adolescence and adulthood, as evidenced by abnormal gray and white matter
anatomy in GFAP.HMOX1°%!?™ mice. Histopathological measurements revealed
that GFAP.HMOX1%!?™ transgenic mice exhibit a deviant maturational
trajectory of the lateral ventricles, the hippocampus and the corpus callosum
with a post-adolescent enlargement of the lateral ventricles and an arrested
maturation of the dentate gyrus granule cell layer and of the corpus callosum
at the adolescent-stage. A previously unidentified distinctive immature

morphology of the dentate gyrus granule cell layer is exposed in the brains of
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adult GFAP.HMOX1%!'2™ mice which is indistinguishable from the normal

adolescent-age morphology of this structure.
4.4.1. Lateral ventricles

At mid-to-late adolescence (P43-54), the cross-sectional area of the
lateral ventricles did not differ between WT and TG mice (p = 0.8942; Figure
25A). At the early adulthood age of 6 months (P199-207), a significant increase
was found in the cross-sectional area of the lateral ventricles of TG mice
compared to that of WT counterparts (p < 0.05; Figure 25B). In middle
adulthood (10-12 months of age), the cross-sectional area of the lateral
ventricles of TG mice showed a highly significant enlargement in comparison
with that of WT counterparts (p < 0.0001; Figure 25C). Within each genotype,
cross-sectional area of the lateral ventricles did not differ significantly
between left and right hemispheres (analysed at early adulthood) or between
male and female mice (analysed at mid-to-late adolescence and middle
adulthood) (p > 0.05 for all comparisons). Age-specific neuropathology and
neuromorphometry of GFAP.HMOXI1%!?2™ TG vs. WT lateral ventricles are

presented in Figure 25.
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Figure 25. Lateral ventricle neuroanatomy and neuromorphometry. Upper
panels, Neuroanatomy. Hematoxylin and eosin stained coronal sections,
depicted in inverted grayscale mode. Lateral ventricle in one hemisphere
denoted by white arrow. Lower panels, neuromorphometry. (A) Adolescence.
n=8WT(4M, 4F), 7TG(3M, 4F). (B) Early adulthood. n = 7ZWT(M), 8TG(M). (C)
Middle adulthood. n = 13WT(5M, 8F), 11TG(4M, 7F). Error bars indicate SEM.
ns, p > 0.05; *p < 0.05; ****p < 0.0001. WT, wild-type; TG, transgenic; um?,
square micrometre; LV, lateral ventricle; L, left; R, right, L/R AVE, average of

left and right values; M, male; F, female.
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4.4.2. Hippocampus

At mid-to-late adolescence (P43-54), hippocampal cytoarchitectonics
(analysed in coronal sections with antero-posterior (AP) coordinates of -
1.79mm to -2.03mm relative to bregma) did not differ between TG and WT mice
of either sex (p > 0.05 for all comparisons in hippocampal width and height
and blades of the dentate gyrus; figure 26). At this age, the TG dentate gyrus
granule cell layer is identical in morphology to its WT counterpart (Figure

26A).

206



O WT-m
3- B TG-m
o WrTA
2. m TG-f
e
e
1.
0. -

DGGCL DGGCL DGGCL HC-w HC-h
SP blade IP blade totall

Figure 26. Hippocampal neuroanatomy and neuromorphometry of
GFAP.HMOX1°12m and WT mice in adolescence at -1.79mm to -2.03mm from
bregma in the coronal plane. (A) Neuroanatomy. Dentate gyrus granule cell
layer depicted in hematoxylin and eosin stained coronal sections. Scale bars,
100um. (B) Neuromorphometry. n = 4 per group. Error bars indicate SEM.
DGGCL, dentate gyrus granule cell layer; HC, hippocampus; IP, infrapyramidal;
SP, suprapyramidal; WT, wild-type; TG, transgenic; h, height; w, width; L,
length; m, male; f, female; mm, millimetre. (Panel A published as Figure 4B in

Tavitian et al., 2019, reproduced with permission).
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In middle adulthood (10-12 months of age), hippocampal
cytoarchitectonics (analysed in coronal sections with antero-posterior (AP)
coordinates of -1.79mm to -2.03mm relative to bregma) was altered in both
male and female GFAP.HMOX1%!?2™ TG mice “characterized by diminished
widths of the dorsal hippocampus (p < 0.05 — 0.01 vs. WT) [and] dysgenesis
and . . . [shorter lengths] (p < 0.05 — 0.01 vs. WT) of the blades of the dentate
gyrus [granule cell layer]”?° (Figure 27). Strikingly at this age, the TG dentate
gyrus granule cell layer (DGGCL) appears ‘stunted’ relative to its age-matched
WT counterpart but is similar in morphology to that of adolescent WT and TG
mice (Figures 27A and 26A), suggesting an arrest in the morphological
maturation of the dentate gyrus at the adolescent stage in GFAP.HMOX1?-12m

TG mice.

20 5ong W, Zukor H, Lin SH, Hascalovici J, Liberman A, Tavitian A, Mui J, Vali H, Tong XK, Bhardwaj SK, Srivastava LK,
Hamel E, Schipper HM (2012) Schizophrenia-like features in transgenic mice overexpressing human HO-1 in the
astrocytic compartment. The Journal of Neuroscience 32:10841-10853. Reproduced with permission.
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Figure 27. Hippocampal neuroanatomy and neuromorphometry of
GFAP.HMOX1°12m and WT mice in middle adulthood at -1.79mm to -2.03mm
from bregma in the coronal plane. (A) Neuroanatomy. Dentate gyrus granule
cell layer depicted in hematoxylin and eosin stained coronal sections. Scale
bars, 100um. (B) Neuromorphometry. n = 4 (TG-m), 5 (WT-m), 4 (TG-f), 4 (WT-
f). *p < 0.05; **p <0.01. Error bars indicate SEM. DG GL, dentate gyrus granule
cell layer; HC, hippocampus; WT, wild-type; TG, transgenic; h, height; w, width;
I, length; m, male; f, female; mm, millimetre. (Published as Figure 5A in Song

et al., 2012, reproduced with permission).

209



The dentate gyrus dysgenesis is already apparent at the early adulthood
age of 6 months (P199-207) where, in coronal sections with antero-posterior
coordinates of -1.79mm to -2.03mm from bregma, the DGGCL of TG mice
presents the characteristic adolescent-like ‘stunted’” morphology relative to
age-matched WT DGGCL (Figure 28A). Morphometric analyses revealed
significantly shorter lengths of both the infrapyramidal blade (p < 0.001) and
the suprapyramidal blade (p < 0.001), as well as the total length (p < 0.001) of
the DGGCL in TG vs. WT brains (Figure 28B). Both hemispheres of the brain

were equally affected (Figure 28B).
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kokk kkk Kk 1 WTRH
31 EE TG RH
. 1 WTL/RAVE
e Kokk KRk REEK KXY TG L/RAVE
= Alalal T
E ol s |
()]
11 Q
o N R
. N N
i \) \}
suprapyramidal infrapyramidal total length
blade blade
Figure 28. Dentate gyrus granule cell Ilayer neuroanatomy and

neuromorphometry of GFAP.HMOX1% 2™ and WT mice in early adulthood at -
1.79mm to -2.03mm from bregma in the coronal plane. (A) Neuroanatomy.
Dentate gyrus granule cell layer depicted in hematoxylin and eosin stained
coronal sections. Scale bars, 100um. (B) Neuromorphometry. n = 6-7 (m). ***p
< 0.001. Error bars indicate SEM. WT, wild-type; TG, transgenic; LH, left
hemisphere; RH, right hemisphere; L/R AVE, average of left and right

hemisphere values; m, male; mm, millimetre.
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This abnormal morphology of the DGGCL in GFAP.HMOX1°%!2™ mice is
not globally present along its full antero-posterior axis, but seems to be a focal
anomaly, as no qualitative or quantitative difference was detected between TG
and WT brains at either the more anterior level of -1.43mm to -1.55mm from
bregma or the more posterior level of -2.45mm from bregma (p > 0.05 for all

comparisons; Figures 29 and 30).
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Figure 29. Dentate gyrus granule cell Ilayer neuroanatomy and

neuromorphometry of GFAP.HMOX1% 2™ and WT mice in early adulthood at -
1.43mm to -1.55mm from bregma in the coronal plane. (A) Neuroanatomy.
Dentate gyrus granule cell layer depicted in hematoxylin and eosin stained
coronal sections. Scale bars, 100um. (B) Neuromorphometry. n =5-7 (m). Error
bars indicate SEM. WT, wild-type; TG, transgenic; LH, left hemisphere; RH,
right hemisphere; L/R AVE, average of left and right hemisphere values; m,

male; mm, millimetre.
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Figure 30. Dentate gyrus granule cell layer neuroanatomy and

neuromorphometry of GFAP.HMOX1%12™ agnd WT mice in early adulthood at -
2.45mm from bregma in the coronal plane. (A) Neuroanatomy. Dentate gyrus
granule cell layer depicted in hematoxylin and eosin stained coronal sections.
Scale bars, 100um. (B) Neuromorphometry. n = 5-6 (m). Error bars indicate
SEM. WT, wild-type; TG, transgenic; LH, left hemisphere; RH, right hemisphere;

L/R AVE, average of left and right hemisphere values; m, male; mm, millimetre.
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At the antero-posterior level of the detected neuropathology (i.e. at -
1.79mm to -2.03mm from bregma in the coronal plane), the morphological
similarity of the adult TG DGGCL with its adolescent WT and TG counterparts
was additionally ascertained by morphometry. No significant difference was
found in the suprapyramidal blade, infrapyramidal blade or total lengths of the
DGGCL between early adult TG, adolescent WT or adolescent TG values
(multiplicity adjusted p > 0.05 for all comparisons; figure 31). Early adult WT
values of these lengths, however, showed a highly significant increase relative
to their age-matched TG as well as adolescent WT and TG counterparts
(multiplicity adjusted p < 0.001 - 0.01; figure 31). These results further attest
to an arrest in the maturational growth of the dentate gyrus granule cell layer

between adolescence and adulthood in GFAP.HMOX1° 2™ TG mice.
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Figure 31. Comparative neuromorphometry of the dentate gyrus granule cell
layer in adolescent and adult GFAP.HMOX1°%12™ and WT mice at -1.79mm to -
2.03mm from bregma in the coronal plane. (A) DGGCL suprapyramidal blade
morphometry. (B) DGGCL infrapyramidal blade morphometry. (C) DGGCL total
length morphometry. Error bars indicate SEM. n = 4-7 (m). **p < 0.01; ***p <
0.001. DGGCL, dentate gyrus granule cell layer; WT, wild-type; TG, transgenic;
EA, early adulthood (6 months; P199-207); ADO, mid-to-late adolescence (P43-

54); m, male; mm, millimetre.
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The shape of the dentate gyrus granule cell layer of adult GFAP.HMOX1°-
I2m TG mice may be described as having a ‘stunted’ appearance with
compressed blades and a rounded crest, compared to the elongated appearance
of its counterpart in age-matched WT mice (see panels A of figures 27 and 28).
This qualitative observation was confirmed by quantitative shape analysis
which revealed a statistically significant difference in the form factor of
DGGCL shape between adult TG and WT animals (at -1.79mm to -2.03mm from
bregma in the coronal plane). In early adulthood, DGGCL form factor (also
termed circularity) was significantly higher in TG vs. WT brains (p < 0.001;
figure 32A,B), but did not differ significantly between adult TG and adolescent
WT or TG brains (p > 0.05 for all comparisons; figure 32B), denoting a more
circular shape of the DGGCL in adolescent WT, adolescent TG and adult TG
compared to adult WT animals (Figure 32). At adolescence, DGGCL circularity
did not differ between WT and TG mice (p > 0.999), and whereas WT DGGCL
circularity decreased significantly from adolescence to adulthood (p < 0.05),
TG DGGCL circularity registered no significant difference between these two

ages (p > 0.05).
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Figure 32. Form factor (circularity) of the dentate gyrus granule cell layer in
adolescent and adult GFAP.HMOX1°%12™ and WT mice at -1.79mm to -2.03mm
from bregma in the coronal plane. (A) DGGCL circularity in early adulthood.
(B) DGGCL circularity at adolescence and early adulthood. Error bars indicate

SEM. n = 4-5 (m). ns, p > 0.05; *p < 0.05; ***p < 0.001. DGGCL, dentate gyrus
granule cell layer; L, left hemisphere; R, right hemisphere; AVG, average of left

and right hemisphere values; WT, wild-type; TG, transgenic; m, male.
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4.4.3. Corpus callosum
4.4.3.i. Anterior limit

No genotype or age effect was detected in the antero-posterior location
of the anterior limit of the corpus callosum. In all adolescent WT, adolescent
TG, adult WT and adult TG preparations surveyed, the genu of the corpus
callosum was first visible in coronal sections corresponding to AP coordinate
of +1.21mm relative to bregma, based on the The mouse brain in stereotaxic
coordinates, 4'" edition (Franklin and Paxinos, 2013) (Figure 33). The genu
connected the two cerebral hemispheres at identical levels in WT and TG brains

(Figure 34).
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Figure 33. Anterior limit of the genu of the corpus callosum. Upper panels,
Neuroanatomy. Representative coronal sections stained with Sudan Black B,
depicted in inverted grayscale mode. Genu of the corpus callosum is denoted
by white arrow in one hemisphere. Lower panel, Antero-posterior (AP)
coordinates of anterior limit of genu. n = 7-8 (m). Horizontal lines represent
group means. AP, antero-posterior; WT, wild-type; TG, transgenic; EA, early
adulthood (6 months; P199-207); ADO, mid-to-late adolescence (P43-54); m,

male; mm, millimetre.
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Figure 34. First coronal level of genu connecting cerebral hemispheres,
revealed by Sudan Black B stain. (A) WT at early adulthood. (B) TG at early

adulthood.
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4.4.3.ii. Posterior limit

The antero-posterior coordinates of the posterior limit of the corpus
callosum in early-adult WT brains differed significantly from those of early-
adult TG (multiplicity adjusted p < 0.001), adolescent WT (multiplicity
adjusted p < 0.05) and adolescent TG (multiplicity adjusted p < 0.001) brains
(Figure 35C). No significant difference was found in these coordinates between
early-adult TG, adolescent WT or adolescent TG brains (multiplicity adjusted
p > 0.05 for all comparisons; figure 35C). Thus, the splenium of the corpus
callosum reached its posterior limit at a significantly more anterior position in
adolescent WT, adolescent TG and early-adult TG than in early-adult WT brains
(Figure 35), suggesting an arrest in the maturational growth of the corpus

callosum between adolescence and adulthood in GFAP.HMOX1°% 2™ TG mice.
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Figure 35. Posterior limit of the splenium of the corpus callosum. (A)
Representative Sudan Black B-stained section depicting limit of splenium in
adolescent WT, adolescent TG and early-adult TG mice. (B) Representative
Sudan Black B-stained section depicting limit of splenium in early-adult WT
mice. (C) Antero-posterior (AP) coordinates of posterior limit of splenium. n
=7 (m) per group. *p < 0.05; ***p < 0.001. Black horizontal lines represent
group means. Error bars indicate SEM. AP, antero-posterior; WT, wild-type;
TG, transgenic; EA, early adulthood (6 months; P199-207); ADO, mid-to-late

adolescence (P43-54); m, male; mm, millimetre.
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This partial agenesis of the corpus callosum in GFAP.HMOX1°!?™ TG
mice is still present at middle adulthood. In 5 of 5 TG (3 male, 2 female) brains
surveyed, the corpus callosum had attained its posterior limit at an antero-
posterior location of -1.79mm to -2.03mm from bregma in the coronal plane,
compared to 1 of 9 WT (5 male, 4 female) brains examined (Fisher’s exact test
p = 0.0030). In the remaining 8 of 9 WT brains, the corpus callosum still
connected the two cerebral hemispheres at this surveyed antero-posterior level

(Figure 36).

Figure 36. Representative LFB/HE-stained sections at an antero-posterior
(AP) location of -1.79mm to -2.03mm from bregma in the coronal plane at
middle adulthood. (A) TG. (B) TG. (C) WT. Black arrows point to the region of
agenesis in TG brains (A,B) compared to WT corpus callosum (C). LFB/HE, Luxol

fast blue-hematoxylin and eosin; WT, wild-type; TG, transgenic.
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4.4.4. An overview of maturational trajectories of the dentate gyrus granule
cell layer, the corpus callosum and the lateral ventricles in GFAP.HMOX]1% %™

transgenic vs. wild-type mice is presented in Figure 37.

Figure 37. Maturational trajectories of the dentate gyrus granule cell layer,
the corpus callosum and the lateral ventricles in wild-type and GFAP.HMOX1°-
12m transgenic mice. (A) Dentate gyrus granule cell layer length. n = 4-7 per
group. (B) Dentate gyrus granule cell layer circularity (form factor). n = 4 per
group. (C) Posterior limit of corpus callosum. n = 7 per group. (D) Cross-
sectional area of lateral ventricles. n = 7-13 per group. p = 0.0071: significant
effect of genotype by age interaction detected by two-way ANOVA. Error bars
indicate SEM. Floating bars represent minimum to maximum values with
horizontal line at mean. *p < 0.05; ***p < 0.001 (multiplicity adjusted p values
from ordinary one-way ANOVA followed by Tukey’s multiple comparisons post
hoc test). WT, wild-type; TG, transgenic; EA, early adulthood (6 months; P199-
207); ADO, mid-to-late adolescence (P43-54); MA, middle adulthood (10-12
months); DGGCL, dentate gyrus granule cell layer; LV, lateral ventricle; mm,

millimetre; um?, square micrometre.
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4.5. Results of Experiment 5
Summary of Results

Sensorimotor gating deficits of male GFAP.HMOX1° '™ transgenic mice
emerge in early adulthood as the result of an aberrant maturational trajectory
of prepulse inhibition of the acoustic startle response (PPI) between late

adolescence and early adulthood.
4.5.1. Analysis of the PPI deficit in GFAP.HMOXI1°1°™ transgenic mice

In middle adulthood, male GFAP.HMOX1%!?™ transgenic mice present
deficient PPI, while female GFAP.HMOX 1% !2™ transgenic mice do not (Song et

al., 2012b) (see figure 4 in chapter 2, literature review, of this thesis).

Tukey’s post hoc multiple comparisons test revealed significant main
group effects between: male WT and male TG (multiplicity adjusted P value, p

= 0.0025), male WT and female WT (p = 0.0007), male WT and female TG (p

0.0061) groups. No significant main group effect was observed between: male
TG and female WT (p = 0.9410), male TG and female TG (p = 0.9967), or

female WT and female TG (p = 0.8742) groups.

To identify the localization of the PPI deficit in male GFAP.HMOX?-12m
TG mice, post hoc orthogonal comparisons were performed with Fisher’s Least
Significant Difference test. The PPI deficit in male GFAP.HMOX1°% 2™ TG mice
was found to occur in response to the higher intensity prepulses of 12dB (p =

0.0488) and 15dB (p = 0.0175) above background noise. No significant
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difference was seen in male WT vs. male TG PPI with prepulse intensities of

3dB, 6dB or 9dB above background noise (p > 0.05 for each comparison).

4.5.2. Identification of adolescent mice eligible for longitudinal follow-up of

PPI

Mean (£ SEM) PPI in response to the prepulse intensity of 15dB above
background noise was 46.01% (£ 3.67) in the combined dataset of male WT and
TG mice (n = 38) at late adolescence (P52 £ 2), with a lower 95% confidence
interval of 38.57% and an upper 95% confidence interval of 53.45% (Figure

38).
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Figure 38. PPl with a prepulse intensity of 15dB above background noise in
male wild-type and GFAP.HMOX1°12™ transgenic mice at P52 * 2 (late
adolescence). Each white circle represents a mouse. Long horizontal black line
represents mean. Short horizontal red lines represent lower and upper 95%
confidence intervals of mean. n = 38. PPI, prepulse inhibition of the acoustic

startle response.

Thirteen of 38 mice exhibited PPI levels that fell within the lower and
upper 95% confidence intervals of the mean (Figure 38), and were selected for

longitudinal follow-up of PPI progression from late adolescence to early

adulthood. Of these 13 mice, 7 were WT and 6 were TG. One WT mouse died
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before the age of 6 months and was excluded from all analyses. Therefore, the

final dataset of PPI progression included 6 WT mice and 6 TG mice.
4.5.3. Acoustic startle response (ASR) in late adolescence and early adulthood

At both late adolescence (P52 + 2) and early adulthood (P184 + 2), male
GFAP.HMOX1%!2™ TG mice showed a significantly attenuated magnitude of
their acoustic startle response to the 120 dB pulse stimulus compared to WT
counterparts. The significant attenuation was observed in both peak and
average startle amplitudes and was evident in the larger dataset of 38 mice
(Figure 39) as well as the group of 12 mice selected for longitudinal follow-up

of PPI progression (Figure 40).
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Figure 39. Magnitude of the acoustic startle response of WT and
GFAP.HMOX1°%12m TG mice at late adolescence (P52 + 2) and early adulthood
(P184 + 2). (A) Peak startle amplitude. (B) Average startle amplitude. n = 17-
20 per group. **p < 0.01. ***p < 0.001. ns, p > 0.05. Error bars represent SEM.
WT, wild-type. TG, transgenic. ADO, adolescence. EA, early adulthood.
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Figure 40. Magnitude of the acoustic startle response of the selected group
of WT and GFAP.HMOX1°12™ TG mice at late adolescence (P52 % 2) and early
adulthood (P184 + 2). (A) Peak startle amplitude. (B) Average startle
amplitude. *p < 0.05. **p < 0.01. ns, p > 0.05. n =6 per group. Error bars
represent SEM. WT, wild-type. TG, transgenic. ADO, adolescence. EA, early

adulthood.
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4.5.4. Prepulse inhibition of the acoustic startle response (PPI) in late

adolescence and early adulthood

At the late adolescent age (P52 + 2), male GFAP.HMOX1%!2™ TG mice
did not exhibit impairment of PPI relative to WT mice with any intensity of the
prepulse. In contrast, PPI in response to the prepulse of 12dB above background
was significantly augmented at this age in the TG group compared to that in
the WT group (p = 0.0002). There was no significant difference between TG
and WT groups in PPI with the 3dB above background (p = 0.4978), 6dB above
background (p = 0.6934), 9dB above background (p = 0.1352) or 15dB above

background (p = 0.1427) prepulses (Figure 41A).

When this same group of mice reached the age of 6 months (P184 £ 2,
early adulthood), a significant impairment of PPI was manifested in TG mice
relative to their WT counterparts. The PPI impairment of early adult TG mice
was evident in response to the higher intensity prepulses of 12dB above
background (p = 0.0156) and 15dB above background (p = 0.0240) prepulses.
No significant difference in PPI was observed between TG and WT groups with
the 3dB above background (p = 0.5346), 6dB above background (p = 0.4286)
or 9dB above background (p = 0.7007) prepulses (Figure 41B). This pattern of
PPI deficit in male GFAP.HMOX1%!2™ TG mice at this age is in line with that

observed in middle adulthood, as described above.

234



Figure 41. Prepulse inhibition of the acoustic startle response in male WT
and GFAP.HMOX1°12™ TG mice at late adolescence and early adulthood. (A)
PPl in response to 3dB, 6dB, 9dB, 12dB and 15dB above background prepulses
at P52 + 2 (late adolescence). (B) PPl in response to 3dB, 6dB, 9dB, 12dB and
15dB above background prepulses at P184 + 2 (early adulthood). n = 6 per
group. Boxes extend from the 25th to 75th percentiles. Whiskers extend to
minimum and maximum values. Horizontal lines at median. +, mean. *p < 0.05.
***p < 0.001. ns, p > 0.05. PPI, prepulse inhibition of the acoustic startle

response. dB, decibel. WT, wild-type. TG, transgenic.
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4.5.5. Maturational trajectory of PPl between late adolescence and early

adulthood in WT and TG mice

Significant differences were seen between TG and WT mice in PPI
progression from late adolescence to early adulthood. Prepulse inhibition in
response to the prepulse of 15dB above background noise underwent a
significantly lower augmentation in TG vs. WT mice (p = 0.0091) (Figure 42).
With the prepulse of 12dB above background noise, significantly different
changes in PPI were in opposite directions in TG and WT groups (p = 0.0007);
an increase in the WT group and a diminution in the TG group (Figure 42). No
significant differences were found between WT and TG groups in the
adolescent-to-adult change in PPI with the prepulse intensities of 3dB (p =
0.3038), 6dB (p = 0.7239) and 9dB (p = 0.3834) above background noise; all

registered a similar increase between these two ages (Figure 42).
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Figure 42. Change in prepulse inhibition of the acoustic startle response
between late adolescence (P52 + 2) and early adulthood (P184 + 2) in male
WT and GFAP.HMOX1°%12m TG mice. A%PPl represents the difference
(calculated in individual mice) between %PPl at P184 + 2 and %PPI at P52 + 2.
n =6 per group. **p < 0.01. ***p < 0.001. ns, p > 0.05. Error bars represent
SEM. A, difference. PPI, prepulse inhibition of the acoustic startle response.

dB, decibel. WT, wild-type. TG, transgenic.
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In TG mice, the maturational trajectory of PPI in response to prepulse
intensities of 3, 6 and 9 decibels above background noise advanced in congruity
with that of WT mice. However, TG and WT trajectories became divergent with
the higher intensity prepulses of 12 and 15 decibels above background noise.
Prepulse inhibition generated by the 12dB prepulse increased from late
adolescence to early adulthood in the WT group, but decreased in the TG group.
Prepulse inhibition generated by the 15dB prepulse increased from late
adolescence to early adulthood in both groups, however the augmentation was

significantly lower in TG than in WT mice.

The divergence in TG and WT trajectories in relation to the 12dB and
15dB prepulses echoes the deficiencies in PPI observed in adult TG mice with
these same two intensities of the prepulse, suggesting that the aberrant
maturational trajectory of PPI in GFAP.HMOX1%!?™ TG mice may underlie the

adult-age PPI deficits manifested in these mice.
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4.6. Results of Experiment 6

These results were published in:

Song W, Tavitian A, Cressatti M, Galindez C, Liberman A, Schipper

HM. Cysteine-rich whey protein isolate (Immunocal®) ameliorates deficits in

the GFAP.HMOXI1 mouse model of schizophrenia. Free Radic Biol Med.

2017;110:162-175 (Song et al., 2017b)

Song W, Zukor H, Lin S-H, Hascalovici J, Liberman A, Tavitian A, Mui
J, Vali H, Tong X-K, Bhardwaj SK, Srivastava LK, Hamel E, Schipper HM.

Schizophrenia-like features in transgenic mice overexpressing human HO-1 in

the astrocytic compartment. J Neurosci. 2012;32(32):10841-10853 (Song et al.,

2012b)
Summary of Results

Reelin immunoreactivity is reduced in multiple brain regions of adult

male, but not female, GFAP.HMOX1°%!2™ transgenic mice.

During early adulthood, short-term treatment with cysteine-rich whey
protein isolate (Immunocal®) augments brain reelin expression, ameliorates
behavioural dysfunction, but does not correct brain anatomical defects in

GFAP.HMOX1°!2™ transgenic mice.

4.6.1. Brain reelin expression in GFAP.HMOXI1°'°™ transgenic mice in middle

adulthood
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In middle adulthood, “a dramatic downregulation of immunoreactive
reelin protein [was observed] in and around neurons of the male transgenic PFC
[(prefrontal cortex)], HC [(hippocampus)], CPu [(caudate putamen of
striatum)] (Figure 43) and cerebellum (data not shown) compared with
corresponding WT preparations.”?! No such change in reelin expression was
observed in male TG substantia nigra (SN) (data not shown). Female TG mice
displayed no downregulation relative to WT expression in neuronal reelin

content of surveyed brain regions (Figure 43).

21 Song W, Zukor H, Lin SH, Hascalovici J, Liberman A, Tavitian A, Mui J, Vali H, Tong XK, Bhardwaj SK, Srivastava LK,
Hamel E, Schipper HM (2012) Schizophrenia-like features in transgenic mice overexpressing human HO-1 in the
astrocytic compartment. The Journal of Neuroscience 32:10841-10853. Reproduced with permission.
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Figure 43. Reelin immunofluorescence in TG and WT mouse brains at middle
adulthood. Downregulated reelin immunoreactivity (green) in male, but not
female, transgenic caudate putamen, prefrontal cortex and hippocampus
compared with WT littermates. Nuclei counterstained with DAPI (blue). CPu,
caudate putamen. PFC, prefrontal cortex, HC, hippocampus. WT, wild-type. TG,
transgenic. Scale bar, 10 um. (Published as Figure 5F in Song et al., 2012,

reproduced with permission).
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4.6.2. Brain reelin expression in GFAP.HMOX1° '™ transgenic mice following
cysteine-rich whey protein isolate (Immunocal®) supplementation in early

adulthood

In male prefrontal cortex (PFC), reelin expression was diminished in
casein-treated TG vs. WT mice at both protein (Figure 44A,C) and mRNA levels
(p < 0.05; Figures 44E and 44A). Immunocal treatment restored reelin levels
in the TG PFC, as evidenced by increased protein (Figure 44A-D) and mRNA

expression (p > 0.05 relative to WT mice; Figures 44E and 45B).

Reelin mRNA expression was also assessed in male striatum (STM) and
substantia nigra (SN). “The mRNA expression level of reelin . . . [was]
significantly reduced in casein-treated TG . .. STM compared to WT . . .
STM”?? (p < 0.001; Figure 45A). “The Immunocal-treated TG mice . . .
exhibited a trend towards recovery of reelin expression in the STM, although
reelin mRNA concentrations in this brain region remained significantly (p <
0.05) below WT values”?® (Figure 45B). No significant difference in reelin
mRNA expression was observed in the SN between WT and TG brains with

either casein or Immunocal treatment (p > 0.05; Figure 45A,B).

22 5ong W, Tavitian A, Cressatti M, Galindez C, Liberman A, Schipper HM (2017) Cysteine-rich whey protein isolate
(Immunocal(R)) ameliorates deficits in the GFAP.HMOX1 mouse model of schizophrenia. Free Radical Biology &
Medicine 110:162-175. Reproduced with permission.

3 Ibid.
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Figure 44. Reelin protein and mRNA in the prefrontal cortex of male mice at
early adulthood. A-D, Reelin protein immunoreactivity (A) casein-treated WT.
(B) Immunocal-treated WT. (C) casein-treated TG. (D) Immunocal-treated TG.
Reelin is depicted in green. Nuclei counterstained with DAPI are depicted in
blue. Scale bars, 16 um. (Published as Figure 10 in Song et al., 2017,
reproduced with permission). E, Reelin mRNA profile: fold change relative to
WT casein-treated controls (WTc). n = 4 per group. WT, wild-type. TG,
transgenic. ¢, casein-treated, |, Immunocal-treated. *p < 0.05. ns, p > 0.05.

Error bars represent SEM.
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Figure 45. Male brain reelin mRNA profiles in (A) casein-treated PFC, STM,
SN and (B) Immunocal-treated PFC, STM, SN. n = 4 per group. WT, wild-type.
TG, transgenic. PFC, prefrontal cortex, STM, striatum, SN, substantia nigra. *p
< 0.05. ***p < 0.001. Error bars represent SEM. (Published as Figure 9B in Song

et al., 2017, reproduced with permission).
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4.6.3. GFAP.HMOX1 '™ TG mouse behaviour following cysteine-rich whey

protein isolate (Immunocal®) supplementation in early adulthood
4.6.3.i. Locomotor activity

“Casein-treated male TG mice displayed a robust hyperkinetic profile as
reflected in all locomotor measurements, whereas female TG mice exhibited
partial hyperlocomotor activity (Figure 46). Immunocal treatment significantly
attenuated the hyperlocomotor activity in male TG mice, as evidenced by
changes in total distance, stereotypy count and time, movement time, and rest
time (Figure 46A). Certain measures of locomotor activity were enhanced in
Immunocal-treated female WT mice relative to those exposed to casein, thereby
masking potential differences in locomotor activity between the Immunocal-

exposed TG and WT females (Figure 46B).”*

24 Ibid.
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Figure 46. Locomotor activity. (A) Male. (B) Female. Total distance (top

panels);

movement number (middle panels);

STRCNT-stereotypy count,

STRNO-stereotypy number,

and MOVNO-

RESTIME-rest time, STRTIME-stereotypy

time, and MOVTIME-movement time (bottom panels).

*p < 0.05,

**p < 0.01,

***p < 0.001. Error bars represent SEM. (Published as Figure 2 in Song et al.,

2017,

reproduced with permission).
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4.6.3.ii. Prepulse inhibition of the acoustic startle response (PPI)

“PPI occurred in male and female WT mice treated with casein
(controls), although . . . [PPI] was less robust in the females (Figure 47A) [as
in our treatment-naive middle adulthood cohort described above (experiment 5
and Song et al., 2012), and] as previously reported in . . . humans (Aasen et
al., 2005). Relative to casein-treated WT animals, PPl was significantly
attenuated in male TG mice (p = 0.02; Figure 47A). We observed a trend
towards impairment of PPI in casein-treated female TG mice (p = 0.06, relative
to WT subjects; Figure 47A), particularly following exposure to high pre-pulse
levels, as noted in an earlier report (Braff et al., 2005). Impairment of PPI was
significantly ameliorated in female TG mice receiving Immunocal treatment (p
< 0.0001 relative to casein-treated TG group; Figure 47D). In male mice, no
significant differences in PPI rescue could be evinced between the Immunocal
and casein-treated TG mice because the baseline PPI level of WT mice exposed
to Immunocal was lower (albeit not statistically significantly) than that of the
WT-casein group (Figure 47C), whereas the PPI levels of the TG-Immunocal

and TG-casein groups were comparable (Figure 47D).”%

2 |pid.
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Figure 47. Prepulse inhibition. (A) Casein-treated (control) GFAP.HMOX10-12m
transgenic and WT male (top panel) and female (bottom panel) mice. (B)
Immunocal-treated TG and WT male (top panel) and female (bottom panel)
mice. (C) Comparison of Immunocal- and casein-treated WT mice (top panel,
males; bottom panel, females). (D) Comparison of Immunocal- and casein-
treated TG mice (top panel, males; bottom panel, females). (Published as

Figure 1 in Song et al., 2017, reproduced with permission).
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4.6.4. Hippocampal and ventricular pathology

“H & E staining of coronal brain sections revealed markedly enlarged
lateral ventricles (ventriculomegaly) (Figure 48A) and altered hippocampal
cytoarchitectonics (dentate gyrus dysgenesis) (Figure 48B) in both male and
female TG mice. A morphometric analysis of the HC [(hippocampus)] showed
that the granule cell layer of the dentate gyrus in TG mice was significantly
diminished in size compared to WT mice (p < 0.05; Figure 48B). The
ventriculomegaly and dentate gyrus dysgenesis observed in both male and
female TG mice were not reversed by Immunocal supplementation (Figure

48).7%

% Ipid.
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Figure 48. Brain histomorphology. (A) Four-micron thick coronal sections
(bregma + 0.50 mm) stained with H & E. Note dilatation of lateral ventricles in
the GFAP.HMOX1 preparations. (B) Morphometrics of hippocampus and
dentate gyrus. *p < 0.05. Error bars represent SEM. (Published as Figure 8 in

Song et al., 2017, reproduced with permission).
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5.1. Overview of findings

Continuous overexpression, from embryogenesis to adulthood, of HO-1 in
GFAP-expressing cells, predominantly astrocytes, interfered with post-
adolescent maturation of the brain in GFAP.HMOX1%!2™ transgenic mice. At
mid-to-late adolescence, the anatomy of the hippocampus, the corpus callosum
and the lateral ventricles of GFAP.HMOX1°!?™ mice did not differ from that
of WT control animals. At early adulthood, however, there was a significant
difference in the anatomy of these regions between GFAP.HMOX1°% 2™ and WT
brains, which was still evident at middle adulthood. While the WT corpus
callosum and hippocampal dentate gyrus (DG) continued their growth from
adolescence to adulthood, these structures remained at an immature adolescent-
like stage in GFAP.HMOX1%!?™ brains. Concurrently, GFAP.HMOX]?-!?m
lateral ventricles underwent a marked dilatation between adolescence and
adulthood, relative to their age-matched WT counterparts. This deviation from
a normal maturational trajectory in brain structure of GFAP.HMOX 1°-!12™ mice
was accompanied by a similarly aberrant trajectory in brain function from
adolescence to adulthood, as evidenced by a disruption in the normal
maturation of sensorimotor gating capacity. PPI, a measure of sensorimotor
gating, was significantly impaired in adult, but not adolescent, male

GFAP.HMOX1°%12m mice.

Additional behavioural phenotyping of GFAP.HMOX1%!2™ mice in early
adulthood revealed deficits in nest-building ability, short-term spatial working

memory, and preference for social novelty without an impairment in sociability.
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Bar-biting behaviour, a cage-related stereotypy thought to reflect a desire to
escape (Nevison et al., 1999; Lewis and Hurst, 2004), was enhanced in male
GFAP.HMOX1%!2™ mice. As previously documented in middle adulthood (Song
et al., 2012b), GFAP.HMOXI1°!>™ mice of early-adult age exhibited
hyperkinesia and augmented motor stereotypy in a novel environment. The
hyperlocomotor behaviour was more pronounced in male than in female

GFAP.HMOX1°%12m™ mice.

Acute treatment with the atypical antipsychotic medication clozapine
significantly decreased the hyperlocomotor behaviour and stereotypy in male
GFAP.HMOX1%!2™ mice of early-adult age. A trend toward improvement of PPI
with clozapine administration did not reach statistical significance in these
mice. Hyperlocomotor activity and stereotypy in early-adult male
GFAP.HMOX1°%!2™ mice were also significantly attenuated following a short-
term treatment regimen with the glutathione precursor Immunocal®. In
females, Immunocal treatment enhanced certain measures of locomotor activity
in WT mice, thereby masking its potential effects on GFAP.HMOX1°% 2™ mice.
Immunocal had no effect on PPI in male GFAP.HMOX1%!2™ mice, but elevated

it in females.

Brain reelin content was diminished in male, but not female,
GFAP.HMOX1°%!2™ mice, and was augmented by Immunocal supplementation.

Brain anatomical defects, however, were not affected by Immunocal treatment.
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Craniofacial morphometric analyses of male GFAP.HMOX1%!2™ mice in
early adulthood revealed elongated nasal bones, altered head shape anisotropy,

and reduced facial left-right directional asymmetry relative to WT controls.

The neuropathology in the adult GFAP.HMOX1°%!'2™ mouse DG and corpus
callosum documented in this thesis is focal. In the corpus callosum the
maturational arrest was confined to the splenium, and in the DG granule cell
layer it was detected only at a location with antero-posterior coordinates of -
1.79mm to -2.03mm from bregma. A previously unknown distinctive
adolescent-like ‘stunted’ morphology of the DG granule cell layer was
discovered in the adult GFAP.HMOX1°!>™ mouse brain. This morphological
signature exposed in the adult GFAP.HMOX1°!?>™ DG granule cell layer is
qualitatively and quantitatively indistinguishable in shape and size from the
normal granule cell layer in adolescent WT mice, as well as adolescent
GFAP.HMOX1°!2™ mice, and can be characterized as having a smaller, more
condensed size and a more circular shape than the DG granule cell layer of
adult WT mice. These findings “strongly suggest that the stunted morphology
of the dentate gyrus in GFAP.HMOX1°% 2™ mice corresponds to a developmental

arrest of cytoarchitectonic maturation within this brain region”?’,

5.2. Relevance to schizophrenia

27 Tavitian A, Song W, Schipper HM (2019) Dentate Gyrus Immaturity in Schizophrenia. Neuroscientist 25:528-547.
Reproduced with permission.
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While acknowledging the inherent difficulties in modelling a uniquely
human disorder like schizophrenia in animals (described in chapter 2, section
2.2), Powell and Miyakawa (2006) favour using a broad behavioural screen
approach to assess the relevance of an animal model to schizophrenia (Powell
and Miyakawa, 2006). First, they list a set of mouse behaviours along with
signs and symptoms of schizophrenia in humans that each behaviour is
potentially relevant for. They then propose creating a decision tree by, for
example, deciding that at least three separate schizophrenia-relevant
behaviours must be present in a given model in order for it to be considered
germane to schizophrenia (Powell and Miyakawa, 2006). However, they also
suggested that such a criterion may still have been overly stringent at the time
of their publication (Powell and Miyakawa, 2006). GFAP.HMOX1%!2™ TG mice
display five schizophrenia-relevant behaviours listed in the Powell and
Miyakawa Table, thereby exceeding their proposed criterion of three (Powell
and Miyakawa, 2006). The remaining behaviours listed in this Table have not

yet been assessed in GFAP.HMOX1% 2™ TG mice.

According to this list, the hyperlocomotor activity of GFAP.HMOX]°%-12m
mice corresponds to psychomotor agitation within the domain of positive signs
and symptoms of schizophrenia; decreased nesting behaviour and reduced
preference for social novelty correspond to social withdrawal within the
domain of negative signs and symptoms; the deficit in short-term spatial

working memory lies within the cognitive signs and symptoms domain, which
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also includes PPI impairment as a deficit in sensorimotor gating (Powell and

Miyakawa, 2006).

Nest building is a spontaneous behaviour proposed to mirror activities of
daily living in humans (Jirkof, 2014). In small rodents, it is important for heat
conservation, reproduction and shelter. Non-maternal or "sleeping" nests (the
type of nest assessed in GFAP.HMOX1°%!2™ mice) allow the mouse to shield
itself from external stimuli, the elements, predators and competitors (Jirkof,
2014). Schizophrenia patients are dysfunctional in self-care and activities of
daily living (Samuel et al., 2018; Ayres et al., 2019; Harvey et al., 2019), a
dysfunction mirrored by deficient nest-building ability in GFAP.HMOX10°-12m
mice. Sensorimotor and memory deficits, in addition to apathy and deficits in
behavioural planning and organization, are thought to underlie deterioration of
nest building behaviour in mice (Jirkof, 2014). In schizophrenia patients,
functional capacity is significantly associated with spatial working memory,
planning, and negative symptoms (Aubin et al., 2009). Taken together, the
spatial working memory and sensorimotor gating (PPI) deficits exhibited by
GFAP.HMOX1°%!?2™ mice, while representing independent brain dysfunctions
relevant to schizophrenia as both are impaired in schizophrenia patients
(Forbes et al., 2009; Swerdlow et al., 2018), may also be contributing to the

impaired nest-building capacity in these mice.

While the assessment of nest-building ability in mice is an indirect
correlate of self-care and daily functioning capacity in humans, PPI can be

directly measured in humans and mice using similar experimental procedures
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with robust cross-species reliability (Powell et al., 2009). Schizophrenia
patients (men in particular, see chapter 2, section 2.3) exhibit deficient PPI
(Braff et al., 1978; Swerdlow et al., 2018; San-Martin et al., 2020), replicated
in male GFAP.HMOX1°!2™ mice. Braff and colleagues (1999) reported that
male schizophrenic patients were maximally deficient in PPI with the
presentation of stronger prepulses (16 dB above background vs. 2, 4, or 8 dB)
(Braff et al., 1999). The PPI deficit in adult male GFAP.HMOX1°% 2™ mice is
also apparent in response to the higher prepulses of 12 dB and 15 dB above
background noise, and is not present when lower intensity prepulses (3, 6, or
9 dB) are presented, thus mirroring the human condition. In addition,
GFAP.HMOX1°% 2™ mice display a lower magnitude of the acoustic startle
response compared to WT controls; a finding that has also been reported for
schizophrenia patients compared to healthy control subjects (Braff et al., 1999;

Quednow et al., 2006; Matsuo et al., 2016; Swerdlow et al., 2018).

Male GFAP.HMOX1°!?™ mice performed cage bar-biting stereotypy at a
significantly higher rate than WT counterparts. Bar-biting behaviour by caged
animals has been shown to represent attempts at escaping captivity (Nevison et
al., 1999; Lewis and Hurst, 2004), and is said to be similar to stereotypies in
schizophrenia patients (Garner and Mason, 2002). Whether it also reflects a
heightened desire by schizophrenia patients to escape from confined spaces

remains to be demonstrated.

The expression of reelin, a glycoprotein important for both the developing

and the mature brain (Fatemi, 2005), is decreased in the brains of individuals
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with schizophrenia (Impagnatiello et al., 1998; Fatemi et al., 2000; Guidotti et
al., 2000; Torrey et al., 2005; Eastwood and Harrison, 2006; Habl et al., 2012).
One investigation found that the reelin reduction in schizophrenia is specific
to male patients and is not present in females (Eastwood and Harrison, 2003).
In GFAP.HMOX1%!2™ mice, reelin was similarly downregulated in male, but

not female, brains and was augmented by Immunocal supplementation.

Enlargement of the lateral ventricles, deficits in the corpus callosum, and
reduced size of the hippocampus including DG, consistently detected in
schizophrenia patients (see chapter 2, sections 2.4.4, 2.5.2 and 2.6.1) are
replicated in GFAP.HMOX1% 2™ mice. The corpus callosum anomaly identified
in GFAP.HMOX1°%!2™ brains is located posteriorly, at the splenium. Of note, as
described in chapter 2, section 2.4.4, (1) DeQuardo and colleagues (1996)
found that “anatomical abnormalities demonstrable in the midsagittal plane of
patients with schizophrenia are fairly circumscribed (focal), involving the
posterior half of the corpus callosum” (DeQuardo et al., 1996), (2) never-
medicated first episode schizophrenia patients showed reduced fractional
anisotropy (reflecting axon and myelin integrity) in only the splenium (Cheung
et al., 2008; Gasparotti et al., 2009), and (3) volumes of the splenium in
individuals at high risk for developing schizophrenia and of the whole corpus
callosum in treatment-naive first episode schizophrenia patients lack the age-
related increase seen in healthy control subjects (Keshavan et al., 2002a;
Francis et al., 2011). The latter suggests maturational arrest, a concept

considered for the schizophrenia-affected corpus callosum by other groups, as
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well (Flynn et al., 2003; Bersani et al., 2010). Thus, the arrest in maturation

10—12m

of the posterior corpus callosum (splenium) in GFAP.HMOX mice mirrors

the anomalies present in the schizophrenia-affected corpus callosum.

Adult male GFAP.HMOXI1°!2™ mice exhibited altered head shape
anisotropy, reduced directional asymmetry of the face, and elongated nasal
bones compared to WT counterparts. These craniofacial anomalies bear a
striking resemblance to those documented in schizophrenia patients viz.
midline facial elongation and frontonasal anomalies (Lane et al., 1997;
Hennessy et al., 2004; Buckley et al., 2005; Kelly et al., 2005; Henriksson et
al., 2006; Deutsch et al., 2015). The similarity is all the more remarkable in
that it replicates in male GFAP.HMOXI1%!?™ mice the reduction in facial
directional asymmetry of male patients (Hennessy et al., 2004). As described
in chapter 2, section 2.7.2. of this thesis, relative to healthy control subjects,
facial directional asymmetry is decreased in male schizophrenia patients
whereas it is increased in female patients with the disorder (Hennessy et al.,
2004). Recently, female mice with disruption of the neuregulin-1 gene
(associated with risk for schizophrenia) were shown to have greater facial
directional asymmetry than their WT control animals, recapitulating the
accentuation of directional asymmetry in facial shape of female schizophrenia
patients (Hennessy et al., 2004; Waddington et al., 2017). Whether directional
asymmetry is enhanced in the faces of female GFAP.HMOX1°% 2™ mice relative

to WT mice remains to be demonstrated.
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The behavioural improvements in GFAP.HMOX1°!2™ mice following
supplementation with the glutathione precursor, Immunocal were accompanied
by restoration of brain glutathione homeostasis and neurotransmitter balance,
and alleviation of cellular oxidative stress (Song et al., 2017b), all of which
are dysregulated in the schizophrenia-affected brain (Keshavan et al., 2008;
Yao and Keshavan, 2011; Kumar et al., 2020). Clinical trials using another
glutathione precursor, N-acetyl cysteine (NAC), as adjunctive therapy to
antipsychotic treatment in schizophrenia patients resulted in significant
improvements in total and negative symptom scores compared to placebo (Berk
et al., 2008; Farokhnia et al., 2013). No additive effect of NAC was found for
positive symptom scores in these two trials (Berk et al., 2008; Farokhnia et al.,
2013). As the patients included in these studies were already receiving
antipsychotic medications, the lack of a response of positive symptoms to NAC
may be due to a ‘floor’ effect. Based on our results with Immunocal, it is
possible that if administered alone, NAC would similarly ameliorate positive
symptoms in schizophrenia patients. It is also worth noting that, although not
a part of this thesis, the results of Immunocal treatment on neurotransmitter
systems in GFAP.HMOX1%!?™ mice suggest that it may also be beneficial for
negative symptoms, but direct assessment of related behaviours under the effect

of Immunocal remains to be demonstrated in these mice (Song et al., 2017b).

In addition to schizophrenia-relevant features of GFAP.HMOX1%!2™ mice
which our group previously reported, as described in chapter 2, section 2.9

(Song et al., 2012b; Song et al., 2012a; Song et al., 2017b), the findings
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reported in this thesis, with their similarities to schizophrenia in humans,
strengthen the face validity of GFAP.HMOX1°%!2™ mice as a useful model for

schizophrenia research.

Acute treatment with the atypical antipsychotic medication clozapine
significantly decreased the hyperlocomotor behaviour and motor stereotypy in
GFAP.HMOX1%!2™ mice. While PPI was also augmented by clozapine
treatment, the improvement did not reach statistical significance. The
administered dose of clozapine (Img/kg of body weight) may have been
insufficient to elicit a significant enhancement of PPI, as such an enhancement
has followed administration of a higher dose of 3mg clozapine per kg of mouse
body weight in other studies (Lipina et al., 2005; Niwa et al., 2010). Clozapine
has high efficacy as an antipsychotic medication for the treatment of
schizophrenia symptoms including in treatment-resistant patients, although its
exact mode of action is unknown (Foussias and Remington, 2010; Fakra and
Azorin, 2012). Unlike typical antipsychotics that act principally by blocking
the D2 dopamine receptor, clozapine has a low affinity for D2 receptors and
shows a complex receptor-binding profile that involves dopamine (mainly D4),
serotonin, histamine, adrenaline, muscarinic acetylcholine and possibly gamma
aminobutyric acid (GABA) receptors (Kusumi et al., 2015; Nair et al., 2020).
In GFAP.HMOX1° 2™ mice, clozapine may have exerted its beneficial effects
by regulating the excessive basal ganglia dopamine and serotonin

concentrations our group previously reported in these animals (Song et al.,
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2012b). The ability of clozapine to ameliorate schizophrenia-relevant

behaviours in GFAP.HMOX1% 2™ mice adds predictive validity to this model.

As for construct validity of this model, current evidence implicating HO -
1 in schizophrenia is discussed in chapter 2, section 2.8.2.v. “Astrocytes have
[also] received much attention in recent years as important players in the

pathophysiology of schizophrenia (reviewed in (Bernstein et al., 2015))”2,

Evidence from the schizophrenia literature for the probable existence of
perpetuated DG immaturity in this illness was gathered, synthesized and
presented in the background section of this dissertation (chapter 2, section
2.5.2.1; also published in (Tavitian et al., 2019)). The research findings
presented in this thesis expose, for the first time, what may be a morphological
correlate of DG immaturity in schizophrenia (published in (Tavitian et al.,
2019)). The immature dentate gyrus may have significant implications for the
development and clinical course of schizophrenia, as discussed in the following

sections.

5.2.1. Dentate gyrus granule cell layer morphology in schizophrenia

As mentioned in chapter 2, section 2.5.2.i1, “systematic . . . sampling of
dentate gyrus granule cell layer morphology has not been performed on human
postmortem tissue in schizophrenia. Consequently, no record exists detailing

this morphology and carefully comparing it with that of healthy controls.

28 Ipid.
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A postmortem study of pyramidal cell number, size and disarray by Benes
and colleagues (1991) included 14 schizophrenic patients and 9 control subjects
and used Nissl-stained sections from the posterior hippocampus [which
corresponds to the dorsal hippocampus in mice (see chapter 2, section 2.5)] at
the level of the lateral geniculate nucleus and pulvinar (Benes et al., 1991).
Inspection of figure 2 of their article suggests that the morphology of the
dentate gyrus granule cell layer in the schizophrenia specimen is stunted
relative to the control preparation. This anomaly may represent a
morphological correlate of retained dentate gyrus immaturity in individuals
with schizophrenia (Figure 49A and B) (Benes et al., 1991). The abnormal
shape of the dentate gyrus granule cell layer in the adult human schizophrenic
brain bears an intriguing resemblance to its appearance in the normal
adolescent human brain at mid-caudal levels of the hippocampus (Figure 49C
and D) (Green and Mesulam, 1988), further supporting the notion of
histopathological immaturity (arrested development) of the dentate gyrus
granule cell layer in this disease. Empirical validation of [this] . . . hypothesis
warrants future systematic cytoarchitectonic studies of the dentate gyrus
granule cell layer in schizophrenia patients while carefully controlling for
medication history, comorbidities, and clinical subtypes of the disorder. The
entire dentate gyrus or localized portions along its longitudinal axis may be

affected. The latter scenario may underlie reports of shape deformities of the
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hippocampus as localized volume deficits in the dentate gyrus granule cell

9929

layer could affect the contour of the entire hippocampus

Figure 49. Morphology of the human dentate gyrus granule cell layer in schizophrenia. (A, B)
Nissl-stained hippocampal sections of normal subject (A) and subject with schizophrenia (B).
Arrows denote dentate gyrus granule cell layer (from Benes FM, Sorensen |, Bird ED, Reduced
neuronal size in posterior hippocampus of schizophrenic patients, Schizophrenia Bulletin (1991)
17(4):597-608, doi: 10.1093/schbul/17.4.597. Reproduced by permission of Oxford University
Press on behalf of the University of Maryland School of Medicine). (C, D) Nissl-stained
hippocampal section from normal adult human brain (C) and acetylcholinesterase stained and
lightly Nissl counterstained hippocampal section from normal adolescent human brain (granule
cell layer outlined in black) (D). Arrows denote dentate gyrus granule cell layer (from Green RC,

Mesulam MM, Acetylcholinesterase fiber staining in the human hippocampus and

2 |pid.
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parahippocampal gyrus, Journal of Comparative Neurology, 1988, 273(4):488-499, copyright
(1988) Alan R. Liss, Inc., reprinted by permission of John Wiley and Sons). (This figure compilation
was published in Tavitian et al., 2019. Reproduced with permission).

5.2.2. Dentate gyrus granule cell layer morphology in schizophrenia-relevant

animal models

“This “signature” pattern of arrested dentate gyrus morphology in adult
rodents [exposed in the GFAP.HMOX1%!?2™ mouse brain] may be present in
several other preclinical models germane to schizophrenia. To date, no study
has systematically examined the morphology of the dentate gyrus granule cell
layer in these models, as . . . [performed] in the GFAP.HMOX1°%!2™ mouse.
Therefore, there are no published reports of this immature dentate gyrus
granule cell layer morphology in other preclinical models of schizophrenia.
Nevertheless, . . . this morphological alteration, which may have been

overlooked if not the focus of the authors’ investigations”3°

, appears detectable
in a small number of published images from various genetic and developmental
models. Genetic models in which this abnormality appears include a-CAMKII-
HKO (Yamasaki et al., 2008), STOP null (Powell et al., 2007), NRI
hypomorphic (NRIneo/neo) (Duncan et al., 2010), TLR-2 KO (Park et al.,
2015), Discltr mice (Shen et al., 2008) and 14-3-3zeta deficient (Cheah et al.,
2012; Xuetal., 2015) mice. Developmental models of schizophrenia displaying

this neuroendophenotype include the MAM-E17 (Le Pen et al., 2006; Moore et

al., 2006; Matricon et al., 2010) and AraC (Brown et al., 2012) rat models, as

39 Ibid.
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well as the maternal immune activation models of Polyl:C treatment (Nyffeler
et al., 2006; Stridh et al., 2013) and early IL-6 exposure (Samuelsson et al.,
2006). Figure 50 demonstrates this “signature” pattern of arrested dentate gyrus
morphology in the MAM-E17 rat model from three separate publications
emanating from two independent research groups across the world and
generated on two different genetic backgrounds (outbred Sprague—Dawley and
inbred Fischer 344), attesting to its robustness (Le Pen et al., 2006; Moore et

al., 2006; Matricon et al., 2010).
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Figure 50. Morphology of the dentate gyrus granule cell layer in adult MAM-
exposed rats (right panels) and saline-treated controls (left panels). The
granule cell layer of the adult dentate gyrus has a stunted morphology in rats
treated with MAM on E17 (right panels) relative to age-matched saline-treated
control rats (left panels) [Rectangles in panel C are part of the original
publication and were the focus of the authors’ study. They are irrelevant to
the current thesis] (A) from Moore et al. 2006, copyright (2006) Society of
Biological Psychiatry, reprinted with permission from Elsevier. (B) from Le Pen
et al. 2006, copyright (2006) International Brain Research Organization (IBRO),
reprinted with permission from Elsevier. (C) from Matricon et al. 2010 PLoS

ONE, copyright (2010) Matricon et al., reprinted with permission.
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“Future cytoarchitectonic and immunohistochemical studies should be
directed toward systematically assessing the granule cell layer of the dentate
gyrus in rodent models used for schizophrenia research. Only then can our
hypothesis, in terms of its application to preclinical models of schizophrenia,
be empirically validated or refuted. As discussed . . . [in chapter 2, section
2.2], no animal model can be a complete representation of schizophrenia and
significant limitations are inherent to all. Still, each model can help elucidate

distinct mechanisms within the complex etiopathogenesis of the disease” 3.

5.2.3. Model

Figure 51 schematizes this model of morphological immaturity of the

dentate gyrus in schizophrenia.

31 Ibid.
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Figure 51. Morphological immaturity of the dentate gyrus in schizophrenia: a
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model. Reproduced from Tavitian et al. 2019, with permission.

5.2.4. Implications of the immature dentate gyrus endophenotype

Immaturity of dentate granule cells that fail to achieve an elaborate
neuritic arbour can lead to neuropil reduction in the dentate gyrus

“commensurate with the “reduced neuropil hypothesis” of schizophrenia
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(Selemon and Goldman-Rakic, 1999)”32 “It is also conceivable that arrested
development of the dentate gyrus underlies the hippocampal volume deficit in
schizophrenia. Developmental hypoplasia of the hippocampus in schizophrenia
has been proposed by Bogerts and colleagues (Bogerts et al., 1985). This would
imply that the reduced volume of the hippocampus in this disorder is not caused
by later atrophy but by an initial failure to grow to normal adult size. This
hypothesis is supported by a recent imaging study demonstrating that
hippocampal volumes in individuals at high-risk for schizophrenia remain
static in late adolescence, whereas those of healthy controls progressively
increase during the same age period (Bois et al., 2016). The developmentally
arrested dentate gyrus neuroendophenotype is also in agreement with the
midline cerebro-craniofacial dysmorphogenesis model of schizophrenia put

forth by Waddington and colleagues (Waddington et al., 1999).

Behavioural outcomes of retained dentate gyrus immaturity may include
delusions and distorted perceptions of reality, as well as hyperdopaminergia-

induced hyperkinesia, as outlined below.

A fundamental role ascribed to dentate gyrus granule cells is pattern
separation to discriminate among inputs and reduce interference among
encoded memories (Bakker et al., 2008). Impairment of pattern separation has
been reported in chronic schizophrenia as well as in patients with first-episode

psychosis (Das et al., 2014; Martinelli and Shergill, 2015; Kraguljac et al.,

32 Ibid.
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2018). As mature granule cells are suggested to perform pattern separation
more efficiently than immature ones (Aimone et al., 2006), the immature
dentate gyrus endophenotype may underlie the model proposed by Tamminga
and colleagues (Tamminga et al., 2012) whereby delusions and thought
disorganization in schizophrenia ensue partly from dentate gyrus pattern
separation defects. The immature dentate gyrus endophenotype may also
support the perspective of Lodge and Grace (Lodge and Grace, 2011) that
subcortical hyperdopaminergia in schizophrenia is a downstream effect of
hippocampal overactivity. These two possible outcomes of the immature
dentate gyrus endophenotype have also been considered by Hagihara and
colleagues (Hagihara et al., 2013). Conversely, with regard to the defective
adolescent synaptic pruning theory formulated by Feinberg (Feinberg, 1982),
the immature dentate gyrus endophenotype may argue that rather than
undergoing excessive elimination, synapses fail to form and mature normally
in schizophrenia. Finally, the immature dentate gyrus model supports
Weinberger’s (Weinberger, 1987) neurodevelopmental hypothesis of
schizophrenia whereby brain pathology acquired early in development remains
clinically latent until the affected neural system traverses the temporal window
associated with completion of its maturation, but further explains it as a failure
of the affected neural system to complete its maturation as a consequence of

some early developmental insult”,

33 Ibid.
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5.3. Brain to behaviour

In the RDoC framework (described in chapter 2, section 2.1), behavioural
elements are classified into different domains of functioning with the goal of
elucidating the neural systems they arise from as well as genetic, molecular
and cellular components of those systems. Each construct within a domain is
defined by its behavioural or cognitive characteristics and the neural system
that implements the function (NIMH, 2009). The behaviours studied in this

thesis fit into the RDoC classification system as follows:

(1) Startle and prepulse inhibition are in the constructs of innate motor patterns,
motor actions, and arousal, under the two RDoC domains of sensorimotor

systems, and arousal & regulatory systems.

(i1) Short-term spatial working memory is in the construct of working memory,

under the RDoC domain of cognitive systems.

(ii1) Nest-building behaviour falls in the constructs of habit and motor actions,
with the further subdivision of apathy, under the two RDoC domains of positive

valence systems and sensorimotor systems.

(iv) Sociability and social novelty preference are in the construct of affiliation

and attachment, under the RDoC domain of social processes.

(v) Hyperkinesia and motor stereotypy are in the construct of motor actions,

under the RDoC domain of sensorimotor systems.
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(vi) Bar biting stereotypy would fall in the construct of sustained threat, under
the RDoC domain of negative valence systems. (The description of the
sustained threat construct is “An aversive emotional state caused by prolonged
(i.e., weeks to months) exposure to internal and/or external condition(s),
state(s), or stimuli that are adaptive to escape or avoid. The exposure may be
actual or anticipated; the changes in affect, cognition, physiology, and behavior
caused by sustained threat persist in the absence of the threat, and can be

differentiated from those changes evoked by acute threat.”** (NIMH, 2009)).

GFAP.HMOX1° 2™ mice do not differ from WT counterparts in anxiety,
motor coordination or olfactory memory (Song et al., 2012b), thereby excluding
these parameters as possible sources of confound in their other behavioural

measurcs.

As described in chapter 2, section 2.3, the primary acoustic startle pathway
is a relatively simple circuit at the level of the brainstem, consisting of the
auditory nerve, cochlear nuclei, caudal pontine reticular nucleus, and motor
neurons (Davis et al., 1982; Lee et al., 1996; Koch and Schnitzler, 1997;
Swerdlow et al., 1999; Scott et al., 2021). A sudden intense acoustic stimulus
activates the caudal pontine reticular nucleus which elicits the startle response
through activation of facial, cranial and spinal motor neurons leading to muscle

contraction (Koch and Schnitzler, 1997; Gomez-Nieto et al., 2014). In the

34 NIMH (2009) Research Domain Criteria (RDoC) Framework. Available from
https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/about-rdoc. last accessed July 29, 2021. In:
National Institute of Mental Health.
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caudal pontine reticular nucleus, giant neurons receive the acoustic stimulus
from the cochlear nuclei and, in turn, project to cranial, facial and spinal motor
neurons (Lingenh6hl and Friauf, 1992; Lingenhohl and Friauf, 1994). The
magnitude of the acoustic startle response depends on the activity of these
neurons (Koch and Schnitzler, 1997). A correlation was found between startle
amplitude and the number of giant neurons in the caudal pontine reticular
nucleus of rats (Koch et al., 1992). In mice, the dopamine releaser amphetamine
was shown to reduce the magnitude of the acoustic startle response to a 120-
dB stimulus (Ralph et al., 1999; Ralph et al., 2001; Moy et al., 2006). Acoustic
startle magnitude was also reduced by phasic activation of the noradrenergic
locus coeruleus in rats (Yang et al., 2021). Lower startle magnitude
corresponded to higher cortical arousal level in these animals (Yang et al.,
2021). Based on the foregoing, the augmented basal ganglia dopamine
concentrations in adult GFAP.HMOX1% '™ mice (Song et al., 2012b) may be
playing a role in the attenuation of the acoustic startle response in these mice.
Further studies are needed to assess neurotransmitter content in the caudal
pontine reticular nucleus of GFAP.HMOX1°!2™ mice. In addition, or
alternatively, the attenuated acoustic startle response may stem from
abnormalities in the caudal pontine reticular nucleus giant neurons themselves;
therefore an investigation of their numbers, as well as their cellular and
molecular biology (including receptor profiles) in GFAP.HMOX1°!>™ mice

could be informative in this regard.
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PPI is mediated by the following neural pathway: cochlear nuclei - inferior
colliculus - superior colliculus - pedunculopontine tegmental nucleus - caudal
pontine reticular nucleus, with a small contribution from the laterodorsal
tegmental nucleus and the substantia nigra pars reticulata (Fendt et al., 2001).
The acoustic prepulse is relayed through this pathway and inhibits the caudal
pontine reticular nucleus, attenuating the startle response (Fendt et al., 2001).
In addition, PPI generated through this mediating pathway is modulated by a
regulating pathway that includes hippocampus, medial prefrontal cortex,
amygdala, ventral striatum, ventral pallidum, pontine tegmentum and nucleus
accumbens (Swerdlow et al., 2001). Mesolimbic dopamine overactivity elicits
PPI deficits in rats (Swerdlow et al., 1986). Dopamine release by amphetamine
also reduces PPI in mice (Ralph et al., 2001). Serotonin releasers, on the other
hand, increase, decrease, or have no effect on PPI in mice, probably depending
on the type of receptors they act upon (Geyer et al., 2002). The elevated basal
ganglia dopamine (and possibly serotonin) concentrations detected in adult
GFAP.HMOX1°%!2™ mice (Song et al., 2012b) may underlie their PPI deficits.
Adolescent GFAP.HMOX1%!2™ mice did not show an impairment in PPI with
any prepulse intensity. However, compared to WT counterparts, PPI was
significantly increased in adolescent GFAP.HMOX1°!>™ mice in response to
the prepulse intensity of 12dB above background noise, and later declined to
adolescent-WT-like levels in adulthood. In 6-week-old adolescent
GFAP.HMOX1%!?2™ mice, mRNA expression of tyrosine hydroxylase (TH), the

rate-limiting enzyme in dopamine biosynthesis, was significantly decreased in
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the substantia nigra/ventral tegmental area compared to WT controls (Song et
al., 2012b), implying a reduction in dopamine which may have led to the
stronger PPI at that age compared to WT controls. Conversely, in adult
GFAP.HMOX1%!2™ mjce, TH mRNA expression was significantly increased in
this region and accompanied by an elevation in dopamine and an impairment in
PPI (Song et al., 2012b). The measurement of dopamine concentrations in
GFAP.HMOX1°%!?™ brains as a function of age could be of interest for future

investigations.

Spontaneous alternation behaviour is driven by the natural tendency of an
animal to explore its environment by successively visiting previously
unattended locations (Lalonde, 2002). It implies a brief retention in memory of
the already visited place and is used in behavioural paradigms, with different
types of mazes, as a measure of short-term spatial working memory (Lewis et
al., 2017). Brain areas involved in spatial working memory include the
hippocampus, posterior parietal and dorsolateral prefrontal cortices, and the
thalamus (O'Keefe and Nadel, 1978; Lalonde, 2002; van Asselen et al., 2006).
Granule cells of the dentate gyrus seem to play an essential role in spatial
working memory. Selective removal of the NR1 subunit of NMDA receptors
from granule cells of the dentate gyrus impaired spatial working memory in
mice, while hippocampus-dependent spatial reference memory remained intact
(Niewoehner et al., 2007). Spontaneous alternation behaviour develops with
the maturation of the hippocampus, and that of granule cells of the dentate

gyrus in particular (Kirkby, 1967; Douglas, 1975; Frederickson and
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Frederickson, 1979; Spear and Miller, 1989). Thus, the immature dentate gyrus
granule cell layer detected in adult GFAP.HMOXI1°!2™ mice is likely an
important contributor to the deficient short-term spatial working memory in

these mice, assessed by the spontaneous alternation task in a Y-maze.

The reduced preference for social novelty exhibited by GFAP.HMOX1°%-12m
mice may also be related to the abnormal hippocampus in these mice as the

hippocampal CA2 region is critical for this function (Donegan et al., 2020).

Hyperdopaminergic tone in the nigrostriatal and mesolimbic systems is
usually responsible for hyperkinetic behaviour and motor stereotypy (Canales
and Graybiel, 2000; Viggiano, 2008). Also, stereotypic bar-biting in caged
rodents correlates with signs consistent with a striatal disinhibition of response
selection (Garner and Mason, 2002), likely mediated by dopamine exposure
(McBride and Parker, 2015). The hyperkinesia and excessive motor stereotypy,
which were alleviated by clozapine administration, as well as the elevated
levels of cage bar-biting behaviour in GFAP.HMOX1°% 2™ mice may similarly
be due to the increases in dopamine concentrations documented in substantia

nigra and striatum of these animals (Song et al., 2012b).

As nest building was assessed under identical ambient conditions
simultaneously in GFAP.HMOX1°!2™ mice and their WT counterparts, and body
temperature did not differ between the two groups, it is unlikely that the lower
nest scores in GFAP.HMOX1%!?2™ mice result from a reduced need for

thermoregulation. However, the sensorimotor and memory deficits thought to
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cause deterioration of nest building behaviour in mice (Jirkof, 2014) may be
contributing to the impaired nest building capacity of GFAP.HMOX1% 2™ mice.
Hippocampal damage, dysfunction and size reduction diminish nest building in
mice (Jirkof, 2014). Consequently, it is highly probable that the deficient nest
building in GFAP.HMOX1°!2™ mice stems from their abnormal hippocampus.
A recent study (Eltokhi et al., 2020) evaluated nest building behaviour in
adolescent mice of different background strains using the same protocol and
nest scoring system as that employed in this thesis (Deacon, 2006), and
reported that adolescent mice showed a very low interest to build nests (Eltokhi
et al., 2020). In addition, the nest scores they reported for adolescent FVB mice
(the background strain of our GFAP.HMOX1°%!?2™ mice) were well below the
scores of our adult WT controls, as were the nest scores of adult
GFAP.HMOX1°% 2™ mice (Eltokhi et al., 2020). These data implicate immaturity
of the dentate gyrus in the impaired nest building ability which may reflect
immaturity of this function in adult GFAP.HMOX1°!>™ mice. They lend further
support to the contention that the GFAP.HMOX1°!2™ mouse model instantiates

maturational arrest.

5.4. Possible molecular and cellular mechanisms

5.4.1. Reelin

The reelin downregulation in male GFAP.HMOX1°!>™ brains is likely
mediated, at least in part, by the overexpression of its regulating microRNAs

miR-138 and miR-128 demonstrated in brain regions corresponding to the
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reelin downregulated areas (PFC and STM) (Song et al., 2017b). The
Immunocal enhancement of reelin was accompanied by the restoration of these
microRNAs to their WT levels in these regions (Song et al., 2017b). A sexually
dimorphic and differential DNA-methylation profile of the reelin gene
observed between GFAP.HMOX1%!2™ and WT hippocampi may also contribute
to the reelin mRNA and protein results presented here (Tavitian, Lax, Szyf,

Schipper, unpublished observations).

5.4.2. Astrocytes

“In the normal brain, astrocytes participate in the maintenance of ionic,
redox, [water], and neurotransmitter homeostasis and the regulation of
neuronal maturation and neural circuit formation (Moore et al., 2009;
Sofroniew and Vinters, 2010; Allaman et al., 2011; Clarke and Barres, 2013;
Katoozi et al., 2020). Thus, astrocyte dysfunction . . . is anticipated to have
wide-ranging effects on the development and maintenance of salient neural
circuitry”¥. Astrocytes also support myelination by providing oligodendrocytes
with supplemental lactate and myelin lipids including cholesterol (Sdnchez-
Abarca et al., 2001; Saher et al., 2005; Rinholm et al., 2011; Kiray et al., 2016;
Camargo et al., 2017). Furthermore, astrocytes regulate neuronal
rhythmogenesis by controlling extracellular calcium concentrations [Ca™"]e,
primarily through the release of the calcium-binding protein S1008 which

decreases [Ca’"]. (Morquette et al., 2015). In astrocytes of GFAP.HMOX10-12m

35 Tavitian A, Song W, Schipper HM (2019) Dentate Gyrus Immaturity in Schizophrenia. Neuroscientist 25:528-547.
Reproduced with permission.
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mouse brains, HO-1 overexpression led to oxidative stress, excessive
mitochondrial deposition of non-transferrin bound iron, mitochondrial
membrane damage and macroautophagy (mitophagy) (Song et al., 2012b; Song
et al., 2012a). Consequently, it can be anticipated that these astrocytes would
be hampered in their afore-mentioned functions in the brain, as discussed in

subsequent sections.

5.4.3. Lateral ventricles

Abnormal enlargement of ventricles (ventriculomegaly, hydrocephaly)
may arise from several mechanisms including overproduction of CSF, impaired
absorption of CSF, obstruction of CSF pathways, brain atrophy, and
dysfunction of ependymal cilia leading to CSF flow disturbance (Kobayashi et
al., 2002; Edwards et al., 2004; Kandel et al., 2013; Corbett and Haines, 2018).
Obstruction of CSF pathways is a more common cause of hydrocephalus than
excess CSF production (Del Bigio, 1993). Although CSF pathway obstruction
cannot be excluded as the cause of ventriculomegaly in GFAP.HMOX1°%-!?m
mice and could be the focus of future investigations, dysfunction of
ependymocyte cilia may plausibly lie at the basis of this anomaly in these mice.
The coordinated movement of ependymocyte cilia (ciliary beating) assures the
normal circulation of CSF through the ventricular system (Yamadori and Nara,
1979). Hydrocephalus can result from severe cases of primary ciliary
dyskinesia, a rare genetic disorder of motile cilia dysfunction (Praveen et al.,

2015). Murine models with impaired motility of ependymocyte cilia also

develop ventriculomegaly, with or without aqueduct stenosis (Kobayashi et al.,
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2002; Ibanez-Tallon et al., 2004; Conductier et al., 2013). In mouse models of
22qll-deletion syndrome (associated with schizophrenia in humans), the
lateral ventricles undergo a post-adolescent progressive enlargement by the age
of 8 months, accompanied by a deceleration of ependymal ciliary beating
frequency (CBF) compared to controls (Eom et al., 2020). No aqueduct stenosis
is found in these mice, therefore the ventriculomegaly is nonobstructive (Eom
et al., 2020). A reduction in microRNAs miR-382-3p and miR-674-3p, and an
overexpression of their target Drdl (dopamine receptor D1) on cilia were
identified causes of the CBF deficit (Eom et al., 2020). Intracerebroventricular
injection of these microRNAs at 2-3 months, prior to the CBF dysfunction,
prevented ventriculomegaly at 8 months (Eom et al., 2020). In light of the
preceding, post-adolescent impairment in ependymocyte cilia motility may be
a causative factor in the adult-age ventriculomegaly of GFAP.HMOX1%-!?m
mice, perhaps similarly due to a downregulation of miR-382-3p and miR-674-
3p. In GFAP.HMOXI1%!?2™ mice, HMOXI expression was detected in
ependymocytes (Song et al., 2012b). As several other microRNAs are
dysregulated in GFAP.HMOX1%!2™ brains (Song et al., 2012b; Song et al.,
2017b), it is possible that miR-382-3p and miR-674-3p are also dysregulated

which may lead to impaired ciliary movement in ependymocytes.

5.4.4. Corpus callosum

Final stabilization of callosal fibre numbers is achieved by P21-30 in mice
(described in chapter 2, section 2.4.2.i). In GFAP.HMOX1°!2™ mice, the arrest

in growth of the posterior part of the corpus callosum did not occur until after
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P43-54 (mid-late adolescence). Although the number of callosal fibres was not
assessed in these mice, and can be the subject of future studies, the timing of
the detected abnormality suggests impaired myelination as the cause rather than
a reduction in axon numbers. Myelination begins in the mouse corpus callosum
at approximately P10 and increases steadily, with the proportion of myelinated
axons more than doubling between mid-adolescent (P45) and early adult (P240)
stages (Sturrock, 1980; Vincze et al., 2008; Son et al., 2017). Impaired
myelination could arise from a deficit in oligodendrocyte progenitor cell (OPC)
differentiation, oligodendrocyte maturation or myelin production. New
myelinating oligodendrocytes continue to be added in the mouse corpus
callosum through OPC differentiation until at least the age of 8 months, with
an average increase of about 30% in their numbers between mid-adolescence
and early adulthood (Rivers et al., 2008; Zhu et al., 2011; Young et al., 2013;
Tripathi et al., 2017). The differentiation, maturation and myelinating fate
acquisition of oligodendrocytes follows a cell-intrinsic program (regulated by
transcription factors, microRNAs and chromatin remodelling factors) but is
also influenced by extrinsic factors (Temple and Raff, 1986; Emery, 2010;
Baydyuk et al., 2020). Astrocytes can influence each of these stages by
secreting trophic factors like PDGF, BDNF and LIF (described in chapter 2,
section 2.4.2.ii). In GFAP.HMOX1°!?™ mice, astrocytes exhibiting the ‘core
neuropathological tetrad’ (described in sections 2.8.2.iii, 2.9, and 5.4.2) may
be inefficient in providing the trophic support necessary for oligodendrocytes

to proceed from progenitors to mature myelinating cells, thus resulting in
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myelination deficits. Also, the possibility that OPCs in the corpus callosum
express the HMOXI transgene in GFAP.HMOX1%!2™ mice cannot be excluded
at present, as human GFAP promoter activity has been detected in OPCs in Cre
reporter transgenic mouse lines (Casper and McCarthy, 2006). If OPCs express
the HMOX]I transgene in GFAP.HMOX1°!2™ mice, their intrinsic program of
differentiation into oligodendrocytes could be impaired, providing another
possible route for deficient myelination. Additional studies are needed to

examine myelination in the corpus callosum of GFAP.HMOX1% 2™ mice.

5.4.5. Dentate gyrus

The DG granule cell layer is generated by the end of the third postnatal
week in mice, after which granule cells are said to be added through continuing
neurogenesis at very low rates (described in chapter 2, section 2.5.1)
(Angevine, 1965; Snyder, 2019). To become fully functional, newborn DG
granule cells have to go through a maturational phase that includes increases
in cell body size, nucleus size, dendritic arbour complexity and extent, as well
as maturation of dendritic spines (Arnold and Trojanowski, 1996b; Esposito et
al., 2005; Zhao et al., 2006). Accompanying maturational changes in the
anatomy of the granule cell layer include augmented intercellular spacing and
diminished neuronal density with increasing maturity (Arnold and Trojanowski,
1996b). During ontogeny, Prox1 (prospero homeobox 1) expression determines
acquisition of granule cell fate (Nicola et al., 2015). Prox1 is continuously
expressed in granule cells alongside other stage-dependent proteins:

doublecortin at the transient intermediate progenitor and early postmitotic
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stages, calretinin at the transient immature postmitotic stage, calbindin at the
terminally differentiated mature postmitotic stage (Brandt et al., 2003;
Kempermann et al., 2004; Nicola et al., 2015). Calretinin and calbindin are
calcium-binding proteins that act as intracellular calcium buffers (Schwaller,
2020). Calbindin content of DG granule cells correlates with their functional
maturation (Abraham et al., 2007). BDNF regulates calretinin and calbindin
expression in opposite ways, inducing calbindin and inhibiting calretinin in
several neuronal populations (Ip et al., 1993; Widmer and Hefti, 1994; Fiumelli
et al., 2000; Chan et al., 2008). In a mutant mouse model, deletion of BDNF
from postmitotic DG granule cells resulted in what the authors refer to as
developmental arrest of these cells, i.e. cells that failed to fully mature and
retained calretinin expression instead of shifting to calbindin, with a

concomitant reduction in dendritic differentiation (Chan et al., 2008).

The immature granule cell layer of the dentate gyrus in GFAP.HMOX1
12m mice, identified anatomically, likely arises from the retention of immature
properties by its individual cells and not from reduced proliferation, given the
timing of its appearance. Our pilot data from an ongoing study of the molecular
profile of DG granule cells in GFAP.HMOX1%!?™ mice showed significantly
reduced calbindin expression at the single cell level in adult GFAP.HMOX1°
12m granule cells relative to WT counterparts, providing preliminary molecular
evidence of arrested maturation in these cells (Tavitian and Schipper,

preliminary observations). Although these data remain to be confirmed in the

context of the larger study which includes doublecortin, calretinin and
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calbindin immunoreactivity assays, the completion of all assays in said study
should help provide a better understanding of the maturational state of

GFAP.HMOX1%!2™ DG granule cells at the molecular level.

If granule cells fail to mature in the GFAP.HMOX1°!?™ DG, what would
prevent their maturation? The BDNF gene is regulated by calcium (Ca™™")
(Finkbeiner, 2000). The influx of extracellular Ca™" into neurons initiates
BDNF transcription (Finkbeiner, 2000). It has recently been suggested that the
extracellular fluid may be an astrocytic filtrate of CSF and that astrocytes may
actively format Ca™" levels at the synapse (Lopes and Cunha, 2019). Astrocytes
can control [Ca""]c by the release of S100B which binds Ca"™" and reduces
[Ca™"]e (Morquette et al., 2015), therefore augmented S100B release from
astrocytes may reduce extracellular Ca™" availability. Astrocytic release of
S100B into the extracellular space is enhanced in response to several factors
including lipopolysaccharide and Thl cytokine (Donato et al., 2009; Guerra et
al., 2011), both of which induce Hmox1 (see chapter 2, section 2.8.2). Thus, a
failure by dysfunctional astrocytes in the GFAP.HMOXI1%!>™ mouse DG to
regulate extracellular Ca’" levels could lead to reduced extracellular Ca™"

availability and diminished Ca™"

influx into granule cells. Consequently, with
reduced Ca™" signalling, BDNF expression may be downregulated in these
cells, which in turn would cause maturational arrest by inhibiting the calretinin
to calbindin shift as demonstrated by Chan and colleagues (2008). In
GFAP.HMOX1°!2™ brains, HMOX]I transgene expression was not detected in

neurons (Song et al., 2012b), but there is a possibility that HMOXI transgene
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expression may have been transiently active in neural progenitors from which
granule cells arise, since these cells express Gfap (Seki et al., 2014). However,
even if such a transient early expression of HMOXI did occur in the neural
progenitors, it did not interfere with the generation of the DG granule cell layer
which developed normally in GFAP.HMOX1°%!2™ mice until late adolescence
and was compromised only in its post-adolescent maturational trajectory. In
the study by Chan and colleagues (2008), BDNF deletion from DG granule cells
only after they became postmitotic (when they are devoid of Gfap expression)
was sufficient to arrest the maturation of these cells (Chan et al., 2008; Nicola
et al., 2015). Thus, the above-proposed astrocyte-driven mechanism may well
underlie the maturational arrest of the DG granule cell layer in GFAP.HMOX1°-
I2m mice. Future studies should be directed at studying DG calcium dynamics

inciudin exXpression) 1n . ) mice€, as w¢ as
(including S100pB exp ion) in GFAP.HMOX1% 2™ mj 11 BDNF

expression in DG granule cells as a function of age.

If the GFAP.HMOX1° 2™ mouse is modelling arrested maturation of the
DG granule cell layer in schizophrenia as proposed in preceding sections, it
brings us back to the observation by Southard (1915) that schizophrenia has a
structural basis and its “potential victim” is “probably born with the normal
stock of brain cells, although their arrangement and development are at times

early interfered with” (Southard, 1915).

5.4.6. Craniofacial morphology
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At P182-P243 (6-8 months), the left and right nasal bones of
GFAP.HMOX1°!2™ mice are longer than those of WT mice by 8.4 £ 1.1 % and
8.1 £ 1.1 %, respectively. In a recent study that mapped postnatal craniofacial
skeletal development from P7 to P390 in C57BL/6NCrl mice, after continuous
growth until P120, the length of the nasal bone registered an 8% reduction
between P120 and P180, followed by a 6% increase detected at P390 relative
to P180 (Wei et al., 2017). This growth trajectory was interpreted by the authors
as continuous bone remodelling (Wei et al., 2017). If the normal growth
trajectory of FVB mice is similar to that of C57BL/6NCrl mice, it is possible
that the approximately 8% shorter length of the nasal bone in our WT mice is
the result of normal bone remodelling after P120, while GFAP.HMOX1°?-!1?m
nasal bones failed to remodel and remained static after P120. Further studies
are warranted to measure the nasal bones of GFAP.HMOX1°!?™ and WT mice
at earlier time-points, for example P120, to test this possibility. If proven, this

10-12m mijce.

would be another example of maturational arrest in GFAP.HMOX
An assessment of osteoblast/osteoclast composition of the nasal bones can then

provide insight on bone turnover (deposition vs. resorption) rates and their

differences, if any, between GFAP.HMOX1%!2™ and WT mice.

At 6 months of age (early adulthood), male WT mice exhibited significant
directional asymmetry in facial shape which was markedly reduced in male
GFAP.HMOX1°%!'2™ mice. Facial asymmetry is associated with brain asymmetry
and is suggested to be its outward manifestation (Hennessy et al., 2004;

Hammond et al., 2008). The normal human brain has a characteristic asymmetry
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in its gross anatomy, defined by the anterior protrusion of the right hemisphere
beyond the left and a posterior protrusion of the left hemisphere beyond the
right (Toga and Thompson, 2003). These asymmetrical protrusions leave
imprints called petalia on the inner skull surface (Toga and Thompson, 2003).
In addition, the frontal lobe is wider in the right than in the left hemisphere,
whereas the occipital lobe is wider in the left than in the right hemisphere
(Toga and Thompson, 2003). This normal brain asymmetry is more accentuated
in male than in female brains (Good et al., 2001), as is normal facial shape
asymmetry (Hennessy et al., 2004) and both patterns seem to be reversed in
schizophrenia (Highley et al., 1998; Hennessy et al., 2004). Left-right
asymmetry has been reported in cerebral hemisphere size of male WT C57B1/6J
mice (Spring et al., 2010). Whether the reduction in facial shape directional
asymmetry of GFAP.HMOX1%!?™ mice reflects a reduction of hemispheric
asymmetry in their brains remains to be assessed. The alteration in anisotropy
of head shape in GFAP.HMOX1%!2™ mice may be influenced by the increased

length of their nasal bones relative to WT mice.

5.5. HO-1 as transducer

GFAP.HMOX1° "™ mice represent a model of stress-induced brain
dysmaturation, with relevance for schizophrenia. This model is one of
predominantly astrocyte-driven disease, although other players may be
involved (discussed above). The propensity of the HO-1 gene to be activated
by a vast array of stimuli many of which are recognized risk factors for

schizophrenia, including pro-inflammatory cytokines, lipopolysaccharide and
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drugs of abuse (described in chapter 2, section 2.8.2), combined with the
neurophenotype exhibited by GFAP.HMOX1° 2™ mice, suggest that HO-1 may
act as a transducer between ambient stressors and downstream pathophysiology
in this disorder. The ‘transducer’ model of astroglial HO-1 in GFAP.HMOX1°-
12m transgenic mice and neurodevelopmental conditions like schizophrenia is

presented in figure 52.
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Figure 52. ‘Transducer’ model of astroglial HO-1 in GFAP.HMOX10°-12m
transgenic mice and neurodevelopmental conditions like schizophrenia.
Perinatal and early-life stressors activating the glial HO-1 cascade prior to CNS
maturation promote brain dysmaturation and net ‘hypertrophy’ of dopamine
circuits culminating in behavioural and cognitive dysfunction in early
adulthood. Red asterisks denote elements of the “core neuropathological
tetrad”: oxidative stress; excessive mitochondrial iron deposition;
mitochondrial membrane damage and bioenergetic failure (J ATP);
macroautophagy (mitophagy). ATP, adenosine triphosphate; CNS, central
nervous system; CO, carbon monoxide; DA, dopamine; DAT, dopamine
transporter; Fe2+, ferrous iron; GAD67, glutamic acid decarboxylase 67; GSH,
glutathione; HO-1, heme oxygenase-1; miR, microRNA; Nign2, neuroligin-2;
Nrxnl, neurexin-1; Nurrl, nuclear receptor related-1; NVC, neurovascular
coupling; OS, oxidative stress; Pitx3, pituitary homeobox 3; TH, tyrosine
hydroxylase. (Modified from Song et al. 2012b, Song et al. 2017b, Schipper et

al. 2019, Tavitian et al. 2020, with permission).

Individual endophenotypes present in the GFAP.HMOX1°!>™ mouse model
may occur in other neurodevelopmental disorders and can be studied
independently to elucidate their mediating neural systems and
cellular/molecular mechanisms. However, the simultaneous expression by
GFAP.HMOX1°!2™ mice of all these schizophrenia-relevant endophenotypes
(see section 5.2) supports the view that these mice model schizophrenia with
greater fidelity than other conditions. Furthermore, some important

19-12m mice are not

endophenotypes common to schizophrenia and GFAP.HMOX
found in certain other disorders. For example, contrary to what is observed in

GFAP.HMOX1°%!2™ mice, PPI is not altered in attention deficit/hyperactivity
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disorder (Kohl et al., 2013) and the hippocampus is enlarged in autism spectrum
disorder (Turner et al., 2016). Nevertheless, shifting the temporal window of
HO-1 overexpression in GFAP.HMOXI1 mice within the embryogenesis-to-
I12month period could produce still more models, each with greater relevance
for other neurodevelopmental disorders, and help to delineate critical periods
of vulnerability for each condition. As described in chapter 2, section 2.9, a
parkinsonian model (GFAP.HMOX135-1°™ mice) is obtained with late-life HO-
1 overexpression in GFAP.HMOX1 mice. Dr. Hyman Schipper recently donated
the GFAP.HMOXI1 mouse to the Jackson Laboratory (USA), to make it available

to the wider scientific research community.

5.6. Limitations and potential pathways forward

While the neuroanatomical abnormalities were assessed in male and female
GFAP.HMOX1%'2™ mice and found to be similar in both sexes, the craniofacial
experiments were only conducted on adult male mice. Additional studies are
needed to determine the craniofacial morphology of adult female
GFAP.HMOX1°!2™ mice and whether it differs from that of males. It would
also be informative to examine the craniofacial morphology of GFAP.HMOX1°"
12m mice at earlier ages and map its maturational trajectory. Among tested
behaviours, only PPI was assessed in adolescent GFAP.HMOX1°%!2™ mice.
Additional behavioural screening at adolescence can help elucidate the timing
of emergence of the other abnormal behaviours in these mice. The

ventriculomegaly and the maturational arrest of the corpus callosum and

dentate gyrus are evident in GFAP.HMOX1°!2™ mice at the age of 6 months
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(early adulthood) and are not present at adolescence. Yet it is unclear which of
these anatomical defects precedes the others, or if they all occur
simultaneously. The examination of brain anatomy in these mice at various
time-points between the ages of 8 weeks and 6 months should help answer this

question.

The neurophenotype of GFAP.HMOX1°%!'2™ mice resulted from continuous
overexpression of HO-1 in astrocytes, and possibly other GFAP-expressing
cells, throughout embryogenesis and postnatal life until early or middle
adulthood. Confining HO-1 overexpression to the period from (and including)
embryogenesis to mid-adolescence (i.e., GFAP.HMOX1%!°™)  or from mid-
adolescence to middle adulthood (i.e., GFAP.HMOX1!'3-12m) failed to produce
the characteristic hyperkinetic profile of GFAP.HMOX1%!2™ mice. It remains
unclear whether 1) sustained HO-1 upregulation in prenatal and postnatal life
until adulthood, or 2) repeated HMOXI induction, perhaps once in the perinatal
period and a second time soon after late-adolescence (as postulated for the 2-
hit model of schizophrenia (Maynard et al., 2001)), is necessary and sufficient
for the GFAP.HMOX 1% 2™ neurophenotype to develop. The conditional design
of GFAP.HMOX1 mice (see chapter 2, section 2.9) allows the study of this
question within discrete temporal windows of HO-1 upregulation, providing
impetus for future investigations. The identification of critical windows of HO-
1 overexpression can offer therapeutic or preventive opportunities with
inhibition of the glial HO-1 stress response within discrete time periods.

Metalloporphyrin inhibitors of HO activity have been successfully utilized in
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the clinic for the management of neonatal jaundice (hyperbilirubinemia).
However, their long-term administration is limited by photosensitization and
anemia. Metalloporphyrins are not selective inhibitors of HO-1, but block HO-
2 and HO-1 activity with similar efficacy. They, furthermore, have low blood-
brain barrier permeability (Schipper et al., 2019). The small molecule
compounds OB-28 and OB-24 were developed to selectively inhibit HO-1
(Kinobe et al., 2006; Alaoui-Jamali et al., 2009; Schipper et al., 2009a; Gupta
et al., 2014). OB-24 has been used successfully in a preclinical model of
prostate cancer (Alaoui-Jamali et al., 2009). OB-28 has excellent blood-brain
barrier permeability and has shown positive therapeutic results in a transgenic
model of familial Alzheimer disease (Gupta et al., 2014). These novel HO-1
inhibitors offer promising avenues for the abrogation of the glial HO-1

response in the management of chronic brain conditions.

5.7. Future directions

The work presented in this thesis lays the foundation for several important
future studies some of which, along with their rationales, were mentioned
above but are listed here again. Studies which have already been initiated and
are currently ongoing include: (1) Immunofluorescence study of
doublecortin/calretinin/calbindin expression in DG granule cells of adolescent
and adult GFAP.HMOX1%!2™ and WT mice. (2) DG granule cell packing
density, nuclear size and dendritic complexity in adolescent and adult
GFAP.HMOX1°%!?2™ and WT mice. (3) HO-1 expression in the hippocampus of

schizophrenia patients using postmortem brain tissue, a study in collaboration
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with the Douglas Bell Canada Brain Bank (Montreal, Canada). (4) DG granule
cell layer morphology in schizophrenia patients using the historical Yakovlev-
Haleem brain collection of the National Museum of Health and Medicine (US
National Department of Defense), in collaboration with Mr. Archibald Fobbs.
(5) DG granule cell layer morphology in schizophrenia patients using

neuroimaging data from the virtual database SchizConnect.

Other future investigations that can stem from the work in this thesis include:
(6) Longitudinal magnetic resonance imaging study (including diffusion tensor
imaging) of GFAP.HMOX1%!2™ mouse brains between the ages of 7 weeks and
6 months. (7) Craniofacial morphology study of adult female and adolescent
male and female GFAP.HMOX1%!?2™ mice. (8) Morphometry of nasal bones in
male GFAP.HMOX1° 2™ and WT mice at P120 to see if the GFAP.HMOX1?-!1?m
nasal bone elongation is due to a failure to remodel. (9) Osteoblast/osteoclast
composition of the nasal bones to assess bone turnover rates (deposition vs.
resorption) in GFAP.HMOX1% 2™ and WT mice. (10) BDNF expression in DG
granule cells and Ca™" dynamics, including the role of astrocytic S100B, in DG
of adolescent and adult GFAP.HMOX1°%!'2™ and WT mice. (11) Myelination in
the corpus callosum of GFAP.HMOX1%!2™ and WT mice, including fibre
density and size, myelin thickness, oligodendrocyte progenitor cells and mature
oligodendrocytes, expression of myelin proteins, astrocyte-derived trophic
factors, HMOXI transgene expression, if any, in oligodendrocyte progenitor
cells. (12) Ependymocyte cilia motility, ependymocyte morphology, CSF

pathway patency in GFAP.HMOX1°%!2™ brains. (13) Dopamine concentrations
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in GFAP.HMOX1°%!'2™ brains as a function of age. (14) Neurotransmitter content
in the caudal pontine reticular nucleus of GFAP.HMOX1%!2™ mice. Caudal
pontine reticular nucleus giant neuron numbers and their cellular and molecular
biology (including receptor profiles) in GFAP.HMOX1% 2™ mice. (15) Turning
HMOXI transgene expression on and off within various temporal windows
between gestation and 6 months postnatal in GFAP.HMOX1%!2™ mice, to
ascertain the necessary and sufficient temporal expression of HO-1 for the
manifestation of the neurophenotype described herein. (16) Placing 6-month-
old GFAP.HMOX1% '™ mice on a doxycycline diet to inhibit HMOXI transgene
expression and examine whether maturation of the brain resumes once HO-1
levels are normalized, and if behavioural dysfunction is corrected as a result.
(17) Treatment of GFAP.HMOX1°!2™ mice with HO-1 inhibitor compounds,
both before and after manifestation of characteristic phenotype to verify if the
phenotype can be prevented and/or reversed by inhibiting the glial HO-1
cascade even in the presence of HMOXI transgene expression. (18) Treatment
of another rodent model used for schizophrenia research with HO-1 inhibitors

to ascertain the transducer role of HO-1 in this condition.
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CONCLUSION AND SUMMARY
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The research findings presented in this thesis demonstrate that the stress
protein heme oxygenase-1 (HO-1) interferes with maturation of the brain. As
HO-1 gene transcription is activated by a vast number of stimuli considered to
exceed that of any other single gene, and as these stimuli include ambient
stressors ranging from infectious agents to environmental toxins to drugs of
abuse, the findings herein can have far-reaching implications in the context of
healthy vs. aberrant brain maturation and their resultant functional outcomes

in adult life.

The specific objectives of the research presented in this thesis, as outlined
in chapter 1, were to investigate in the GFAP.HMOX1% 2™ mouse model: (i)
progression of brain anatomy and sensorimotor gating from adolescence to
adulthood; (ii) adult craniofacial anatomy; (iii) adult functional outcomes in
cognition and behaviour; (iv) response to treatment with the atypical
antipsychotic clozapine; and (v) potential benefits of treatment with the
glutathione precursor Immunocal® for brain disorders such as schizophrenia.
These aims were achieved as follows. In GFAP.HMOXI1%!2™ mijce,
overexpression of HO-1 in astrocytes, and perhaps other GFAP-expressing
cells, continuously from embryogenesis until early adulthood resulted in a
deviation from the normal post-adolescent maturational trajectory of the brain
in both structure and function. The granule cell layer of the dentate gyrus (DG)
and the splenium of the corpus callosum retained an immature adolescent-like
anatomy into adulthood, while the lateral ventricles underwent a progressive

post-adolescent enlargement. Concurrently, sensorimotor gating capacity failed
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to progress to normal adult levels after adolescence. In adult male
GFAP.HMOX1%!2™ mijce, abnormal brain anatomy was accompanied by
craniofacial dysmorphology manifested by increased lengths of nasal bones,
altered anisotropy of head shape, and reduced directional asymmetry of the
face. Adult GFAP.HMOX1%!'2™ mice showed deficits in nest-building ability,
spatial working memory, and preference for social novelty, while their cage
bar-biting behaviour was enhanced. Novelty-induced hyperkinesia and motor
stereotypy in adult GFAP.HMOX1°!>™ mice were attenuated by both clozapine,
an atypical antipsychotic medication, and Immunocal, a glutathione precursor
nutraceutical. Immunocal also augmented brain reelin content but did not

correct established anatomical defects of the brain.

GFAP.HMOX1%!2m mice represent a model of stress-induced brain
dysmaturation. As a preclinical model, the GFAP.HMOX1%!2™ mouse possesses
translational relevance for schizophrenia (discussed in chapter 5) and offers a
common mechanism whereby known risk factors are funnelled through the HO-
1 ‘transducer’ into pathogenesis of the disorder. GFAP.HMOX1° 2™ mice also
provide a tool for the elucidation of neural systems, as well as their cellular
and molecular components, that underlie each of the above-enumerated

abnormalities of brain or behaviour.

A notable finding presented in this thesis is the discovery of a previously
unknown distinctive adolescent-like ‘stunted’ morphology of the DG granule
cell layer in the adult GFAP.HMOX1°!?™ mouse brain. This morphology is

histologically indistinguishable from that observed at earlier stages of normal

300



brain development, strongly suggesting that it corresponds to a developmental
arrest of cytoarchitectonic maturation within this brain region. A similar
morphological signature of the DG granule cell layer appears to be present in
other rodent models currently used for schizophrenia research, and may also be
a part of the schizophrenia-affected human brain (see Discussion). The latter,
in turn, could predispose to some of the key functional abnormalities of the
disorder. If the immature DG granule cell layer morphology is empirically
validated 1in the schizophrenia-affected brain, it may represent a
neuropathological marker long awaited in schizophrenia. “Recent advances in
magnetic resonance imaging (e.g., using 7.0-tesla magnets) permit consistent,
high-resolution mapping of the hippocampal DG granule cell layer in human
subjects (Prudent et al., 2010). As this technology matures and becomes more
widely available, it may be feasible to incorporate DG morphology into useful
diagnostic and prognostic algorithms for the improved management of

schizophrenia”?,

The model of post-adolescent maturational arrest of the brain in response
to stress transduction by HO-1 encompasses windows of vulnerability that may
be transformed into windows of opportunity for preventive or therapeutic
interventions. Abrogation of the glial HO-1 stress response within strategic
temporal windows holds promise as a novel avenue for the effective

management of schizophrenia and developmental neuropsychiatric afflictions.

3 Ibid.
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