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Abstract  

The capabi l i ty  of  a  brain to  eff icient ly  carry out  i ts  fundamental  funct ion of  

informat ion process ing depends on  normal  morphogenesis  which includes 

opt imal  development  and maturat ion.  Adolescence is  a  period when the brain  

is  complet ing i ts  s t ructural  and funct ional  maturat ion and  exhibi ts  heightened 

suscept ibi l i ty  to  adul t  mental  i l lness ,  an example of  which is  schizophrenia.  In  

addi t ion to  the cl inical  manifestat ion  of  posi t ive,  negat ive and cogni t ive 

symptoms,  anomalies  docu mented in  schizophrenia pat ients  include 

cerebrocraniofacial  dysmorphology and elevated levels  of  oxidat ive s t ress .  The 

causes  of  schizophrenia are s t i l l  unknown,  but  many s t ressors  have been 

ident i f ied as  r isk factors .  However,  i t  i s  not  known i f  selec t  m olecules  act  as  

t ransducers  between these s t ress  s t imuli  and the f inal  pathology.  

GFAP.HMOX1 0 - 1 2 m  mice that  overexpress  heme oxygenase -1 (HO-1) in  

as t rocytes ,  and possibly other  cel ls  that  express  GFAP, cont inuously from 

embryogenesis  to  midl i fe exhibi t  ma ny schizophrenia -relevant  features .  HO -1 

is  a  s t ress  protein readi ly inducible by many ident i f ied schizophrenia  r isk  

factors .  Oxidat ive s t ress  can both t r igger  and resul t  from HO -1 expression in  

cel ls .  In  recent  years ,  evidence of  an associat ion between HO -1 and 

schizophrenia  has  accrued  in  the  l i tera ture.  The main goal  of  my doctoral  

research  was  to  tes t  my overarching  hypothesis  that  a  cr i t i cal  period of  HO -1 

overexpression in  as t rocytes  and possibly other  GFAP -expressing cel ls  

interferes  with brain matur at ion,  wi th implicat ions for  the et iopathogenesis  of  

schizophrenia.  Through experiments  conducted on GFAP.HMOX1 0 - 1 2 m  mice at  
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three l i fe  phases:  mid -to-late-adolescence,  early adul thood and middle 

adul thood,  I  demonstrate in  this  thesis  that :  1)  nest -bui lding behaviour,  short -

term spat ial  working memory,  and preference for  social  novel ty are impaired  

and bar-bi t ing s tereotypy is  enhanced in adul t  GFAP.HMOX1 0 - 1 2 m  mice;  2)  

clozapine  s ignif icant ly improves hyperlocomotor and  s tereotypic behaviour  in  

adul t  GFAP.HMOX1 0 - 1 2 m  mice;  3)  adul t  GFAP.HMOX1 0 - 1 2 m  mice exhibit  

craniofacial  dysmorphology;  4)  HO -1 in terferes  with the s t ructural  maturat ion 

of  the brain between adolescence and adul thood,  as  evidenced  by abnormal  gray  

and white mat ter  anatomy.  Histopathological  m easurements  revealed that  

GFAP.HMOX1 0 - 1 2 m  mice exhibi t  a  deviant  maturat ional  t rajectory of  the lateral  

ventr icles ,  the  hippocampus and  the corpus cal losum . Matura t ion of  the dentate  

gyrus granule cel l  layer  and of  the corpus cal losum was arrested at  the 

adolescent -s tage,  and the lateral  ventr icles  underwent  a  post -adolescent  

di latat ion .  Importan t ly,  this  thesis  exposes  a  previously unident i f ied dis t inct ive 

immature morphology of  the dentate gyrus granule cel l  layer  in  the brains  of 

adul t  GFAP.HMOX1 0 - 1 2 m  mice which is  indis t inguishable from i ts  normal  

adolescent -age morphology;  5)  funct ional  maturat ion of  the GFAP.HMOX1 0 - 1 2 m  

mouse brain is  impaired,  as  demonstrated by disrupted progression of  prepulse  

inhibi t ion of  the acoust ic  s tar t le  response from adolesce nce to  adul thood;  6)  

reel in  immunoreact ivi ty  is  diminished in  several  regions of  the adul t  

GFAP.HMOX1 0 - 1 2 m  mouse brain  as  previously reported in  schizophrenia  

pat ients ;  7)  short - term treatment  in  early adul thood wi th a glutathione 

precursor  amel iorates  hyperlocomotor and s tereotypic behaviour and enhances 
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brain reel in  content ,  but  does not correct  brain anatomical  defects  in  

GFAP.HMOX1 0 - 1 2 m  mice.  The f indings described in  this  dissertat ion s t rengthen 

the face val idi ty  of ,  and add predict ive val idi ty  to ,  the GFAP.HMOX1 0 - 1 2 m  

mouse model  as  a  useful  animal  model  for  schizophrenia research and suggest  

a  role for  HO-1 as  a molecular  t ransducer of  prenatal  and early -l i fe  s t ressors  

into later- l i fe  pathology of  brain and  behaviour  by interfering  with brain  

maturat ion.  Inhibi t ing the gl ial  HO-1 response during select  windows of  

opportuni ty may hold novel  therapeut ic and/or  prevent ive  potent ial  for  the 

management  of  brain disorders  l ike schizophrenia.    

  



14 
 

Abrégé  

La capaci té  d’un cerveau à effectuer  sa fonct ion fondamentale de t rai tement  de 

l ’ informat ion dépend de sa morphogenèse normale ,  incluant  un développement  

et  une maturat ion opt imaux.  L’adolescence est  une période où le  cervea u 

complète sa maturat ion s t ructurel le  et  fonct ionnel le ,  et  présente une 

suscept ibi l i té  accrue à la  maladie mentale adul te,  dont  la  schizophrénie es t  un 

exemple.  Outre les  symptômes posi t i fs ,  négat i fs  et  cogni t ifs ,  les  anomalies  

documentées  de la  schizophré nie  incluent  la  dysmorphologie craniofaciale et  

cérébrale et  les  niveaux élevés de s t ress  oxydat i f .  Les  causes  de la  

schizophrénie sont  encore  inconnues,  mais  de nombreux agents  s t resseurs  ont  

été ident i f iés  comme facteurs  de  r isque.  Cependant ,  on ne  sai t  pas  s i  certaines  

molécules  agissent  en t ransducteurs  entre ces  s t imuli  de s t ress  et  la  pathologie 

f inale.  Les souris  GFAP.HMOX1 0 - 1 2 m  qui  surexpriment  l ’hème oxygénase -1 

(HO-1) dans les  as t rocytes ,  et  peut -êt re d’autres  cel lules  qui  expriment  la 

GFAP, depuis  l ’embryogenèse  à l ’âge adul te exhibent  de nombreuses  

caractéris t iques rel iées  à la  schizophrénie.  HO -1 est  une protéine de s t ress ,  

induct ible par  plusieurs  facteurs  de  r i sque ident i f iés  de schiz ophrénie.  Le  

s t ress  oxydat i f  peut  à  la  fois  déclencher et  découler  de l ’expression de HO -1 

dans les  cel lules .  Des études récentes  ont  démontré une associat ion entre  le  

HO-1 et  l a  schizophrénie.  L’object i f  principal  de ma recherche doctorale étai t  

de tes ter  mon hypothèse globale selon laquel le une période cri t ique de 

surexpression de HO-1 dans les  as t rocytes ,  et  peut -êt re  d’autres  cel lules  

exprimant  la  GFAP, interfère avec la  maturat ion du cerveau,  avec des  
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implicat ions pour l ’ét iopathogénie de la  schizophré nie.  Par  des  expériences  

menées sur  les  souris  GFAP.HMOX1 0 - 1 2 m  à  3  phases  de vie:  mi -à-f in  

d’adolescence,  début  d’âge adul te et  âge  adul te moyen,  je  démontre dans cet te  

thèse que:  1)lesdi tes  souris  sont  démunies  dans leurs  capaci tés  de construct ion  

de nids ,  de mémoire spat iale à  court  terme,  et  de préférence  pour la  nouveauté 

sociale,  et  démontrent  un niveau élevé de s téréotypie en capt ivi té;  2)lesdi tes  

souris  présentent  une dysmorphologie craniofaciale;  3)el les  sont  déficientes  en  

reel ine dans plusieurs  régions du cerveau;  4)leurs  hyperkinésie et  s téréotypie 

motrice sont  amél iorées  par  la  clozapine;  5)l ’anatomie anormale de leurs  

mat ières  grise et  blanche démontre que le  HO -1 interfère avec la  maturat ion 

s t ructurel le  du cerveau entre l ’adolescence et  l ’âge adul te.  Ces souris 

présentent  une t rajectoire maturat ionnel le anormale des  ventr icules  latéraux,  

de l ’hippocampe et  du corps cal leux,  avec un élargissement  post -adolescent  des  

ventr icules  latéraux  et  un arrêt  de maturat ion au s tade adolescent  du gyrus 

denté et  du corps cal leux.  Cet te thèse expose une morphologie immature 

dis t inct ive de la  couche de cel lules  granuleuses  du  gyrus  denté des  souris  

susment ionnées adul tes ,  qui  es t  indiscernable de sa morphologie normale d’âge 

adolescent ;  6)la  maturat ion fonct ion nel le du cerveau desdi tes  souris  es t  

perturbée,  avec une déficience de  progression de la  capaci té  de f i l t rage  sélect i f  

sensori -moteur entre l ’adolescence et  l ’âge adul te;  7)un  t rai tement  à  court  

terme avec un précurseur de glutathion améliore l ’hyperkinési e et  la  

s téréotypie motrice et  augmente  la  reel ine dans  le  cerveau,  mais  ne corr ige  pas  

les  défauts  anatomiques cérébraux desdi tes  souris .  Les résul tats  décri ts  dans  



16 
 

cet te  thèse renforcent  la  val idi té  apparente  du modèle de la  souri s  

GFAP.HMOX1 0 - 1 2 m ,  e t  y  ajoutent  une val idi té  prédict ive,  en tant  que modèle 

animal  ut i le  pour la  recherche sur  la  schizophrénie.  I ls  indiquent  un rôle pour 

le  HO-1,  comme transducteur moléculaire des  facteurs  de  s t ress  précoce en  

pathologie du cerveau et  du comportement  en âge a dul te,  par  voie 

d’interférence avec la  maturat ion du cerveau.  Ainsi ,  l ’ inhibi t ion de la  réact ion 

HO-1 dans les  cel lules  gl iales  pourrai t  offr i r  une nouvel le avenue thérapeut ique 

et /ou prévent ive pour les  t roubles  cérébraux,  comme la schizophrénie.  
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Contributions to original  knowl edge  

The research presented in  this  thesis  contr ibutes  to  original  knowledge with  

the fol lowing novel  f indings:  

1 .  The s t ress  protein heme oxygenase -1 (HO-1) inter feres  with  maturat ion of  

the brain.   

When overexpressed  in  as t rocytes  (and possibly other  GFAP -expressing  

cel ls)  cont inuously from embryogenesis  to  early adul thood,  HO -1 leads  

to  a deviant  post -adolescent  maturat ional  t rajectory of  the brain in  both 

s t ructure and funct ion  with:  (a)  ar rested post -adolescent  maturat ion of  

the dentate gyrus granule cel l  layer  and  of  the corpus cal losum splenium; 

and progressive pos t -adolescent  enlargement  of  th e  lateral  ventr icle s ,  

and (b)  impaired post -adolescent  augmentat ion of  sensor imotor gat ing 

capaci ty.  

 

2 .  A dis t inct ive immature,  adolescent - l ike morphology is  retained  in  the 

dentate gyrus granule cel l  layer  of  adul t  GFAP.HMOX1 0 - 1 2 m  mouse brains .  

This  morphological  s ignature may also be present  in  other  rodent  models  of  

schizophrenia research,  as  wel l  as  the human schizophrenia -affected brain.   

 

3 .  When overexpressed in  as t rocytes  (and possibly other  GFAP -expressing 

cel ls)  cont inuously from embryogenesis  to  early  adul thood,  HO-1 leads  to  

cogni t ive,  social ,  and dai ly  l iving/self -care  dysfunct ion,  and an enhanced 

desire to  escape f rom confined spaces  in  early adul thood.  Nest -bui lding 
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behaviour,  social  novel ty preference,  and short - term spat ial  working  

memory were impaired and cage bar-bi t ing behaviour was enhanced in adul t  

GFAP.HMOX1 0 - 1 2 m  mice.  

 

4 .  When overexpressed in  as t rocytes  (and possibly other  GFAP -expressing 

cel ls)  cont inuously from embryogenesis  to  early adul thood,  HO -1 leads  to  

craniofacial  dysmorphology in ad ul t  males .  Nasal  bones were lengthened,  

head shape anisotropy was al tered and lef t / r ight  direct ional  asymmetry of  

facial  shape was reduced in adul t  male GFAP.HMOX1 0 - 1 2 m  mice.  

 

5 .  Acute t reatment  with the atypical  ant ipsychot ic,  clozapine at tenuates  

hyperkines ia and motor s tereotypy in adul t  GFAP.HMOX1 0 - 1 2 m  mice,  wi th a 

t rend toward improvement  in  prepulse inhibi t ion.  

 

6 .  Short - term treatment  with a glutathione precursor  nutraceut ical ,  

Immunocal® at tenuates  hyperkinesia and motor s tereotypy,  augments  brain  

reel in  content ,  but  does not  correct  es tabl ished anatomical  defects  in  adul t  

GFAP.HMOX1 0 - 1 2 m  mice.  

 

7.  The above f indings s t rengthen the face val idi ty  of ,  and add predict ive  

val idi ty  to ,  the GFAP.HMOX1 0 - 1 2 m  mouse as  a  useful  model  for  

schizophrenia research  (and possibly other  neurodevelopmental  condi t ions) 



21 
 

and offer  a  common mechanism whereby known risk factors  are funnel led 

through the HO-1 ‘ t ransducer ’ 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 capabi l i ty  of  a  brain to  eff icient ly  carry out  i ts  fundamental  funct ion 

of  informat ion processing depends on normal  morphogenesis  which includes 

opt imal  development  and maturat ion,  a  protracted process  that  cont inues unt i l  

early adul thood.   This  morphog enesis  is  rel iant  on the s tepwise process  of  

prol i ferat ion,  di fferent iat ion,  migrat ion,  maturat ion and connect ivi ty  of  the 

brain’s  anatomical  uni ts ,  the cel ls  i t  i s  composed of .  A disrupt ion in  the 

careful ly  orchestrated spat iotemporal  sequence of  neural  c el l  development  at  

any s tep can lead to  aberrat ions in  the f inal  output  of  the nervous system at  the 

levels  of  cogni t ion,  emotion and behaviour.  Such disrupt ions to ,  or  deviat ions 

from, the normative course of  development  can t ranslate into brain  disorders  

that  may be manifest  in  early chi ldhood or  may remain  latent  unt i l  early 

adul thood,  as  in  the case of  aut ism and schizophrenia,  respect ively.  

Neurodevelopment  is  a  mal leable and dynamic process  and i ts  end -resul t  

emerges  from both  genes and the environmen t ,  as  wel l  as  the interact ion 

between them. Therefore,  i t  i s  not  nature versus  nurture,  bu t  rather  nature and  

nurture together  that  determine an individual’s  posi t ion on the cont inuum 

between mental  heal th  and i l lness ,  between a heal thy and a diseased  or  

dysfunct ional  brain.  In  this  respect ,  early l i fe  experiences  exert  a  considerable  

influence on shaping the brain and behaviour for  later  l i fe .  Environmental  

influences on the development  and maturat ion of  the brain are s t rongest  during 

cri t ical  periods.  Al t hough these periods const i tute windows of  vulnerabi l i ty  to 
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neurodevelopmental  disorders ,  they  al so offer  windows of  opportuni ty for  

therapeut ic or  prevent ive intervent ions.   

At the far  end  of  the afore -ment ioned cont inuum l ies  schizophrenia,  a  

severe menta l  i l lness  with dysfunct ional cogni t ion,  emotion and behaviour.  The 

et iology of  this  brain disorder  remains uncertain,  but  i t  i s  posi ted to  ar ise  from 

genet ic suscept ibi l i ty  coupled to  environmental  insul ts .  I ts  origins  seem 

int imately related to  brain deve lopment  and maturat ion ,  even though i l lness 

onset  occurs  in  late  adolescence or  ear ly adul thood.  In the  absence of  val id 

biomarkers ,  the d iagnosis  of  schizophrenia res ts  solely on cl inical  

manifestat ion,  wi th i ts  symptomatology categorized into three domai ns:  

posi t ive symptoms (e.g.  hal lucinat ions and delusions) ,  negat ive symptoms (e.g.  

reduced  social  drive)  and  cogni t ive  impairments  (e.g .  working memory  

defici ts) .  Present ly,  there is  no cure for  schizophrenia;  symptoms are 

al leviated,  albei t  not  completely,  by ant ipsychot ic medicat ion t reatment .  

Research into the schizophrenia -affected brain has  revealed  elevated levels  of  

oxidat ive s t ress  and diminished levels  of  the major  brain ant ioxidant  

glutathione,  in  addit ion to  various other  al terat ions in  gene expr ession and  

neurochemistry.  Schizophrenia pat ients  show impaired sensorimotor gat ing,  

tes ted in  research set t ings by the prepulse inhibi t ion paradigm. Research has  

also uncovered midl ine craniofacial  dysmorphology in schizophrenia pat ients ,  

as  wel l  as  brain  anatomical  abnormali t ies  confined  to  regional  volumetric  

changes compared to  heal thy control  subjects .  When I  embarked on my doctoral  

research,  no clear  anatomical  les ion,  no neuropathological  s ignature,  had yet  
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been discovered in  the brains  of  individual s  with schizophrenia.  Long -t ime 

at tempts  to  uncover a dis t inct ive neuropathology in the schizophrenic brain had  

yielded no resul ts ,  rais ing uncertainty about  i ts  exis tence.  

The causes  of  schizophrenia are s t i l l  unknown,  but  a  panoply of  r isk 

factors  has  been ident i f ied for  the i l lness .  As a polygenic and mult i factorial  

disorder,  schizophrenia is  thought  to  ar ise from the interact ion of  several  genes 

with one another  and with environmental  factors  in  a  t ime -dependent  manner.  

Environmental  s t ressors  that  are bel ieved to  increase r isk of  schizophrenia  

include pro-inflammatory cytokine re lease in  maternal  immune act ivat ion,  

prenatal  malnutr i t ion,  maternal  psychotrauma with resul tant  hypothalamic -

pi tui tary-adrenal  ax is  act ivat ion,  obstetr ic  complicat ions,  chi ldho od t rauma,  

chi ldhood brain infect ion and adolescent  cannabis  use.   I t  has  been suggested  

that  these factors  may al l  converge upon l imited developmental  pathways to  

inst igate schizophrenia,  but  i t  i s  not  known i f  select  molecules  act  as  

t ransducers  between these s t ress  s t imuli  and the f inal  pathology.    

The foregoing gives  r ise to  several  cent ral  quest ions that  are of  interest  

to  the present  thesis :  

1 .  Is  there  a yet  undiscovered anatomical  biomarker,  a  dis t inct ly 

ident i f iable anomalous morphology,  a  neuropatho logical  marker,  in  the  

brains  of  pat ients  with schizophrenia?  

2 .  If  schizophrenia or iginates  perinatal ly,  why is  i l lness  onset  in  late  

adolescence/early adul thood?  
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3.  How can early l i fe  s t ress ,  s tar t ing even at  concept ion,  al ter  the brain and  

affect  behaviour i n  later  adul t  l i fe?  

4 .  At what  s tage in  l i fe  do brain anatomical  abnormali t ies  appear in  people  

with schizophrenia?  Do they precede,  co incide with,  or  fol low symptom 

onset? Are they a cause or  a  consequence of  the disease?  

5 .  What is  the cause of  these brain ana tomical  abnormali t ies?  

6 .  Are there specif ic  molecules  that  act  as  t ransducers  between the vast  

array of  s t ressors  ident i f ied as  r isk factors  for  schizophrenia and the  

f inal  pathology? Is  there a f inal  common pathway?  

Animal  models  are effect ive tools  to  s tud y such quest ions.  Despi te the 

nearly impossible task of  ful ly  model l ing a human disorder  l ike schizophrenia  

in  animals ,  many useful  models  have been developed to elucidate specif ic  

neurobiological  underpinnings of  the disorder.   

A few years  ago,  a  novel  co ndi t ional  t ransgenic mouse l ine was 

engineered in  the laboratory of  Dr.  Hyman Schipper to  overexpress  heme 

oxygenase-1 (HO-1) select ively in  as t rocytes  and possibly other  cel ls  that  

express  gl ial  f ibri l lary acidic protein  (GFAP),  under temporal  control  by 

dietary doxycycl ine ( the mouse construct  was designed by Dr.  Wei  Song in the  

Schipper laboratory) .  Through the s t rategic select ion of  temporal  windows of  

expression for  the  HMOX1  t ransgene,  this  GFAP.HMOX1 mouse model  would 

enable the s tudy of  HO-1 in the context  of  different  central  nervous system 

disorders  and assis t  to  del ineate cr i t ica l  periods for  HO -1 expression in  each  

disorder.  When HMOX1  was cont inuously expressed  in  the t ime window 
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extending from concept ion to  midl i fe,  we serendipi tously discovere d that  these  

GFAP.HMOX1 0 - 1 2 m  mice were mimicking a considerable number of  

schizophrenia -relevant  features ,  thus suggest ing a role for  HO -1 in the 

et iopathogenesis  of  schizophrenia.  At  the t ime,  only one s tudy had evaluated 

HO-1 expression in  schizophrenia and  found i t  to  be overexpressed at  the  

mRNA level  in  postmortem brain t issue from schizophrenia  pat ients .  Another  

possible associat ion between HO -1 and schizophrenia could  be deduced from 

reports  of  HO-1 induct ion in  the brains  of  rats  t reated with phency cl idine 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 l i terature originat ing from both  

human and animal  s tudies .   

HO-1 is  a  s t ress  response protein that  catabol izes  heme into bi l iverdin,  

carbon monoxide and free fer rous i ron.  Bi l iverdin is  then converted to  bi l i rubin 

by the act ion of  bi l iverdin reductase.  HO -1 acts  as  a  sensor of  cel lular  s t ress  

and a regulator  of  redox homeostasis .  Oxidat ive s t ress  can both t r igger and  

resul t  from HO-1 expression in  cel ls .  The HMOX1 gene that  encodes  HO-1 is  

readi ly inducible by  a vast  array of  oxidat ive and inflammatory s t imuli ,  many 

of  which are among ident i f ied schizophr enia r isk factors .  Thus,  HO -1 is  in  a  

s t rong posi t ion to  carry  out  the  role  of  a  t ransducer  molecule between the  

s t ressful  s t imuli  and the resul t ing pathology in a disorder  l ike schizophrenia.  

The main goal  of  my doctoral  research was to  tes t  my overarchin g  

hypothesis  that  a  cr i t ical  period of  HO -1 overexpression  in  as t rocytes ,  and 
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possibly other  GFAP-expressing cel ls ,  interferes  with brain maturat ion,  wi th 

implicat ions for  the et iopathogenesis  of  schizophrenia.  In  l ight  of  the above 

introduct ion,  I  sought  to  explore this  hypothesis  through the  fol lowing specif ic  

object ives:  

Aim 1:  Study addi t ional  behavioural  domains in  GFAP.HMOX1 0 - 1 2 m  mice.  In  

our ini t ial  s tudy,  adul t  GFAP.HMOX1 0 - 1 2 m  mice exhibi ted increased locomotor  

and s tereotypical  behaviour,  which mod el  posi t ive symptoms of  schizophrenia.  

Here,  my aim was to  tes t  GFAP.HMOX1 0 - 1 2 m  mice in  behavioural  paradigms 

that  fal l  wi thin the negat ive symptom and cogni t ive dysfunct ion domains of 

schizophrenia.  

Aim 2:  Test  the predict ive val idi ty  of  the GFAP.HMOX1 0 - 1 2 m  mouse model  for  

schizophrenia  by t reatment  with the  atypical  ant ipsychot ic medicat ion,  

clozapine.  

Aim 3:  Study craniofacial  anatomy in adul t  GFAP.HMOX1 0 - 1 2 m  mice by the 

analysis  of  head shape features  and skul l  morphometry.  

Aim 4:  Study brain anatomy in  GFAP.HMOX1 0 - 1 2 m  mice at  3  t imepoints  in  their 

l i fespan.  The brain anatomical  abnormali t ies  in  schizophrenia  pat ients  are most  

prominent  in  the hippocampus and lateral  ventr icles .  Abnormali t ies  are also 

present  in  the corpus cal losum. Here,  my aim was to  e xamine the anatomy of 

the hippocampus,  the lateral  vent r icles  and the corpus ca l losum and fol low 

their  maturat ional  t rajectory  in  GFAP.HMOX1 0 - 1 2 m  mice from adolescence  to  
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early adul thood to midl i fe,  wi th postmortem his tochemical  and morphometric 

techniques .   

Aim 5:  Examine the progression of  prepulse inhibi t ion of  the acoust ic  s tar t le  

response (PPI)  from adolescence to  adul thood in male GFAP.HMOX1 0 - 1 2 m  mice 

through a longi tudinal  s tudy.  In  our in i t ial  cross -sect ional  s tudy,  adul t  male 

GFAP.HMOX1 0 - 1 2 m  mice showed impaired PPI,  as  seen  in  schizophrenia.  Since  

PPI fol lows a maturat ional  t rajectory,  here my aim was to  tes t  the hypothesis  

that  PPI deficiency in  adul t  GFAP.HMOX1 0 - 1 2 m  mice reflect s  an impairment  in 

the maturat ion of  th is  brain funct ion.  

Aim 6:  Test  in  GFAP.HMOX1 0 - 1 2 m  mice the therapeut ic potent ial  of  t reatment  

with the glutathione precursor  Immunocal® for  brain disorders  such as  

schizophrenia.  Here ,  my interest  was in  the effects  of  such a t reatment  on 

behavioural  dysfunct ion,  brain anatomy and brain ree l in  expression in  

GFAP.HMOX1 0 - 1 2 m  mice.  

This  dissertat ion presents  the resul ts  of  these invest igat ions,  discusses  

their  s ignif icance and implicat ions,  and proposes  future l ines  of  inquiry.  
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CHAPTER 2  

LITERATURE REVIEW   
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Note:  Text  in  quotat ion marks has been publ ished in   

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

schizophrenia.  Neuroscient is t  25:528 -547 ;    

Tavitian A. ,  Cressat t i  M.,  Song W.,  Turk A.Z. ,  Gal indez C. ,  Smart  A. ,  Liberman 

A. ,  Schipper H.M. (2020) Strategic t iming of  gl ial  HMOX1  expression resul ts  

in  ei ther  schizophrenia -l ike or  parkinsonian behavior  in  mice.  Ant ioxid Redox 

Signal  32:1259-1272 ;   

and    

Schipper H.M.,  Song W.,  Tavitian A. ,  Cressat t i  M. (2019) The s inis ter  face of  

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

Reproduced with permission.  

This  chapter  reviews  the background l i terature on  subjects  related to  th e  s tudies  

presented in  this  thesis .  I  begin with schizophrenia and animal  models  thereof,  

then review the normative course  and s tate as  wel l  as  the s ta te in  schizophrenia 

for  each of:  sensor imotor gat ing,  brain anatomy (corpus cal losum, dentate  

gyrus,  lateral  ventr icles)  and craniofacial  anatomy.  I  cont inue with heme 

oxygenase-1,  and las t ly  present  the GFAP.HMOX1 mouse model .  

2.1.  Schizophrenia  

“Schizophrenia  is  a  complex neuropsychiatr ic  disorder  with r isk factors  

int imately related to  brain development  an d maturat ion (Murray and Lewis ,  



41 
 

1987;  Weinberger,  1987;  Weinberger  and  Levi t t ,  2011) .  The coupl ing of  genet ic  

suscept ibi l i ty  to  environmental  insul ts  seems to  determine the  l iabi l i ty  for  

developing the disorder  (Tandon et  al . ,  2008) .  The brains  of  pat ients  with 

schizophrenia show anomalies  in  anatomy (El l ison-Wright  and Bul lmore,  

2010),  neurochemis try (Torrey et  al . ,  2005;  Keshavan et  al . ,  2008) ,  gene 

expression (Gupta e t  al . ,  2005;  Maycox et  al . ,  2009) ,  and electr ical  act ivi ty 

(Sponheim et  al . ,  1994;  Wölwer et  al . ,  2012) .  Cl inical  features  of  the disorder  

are  categorized  wi thin three broad  domains:  cogni t ive defici ts  such as  

impairments  in  at tent ion,  working memory,  and execut ive  funct ioning;  negat ive 

symptoms such as  apathy and reduced  social  drive;  a nd posi t ive symptoms, 

including hal lucinat ions,  delusions,  and thought  disorder  (Tandon et  al . ,  2009) .  

While symptom onset  is  typical ly  in late adolescence or  early adul thood 

(Tandon et  al . ,  2009) ,  the precise  et iology and pathogenesis  of  this  

neuropsychia tr ic  disorder  remain elusive.  Important ly,  the wide spectrum of 

ident i f ied genet ic  and environmental  r isk factors  may be converging on l imited 

pathways in  neurodevelopment  as  they inst igate schizophrenia (Brown,  

2011) .” 1 

In the absence  of  val id  biomarkers ,  sch izophrenia pat ients  are diagnosed 

on the basis  of  cl inical  manifestat ions  according to  cr i ter ia  out l ined in  the 

lates t  edi t ions of  the Diagnost ic  and Stat is t ical  Manual  of  Mental  Disorders  

(DSM) of  the American Psychiatr ic  Associat ion and  the Internat ional  

Classi f icat ion of  Diseases  (ICD) of  the World Heal th Organizat ion (APA,  2013;  

 
1 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 s ignif icant  impairment  of  

real i ty  tes t ing,  the capaci ty to  dis t inguish internal ly  generated thoughts  and 

sensat ions from external  real i ty  (APA, 2013;  WHO,  2019) .  As a  consequence,  

individuals  with schizophrenia experience real i ty  dis tort ion exhibi ted through 

posi t ive symptoms of  delusions,  hal lucinat ions,  and disordered thought  and  

speech (Tandon et  al . ,  2009) .  This ,  together  with pers is tent  negat ive symptoms 

(e.g. ,  avol i t ion leading to  apathy) and cogni t ive dysfunct ion (e.g. ,  defici ts  in 

at tent ion,  working memory and execut ive funct ioning) leads to  s ignif icant  

detr iment  in  sel f -care,  social ,  and occupat ional  outcomes for  sch izophrenia  

pat ients  and places  the disorder  in  the top 20 causes  of  disabi l i ty  worldwide 

(Eack  and Newhil l ,  2007;  Wazni  and  Gifford,  2017;  James et  al . ,  2018;  Harvey  

et  al . ,  2019) .  

Current  pharmacological  t reatment  for  schizophrenia is  solely with typical  

(e .g . ,  chlorpromazine,  haloperidol)  and atypical  (e .g . ,  clozapine,  olanzapine,  

quet iapine,  r isperidone) ant ipsychot ic medicat ions which exert  their  best  effect  

against  posi t ive symptoms,  al though atypical  ant ipsychot ics  may also at tenuate  

negat ive symptoms  (Tandon et  al . ,  2010;  Huhn et  al . ,  2019) .  None conclusively  

addresses  the cogni t ive defici ts ,  and al l  have disrupt ive s ide -effects ;  extra-

pyramidal  symptoms with typical  ant ipsychot ics  and metabol ic syndrome with 

atypical  ones,  for  example (Tandon et  al . ,  2010;  MacKenzie e t  al . ,  2018;  Huhn 

et  al . ,  2019) .  Nevertheless ,  the chance d iscovery in  1952 of  chlorpromazine as  

the f i rs t  medicat ion to  benefi t  schizophrenia pat ients  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,  al though 

other  neurotransmit ter  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  addi t ion to  neurotransmit ter  dysregulat ion ,  oxidat ive s t ress  

and deficiency in  glutathione,  the brain’s  major  ant ioxidant ,  have been  

documented in  schizophrenia,  as  have mitochondrial  damage (bioenerget ic  

fai lure)  and  al tera t ions in  brain pro teins  l ik e suppressed reel in  levels  

(Impagnat iel lo  et  al . ,  1998;  Fatemi et  al . ,  2000;  Guidot t i  et  al . ,  2000; 

Prabakaran et  al . ,  2004;  Yao et  al . ,  2006;  Gysin et  al . ,  2007;  Raffa et  al . ,  2009;  

Bi tanihirwe and Woo,  2011;  Gawryluk e t  al . ,  2011;  Maas et  al . ,  2017;  Robe rts ,  

2017;  Kumar et  al . ,  2020;  Roberts ,  2021) .  

Risk factors  for  developing schizophrenia include having a family his tory 

of  the disorder  (Tandon et  al . ,  2008) .  That  schizophrenia has  a genet ic  

component  is  demonstrated by i ts  l i fet ime r isk that  increases  w ith increasing  

genet ic  proximity to  a family member  with the i l lness  (Got tesman,  1991) .  

However,  the concordance rate for  schizophrenia in  monozygot ic twins,  who 

share 100% of  their  genome,  is  only  48% at tes t ing to  the influence of  

environmental  factors  in  precipi tat ing the disease (Gottesman,  1991) .  Al though 

the mode of  inheri tance is  unknown,  the  predominant  view of  the genet ic  basis 

of  schizophrenia is  that  of  the combined involvement  of  a  large number of  

genes,  each of  smal l  effect  (Nasral lah e t  al . ,  2011) .  An al ternate view is  that  

schizophrenia is  caused by mult iple highly penetrant  but  individual ly very rare  

genet ic  mutat ions (Nasral lah et  al . ,  2011) .  Both concepts  found support  in  the 
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largest  genome-wide associat ion s tudy (GWAS) in schizophrenia whic h 

ident i f ied 108 genet ic  loci  (potent ial ly  implicat ing hundreds of  genes)  that  

increase r isk for  developing the disorder  (Schizophrenia  Working Group of  the  

Psychiatr ic  Genomics,  2014) .  How the environment  interacts  with 

schizophrenia  suscept ibi l i ty  genes,  and what ,  i f  anything,  mediates  i ts  effects  

is  also unclear,  but  several  environmental  r isk factors  have been ident i f ied.  

These include:  res idence in  and migrat ion to  urban areas  (Tandon et  al . ,  2008) ,  

cannabis  use during adolescence (Semple et  al . ,  2005) ,  late  winter/early spring  

bir th  (Torrey et  al . ,  1997;  Davies  et  al . ,  2003) ,  chi ldhood physical  or 

psychosocial  t rauma (Tandon et  al . ,  2008) ,  obstet r ic  complicat ions (Geddes and 

Lawrie,  1995;  Cannon et  al . ,  2002;  Byrne et  al . ,  2007) ,  maternal  psychotrauma 

(Tandon et  al . ,  2008) ,  maternal  malnut r i t ion (Susser  et  al . ,  1996;  St  Clair  et  

al . ,  2005;  Penner and Brown,  2007)  and maternal  immune act ivat ion (Brown et  

al . ,  2001;  Brown et  al . ,  2005;  Meyer et  al . ,  2007;  Penner and Brown,  2007) .  In  

addi t ion,  male sex  also increases  l i fet ime r isk for  developing schizophrenia 

with an average male/female relat ive r isk of  1 .4 (Aleman et  al . ,  2003;  McGrath  

et  al . ,  2004) .  

The s t ructural  component  of  the schizophrenia -affected brain has  received  

varying degrees  of  at tent ion over the years .  In  the early 20 t h  century,  the 

neuropathologis t  Southard described diffuse s t ructural  abnormali t ies  of  a  

probable maldevelopmental  nature in  the brains  of  individuals  with 

schizophrenia (Southard,  1915) .  In  his  opinion,  schizophrenia had a s t ructural  

basis  and i ts  “potent ial  vict im” was “ probably born with the normal  s tock of 
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brain cel ls ,  al though their  ar rangement  and development  are at  t imes early  

interfered with” (Southard,  1915) .  Nevertheless ,  when neuropathological  

s tudies  fai led to  discover a  characteris t ic  brain les ion  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 al terat ions 

in  the s izes  of  various regions in  the brains  of  schizophrenia pat ients  (Harrison,  

1999).  The Schizophrenia Working Group within the ENIGMA (Enhancing 

Neuro Imaging Genet ics  through Meta Analysis)  consort ium recent ly conducted  

large-scale mult icentre  mega-analyses  of  cort ical ,  subcort ica l  and white mat ter  

imaging data across  more than 4000 part icipants  (van Erp et  al . ,  2016;  Kel ly et  

al . ,  2018;  van Erp et  al . ,  2018) .  These  s tudies  corroborated earl ier  evidence 

gathered with smal ler  samples ,  as  wel l  as  resul ts  from the largest  m eta-analysis  

of  brain volumes in  schizophrenia conducted to  that  date,  and found that  

compared to  heal thy controls ,  individuals  with schizophrenia have thinner  

cortex,  smal ler  hippocampus,  amygdala,  thalamus and accumbens,  la rger  

putamen,  pal l idum and late ral  ventr icle volumes,  and widespread white mat ter  

abnormali t ies  including in  the corpus cal losum (Hai jma et  al . ,  2013;  van Erp  

et  al . ,  2016;  Kel ly et  al . ,  2018;  van Erp et  al . ,  2018) .  The largest  effect  s izes  

were  in  the hippocampus and lateral  ventr icles ,  as  wel l  as  in  the frontal  and 

temporal  lobes for  cort ical  measures  (van Erp et  al . ,  2016;  van Erp et  al . ,  2018) .  

The hippocampus,  lateral  ventr icles  and corpus cal losum are of  part icular  

relevance to  this  dissertat ion and are discussed further  in  sect ion s 2.4-2.6.  

Neuroanatomical  abnormali t ies  in  schizophrenia are accompanied by 
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craniofacial  dysmorphology that  includes dysmorphogenesis  of  the frontonasal  

midl ine and deviat ion from normal  facial  asymmetry (Hennessy et  al . ,  2004;  

Deutsch et  al . ,  2015) ,  discussed in  sect ion 2.7.   

In an at tempt  to  integrate many levels  of  informat ion f rom biological  and 

psychological  systems and explore basic dimensions of  funct ioning in  human 

behaviour,  the U.S.  Nat ional  Inst i tute of  Mental  Heal th launched the  Research  

Domain Cri ter ia  (RDoC) framework in  2009 for  invest igat ing mental  disorders  

(Cuthbert  and Insel ,  2013) .  The goal  of  RDoC is  not  to  replace current  

diagnost ic  systems,  DSM and ICD, but  to  unravel  the nature of  varying degrees  

of  dysfunct ion seen  in  mental  heal th  and  i l lness  (NIMH,  2009) .  RDoC aims to 

construct  a  comprehensive picture  of  both typical  and atypical  development  of  

brain and behaviour  across  the l i fespan  by adopt ing dimensional  rather  than  

categorical  conceptual izat ions (NIMH,  2009) .  I t  focuses  on behavioural  

elements  contained  within the fol lowing domains of  human funct ioning: 

negat ive valence systems,  posi t ive valence systems,  cogni t ive systems,  systems 

for  social  processes ,  arousal / regulatory systems,  and sensorimotor systems,  in 

order  to  elucidate the neural  systems they arise f rom as  wel l  as  genet ic ,  

molecular  and cel lular  components  of  those systems (NIMH, 2009) .  While 

RDoC concentrates  on human s tudies ,  basic and animal  research are considered  

important  for  laying a foundat ion for  a nd guiding those s tudies  (Simmons and 

Quinn,  2014) .  Knowledge gained through the RDoC framework may be  

informat ive on mechanisms operat ing in  schizophrenia (Cuthbert  and Morris ,  

2021).   
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2.2.  Animal  models  of  schizophrenia research  

“Numerous precl inical  ani mal  models  have been developed to s imulate the 

et iopathogenesis  of  schizophrenia,  but  no s ingle model  fully recapi tulates  the  

inherent  biological  and cl inical  complexi t ies  of  the human disease (Lipska and  

Weinberger,  2000;  Lazar  et  al . ,  2011) .  Despi te this  l imitat ion,  individual 

models  have provided important  clues  concerning sal ient  t r iggers ,  genet ic  and 

molecular  pathways,  and endophenotypes germane to schizophrenia in  humans.  

[Similarly to  animal  models  of  other  human i l lnesses ,  the  usefulness  of  an 

animal  model  for  schizophrenia research is  evaluated according to  i ts  face,  

construct  and predict ive val idi ty:  face  val idi ty  is  the degree of  s imilari ty 

between the phenotype of  the model  and that  of  the human disorder;  construct  

val idi ty  represents  the degree  of  homology between the animal  model  and the 

human i l lness  in  their  underlying pathological  mechanisms;  predict ive val idi ty  

is  achieved by  the  abi l i ty  of  drugs used for  the  human i l lness  to  act  on 

corresponding  at t r ibutes  in  the animal  model  (Wilson and  Terry,  2010;  Young 

et  al . ,  2010)] .  Animal  models  for  schizophrenia research  have t radi t ional ly 

been conceptual ized within four  major  categories:  pharmacologic (drug -

induced) models ,  les ion models ,  genet ic  models ,  and developmental  (perinatal  

r isk factor)  models .  A recent  addi t ion to  these categories  is  gene -envi ronment  

interact ion models .  

“Pharmacologic (drug-induced) models :  Human s tudies  have implicated 

dysregulat ion of  mult iple neurotransmit ter  systems in schizophrenia,  most  

notably those involving dopami ne,  glu tamate and  gamma-aminobutyric acid  
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(GABA).  Pharmacologic or  drug -induced animal  models  germane to  

schizophrenia  are typical ly  generated  by adminis ter ing  to  rats  or  mice  

dopaminergic agonis ts  (e .g . ,  amphetamine),  GABAA receptor  antagonis ts  (e .g . ,  

picrotoxin)  and glutamatergic  antagonis ts  (e .g .  phencycl idine,  ketamine,  MK -

801) (Marcot te et  al . ,  2001;  Lazar  et  al . ,  2011) .   

“Lesion models :  These models  at tempt  to  repl icate features  of  

schizophrenia  by incurring focal  damage to speci f ic  brain regions/path ways.  

Important  in  this  ca tegory are neonatal  ventral  hippocampal  les ions,  neonatal  

medial  prefrontal  cortex les ions,  and neonatal  amygdalar  les ions (Hanlon and 

Sutherland,  2000;  Daenen et  al . ,  2003;  Schneider  and Koch,  2005;  Tseng et  al . ,  

2009).  

“Genet ic models :  These models  seek  to  del ineate genes that  impart  r isk for  

schizophrenia,  based on evidence for  an important  genet ic  component  in  this  

mult i factorial  disorder.  Genet ic models  have largely focused on s ingle gene 

mutat ions (Young et  al . ,  2010;  Lazar  e t  al . ,  2011) .  Recent ly,  the largest  

genome-wide associat ion s tudy of  schizophrenia conducted  to  date ident i f ied 

83 novel  r isk loci  for  the disorder,  as  wel l  as  reconfirming 25 previously  

ident i f ied ones (Schizophrenia Working Group of  the Psychiatr ic  Genom ics,  

2014),  f indings that  may influence the development  of  future genet ic  animal  

models  (O'Tuathaigh and Waddington,  2015) .  [In thi s  s tudy,  notable 

associat ions with schizophrenia were found at  the dopamine D2 receptor  gene 

(DRD2),  the  target  of  effect ive ant ipsychot ic drugs,  and a t  genes related  to  

glutamatergic neurotransmission,  providing s t rong support  to  animal  models  
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generated by manipulat ions of  these genes (Cazorla et  al . ,  2014;  Fuj ioka et  al . ,  

2014;  Schizophrenia  Working Group of  the Psychiatr ic  Ge nomics,  2014;  Cardis  

et  al . ,  2018)] .   

“Developmental  (Perinatal  r isk factor)  models :  Included here are models  

of  maternal  psychotrauma or  malnutr i t ion,  obstet r ic  complicat ions,  early 

postnatal  s t ress ,  and gestat ional /perinatal  exposure  to  neurotoxic chemic als  

and infect ious agents  (by adminis t rat ion,  for  example,  of  methylazoxymethanol  

acetate [MAM];  arabinofuranosyl  cyt idine [Ara -C];  polyinosinic:polycyt idyl ic 

acid [Poly I :C];  l ipopolysaccharide [LPS])  (King et  al . ,  2010;  Wilson and Terry,  

2010;  Brown,  2011).  

“Gene-environment  interact ion models :  Animal  models  in  this  emerging  

category aim to elucidate the combined effects  of  schizophrenia suscept ibi l i ty 

genes and environmental  insul ts .  Examples  are DISC1 gene mutat ions and Poly 

I :C or  lead exposure,  NRG1 d elet ion and adolescent  s t ress ,  COMT knockout  

and chronic Δ-9-tet rahydrocannabinol  (THC) exposure[ ,  part ial  delet ion of  

MAP-6 combined with 2 subsequent  “hi ts” of  early postnatal  maternal  

separat ion and adolescent  tet rahydrocannabinol  (THC) exposure]  (Kannan et  

al . ,  2013;  Abazyan e t  al . ,  2014;  Bouet  et  al . ,  2021) .  

“Pharmacologic models  are useful  in  del ineat ing behavioural  

consequences of  specif ic  neurotransmi t ter  disrupt ions (Howes and Kapur,  

2009;  Lazar  et  al . ,  2011) .  They fal l  short ,  however,  in  s imulat in g perceived 

neurodevelopmental  aspects  of  schizophrenia (Marcot te et  a l . ,  2001;  Lazar  et  

al . ,  2011)  except ,  perhaps,  when the pharmacologic agent  is  adminis tered 
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during cri t ical  periods of  development .  Lesion models  at tempt  to  repl icate 

features  of  schizophrenia by incurring focal  damage to specif ic  brain  

regions/pathways (Hanlon and Sutherland,  2000;  Daenen et  al . ,  2003; 

Schneider  and Koch,  2005;  Tseng et  al . ,  2009)  and consequent ly provide insight 

into discrete brain loci  and project ions which mediate sch izophrenia-relevant  

behaviours .  The fact  that  discrete brain les ions of  this  kind are not 

characteris t ic  of  human neuropathology in schizophrenia remains a s ignif icant 

l imitat ion.  Genet ic models  seek to  del ineate genes  that  impart  r isk  for  

schizophrenia and contr ibute to  the elucidat ion of  causal  associat ions between 

individual  genes and  specif ic  endophenotypes (Young et  al . ,  2010;  Lazar  et  al . ,  

2011) .  However,  the evaluat ion of  mutant  genes in  isolat ion does not  ref lect  

the complexi ty of  the disease’s  poly genic and mult i factorial  nature.  

Developmental  models  include s imulat ions of  maternal  psychotrauma or  

malnutr i t ion,  obstet r ic  complicat ions,  early postnatal  s t ress ,  and 

gestat ional /perinatal  exposure  to  neurotoxic chemicals  and  infect ious agents 

(King et  a l . ,  2010;  Wilson and Terry,  2010;  Brown,  2011)  and dovetai l  nicely 

with the epidemiology of  schizophrenia r isk factors  in  humans.  Final ly,  gene -

environment  interact ion models  aim to elucidate the combined effects  of  

schizophrenia suscept ibi l i ty genes and e nvironmental  insul ts  (Kannan et  al . ,  

2013;  Abazyan et  al . ,  2014) .  Such models  have the potent ial  to  repl icate more  

closely the et iology of  schizophrenia,  as  the importance of  the “nature  and  

nurture”  combinat ion in  precipi tat ing manifestat ions of  this  i l ln ess  has  become 

increasingly apparent .  Nevertheless ,  combining isolated environmental  insul ts 
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with s ingle r isk genes does not  ful ly  capture the disorder ’s  polygenic and 

mult i factorial  nature.” 2 

2.3.  Sensorimotor gating -  prepulse  inhibit ion of  the acoustic startle  

response  

The brain is  constant ly receiving interocept ive (e.g. ,  memories)  and 

exterocept ive (e.g. ,  audi tory or  visual)  informat ion that  i t  needs to  process  

eff icient ly,  dis t inguishing relevant  s t imuli  from irrelevant  on es in  order  to  

prevent  sensory overload,  which i t  does  through gat ing mechanisms that  

develop with brain maturat ion (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 gat ing mechanisms and ,  therefore,  are unable to  f i l ter  out  

i rrelevant  s t imuli ;  this  resul ts  in  sensory overload  that  is  thought  to  contr ibute 

to  the posi t ive symptoms of  hal lucinat ion s and delusions,  to  cogni t ive f looding 

and fragmentat ion,  as  wel l  as  to  negat ive symptoms l ike social  wi thdrawal  

(Venables ,  1960;  Chapman and McGhie,  1962;  Hemsley,  1977;  Braff ,  1993;  

Hemsley,  1994;  Javi t t ,  2009;  Javi t t  and Freedman,  2015) .  

Various experimental  paradigms have been developed to measure gat ing 

mechanisms in humans and laboratory animals .  One such paradigm is  prepulse  

inhibi t ion of  the star t le  response (Swerdlow et  al . ,  1999) .  The s tar t le  response 

 
2 Ibid.  
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i s  a  defensive response to  a sudden,  intense s ensory  s t imulus achieved  by the  

contract ion of  skele tal  and facial  muscles  (Swerdlow et  al . ,  1999) .  Prepulse 

inhibi t ion can be tes ted within different  sensory modal i t ies ,  for  example  by 

visual ,  tact i le  or  acoust ic  s t imuli ,  al though the lat ter  is  more widel y used 

(Bul lock et  al . ,  1997;  Swerdlow et  al . ,  1999) .  Prepulse inhibi t ion of  the 

acoust ic  s tar t le  response (hereafter  referred to  as  PPI)  is  a  measure  of  

sensorimotor gat ing whereby the s tar t le  response of  an organism to a s t rong 

audi tory s t imulus (pulse)  is  at tenuated when i t  i s  preceded by a weaker s t imulus 

(prepulse)  within a smal l  temporal  interval  (Graham, 1975) .  PPI defici ts  occur 

in  several  central  nervous system (CNS) disorders  including schizophrenia  

(Braff  et  al . ,  1978;  Swerdlow et  al . ,  2018;  San -Mart in  et  al . ,  2020) ,  obsessive  

compulsive disorder  (Kohl  et  al . ,  2013) ,  Gi l les  de la  Touret te’s  syndrome (Kohl  

et  al . ,  2013) ,  and adul ts  with aut ism (Perry et  al . ,  2007) .  The PPI impairment 

in  schizophrenia  is  al ready apparent  at  f i rs t  episode of  psychosi s  (Ludewig et  

al . ,  2003;  Hedberg et  al . ,  2021) .  Some studies  have detected lower s tar t le  

magni tudes in  schizophrenia pat ients  compared to  heal thy control  subjects  

(Braff  et  al . ,  1999;  Quednow et  al . ,  2006;  Matsuo et  al . ,  2016) ,  a  f inding  

repl icated  in  a  recent  large mult i -s i te  s tudy (Swerdlow et  al . ,  2018) .  PPI 

defici ts  are displayed by most  animal  models  of  schizophrenia research 

[(Carpenter  and Koenig,  2008)  T a b l e  3 ] .   

PPI fol lows a maturat ional  t ime course.  In  humans,  i t  inc reases  

cont inuously in  chi ldhood between the  ages of  3  and 10 years ,  when i t  i s  

reported  to  have reached adul t  levels ;  however,  the smal l  sample s ize  of  f ive  
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10-year-old chi ldren and ten  adul ts  in  the one avai lable  s tudy,  as  wel l  as  the  

high variance,  may have been l imitat ions 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 s t rain -dependent  

heterogenei ty in  maximal  values  reached in adul thood (Bul lock et  al . ,  1997;  

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

Sexual  dimorphism has been observed in  PPI.  Heal thy young men show 

greater  levels  of  prepulse inhibi t ion than heal thy,  age -matched,  premenopausal  

women (Swerdlow e t  al . ,  1993;  Kumari  e t  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 s t rain when tes ted at  adul t  s tages  before agin g (Lehmann et  

al . ,  1999;  Ison and Allen,  2007) .  In  schizophrenia,  both  absence  and presence  

of  PPI defici ts  have been reported  in  female pat ients  (Kumari  et  al . ,  2004;  Braff  

et  al . ,  2005) .  A recent  meta -analysis  of  PPI deficiency  in  schizophrenia  found 

larger  effect  s izes  in  s tudies  with a greater  proport ion of  male part icipants ,  

therefore further  invest igat ions are needed to resolve this  quest ion (San-Mart in  

et  al . ,  2020)  .  

The neural  ci rcui ts  that  mediate the acoust ic  s tar t le  response and i ts  

modulat ion by prepulses  have been extensively invest igated and the fol lowing 

picture emerges.  In  mammals ,  the primary acoust ic  s tar t le  pathway is  

del ineated as  a  relat ively s imple ci rcui t  at  the level  of  the brainstem, consis t ing 

of  the audi tory nerve,  cochlear  nuclei ,  caudal  pont ine ret icular  nucleus,  and  

motor neurons (Davis  et  al . ,  1982;  Lee et  al . ,  1996;  Koch and  Schni tzler,  1997;  
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Swerdlow et  al . ,  1999;  Scot t  et  al . ,  2021) .  A sudden intense  acoust ic  s t imulus 

act ivates  the caudal  pont ine ret icular  nucleus which el ic i ts  the s tar t le  response  

through act ivat ion of  facial ,  cranial  and spinal  motor neurons leading to  muscle 

contract ion (Koch and Schni tzler,  1997;  Gómez -Nieto et  al . ,  2014) .  The neural  

ci rcui t ry of  PPI is  more complex.  The current  understanding is  that  PPI is  

mediated by the fol lowing neural  pathway:  cochlear  nuclei  -  inferior  col l iculus  

-  superior  col l iculus  -  pedunculopont ine tegmental  nucleus -  caudal  pont ine 

ret icular  nucleus  (Fendt  et  al . ,  2001) .   The acoust ic  prepulse i s  relayed through 

this  pathway and inhibi ts  the caudal  pont ine ret icular  nucleus,  at tenuat ing the 

s tar t le  response (Fendt  et  al . ,  2001) .  The laterodorsal  tegmental  nucleus and  

the substant ia  nigra pars  ret iculata bring a smal l  contr ibut ion to  this  PPI -

mediat ing ci rcui t  (Fendt  et  al . ,  2001).  In  addi t ion,  PPI generated through this  

mediat ing  pathway is  modulated by a regulat ing  pathway that  includes  

hippocampus,  medial  prefrontal  cortex ,  amygdala,  ventral  s t r iatum, ventral  

pal l idum, pont ine tegmentum and nucleus accumbens (Swerdlow et  al . ,  2001).  

The hippocampus,  prefrontal  cortex and  amygdala l ikely exert  their  influence 

on PPI via  their  project ions to  the nucleus accumbens and  ventral  tegmental  

area,  the source of  dopamine in  the nucleus accumbens which is  thought  to  be 

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

2.4.  Corpus cal losum  

2.4.1.  Anatomy  
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The corpus cal losum is  a  f ibre t ract  found uniquely in  the brains  of  

placental  mammals  (Aboi t iz  and Montie l ,  2003) .  I t  i s  the largest  whi te mat ter  

t ract  in  these brains  and connects  the r ight  and lef t  cerebral  hemispheres  

through cal losal  f ibres ,  axons of  neocor t ical  neurons that  cross  the midl ine at  

the base of  the longi tudinal  f issure (Eccher,  2014;  Hofman e t  al . ,  2020) .  Fibres  

of  the adul t  corpus cal losum originate in  one hemisphere f rom cal losal  

project ion neurons found predominant ly  in  cort ical  layers  2 /3 and 5 (and  to  a  

lesser  extent  layer  6)  and project  onto neurons in  layers  1 -3  and 5 of ,  most ly 

homotopic but  also heterotopic,  neocort ical  areas  in  the contralateral  

hemisphere.  This  pathway assures  the  f low and integrat ion of  informat ion 

between hemispheres  at  the level  of  the neocortex (Fame et  al . ,  2011;  De León 

Reyes et  al . ,  2020) .  In  addi t ion to  these cal losal  f ibres ,  gl ial  cel ls  

(ol igodendrocytes ,  as t rocytes  and microgl ia)  and blood vessel s  form an integral  

part  of  the corpus ca l losum (Goursaud et  al . ,  2009;  Yeung et  al . ,  2014;  Masuda 

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

Anatomical  parcel la t ion of  the corpus cal losum subdivides  i t  into:  rost rum, 

genu,  body,  is thmus and splenium, with each subdivis ion carrying f ibres  to  and 

from specif ic  areas  of  the neocortex (Raybaud,  2010) .  In  midsagi t tal  view,  the 

anterior-most  point  of  the corpus cal losum coincides  with the anterior  l imit  of  

the genu,  i ts  posterior-most  point  coincides  with the posterior  l imit  of  the 

splenium, while the beak -l ike rostrum extends semi -horizontal ly  from the  

inferior  posterior  end of  the genu and is  sometimes t reated as  i ts  component  

(Witelson,  1989) .  The genu carr ies  f i bres  of  the pref rontal  cor t ices  and anterior  



56 
 

cingulate gyri ;  f ibres  of  the precentral  cort ices ,  their  adjacent  insular  gyri  and 

overlying cingulate gyri  cross  through the cal losal  body;  the is thmus contains 

f ibres  of  the primary audi tory cort ices  and of  th e precentral  and postcentral  

gyri  (motor and somatosensory s t r ips) ;  the splenium contains  f ibres  from 

parietal ,  occipi tal  and temporal  cort ices;  f ibres  in  the rostrum l ikely connect 

frontobasal  cort ices  (Hofer  and Frahm, 2006;  Raybaud,  2019) .  This  f ibre 

topography of  the  corpus cal losum is  conserved between human,  non -human 

primate (ape and  monkey) and  rodent  (ra t  and mouse) brains  (Olavarria  and van  

Sluyters ,  1986;  Olavarria  et  al . ,  1988;  Hofer  and Frahm, 2006;  Hofer  et  al . ,  

2007;  Allen Inst i tute for  Brain  Science,  2011;  Phi l l ips  and Hopkins,  2012;  Oh 

et  al . ,  2014) .   

The total  number of  cal losal  f ibres  in  the mature  human corpus cal losum 

has been est imated at  175 -200 mil l ion, of  which an average of  138 mil l ion 

f ibres  are myel inated (Tomasch,  1954;  Aboi t iz  e t  al . ,  1992;  Riise and 

Pakkenberg,  2011) .  In  mice,  the est imated number of  cal losal  f ibres  is  7  

mil l ion,  wi th around 28% myel inated f ibres  in  the mature corpus cal losum 

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

2.4.2.  Corpus cal losum formation  

The human corpus cal losum develops prenatal ly,  wi th al l  cal losal  f ibres  

al ready present  at  b i r th ,  and cont inues to  grow and mature  postnatal ly  with 

increased myel inat ion unt i l  middle adul thood (Rakic and  Yakovlev,  1968;  

Prendergast  et  al . ,  2015;  Lynn et  al . ,  2021) .  In  mice ,  development  of  the corpus  
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cal losum also occurs  prenatal ly  and proceeds unt i l  the end of  the f i rs t  postnatal  

week when al l  f ibres  wil l  have crossed the midl ine;  i t s  maturat ional  growth and 

myel inat ion then cont inue unt i l  mid -adul t  ages  (Sturrock ,  1980;  Wahlsten,  

1982;  Ozaki  and Wahlsten,  1992;  Verma et  al . ,  2005;  Carrol l  et  al . ,  2011;  

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

2.4.2. i .  Development  and maturat ion of  corpus cal losum  

Development  of  the corpus cal losum fol lows a specif ic  sequence of  eve nts .  

Firs t ,  the two telencephal ic hemispheres  must  be fused at  the midl ine in the 

septal  area (Si lver  e t  al . ,  1982;  Raybaud,  2019) .  Al though the mechanism for  

this  fusion is  not  completely understood,  i t  seems to be achieved by the removal  

of  interhemisphe ric leptomeninges through the disrupt ion of  meningeal  laminin 

(basal  lamina) by  ast rocytes  dest ined  for  the t ransient  guidepost  s t ructure 

known as  “midl ine  zipper gl ia”  which then seams the septal  midl ine and 

provides  a substrate  for  cal losal  f ibre crossin g (Si lver  et  al . ,  1993;  Hakanen 

and Salminen,  2015;  Gobius et  al . ,  2016) .  At  the dorsal  surface of  the “midl ine  

zipper gl ia”,  neurons mix with ast rocytes  to  form the “subcal losal  s l ing” that  

bridges the two hemispheres  and acts  as  another  t ransient  guidepo st  cel lular  

s t ructure together  with the “induseum griseum gl ia” and “gl ial  wedge”,  al l  

necessary for  the appropriate midl ine crossing of  f ibres  in  the corpus cal losum 

(Si lver  et  al . ,  1982;  Si lver  et  al . ,  1993;  Shu and Richards,  2001;  Shu et  al . ,  

2003b;  Shu et  al . ,  2003a;  Lent  et  al . ,  2005;  Ren et  al . ,  2006;  Jovanov -Milosević  

et  al . ,  2009;  Niquil le  et  al . ,  2009) .  In  addi t ion to these four midl ine guidepost 

s t ructures ,  t ransient  neuronal  populat ions ( intracal losal  neurons)  have been  
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detected in  the developing corpus cal losum i tsel f  and are thought  to provide 

supplementary navigat ional  guidance to  the midl ine -crossing axons (Niqui l le  

et  al . ,  2009;  Jovanov-Milošević et  al . ,  2010) .   

Once these t ransient  guideposts  are in  place,  they act  in  concert  to  di rect  

the navigat ion of  midl ine -crossing axons towards their  intended contralateral  

targets  through the  corpus cal losum by providing chemical  guidance cues and  

physical  support  (Raybaud,  2019) .  The f i rs t  f ibres  to  cross  via  this  pathway are 

pioneer axons f rom the cingulate cortex which l ikely provide a scaffold for  the  

later-arr iving neocort ical  cal losal  project ions (Rash and Richards,  2001;  Ren 

et  al . ,  2006) .  Cal losal  f ibres  from the neocortex then navigate between these  

pioneer f ibres  and the subcal losal  s l ing to  reach  the opposi te  hemisphere  

(Si lver  et  al . ,  1982;  Ren et  al . ,  2006) .   

The complex molecular  landscape of  at t ractant  and  repel lent  axon guidance 

cues,  their  receptors ,  and interact ions during corpus cal losum development  is  

an evolving area of  research (Lindwall  et  al . ,  2007;  Morcom et  al . ,  2016; 

Raybaud,  2019;  Ku and Tori i ,  2020) .  The SLIT2/ROBO1, NETRIN1/DCC, and 

SEMA3C/NRP1 pathways are prominent  s ignal ing systems ident i f ied within 

this  landscape.  Sl i t -2  is  secreted by the indusium griseum gl ia a nd the gl ial  

wedge,  binds to  i ts  receptor  Roundabout -1 (ROBO1) on cal losal  axons and acts  

as  a  dorsal  and ventral  repel lent  to  channel  these axons into the corpus cal losum 

(Shu and Richards,  2001;  Fothergi l l  et  al . ,  2013) .  Netr in-1,  expressed at  the  

cort ical  midl ine,  at t racts  pioneering cingulate axons,  but  not  later -arr iving 

neocort ical  axons,  towards the midl ine through i ts  receptor  Deleted in  
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Colorectal  Cancer (DCC) (Fothergi l l  et  al . ,  2013) .  Intracal losal  and s l ing 

neurons express  Semaphorin -3C (SEMA3C) which acts  as  an at t ractant  cue for  

cal losal  axons that  express  i ts  receptor  Neuropi l in -1 (NRP1) (Niqui l le  et  al . ,  

2009;  Piper  et  al . ,  2009) .   

During the developmental  phase of  the corpus cal losum, the f i rs t  segment  

to  form is  i ts  anterior  body f rom where  i t  extends bidirect ional ly forming i ts  

rost ral  genu earl ier  than i ts  caudal  splenium (Pat ten,  1968; Rakic and Yakovlev,  

1968;  Wahlsten,  1981;  Si lver  et  al . ,  1982;  Kier  and Truwit ,  1996;  Huang et  al . ,  

2006;  Ren et  al . ,  2006) .  

The mechanisms and  molecules  i nvolved in  corpus cal losum formation are 

highly s imilar  in  mouse and human brains ,  therefore the mouse is  considered a 

sui table model  for  the s tudy of  corpus cal losum development  in  humans (Ren 

et  al . ,  2006;  Jovanov-Milosević et  al . ,  2009;  Niqui l le  et  al . ,  2009;  Jovanov-

Milošević et  al . ,  2010) .  

The sequence of  developmental  events  described above for  the format ion 

of  the corpus cal losum extends from gestat ional  week (GW) 8 to  GW30 -33 in 

humans and from embryonic day (E) 12  to  postnatal  days (P)  5 -7 in  mice when 

al l  cal losal  f ibres ,  including t ransient  exuberant  axons,  wi l l  have crossed the  

midl ine (Rakic and Yakovlev,  1968;  Clarke et  al . ,  1989;  Jovanov -Milosević et  

al . ,  2009;  Gobius et  al . ,  2016;  Fenlon et  al . ,  2017;  De León Reyes et  al . ,  2019) .  

A period of  ref inement  and el iminat ion of  supernumerary  axons then seems to 

fol low,  resul t ing in  a f inal  s tabi l izat ion of  cal losal  f ibres  by  the 2 n d  postnatal  
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month in humans and P21 -30 in mice (Clarke et  al . ,  1989;  Innocent i  and Price,  

2005;  De León Reyes et  al . ,  201 9).  Subsequent ly,  the corpus  cal losum grows in 

s ize and matures  wi th increasing myel inat ion unt i l  middle adul thood in both 

humans and mice (Sturrock,  1980;  Wahlsten,  1982;  Rajapakse et  al . ,  1996;  

Giedd et  al . ,  1999;  Keshavan et  al . ,  2002b;  Verma et  al . ,  20 05;  Hasan et  al . ,  

2008;  Carrol l  et  al . ,  2011;  Prendergast  e t  al . ,  2015;  Sakai  et  al . ,  2017;  Lynn et  

al . ,  2021) .   

2.4.2. i i .  Myel inat ion wi thin corpus cal losum  

Myelinat ion begins  in  the mouse corpus cal losum at  approximately P10 

and increases  s teadi ly,  wi th the proport ion of  myel inated axons more than  

doubl ing between mid -adolescent  (P45) and early adul t  (P240) s tages 

(Sturrock,  1980;  Vincze  et  al . ,  2008;  Son et  al . ,  2017) .  In  the human corpus 

cal losum, al though myel inat ing ol igodendrocytes  have been observed  in  

postmortem fetal  t i ssue at  mid -gestat ion (Jakovcevski  and Zecevic,  2005) ,  

myel inat ion is  f i rs t  detectable by magnet ic resonance imaging at  3 -4 months 

af ter  bi r th ,  undergoes a s teady increase with age,  and peaks in  middle adul thood 

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

Myelin is  an insula t ing sheath that  enwraps axons and  increases  act ion 

potent ial  propagat ion speed through sal tatory conduct ion (Huxley and  

Stampfl i ,  1949;  Raine,  1984) .  The conduct ion veloci ty  of  an axon increa ses  

with i ts  diameter  and i ts  degree of  myel inat ion,  up to  an opt imal  diameter  to 

myel in thickness  rat io  where  veloci ty  is  maximized (Waxman,  1980) .  Ensuring 
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maximum electr ical  s ignal  conduct ion veloci ty  along the axon is  t radi t ional ly 

considered to  be mye l in’s  major  funct ion,  al though recent  s tudies  suggest  i t  

may have addi t ional  roles  in  influencing and support ing neurons and their  

ci rcui ts  (Stadelmann et  al . ,  2019) .  Myel in is  synthesized by Schwann cel ls  in  

the peripheral  nervous system and by ol igodendr ocytes  in  the CNS (Sherman 

and Brophy,  2005) .  The myel in sheath originates  as  a  f la t tened cytoplasmic 

process  f rom i ts  cel l  of  origin and becomes compacted as  i t  spirals  around the  

axon forming mult i lamel lar  segments  ca l led internodes that  are separated fr om 

one another  by  the unmyel inated nodes  of  Ranvier  (Raine,  1984) .  Vol tage-gated 

sodium channels  are  clustered at  the nodes of  Ranvier,  the s i tes  of  membrane 

depolarizat ion where act ion potent ial  propagat ion takes  place in  a sal tatory 

mode (Sherman and Brophy,  2005) .  Myel in is  composed of  l ipids  and proteins ,  

wi th the l ipid proport ion making up at  least  70% of i ts  dry mass (Saher et  al . ,  

2005).  Myel in basic protein (MBP),  proteol ipid protein (PLP),  2’ ,3’ -Cycl ic 

nucleot ide 3’ -phosphodiesterase (CNP),  myel in -associated glycoprotein 

(MAG) and myel in -ol igodendrocyte glycoprotein (MOG) are major  myel in 

proteins ,  whi le myel in -enriched l ipids  include glycosphingol ipids  and 

cholesterol  ( Ishi i  e t  al . ,  2009;  Stadelmann et  al . ,  2019) .  Cholesterol ,  an 

essent ial  component  of  myel in,  comprises  approximately 40% of the molar 

percentage of  i ts  total  l ipids  (Stadelmann et  al . ,  2019) .  The avai labi l i ty  of  

cholesterol  in  ol igodendrocytes  is  a  cr i t ical  and rate - l imit ing factor  for  

myel inat ion during maturat ion of  the brain (Saher et  al . ,  2005) .  Astrocytes  are  

s ignif icant  providers  of  myel in l ipids  including cholesterol  to  
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ol igodendrocytes ,  in  addi t ion to  amounts  synt hesized endogenously by the 

ol igodendrocytes  themselves  (Saher et  al . ,  2005;  Camargo et  al . ,  2017) .  

Astrocyte support  for  myel inat ion also l ikely includes the provis ion of 

supplemental  lactate for  energy product ion and l ipid synthesis  in  myel inat ing 

ol igodendrocytes  (Sánchez-Abarca et  al . ,  2001;  Rinholm et  al . ,  2011;  Kıray  et  

al . ,  2016) .  

Myelinat ing ol igodendrocytes  of  the  corpus cal losum originate as  

ol igodendrocyte progeni tor  cel ls  (OPC) that  are  generated  s tar t ing at  E15.5 in  

the lateral  and caudal  gangl ionic eminences and around bir th  (P0) in  the  

cort ical  ventr icular  zone in  mice,  and at  mid -gestat ion  in  the gangl ionic  

eminence and cort ical  sub -ventr icular  zone in  humans (Rakic and  Zecevic,  

2003;  Kessaris  et  a l . ,  2006) .  OPCs then migrate into the develop ing corpus 

cal losum where their  numbers  undergo substant ial  pruning by amoeboid 

microgl ia at  P7 in  mice,  before the onset  of  myel inat ion,  as  a  homeostat ic  

mechanism for  opt imum myel in sheath format ion by regulat ing proper  

ol igodendrocyte-to-axon rat ios  (Kessar is  et  al . ,  2006;  Nemes -Baran  et  al . ,  

2020).  A s imilar  populat ion of  amoeboid microgl ia that  express  phagocytosis -

associated CD68 is  a lso present  in  the  human fetal  corpus cal losum, suggest ing 

that  the same OPC pruning mechanism exis ts  in  the human brai n (Kershman,  

1939;  Rezaie et  al . ,  2005) .  Some surviving OPCs remain undifferent iated and  

const i tute a  progeni tor  pool  in the adult  corpus cal losum while the majori ty 

different iates  into immature pre -myel inat ing ol igodendrocytes  that  later  

mature to  become myel inat ing ol igodendrocytes  (Clarke e t  al . ,  2012;  Simons 
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and Nave,  2015;  Marques et  al . ,  2016) .  Once generated,  over  90% of  mature  

myel inat ing ol igodendrocytes  in  the corpus cal losum survive l i felong in both 

humans and mice (Yeung et  al . ,  2014;  Tripathi  e t  al . ,  2017) .  New myel inat ing 

ol igodendrocytes  cont inue to  be added in the mouse corpus cal losum through 

OPC different iat ion unt i l  at  least  the age  of  8  months,  wi th an average increase 

of  about  30% in their  numbers  between mid -adolescence and early adul th ood 

(Rivers  et  al . ,  2008;  Zhu et  al . ,  2011;  Young et  al . ,  2013;  Tripathi  et  al . ,  2017) .  

The different iat ion,  maturat ion and  myel inat ing fate  acquis i t ion of  

ol igodendrocytes  fo l lows a cel l - int r insic program (regulated by t ranscript ion 

factors ,  microRNAs and  chromatin remodel l ing factors)  but  is  also influenced 

by extr insic factors  (Temple and Raff ,  1986;  Emery,  2010;  Baydyuk et  al . ,  

2020).  Astrocytes  can exert  an influence on ol igodendrogenesis  at  each s tage  

from prol i ferat ion of  progeni tors  to  myel inat ion b y secret ion  of  t rophic factors  

l ike platelet -derived growth factor  (PDGF) necessary for  OPC prol i ferat ion,  

brain-derived neurotrophic factor  (BDNF) required for  OPC different iat ion, 

and  leukemia inhibi tory factor  (LIF) which  promotes  ol igodendrocyte  

maturat ion (Raff  et  al . ,  1988;  Fischer  et  al . ,  2014;  Miyamoto et  al . ,  2015) ;  by  

provis ion of  lactate  and l ipids  to  support  myel inat ion by ol igodendrocytes   

(Sánchez-Abarca  et  al . ,  2001;  Rinholm et  al . ,  2011;  Kıray et  al . ,  2016;  Camargo 

et  al . ,  2017) ;  and by clearance of  potassium and glutamate from the  

extracel lular  environment  for  the maintenance of  myel in compact ion and  

integri ty  (Menichel la  et  al . ,  2006;  Rash,  2010;  Tognat ta et  al . ,  2020) .  In  

addi t ion,  the axon influences i ts  own myel inat ion by promoting OPC 
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prol i ferat ion and different iat ion,  as  wel l  as  myel in ensheathment  by  

ol igodendrocytes  (Mitew et  al . ,  2018;  Pease -Raiss i  and Chan,  2021) .  Al though 

the molecular  mechanisms in axon -ol igodendrocyte  crosstalk  remain to  be ful ly  

elucidated,  ol igodendrocytes  seem  to preferent ial ly  myel inate electr ical ly  

act ive axons  with a diameter  greater  than 300 nm (Sturrock,  1980;  Gibson et  

al . ,  2014;  Mayoral  et  al . ,  2018;  Mitew et  al . ,  2018;  Pease -Raiss i  and Chan,  

2021).  

2.4.3.  Funct ional  roles  of  corpus cal losum  

Funct ional  roles  of  the corpus cal losum have been largely inferred from 

human cases  of  cal losotomies ,  cal losal  les ions and congeni tal  cal losal  

malformat ions of  complete or  part ia l  agenesis  (absence from bir th)  or  

hypoplasia ( thinner  corpus cal losum with normal  anterop osterior  length) ,  as  

wel l  as  from research with animal  models  (Glickstein and Sperry,  1960;  

Desimone et  al . ,  1993;  Gazzaniga,  2005;  Paul  et  al . ,  2007;  Llufr iu  et  al . ,  2012;  

Stewart  et  al . ,  2017;  McDonald et  al . ,  2018) .  Modern neuroimaging techniques  

now also al low their  del ineat ion in  the intact  human brain (Gazzaniga,  2005;  

Doron and Gazzaniga,  2008;  Wang et  al . ,  2020) .  The corpus cal losum serves  to  

t ransfer  informat ion  between the  two hemispheres  of  the bra in (van der  Knaap 

and van der  Ham,  2011) .  Funct ional  specif ici ty  exis ts  within the corpus  

cal losum such that  i t s  di fferent  subregions t ransfer  different  types of  

informat ion across  the hemispheres  according to  the cort ical  areas  they 

interconnect  (Banich,  1995;  Hofer  and Frahm, 2006;  Fabri  and Polonara,  2013;  

Raybaud,  2019) .  Interhemispheric  t ransfer  of  informat ion assured by the corpus  
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cal losum between re lated cort ical  regions serves  to  coordinate the act ivi ty  of  

the two hemispheres  by mainly exci tatory but  also inhibi tory effects  on the 

contralateral  hemisphere  (Bloom and Hynd,  2005;  van  der  Knaap and van  der  

Ham, 2011) .  Interhemispheric cooperat ion (faci l i tated by the corpus cal losum) 

increases  with the complexi ty of  performed tasks  in  order  to  maximize the 

brain’s  processing capaci ty;  s imple tasks  may be  eff icient ly  carr ied out  by  one 

hemisphere alone,  but  the contralateral  hemisphere is  recrui ted for  more  

complex tasks  for  which the resources  of  one hemisphere  are not  suff icient  

(Weissman and Banich,  2000) .   

Brain act ivi ty  and behavioural  modal i t ies  th at  necessi tate intact  cal losal  

funct ioning include:  cross -hemispheric  spread of  s leep  s low waves  that  are 

essent ial  for  the restorat ive propert ies  of  s leep  (Avvenut i  et  al . ,  2020) ;  

interhemispheric in terplay during audi tory speech processing required for  

speech  comprehension (Friederici  et  al . ,  2007;  Sammler et  al . ,  2010) ;  cogni t ive 

processing speed (Kerchner et  al . ,  2012;  Marco et  al . ,  2012) ;  bimanual  motor 

coordinat ion (Serr ien e t  al . ,  2001;  Muetzel  et  al . ,  2008;  Muel ler  et  al . ,  2009;  

Serbruyns et  al . ,  2015) ;  social  cogni t ion and inference  necessary for  normative  

social  funct ioning (Badaruddin et  al . ,  2007;  Symington et  al . ,  2010;  Turk et  

al . ,  2010;  McDonald et  al . ,  2018) ;  visual  segregat ion of  objects  from their  

background (Desimone et  al . ,  1993) ;  select ive audi tory at tent ion and brain 

lateral izat ion for  audi tory and language processing (Pol lmann et  al . ,  2002;  

Westerhausen et  al . ,  2006) .  
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Corpus cal losum funct ional i ty  develops with  i ts  morphological  maturat ion 

and myel inat ion (Banich and Brown,  2000) .  An i l lust rat ion of  this  maturat ional 

improvement  of  funct ional i ty  is  in  the speed of  bimanual  coordinat ion which  

increases  s ignif icant ly in  adolescence concomitant ly with increased  

myel inat ion (Thompson et  al . ,  2000;  Muetzel  et  al . ,  2008) ,  and later  decl ines  

in  old age in  associat ion with reduced myel in integri ty  (Sul l ivan et  al . ,  2001; 

Serbruyns et  al . ,  2015) .  The extent  of  interhemispheric informat ion t ransfer  

dysfunct ion fol lowing ca l losotomy is  also dependent  on the age at  which the 

corpus cal losum is  severed;  cal losotomies  in  mid -late adolescence (15 -21 years  

of  age)  resul t  in  s ignif icant  impairments  of  t ransfer  whereas  those conducted 

in  chi ldhood do not ,  l ikely due to  compensatory  ci rcui t  development  during the  

earl ier  plast ici ty  window (Lassonde et  a l . ,  1991;  Tovar-Moll  et  al . ,  2014) .   

Behavioural  abnormali t ies  have been reported in  mice with compromised 

integri ty  of  the corpus cal losum, al though the degree of  cal losal  contr ibut io n 

to  various mouse behaviours  is  unclear.  For example,  mice with focal  thinning 

and demyel inat ion of  the corpus cal losum show normal  sociabi l i ty  but reduced 

preference for  social  novel ty (Yamamoto et  al . ,  2014) ,  whereas  BTBR mice 

with complete congeni tal  absence (agenesis)  of  the corpus ca l losum and BALB 

mice with varying degrees  of  cal losal  agenesis  show the  opposi te  t rend of  

reduced sociabi l i ty  and intact  preference for  social  novel ty (Moy et  al . ,  2007; 

Pobbe et  al . ,  2010) .  Added to this ,  the  129S1 s t rain  of  mice that  has  varying 

degrees  of  cal losal  integri ty  is  deficient  in  both sociabi l i ty  and preference for  

social  novel ty (Moy et  al . ,  2007) ,  as  are mice subjected to  cuprizone -induced  
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demyel inat ion (Sun et  al . ,  2018) ,  whi le surgical  t ransect ion of  the co rpus 

cal losum on postnatal  day 7 has  no effect  on adul t  mouse sociabi l i ty  (Yang et  

al . ,  2009) .  Based on the foregoing,  a  primary role of  the corpus cal losum in 

mouse social  behaviour cannot  be inferred.  Similarly,  i t  i s  not  clear  i f  the nest -

bui lding capaci ty of  mice is  rel iant  on corpus cal losum integri ty,  as  both 

impaired and intact  nest -bui lding behaviour have been reported alongside an  

anomalous corpus cal losum (Brunski l l  et  al . ,  2005;  Moy e t  al . ,  2007;  Sun et  

al . ,  2018;  Bouet  et  al . ,  2021;  Ma et  al . ,  2 021).  Di fferent  aspects  of  memory 

may have different ial  dependency on the corpus cal losum. When tes ted in  the 

same mice,  spat ial  reference memory (a form of long -term memory assessed in  

the Morris  water  maze) but  not  spat ial  working memory (a type of  short - term 

memory tes ted by the spontaneous al ternat ion task in  a Y-maze) was impaired 

with loss of  corpus cal losum integri ty  (Bouet  et  al . ,  2021) .  The corpus cal losum 

may play a more direct  role in  the  modulat ion of  prepulse inhibi t ion (PPI)  of  

the acoust ic  s t ar t le  response,  a  measure of  sensorimotor  gat ing,  which is  

disrupted in  mice with cal losal  deficiency (Brunski l l  et  al . ,  2005;  Xu et  al . ,  

2009;  Poggi  et  al . ,  2016;  Tomas -Roig et  al . ,  2016;  Sun et  al . ,  2018;  Domínguez -

Iturza et  al . ,  2019;  Ma et  al . ,  2021;  X iao et  al . ,  2021) .  

2.4.4.  The corpus ca l losum and schizophrenia  

The “disconnect ion syndrome” hypothes is  of  schizophrenia proposes  that  

the symptoms of  the disorder  are a resul t  of  dysfunct ional  connect ivi ty  leading 

to  ineff icient  communicat ion between func t ional ly special ized brain regions  

(Fris ton and Fri th ,  1995) .  This  concept  of  disconnect ion dates  back to  the 
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int roduct ion of  the term “schizophrenia”  by Bleuler  to  connote the spl i t t ing of  

the psyche or  fragmentat ion of  mental  processes  observed in  pat ien ts  aff l icted  

by the i l lness  (Bleuler,  1911) .  As the largest  whi te mat ter  t ract  in  the brain,  the 

corpus cal losum is  a  prominent  subject  of  invest igat ion in  connect ivi ty  s tudies 

of  schizophrenia.  Al though reported  in  rare  and isolated  cases  of  pat ients  with  

schizophrenia,  agenesis  (complete or  part ial )  of  the corpus cal losum is  not  

considered to  be representat ive of  the i l lness  but  ei ther  a  co -occurring  

condi t ion or   an exaggerated anomaly  of  the more subt le cal losal  defects  

present  in  this  populat ion (Lewis  et  al . ,  1988;  Velek et  al . ,  1988;  Swayze et  al . ,  

1990;  Degreef  et  a l . ,  1992;  O'Cal laghan et  al . ,  1992;  David et  al . ,  1993;  

Edels tyn et  al . ,  1997;  Motomura et  al . ,  2002;  Chinnasamy et  al . ,  2006;  St ip  and  

Lungu,  2012;  Popoola et  al . ,  2019;  Neupane et  al . ,  2 021;  Rosewater  et  al . ,  

2021).  A smal ler  volume of  the  corpus cal losum has  been reported  in  

schizophrenia  pat ients  compared  to  heal thy control  subjects  (Rotarska-Jagiela  

et  al . ,  2008) .  The mid-sagi t tal  area of  the whole corpus cal losum was found to 

be reduced in some s tudies  of  schizophrenia pat ients  but  not  in  others  (Rossi  

et  al . ,  1989;  Strat ta et  al . ,  1989;  Woodruff  et  al . ,  1993;  Tibbo et  al . ,  1998; 

Meisenzahl  et  al . ,  1999;  Chua et  al . ,  2000;  Rossel l  et  al . ,  2001;  Shenton et  al . ,  

2001;  Keshavan et  a l . ,  20 02a;  Panizzon et  al . ,  2003;  John et  al . ,  2008;  Rao et  

al . ,  2011) ;  meta-analyses ,  however,  concluded that  total  corpus cal losum area,  

measured in  the  mid -sagi t tal  plane,  i s  reduced in schizophrenia pat ients  

compared to  heal thy controls  (Woodruff  e t  al . ,  1995;  Arnone e t  al . ,  2008) .  Some 

studies  detected  mid -sagi t tal  area defici ts  local ized to  one or  more cal losal  
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subregions of  individuals  with schizophrenia,  wi th prominent  reduct ions 

apparent  in  the genu and splenium (Downhil l  et  al . ,  2000;  Rao et  al . ,  2011) .  

Relat ive to  controls ,  a  shorter  anteroposterior  length of  the corpus cal losum, 

measured  in  the mid -sagi t tal  plane,  has  also  been  observed in  the 

schizophrenia -affected brain (Woodruff  e t  al . ,  1993;  Höppner et  al . ,  2001) .  The 

f inding that  fract ional  anisotropy (FA),  ref lect ing axonal  and myel in integri ty 

measured by diffusion tensor imaging (DTI),  i s  reduced in the whole corpus 

cal losum and/or  i ts  subregions in  schizophrenia has  been wel l -repl icated  

(Foong et  al . ,  2000;  Agartz et  al . ,  2001;  Ardekani  e t  al . ,  2003;  Patel  et  al . ,  

2011;  White et  al . ,  2013;  El l ison -Wright  et  al . ,  2014;  Zhuo et  al . ,  2016a;  Zhuo 

et  al . ,  2016b;  Klauser  et  al . ,  2017;  Hummer et  al . ,  2018;  Tønnesen et  al . ,  2018) .  

Discrepancies ,  where they  exis t ,  in  above -ment ioned measures  of  s iz e or  

myel inat ion at tained by different  s tudies  l ikely ar ise from subject  

heterogenei ty,  methodological  di fferences,  or  underpowered  s tudies .  The lat ter 

is  especial ly  relevant  to  subt le al terat ions that  may be present  in  the  

schizophrenia -affected corpus  ca l losum as  i t  was  shown that  the extent  of  thei r  

detect ion increased with increasing sample s ize in  randomly selected subsets  

within a larger  dataset  (Melicher  et  al . ,  2015) .  A recent  mult is i te  mega -analysis  

of  DTI measurements  in  schizophrenia included 29 cohorts  from 14 countr ies  

with a total  of  2359 heal thy controls  and 1963 individuals  with schizophrenia  

and found reduced  FA (represent ing reduced axon/myel in  integri ty)  in  the 

whole corpus cal losum as  wel l  as  in  i ts  genu,  body and splenium separately,  
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thus providing s t rong support  for  the presence  of  corpus ca l losum defici ts  in  

this  i l lness  (Kel ly et  al . ,  2018) .   

Although direct  causal i ty  cannot  be  inferred,  compromised corpus  

cal losum integri ty  in  schizophrenia pat ients  has  been associated with:  audi tory 

verbal  hal lucinat ions (Seok et  al . ,  2007;  Ćurčić -Blake et  al . ,  2015;  Zhang et  

al . ,  2018;  Di  Biase et  al . ,  2020) ;   impaired social  funct ioning (Koshiyama et  

al . ,  2018) ;  impaired  abi l i ty  for  empathy  (Fuj ino et  al . ,  2014) ;  deficient  facial  

emotion percept ion  ( impaired social  cogni t ion) (Zhao et  al . ,  2017) ;  verbal  

f luency defici ts  (Rushe et  al . ,  2007) ;  impaired interhemispheric t ransfer  of  

tact i le  informat ion (Rushe et  al . ,  2007) ;  loss  of  at tent ional  asymmetry (Barnet t ,  

2006);  reduced cogni t ive processing speed  (Karbasforoushan et  al . ,  2015; 

Kochunov et  al . ,  2016) ;  and impaired i l lness  awareness  (Gerretsen et  al . ,  2019) .  

Corpus cal losum immaturi ty  was hypothesized to  be responsible for  the verbal  

f luency defici ts  and  loss  of  at tent ional  asymmetry in  schizophreni a pat ients  

(Barnet t ,  2006;  Rushe et  al . ,  2007) .  

The global  versus  focal  nature of  neuroanatomical  abnormali t ies  in  

schizophrenia  has  been a subject  of  debate in  the l i terature (DeQuardo et  al . ,  

1996).  In  l ight  of  data garnered  from their  landmark -based  s tudy of  s t ructural  

brain abnormali t ies  in  schizophrenia,  DeQuardo and col leagues (1996),  

however,  propose  that  “anatomical  abnormali t ies  demonstrable in  the  

midsagi t tal  plane of  pat ients  with schizophrenia are fai r ly  ci rcumscribed  

(focal) ,  involving the post erior  half  of  the corpus cal losum, upper brainstem,  

and the quadrigeminal  cis tern” and  consider  i t  l ikely that  “this  f inding 
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represents  the ‘ footprint’ of  abnormali t ies  located at  s i tes  dis tant  from this  

region but  connected to  i t  or  through i t”  with ei the r  dysgenesis  or  at rophy as  

the cause  (DeQuardo et  al . ,  1996) .  This  out look is  supported by the f inding that  

the splenium, but  not  the genu,  of  the corpus cal losum exhibi ts  reduced FA in 

never-medicated f i rs t  episode schizophrenia pat ients  (Cheung et  al . ,  2008; 

Gasparot t i  et  al . ,  2009)  and  that  volumes of  the  splenium in individuals  at  high 

r isk for  developing schizophrenia and of  the  whole  corpus cal losum in 

t reatment -naïve  f i rs t  episode schizophrenia pat ients  lack the age -related 

increase seen  in  heal thy control  subjects  (Keshavan et  al . ,  2002a;  Francis  et  

al . ,  2011) .  The lat ter   suggests  maturat ional  arrest ,  a  concept  considered  for  

the schizophrenia -affected  corpus  cal losum by other  groups,  as  wel l  (Flynn et  

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

Although necessi ta t ing further  invest igat ions,  avai lable  his tological  

evidence points  to  unchanged axonal  counts  in  the schizophrenic corpus 

cal losum (Nasral lah et  al . ,  1983;  Machiyama et  al . ,  1987;  Casanova et  al . ,  1989;  

Highley et  al . ,  1999) ,  wi th one s tudy report ing  diminished numbers  in  only 

female schizophrenia pat ients  (Highley et  al . ,  1999) .  However,  a  possible 

confounding effect  of  age cannot  be  excluded for  the  resul ts  of  that  s tudy as  

the female pat ient  group was older  than the other  groups  and there was an 

overal l  reduct ion in  the number of  f ibres  with increasing age (Highley et  al . ,  

1999).  Only one s tudy has  compared ol igodendrocyte numbers  in  the corpus  

cal losum between schizophrenia pat ien ts  and control  subjects  in  postmortem 

brain t issue (Wil l iams et  al . ,  2013).  Only the genu was examined where an 
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almost  26% reduct ion in  ol igodendrocytes  did not  reach s tat is t ical  s ignif icance  

(Wil l iams et  al . ,  2013) .  This  s tudy was l imited by an uneven sample  

dis t r ibut ion with only 4 specimens in  the schizophrenia group com pared to  14 

in  the controls  (Wil l iams et  al . ,  2013) .  In  two other  s tudies  with a larger  sample  

s ize of  23  schizophrenia and 20 contro l  brains ,  the cross -sect ional  area  and  

thickness  of  myel in  sheaths  around axons in  the genu and splenium did not 

differ  between groups (Wil l iams et  al . ,  2015;  Wil l iams et  al . ,  2019) .  The 

authors ,  however,  consider  i t  necessary  to  conduct  addi t ional  invest igat ions 

before  reaching def ini t ive conclusions on this  issue (Wil l iams et  al . ,  2015;  

Wil l iams et  al . ,  2019) .   

Proteomic and pept idomic assays in  recent  years  have revealed al tered 

levels  of  various myel in -related proteins  in  the schizophrenia -affected corpus 

cal losum. Reduct ions were found in CNP, MOG and MBP, al though the lat ter  

was not  repl icated  perhaps due to  di fferent  sampling schemes as  none of  these 

s tudies  reported the subregion of  the  corpus cal losum sampled (Saia-Cereda et  

al . ,  2015;  Café-Mendes et  al . ,  2017;  Schoonover et  al . ,  2019;  Shimamoto -

Mitsuyama et  al . ,  2020) .  Further  s tudies  are  needed to ascerta in  

ol igodendrocyte and myel in s tatus  in  the schizophrenia -affected corpus  

cal losum.  

2.5.  Hippocampal  dentate gyrus  

“The human hippocampus,  s i tuated within the medial  t emporal  lobe,  plays  

important  roles  in  memory encoding  and ret r ieval ,  spat ia l  navigat ion  and  
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regulat ion of  s t ress  responses  (Eichenbaum, 2000;  Ekst rom et  al . ,  2003;  

Greicius  et  al . ,  2003;  Ulrich -Lai  and  Herman,  2009) .  Anatomical ly,  the 

hippocampus is  divided into anterior  (head),  middle (body)  and posterior  ( tai l )  

segments  and comprises  two i nterlocking cort ical  laminae:  the cornu ammonis ,  

wi th i ts  mult i layered CA1,  CA2,  CA3, and CA4 fields;  and the dentate gyrus 

with i ts  molecular,  g ranular,  and polymorphic (or  plexiform)  layers  (Duvernoy,  

1988).” 3 This  laminar organizat ion is  s imilar  in  human and rodent  brains;  

however,  the rodent  hippocampus is  subdivided into ventral ,  intermediate  and  

dorsal  segments  that  correspond respect ively to  anterior,  middle and posterior  

segments  of  the human hippocampus (Strange et  al . ,  2014;  Lothmann et  al . ,  

2021).  The dentate gyrus receives  cort ica l  sensory informat ion relayed through 

the entorhinal  cortex,  processes  that  informat ion,  and conveys i t  to the CA3 

subfield of  the hippocampus with the  ul t imate goal  of  declar at ive memory  

product ion (Amaral  et  al . ,  2007) .  “A fundamental  role  ascribed to  dentate gyrus 

granule cel ls  is  pat tern separat ion to  d iscriminate among inputs  and reduce 

interference  among encoded memories  (Bakker et  al . ,  2008) ”4.  The granule cel l  

layer  (granular  layer)  of  the dentate gyrus is  of  part icular  relevance to  this 

thesis  and is  the subject  of  the fol lowing sub -sect ions.   

2.5.1.  Dentate gyrus  granule cel l  layer  

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

10 cel l - thick neuronal  layer  of  granule cel ls ,  densely packed into two blades,  

 
3 Ibid. 
4 Ibid. 
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the earl ier-developing suprapyramidal  blade (external  l imb) and the later -

forming infrapyramidal  blade ( internal  l imb) (Amaral  et  al . ,  2007;  Frotscher et  

al . ,  2007;  Insaust i  et  al . ,  2010) .  Granule cel ls  are al l  or iented in  the same 

direct ion within each blade and extend  their  dendri t ic  t rees  into the overlying 

molecular  layer  of  the dentate gyrus and project  their  unmyel inated axons,  the  

mossy f ibers ,  into the subjacent  polymorphic layer  ( hi lus)  (Amaral  et  al . ,  

2007).  In  the hi lus ,  the mossy f ibers  form synapses  unto mossy cel ls ,  pyramidal  

basket  cel ls  and other  interneurons,  and  extend towards the  s t ratum lucidum of 

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

The dentate gyrus granule cel l  layer  has  a protracted development  that  

extends from embryonic day 10 to  postnatal  day 20  in  mice and from the  10 t h  

to  the 25 t h  gestat ional  weeks in  humans,  af ter  which new granule cel ls  cont inue 

to  be generated in  the su bgranular  zone of  the dentate gyrus (a layer  of  cel ls  at  

the interface between the polymorphic and granular  layers)  a t  a  great ly  reduced  

rate throughout  l i fe  (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  pers i s t  in  adul t  brains  of  most  mammalian species  including 

humans (Altman and Das,  1965;  Eriksson et  al . ,  1998;  Abbot t  and Nigussie,  

2020).  However,  a  recent  high -profi le  s tudy chal lenged the not ion th at  “adul t  

neurogenesis” takes  place  in  the  human dentate  gyrus  (DG) (Sorrel ls  et  al . ,  

2018) and sparked  renewed debate in  the f ield (Arel lano 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;  Sorrel ls  et  al . ,  2021) ,  wi th three  

subsequent  independent  invest igat ions again present ing  evidence for  i ts  

exis tence  (Boldrini  et  al . ,  2018;  Moreno -Jiménez et  al . ,  2019;  Tobin et  al . ,  

2019).  In  an at tempt  to  address  this controversy,  Snyder (2019) performed a  

comparat ive s tudy of  publ ished data on l i fet ime DG neurogenesis  in  mice,  rats ,  

rhesus monkeys and  humans and reported that  whi le rates  of  DG neurogenesis  

peak and decl ine at  di fferent  points  in early l i fe  across  species ,  they are more 

s table in  the second half  of  the  l i fespan  and remain at  0 .1 –0.5% of maximum 

levels  in  al l  species  s tudied (Snyder,  2019) .  This  s tudy est imated the rate of  

DG neurogenesis  at  mid -adolescence to  be 4 -5% in mice and approximately 

0.5% in humans,  thereafter  sharply decl ining in mice to  around 1% by early 

adul thood and less  than 0.5% in later  l i fe  (Snyder,  2019) .  

Three sequent ial  germinat ive matr ices  have been ident i f ied for  dentate 

granule cel ls .  The f i rs t -born granule  cel ls  are generated in  the dentate  

neuroepi thel ium (pr imary matrix)  in  the ventr icular  zone,  migrate into the 

dentate anlage  and  s tar t  forming the  suprapyramidal  blade.  Concurrent ly,  

neural  progeni tors  leave the dentate neuroe pi thel ium, form a prol i ferat ive  

migratory s t ream (secondary matrix)  and enter  what  wil l  become the hi lus  of  

the dentate gyrus ( ter t iary matr ix)  where they give r ise to granule cel ls  that  

move into both blades of  the granule ce l l  layer  in  an outs ide -in fash ion ( i .e . ,  

the oldest -born granule cel ls  occupy the most  superficial  layers) .  Once al l  

granule cel ls  are produced,  the ter t iary matr ix  becomes rest r icted to  the  

subgranular  zone that  harbours  neural  s tem cel ls ,  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 cel ls  are post -mitot ic  but  are s t i l l  

immature when born.  To become ful ly  funct ional ,  they have to  go through a 

maturat ional  phase that  includes increases  in  cel l  body s ize,  nucleus s ize,  

dendri t ic  arbour complexi ty and extent ,  as  wel l  as  maturat ion of  dendri t ic  

spines  (Arnold and Trojanowski ,  1996b;  Espósi to  et  al . ,  2005;  Zhao et  al . ,  

2006).  Accompanying maturat ional  changes in  the anatomy of the granule ce l l  

layer  include augmenting intercel lular  spacing and diminishing neuronal  

densi ty  with increas ing maturi ty  (Arnold and Trojanowski ,  1996b) .  

2.5.2.  The hippocampus in  schizophrenia  

“A fair ly  extensive l i terature has  implicated aberrant  hippocampal  

anatomy and act ivi ty  in  pat ients  with schizophrenia  and  as  a common thread  

among numerous animal  models  of  the disease.  

“Hippocampal  s ize  is  reduced  and hippocampal  shape is  deformed in  

schizophrenia (Falkai  and Bogerts ,  1986;  Bogerts  et  al . ,  1 990;  Csernansky et  

al . ,  2002;  Harrison,  2004;  Adriano et  al . ,  2012;  Hai jma et  al . ,  2013;  Okada et  

al . ,  2016;  van Erp et  al . ,  2016) .  Mult iple s tudies  have documented a bi lateral ly  

diminished volume of  the hippocampus  al ready demonstrab le at  f i rs t  cl inical  

presentat ion ( 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 mult icentre 

s tudies  of  subcort ical  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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part icipants .  Both studies  confi rmed earl ier  f indings of  hippocampal  volume 

reduct ion in  schizophrenia,  which exhibi ted the largest  pat ient -control  effect  

s ize among al l  brain  regions examined,  fol lo wed by enlargement  of  the lateral  

ventr icles  (Okada et  al . ,  2016;  van  Erp  et  al . ,  2016) .  The connect ivi ty  of  the 

hippocampus to  other  brain areas  is  also compromised in  schizophrenia (Meyer-

Lindenberg et  al . ,  2005;  Zhou et  al . ,  2008) .  In  addi t ion,  i t s  molecular  profi le  

comprises  al tered expression of  various proteins  (Torrey e t  al . ,  2005) .  At  the 

neuronal  level ,  the evidence points  to  dendri t ic  and synapt ic pathologies  that  

encompass diminished complexi ty of  dendri t ic  arbors ,  augmented frequency of  

basal  dendri tes  on  granule cel ls ,  decreased densi ty  of  dendri t ic  spines ,  

di fferent ial  expression of  synapt ic prote ins ,  reduced densi ty  of  dentate mossy  

f iber  terminal  synapses ,  as  wel l  as  al terat ions in  nicot inic,  glutamatergic,  

GABA, and serotonin receptors  or  th eir  subuni ts  (Joyce et  al . ,  1993;  Freedman 

et  al . ,  1995;  Young et  al . ,  1998;  Meador -Woodruff  and Healy,  2000;  Mizukami 

et  al . ,  2000;  Rosokli ja  et  al . ,  2000;  Vawter  et  al . ,  2002;  Harrison et  al . ,  2003; 

Lauer et  al . ,  2003;  Seni tz and Beckmann,  2003;  Kolomeet s  et  al . ,  2005;  

Kolomeets  et  al . ,  2007) .  

“Measurements  of  regional  cerebral  blood f low and of  glucose  

consumption suggest  that  basel ine  or  int r insic act ivi ty  is  increased,  whereas  

task-related or  s t imulus -evoked act ivat ion is  impaired,  in  the hippocampus o f  

schizophrenic pat ien ts  (Wiesel  et  al . ,  1987;  Heckers  et  al . ,  1998;  Medoff  et  al . ,  

2001;  Malaspina et  al . ,  2004;  Molina et  al . ,  2005;  Wölwer et  al . ,  2012;  Ledoux 

et  al . ,  2013;  Thoresen et  al . ,  2014;  Tregel las  et  al . ,  2014) .  Moreover,  the  



78 
 

behavioral  correl ates  of  hippocampal  dysfunct ion in  these pat ients  are  

evidenced,  for  example,  by impaired performance on relat ional  mnemonic tasks 

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

“Many of  the hippocampal  abnormali t ies  documented in  schizophrenia  

pat ients  are recapi tulated in  animal  models  used for  the s tudy of  this  i l lness  

(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,  i t  i s  s t i l l  unclear  whether  the anomalous hippocampus  

is  a  cause or  consequence of  the disorder,  as  i ts  temporal  appearance along the 

developmental  t rajectory of  schizophrenia remains enigmatic.  

2.5.2. i .  The dentate gyrus in  schizophrenia  

“In schizophrenia ,  the dentate gyrus is  a  heavi ly affected  hippocampal 

subfield (Tamminga et  al . ,  2010) .  Neuroimaging s tudies  in recent  years  have 

reported subfield -specif ic  hippocampal  volume reduct ions in  schizophrenia 

pat ients  that  include smal ler  volumes of  the dentate  gyrus/CA4 region  

(Kragul jac 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 s tudies  deduced that  the volume of  

the lef t  but  not  the r ight  dentate gyrus  is  s ignif icant ly reduced in schizophrenia 

(Roeske et  al . ,  2020) .  Chen and col leagues (2020) recent ly reported  

s ignif icant ly smal ler  volumes of  the schizophre nia-affected dentate gyrus  
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granule cel l  layer  and hi lus  compared to  controls  in  a s tereological  postmortem 

study (Chen et  al . ,  2020) .  Only the mean volumes between the lef t  and r ight 

hemispheres  were reported in  that  s tudy (Chen et  al . ,  2020) .]  In  [another ]  .  .  .  

recent  s tereological  postmortem invest igat ion,  Falkai  and col leagues (2016)  

found a reduct ion of  the lef t  dentate gyrus volume in schizophrenia pat ients  

that  reached s tat is t ical  s ignif icance in  the anterior  hippocampus (Falkai  et  al . ,  

2016).  An ear l ier  report  by Walker and col leagues (2002) fai led to  f ind a  s imilar  

resul t  in  a  postmortem study that ,  according to  the authors,  carr ied adequate  

s tat is t ical  power to  detect  a  10% volume reduct ion;  thi s  may have been 

insufficient  to  demonstrate hippocampa l  volume defici ts  in  schizophrenia  

which are reportedly more subt le and  are es t imated at  approximately four 

percent  (Nelson et  al . ,  1998;  Walker  et  al . ,  2002;  van Erp et  al . ,  2016) .  

Methodological  di fferences as  wel l  as  subject  heterogenei ty between the tw o 

s tudies  may also have contr ibuted to  the confl ict ing resul ts .  [Another]  .  .  .   

postmortem study measured the volume of  the granule ce l l  layer  in  the lef t  

dentate gyrus and found i t  to be s ignif icant ly diminished in  schizophrenia 

pat ients  (Falkai  and Bogerts ,  1986) .  Volume reduct ion in  this  layer  of  the  

dentate gyrus was a lso demonstrated by a recent  in  vivo  magnet ic resonance 

imaging s tudy that  used a novel  automated segmentat ion  method to label  

subfields  of  the hippocampus (Ho et  al . ,  2017) .  In  addi t ion,  schizophrenia  

pat ients  showed decreased T2 s ignal  in  the r ight  dentate gyrus granule cel l  

layer  on ul t ra -high-field 7.0-tes la magnet ic resonance imaging (Kirov et  al . ,  

2013).  A bi lateral ly  reduced thickness  of  the  granule cel l  layer  had  been  
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observed earl ier  by McLardy (1975) in  12 of  30 postmortem brains  from early -

onset  schizophrenic  pat ients  (McLardy,  1975) .  However,  only seven controls  

were included in this  s tudy,  four of  whom had other  psychiatr ic  condi t ions.  

McLardy found no evidence of  degenera t ion in  the abnormal  granule cel l  layer,  

which he considered to  be consis tent  with developmental  arrest  (McLardy,  

1975).  The total  area occupied  by granule cel l  perikarya  did not  show an 

al terat ion in  schizophrenia postmortem t issue when measured at  a  s ingle le vel  

of  the lateral  geniculate body (Hurlemann et  al . ,  2005) .  The authors  of  this 

s tudy acknowledge that  i f  his tological  al terat ions are present  different ial ly  

along the rostro -caudal  axis  of  the h ippocampus,  they may have escaped 

detect ion by rest r ict ion o f  their  s tudy to a s ingle level  (Hurlemann et  al . ,  2005) .  

Nevertheless ,  their  observat ion suggests  unchanged numbers  of  granule  cel ls  

at  the hippocampal  level  surveyed.  This  possibi l i ty  is  supported by several  

postmortem studies  that  assessed the number of  dentate gyrus granule cel ls  in 

schizophrenia and found no s ignif icant  differences relat ive to  controls  (Luts  et  

al . ,  1998;  Walker et  al . ,  2002;  Seni tz and Beckmann,  2003;  Altar  et  al . ,  2005) ,  

which would imply normal  prol i ferat ion  of  this  cel l  type during  neurogenesis .  

One postmortem study reported decreased neuron numbers  in  the lef t  anterior  

dentate gyrus of  schizophrenia pat ients  (Falkai  et  al . ,  2016) .  However,  this  

s tudy did not  evaluate granule cel l  numbers  separately,  but  examined al l  

neuronal  cel ls  together,  including interneurons (Falkai  et  al . ,  2016) .  Therefore,  

i t  i s  unclear  i f  the reported decrease in  neuron numbers  resul ted from a granule 

cel l  defici t .  In  cont rast  to  the  s tudies  that  found no  change in  granule  cel l  
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numbers  in  schizophrenia,  Falk ai  and Bogerts  (1986) detected a s ignif icant  

reduct ion of  this  cel l  type in  a subgroup of  catatonic pat ients ,  which t ranslated 

into only a t rend level  decrease  when thi s  subgroup was combined with a larger  

and symptomatical ly  more diverse group of  schizoph renic  pat ients  from the 

same brain col lect ion (Falkai  and Bogert s ,  1986) .  [Final ly,  Chen and col leagues  

(2020) reported a reduct ion in  granule cel l  numbers  in  schizophrenia;  however 

their  s tereological  s tudy calculated mean lef t / r ight  values  and any lateral i ty,  i f  

present ,  could have confounded the resu l ts  (Chen et  al . ,  2020) .  In  sum, more 

invest igat ions are warranted to  determine i f  granule cel l  numbers  are affected  

in  schizophrenia.]   

“Notwithstanding the quest ion of  granule cel l  number  integri ty,  mult iple 

l ines  of  evidence point  to  cel lular  and molecular  abnormal i t ies  in  the  dentate  

gyrus of  schizophrenia pat ients .  Under normal  physiological  condi t ions,  

granule cel ls ,  the principal  cel ls  of  the dentate  gyrus,  in  their  post -mitot ic  

immature s tate t ransient ly express  the calcium -binding protein,  calret inin 

(Brandt  et  al . ,  2003;  Knoth et  al . ,  2010) .  Calret inin is  subsequent ly replaced 

by another  calcium-binding protein,  calbindin when the granule cel l  matures  

(Brandt  et  al . ,  2003;  Abraham et  al . ,  2009;  Yu et  al . ,  2014) .  As new granule  

cel ls  are [ l ikely]  generated in  the dentate g yrus throughout  l i fe ,  there is  always  

a smal l  proport ion of  granule  cel ls  that  t ransient ly express  the immaturi ty 

marker,  calret inin,  even in  the normal  adul t  brain (Eriksson e t  al . ,  1998;  Brandt  

et  al . ,  2003;  Knoth et  al . ,  2010;  Kempermann et  al . ,  2018) .  In  adul t  

schizophrenia pat ients ,  however,  the dentate gyrus presents  an immature 
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molecular  profi le  defined by excessive  calret inin and diminished calbindin 

expression in  granule cel ls  (Altar  et  al . ,  2005;  Walton et  al . ,  2012) .  Current  

evidence for  this  immature profi le  is  derived from the only two schizophrenia  

postmortem studies  that  targeted calret inin and calbindin expression 

specif ical ly  in  dentate gyrus granule cel ls  (Altar  et  al . ,  2005;  Walton et  al . ,  

2012).  In  a postmortem study of  brain t issue from the Stanley Medical  Research 

Inst i tute,  Walton and col leagues (2012)  demonstrated s igni f icant ly elevated 

levels  of  calret inin immunoreact ivi ty  in  dentate gyrus  granule cel ls  of  

schizophrenia pat ien ts  compared with controls  and at t r ibuted  i t  to  an immature 

dentate gyrus (Walton et  al . ,  2012) .  A decade earl ier,  Zhang and Reynolds  

(2002),  in  their  invest igat ion of  ca lret inin -expressing interneurons,  had 

reported that  calret inin immunoreact ivi ty  was exclusively seen in  non -granule 

cel ls  of  the dentate  gyrus in  postmortem t issue from the same col lect ion (Zhang 

and Reynolds ,  2002) .  However,  as  the focus of  invest igat ion of  these authors  

was on interneurons,  their  method of  detect ion may have been  opt imized toward 

those cel ls  in  part icular,  consequent ly missing any  calret inin s ignal  in granule 

cel ls .  Despi te this  factor,  f igure 1a of  the ir  ar t icle does appear to  contain some 

evidence of  calret inin presence in  the granule cel l  layer  (Zhang and Reynolds ,  

2002).  I t  i s  now known that  calret inin remains detectable in  hum an dentate  

gyrus granule  cel ls  up to  the age of  100 years  (Knoth et  al . ,  2010) .  An al terat ion  

in  calbindin immunoreact ivi ty  was not  observed  by Walton and col leagues 

(2012) in  the aforement ioned s tudy,  perhaps due to  insuff icient  sensi t ivi ty  of 

their  exper imental  method (Walton et  al . ,  2012) .  An earl ier  independent  s tudy 



83 
 

by Altar  and col leagues (2005),  using brain t issue from the same source,  found 

a s ignif icant  reduct ion in  schizophrenia compared with control  values  in  the  

calbindin RNA expression of  granu le ce l ls  isolated from the dentate gyrus by  

laser  capture microdissect ion (Altar  et  al . ,  2005) .  Similarly,  an approximately 

60% decrease relat ive to  controls  was  reported for  hippocampal  calbindin 

expression in  a separate set  of  schizophrenia postmortem br ains  by Yamasaki  

and col leagues (2008),  al though i t  i s  unclear  how much of  this  defici t  was  in  

granule cel ls  as  the s tudy included al l  areas  of  the hippocampus and not  only 

the dentate gyrus or  i ts  granule cel ls  in  isolat ion (Yamasaki  et  al . ,  2008) .  This  

l ine of  inquiry deserves  addi t ional  focused research as  no other  s tudies  have 

probed for  calret inin and/or  calbindin  in  dentate gyrus granule cel ls  in  

schizophrenia.  

“In addi t ion to  this  immature molecular  profi le ,  dentate gyrus granule cel ls  

in  schizophren ia exhibi t  an increased frequency of  basal  dendri tes  compared to  

controls  (Lauer et  al . ,  2003;  Seni tz and  Beckmann,  2003) .  In  the rodent  dentate 

gyrus,  basal  dendri tes  are a feature of  immature granule cel ls  which tend to  be 

el iminated with maturat ion (Nacher  et  a l . ,  2001;  Jones et  al . ,  2003;  Ribak et  

al . ,  2004) .  Al though basal  dendri tes  are present  on certain granule cel ls  in  the  

normal  adul t  human dentate gyrus (Seress  and Mrzl jak,  1987) ,  further  s tudies  

are needed to determine their  associat ion with the maturat ional  s tate of  these 

cel ls .  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 GluN1 (NR1,  NMDAR1) 
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subuni t  of  NMDA receptors  seen  in  the  schizophrenia -affec ted dentate  gyrus  

and repl icated by  at  least  three different  s tudies  (Gao et  al . ,  2000;  Law and 

Deakin,  2001;  Stan  et  al . ,  2015)  recapi tulates  the gene expression profi le  

observed early in  development  (Law et  al . ,  2003) .  No schizophrenia -relevant  

change was  seen  in  this  subuni t  in  an immunoautoradiographical  s tudy (Toro 

and Deakin,  2005) .  Addi t ional  synapt ic pathology in schizophrenia includes a  

lower densi ty  of  synapses  formed by terminals  of  mossy f ibers ,  the a xons of  

dentate granule cel ls ,  wi th hippocampal  pyramidal  neurons in  the CA3 subfield 

(Kolomeets  et  al . ,  2007) ,  as  wel l  as  an excess  of  GluN2B subuni ts  of  NMDA 

receptors  in  these CA3 synapses  (Gao e t  al . ,  2000;  Li  et  al . ,  2015)  which the 

authors  describe as  an immature NMDA receptor  profi le  (Li  et  al . ,  2015;  

Tamminga and Zukin,  2015) .  Reduced g lutamatergic input  f rom dentate gyrus 

mossy f ibers  to  CA3 is  proposed by this  group as  an underlying cause  of  

hippocampal  hyperact ivi ty  in  schizophrenia (Tamminga et  al . ,  2010) .  

Interest ingly,  a  higher abundance of  the  f l ip  isoform in GluR2 subuni ts  of  the  

glutamatergic α-amino-3-hydroxy-5-methyl -4-isoxazolepropionic acid (AMPA) 

receptor  was found in whole hippocampal  lysates  from the brains  of  

schizophrenic pat ients  and interpreted  as  an immature molecular  profi le  

(Eastwood et  al . ,  1997) .   

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

“The granule cel l  layer  of  the denta te gyrus presents  a  dis t inct ive 

morphological  appearance that  is  readi ly ident i f i able in  histological ly  s tained 

t issue sect ions.  Morphologic,  cytoarchi tectural ,  and cytoskeletal  propert ies  of  



85 
 

this  layer  as  i t  develops and matures  have been described by Arnold and  

Trojanowski  (1996a,  1996b) who mapped the anatomic development  of  the 

human hippocampus from fetal  to  adul t  age,  providing a template against  which 

deviat ions from the normal  t rajectory in  various brain disorders  can be  

interpreted  (Arnold  and Trojanowski ,  1996a,  b) .  This  work out l ines  discrete  

changes in  the granule cel l  layer  as  i t  matures;  notably there is  progressively  

sharper  demarcat ion of  this  layer  from the adjoining molecular  and 

polymorphic layers ,  and increased intercel lular  dis tances  among the granule 

cel ls  (Arnold and  Trojanowski ,  1996b) .  I t  i s  plausible that  immatu re propert ies  

of  dentate  gyrus granule cel ls ,  i f  retained in  adul thood as  postulated for  

schizophrenia,  would confer  a  developmental ly  arrested morphology on the 

granule cel l  layer.  The adul t  human dentate gyrus granule cel l  layer  exhibi ts  

variat ions of  shape along i ts  rost ro -caudal  axis  (Harding et  al . ,  1998) .  

Therefore,  any comparison of  morphology between two specimens must  be 

made at  ident ical  dissect ion levels  along the longi tudinal  axis  of  the 

hippocampus,  wi th ident ical  dissect ion p lanes and  angles  i n  cases  and  controls .  

Systematic s tereological  sampling of  dentate gyrus granule cel l  layer  

morphology has  not  been performed on human postmortem t issue in  

schizophrenia.  Consequent ly,  no record  exis ts  detai l ing this  morphology and  

careful ly  comparing  i t  w i th that  of  heal thy controls .” 5 (But  see chapter  5:  

discussion).  

 
5 Ibid. 
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2.5.2. i i i .  Immature dentate gyrus molecular  prof i le  in  animal  models  

“In animal  models  that  exhibi t  behavioural  abnormali t ies  reminiscent  of  

schizophrenia,  the immature dentate gyrus molecular  profi le  has  been described  

in  calcium calmodul in -dependent  pro tein kinase II  alpha heterozygous  

knockout  (α-CaMKII–HKO) and schnurri -2 knockout  (Shn-2 KO) mice 

(Yamasaki  et  al . ,  2008;  Takao et  al . ,  2013) .  The granule  cel ls  of  the  dentate 

gyrus in  these models  also have morphological  and electrophysiological  

propert ies  akin to  those of  immature granule cel ls  (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  profi le  of  increased calret inin and decreased  

calbindin in  dentate gyrus granule cel ls  is  the isolat ion -reared rat  (Greene et  

al . ,  2001;  Harte et  a l . ,  2007) .  Miyakawa and col leagues,  who pioneered these 

s tudies ,  posi ted that  this  immature dentate gyrus in  adul thood should be 

considered a characteris t ic  endophenotype o f  schizophrenia,  inasmuch as  they  

and Walton and col leagues have also demonstrated a  s imilar  immature s ignature  

in  the dentate gyrus  of  the schizophrenia -affected human brain (Yamasaki  et  

al . ,  2008;  Walton et  al . ,  2012) .” 6 “Of note,  the immature dentate g yrus profi les  

of  α-CAMKII-HKO and Shn-2 KO mice remain .  .  .  inobvious at  1  and  2 weeks  

postnatal ly  relat ive to  the natural ly  immature molecular  prof i le  of  the dentate  

 
6 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) .” 7 

2.6.  Lateral  ventric les  

The mammalian cerebral  ventr icular  system consis ts  of  four 

interconnected vent r icles ,  cerebrospinal  f luid (CSF) -f i l led cavi t ies ,  in  the 

centre of  the brain parenchyma.  The two late ral  ventr icles ,  one in  each cerebral  

hemisphere,  connect  to  the medial  thi rd ventr icle  in  the diencephalon via  the  

interventr icular  foramina of  Monro.  The third ventr icle  communicates  with the  

fourth ventr icle of  the hindbrain through the cerebral  aqueduct  of  Sylvius .  The 

fourth ventr icle narrows into the centra l  canal  of  the  spinal  cord at  the obex; 

i t  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;  Corbet t  and Haines ,  2018) .  

The ventr icles  are l ined external ly  by the ependyma,  a  s imple layer  of 

cuboidal  epi thel ium. The luminal  surfaces  of  ependymal  cel ls  have microvi l l i  

and tufts  of  ci l ia  that  di rect  the f low of CSF through the ventr icular  system,  

while their  bases  make contac t  wi th ast rocyt ic processes  of  the subependymal  

layer.  Inside the ventr icles ,  CSF is  produced by the choroid plexus,  a  highly  

vascularized t issue arranged in many folds  cal led vi l l i .  Each vi l lus  is  comprised 

of  a  layer  of  cuboidal  or  columnar epi thel ial  ce l ls ,  derived from ependymal  

cel ls ,  around a core of  connect ive t is sue and fenestrated  capi l lar ies .  The 

 
7 Ibid. 
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t ight ly-junct ioned epi thel ial  cel ls  of  the choroid plexus form the blood -CSF 

barr ier.  CSF circula t ion in  the ventr icu lar  system is  unidirect ional ,  f rom t he  

lateral  ventr icles  to  the third ventr icle to  the fourth ventr icle.  From the fourth 

ventr icle,  CSF flows into the central  canal  of  the spinal  cord as  wel l  as  exi t ing 

through the foramina of  Magendie and Luschka into the subarachnoid space  

from where i t  enters  the venous ci rcula t ion.  CSF also communicates  with the 

inters t i t ial  f luid of  brain parenchyma through the ependymal  layer  of  the  

ventr icles  and i ts  as t rocyt ic connect ions.  Funct ional  roles  of  CSF include 

provis ion of  buoyancy and  mechanical  protect io n to  the  brain inside the skul l ,  

maintenance of  inters t i t ial  f luid homeostasis ,  removal  of  metabol ic waste from 

brain parenchyma,  as  wel l  as  provis ion of  nutr ients ,  metabol ic precursors  and 

s ignal l ing molecules  to  the developing and mature brain (Kandel  et  al . ,  2013; 

Lun et  al . ,  2015;  Corbet t  and Haines ,  2018) .   

The ventr icular  system arises  f rom the  cavi ty of  the neural  tube ( the neural  

canal)  in  the embryo and i ts  ependymal cel ls  are derived from neuroepi thel ial  

cel ls  and radial  gl ia  (Del  Bigio,  2010;  Corbet t  and Haines ,  2018) .  The 

ependymal  l ining is  generated by GW26 -28 in humans and P2 in mice (Spassky 

et  al . ,  2005;  Del  Bigio,  2010) .  The s ize of  the human lateral  ventr icles  increases  

between GW28 and bir th ,  undergoes a  reduct ion during the  f i rs t  week of  l i fe  

then increases  again,  rapidly at  f i rs t  unti l  week 6 and at  a  slower rate for  the  

remainder of  the f i rs t  year  (Levene,  1981;  Bompard et  al . ,  2014) .  Another  

period of  s ize reduct ion fol lows unt i l  the end of  the second year  of  l i fe  

(Bompard et  al . ,  2014).  Lateral  ventr icular  volume then remains s table unt i l  
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middle adul thood after  which i t  s tar ts  expanding (Pfefferbaum et  al . ,  1994; 

Blat ter  et  al . ,  1995) .  In  mice,  the volume of  the lateral  ventr icles  seems to 

increase s teadi ly throughout  l i fe ,  wi th the gr eatest  augmentat ion in  the peri -

adolescent  period (Chen et  al . ,  2011) .  

Abnormal  enlargement  of  the ventr icles  (ventr iculomegaly,  hydrocephaly)  

may arise from several  mechanisms including overproduct ion of  CSF, impaired 

absorpt ion of  CSF,  obstruct ion of  CSF  pathways,  brain at rophy,  and 

dysfunct ion of  ependymal  ci l ia  leading to  CSF flow disturbance (Kobayashi  et  

al . ,  2002;  Edwards e t  al . ,  2004;  Kandel  e t  al . ,  2013;  Corbet t  and Haines ,  2018) .   

2.6.1.  The lateral  ventr ic les  in  schizophrenia  

In 1976,  Johnstone and col leagues publ ished the resul ts  of  what  would 

become a landmark  s tudy report ing enlargement  of  the lateral  ventr icles  in  a 

group of  pat ients  with chronic schizophrenia,  measured by computerized axial  

tomography (Johns tone et  al . ,  1976) ;  a  f inding that  was in  l ine with 

pneumoencephalographic data publ ished over a  decade earl ier  (Haug,  1962,  

1982).  The s ignif icance of  the Johnstone et  al .  s tudy l ies  in the fact  that  i t  re -

awakened interest  in  and propel led a new era of  research into the neuroanatomy 

of schizophrenia with modern methods (Harrison,  1999) .  Since then,  di latat ion  

of  the lateral  ventr icles  has  proved to be one of  the most  consis tent  

neuroanatomical  anomalies  demonstrated by numerous CT and MRI 

invest igat ions in  the schizophrenia -affected brain (Harrison,  1999;  Wright  et  

al . ,  2000;  Hai jma et  al . ,  2013;  van Erp et  al . ,  2016) ,  wi th the second largest  
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effect  s ize af ter  a  smal ler  hippocampus  (van Erp et  al . ,  2016) .  However,  the 

cause of  this  ventr iculomegaly is  s t i l l  unknown.  

2.7.  Craniofacial  morpho logy  

Morphogenesis  of  the brain,  skul l  and face are highly  interrelated.  

Marcucio and col leagues (2015) divide brain/face development  integrat ion into 

three general  categories:  1)  they both have a  common origin ;  2)  the  brain acts  

as  a  s t ructural  plat form p roviding physical  forces  for  direct ional  growth of  the  

face;  3)  there is  molecular  crosstalk between brain and facia l  t i ssues  (Marcucio 

et  al . ,  2015) .  This  brain -face reciprocal  molecular  interact ion largely involves  

bone morphogenet ic protein (BMP),  f ibroblast  growth factor  (FGF),  sonic 

hedgehog (SHH),  and wingless/ integrated (WNT) s ignal l ing pathways (Creuzet  

et  al . ,  2004;  Minoux and Rij l i ,  2010;  Mar cucio et  al . ,  2011;  Marchini  et  al . ,  

2021).  Marcucio and col leagues (2015) also indicate that  the brain has  a  

t remendous influence on facial  development  during early phases ,  but  i ts  effect  

on sculpt ing f inal  facial  form may not  be as  important  as  the effec ts  exerted by 

facial  skeletal  bone and cart i lage (Marcucio et  al . ,  2015) .  Nevertheless ,  facial  

dysmorphology may s t i l l  ar ise from abnormal  brain/face interact ions which are  

not  ful ly  compensated for  by later  processes  (Marcucio et  al . ,  2015) ,  and skul l  

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 neurulat ion,  the neural  plate folds  and gives  r ise to  t he neural  
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tube that  harbours  the neural  crest  at  i t s  dorsal  aspect .  The rostral  neural  tube  

develops into the brain and the caudal  neural  tube forms  the spinal  cord.  

Craniofacial  cart i lage and bone are derived from neural  crest  cel ls ,  whi le 

craniofacial  muscles  originate from mesoderm (Tzahor,  2009;  Minoux and 

Rij l i ,  2010;  Richtsmeier  and  Flaherty,  2013;  Marcucio et  al . ,  2015) .  Neural  

crest  cel ls  are vertebrate -specif ic  multipotent  cel ls  that  undergo epi thel ial -

mesenchymal  t rans i t ion,  delaminate from the ne uroepi thel ium, migrate 

extensively in  the developing embryo,  and different iate into a mult i tude of  cel l -

types including chondrocytes  and osteoblasts  for  craniofacial  cart i lage and  

bone format ion (Dash and Trainor,  2020) .  Once migrat ing neural  crest  cel ls  

populate the facial  primordium, they prol i ferate within f ive facial  prominences 

(swel l ings) ,  a  midl ine frontonasal  prominence and bi lateral  maxi l lary 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 direct ional  growth of  the facia l  skeleton (Szabo-

Rogers  et  al . ,  2010) .  In  addi t ion 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  dis t inct  growth 

regulat ing centres  in  each.  Consequent ly,  when growth is  s lowed in the bra in,  

the face has  a smal ler  foundat ion to  grow on which  may resul t  in  a  protruding  

(prognathic)  face,  whereas  a  larger  brain would lead to  a f lat tened face  

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

The mammalian skul l  i s  composed of  the facial  skeleton (vi scerocranium) 

and the neurocranium (or  braincase,  wi th i ts  two components :  the cranial  base  

and the cranial  vaul t ) .  The neurocranium includes the frontal ,  parietal ,  

occipi tal ,  sphenoid,  ethmoid and temporal  bones ,  whi le the mandible,  

premaxi l la ,  maxi l la ,  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 skul ls  (see f igure 6 in  chapt er  

3) ,  except  for  the interparietal  bone that  is  separate in  mice but  is  rarely  

encountered in  humans where  i t  i s  usual ly  completely fused to  the  occipi tal  

bone (Singh et  al . ,  1979;  Richtsmeier  e t  al . ,  2000;  Koyabu et  al . ,  2012) .  The 

facial  skeleton orig inates  from neural  crest  cel ls ,  whereas  the neurocranium 

contains  bones of  both mesodermal  and  neural  crest  origin  (Richtsmeier  and  

Flaherty,  2013) .  Mesenchymal  cel ls  (of  both neural  cres t  and mesodermal  

origin)  different iate into chondroblasts  (cart i lage -forming cel ls)  or  osteoblasts  

(bone-forming cel ls)  under the effect  of  s ignal l ing molecules  that  induce in 

them ei ther  SOX9 (sex determining region Y-box 9)  expression for  

chondroblast  fate or  RUNX2 (Runt -related t ranscript ion fac tor  2)  expression 

for  osteoblast  fate (Richtsmeier  and Flaherty,  2013;  Dash and Trainor,  2020) .  

BMP  and WNT signal l ing pathways are conducive for  chondroblastogenesis  and  

osteoblastogenesis ,  respect ively (Dash and Trainor,  2020) .  Craniofacial  bones 

are formed through one of  two ossi f icat ion processes:  endochondral  or  

int ramembranous ossi f icat ion.  In  endochondral  ossi f icat ion,  mesenchymal  cel ls  
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different iate into chondroblasts  that  form a cart i lage template which is  later  

replaced by  bone matrix deposi ted  by osteoblasts .  In  int ramembr anous  

ossi f icat ion,  bone is  formed direct ly  through osteoblast  di fferent iat ion of  

mesenchymal  cel ls  wi thout  a  cart i lage  intermediate  template.  Bones  of  the 

facial  skeleton and the cranial  vaul t  are produced by  intramembranous  

ossi f icat ion,  whereas  those of  the cranial  base  are formed through endochondral  

ossi f icat ion (Richtsmeier  and Flaherty,  2013) .  Osteoblasts  f i rs t  secrete proteins  

l ike type I  col lagen ,  osteocalcin and bone s ialoprotein into the extracel lular  

matr ix ,  then deposi t  mineral izing bone matrix  (hydroxyapat i te  and calcium 

phosphate)  (Ozawa et  al . ,  2008) .  Bone growth occurs  apposi t ional ly,  and as 

bone matrix is  added some osteoblasts  become embedded in i t  and mature into 

osteocytes  that  part icipate in  bone main tenance (Franz-Odendaal  et  al . ,  2006 ;  

Richtsmeier  and Flaherty,  2013) .  Bone homeostasis  requires  cont inuous bone 

turnover by deposi t ion and resorpt ion,  the process  of  bone remodel l ing  

(Florencio-Si lva et  al . ,  2015) .  While osteoblasts  perform bone deposi t ion,  bone 

resorpt ion is  accomplished b y osteoclasts ,  cel ls  of  myeloid l ineage that  are  

recrui ted into bone through canal icul i  wi thin the mineral ized matrix 

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

Postnatal  growth pat terns  differ  between the neurocranium and the 

viscerocranium. In humans,  the neurocranium reaches i ts  peak s ize in  chi ldhood 

and remains s table thereafter  (Macho,  1986;  Waitzman et  al . ,  1992;  Edwards et  

al . ,  2007) .  Viscerocranium (facial  skeleton) growth cont inues unt i l  middle 

adul thood,  af ter  which bone reso rpt ion seems to lead to  area -specif ic  decreases  
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in  s ize (Macho,  1986;  Waitzman et  al . ,  1992;  West  and McNamara,  1999;  Shaw 

et  al . ,  2010;  Mendelson and Wong,  2012) .  A s imilar  growth pat tern has  been 

shown in rats ,  wi th the neurocranium at taining 93% of i ts  adul t  s ize by the age 

of  one month and  facial  growth cont inuing unt i l  at  least  5  months of  age (early 

adul thood) (Moore,  1966) .  Individual  craniofacial  bones  also have unique 

growth pat terns  in  mice (Vora et  al . ,  2015;  Maga,  2016;  Wei  et  al . ,  2017) .  A 

recent  s tudy that  mapped postnatal  craniofacial  skeletal  development  from P7 

to P390 in mice reported an interest ing growth pat tern 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 cont inued to grow unt i l  

P120 (Wei  et  al . ,  2017) .  However,  there was an 8% reduct ion in  nasal  bone 

length between P120 and P180,  fol lowed by a 6% elongat ion f rom P180 to P390 

(Wei  et  al . ,  2017) .  The authors  suggest  that  cont inuous  remodel l ing of  the nasal  

bone may underl ie  this  growth t rajectory (Wei  et  al . ,  2017) .  

2.7.2.  Craniofacial  morphology in  schizophrenia  

Cranial  s ize does not  appear to  be s ignif icant ly al tered in  schizophrenia  

pat ients  relat ive 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) ,  al though a widening of  the skul l  base was  

found in some s tudies  (Lane et  al . ,  1997;  Hennessy et  al . ,  2004;  Donovan-

Lepore et  al . ,  2006) ,  but  not  in  al l ,  wi th the discrepancy at t r ibuted to  

methodological  di fferences (Henriksson et  al . ,  2006) .  Various craniofacial  

anomalies ,  however,  have been detected in  the schizophrenia pat ient  populat ion 
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by several  groups.  These abnormali t ies  seem to  excessively affect  the facial  

midl ine region,  and include midl ine facial  elongat ion part icularly in  the  

mid/ lower face (Lane et  al . ,  1997;  Hennessy et  al . ,  2004;  Buckley et  al . ,  2005;  

Kel ly et  al . ,  2005;  Henriksson et  al . ,  2006) ,  and f rontonasal  anomalies  (e.g . ,  

deep nasal  root  and  frontonasal -maxi l lary junct ion asymmetry)  (Deutsch et  al . ,  

2015).  As this  dysmorphic region is  derived from the embryonic frontonasal  

prominence which  has  the closest  connect ion to  the  forebrain during 

development ,  the au thors  of  these s tudies  propose that  a  shared pathological  

process  may culminate in  brain and craniofacial  dysmorphology and that  

understanding how midl ine morphogenesis  is  regulated could provide  

informat ion on dis turbed development  in  sc hizophrenia (Hennessy et  al . ,  2004;  

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

Another craniofacia l  anomaly in  schizophrenia is  the sexual ly dimorphic 

deviat ion from normal  facial  di rect ional  asymmetry.  Direct ional  asymmetry  

refers  to  the tendency fo r  a  t rai t  to  show consis tent  di fferences between the 

lef t  and r ight  s ides  (Klingenberg,  2015) .  In  a three-dimensional  morphometric  

analysis  of  facial  shape in  schizophrenia pat ients  and age,  sex,  and ethnici ty -

matched normal  control  subjects ,  Hennessy and col leagues (2004) discovered  

marked direct ional  asymmetry in  the shape of  male control  faces ,  whi le female  

controls  exhibi ted l i t t le  direct ional  asymmetry  (Hennessy et  al . ,  2004) .  This  

tendency was reversed in  the schizophrenia pat ients .  The fac ial  shapes  of  male  

pat ients  had only modest  di rect ional  asymmetry which  was s ignif icant ly  

reduced  compared  to  male cont rols ,  whi le female pat ients  had marked  
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direct ional  asymmetry in  facial  shape (a l though the accentuat ion in  asymmetry 

did not  show stat is t ical  s igni f icance  relat ive to  female control  shape)  

(Hennessy et  al . ,  2004) .  Of note,  the  authors  emphasize that  these facial  shape 

differences are subt le,  detectable on a populat ion level ,  but  not  discernable by  

eye on an individual  basis ,  and suggest  that  they may  reflect  a  disrupt ion in  

the establ ishment  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 degradat ion of  

heme in al l  organisms from  bacteria to  humans (Li  and Stocker,  2009) .  In  

mammalian cel ls ,  two HO isoforms are  expressed:  HO -1 (a lso 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 ,  i s  actual ly  a ret rotransposi t ion of  HO-2,  and  has  

poor heme catalyt ic  act ivi ty  (McCoubrey et  al . ,  1997;  Scapagnini  et  al . ,  2002; 

Hayashi  et  al . ,  2004) .  HO-1 and HO-2 are encoded by separa te genes and differ  

in  molecular  weight  (32kDa for  HO -1 and 36kDa for  HO-2),  electrophoret ic  

mobi l i ty,  t i ssue dis t r ibut ion,  ant igenici ty  and regulat ion (Dennery,  2000;  

Loboda et  al . ,  2008) .  They exhibi t  only 43% amino acid sequence homology in 

humans,  but  have ident ical  substrate and  cofactor  specif ici t i es  (Dennery,  2000;  

Loboda et  al . ,  2008) .  These isozymes catalyze the rate - l imit ing s tep in  the 

metabol ism of heme;  in  concert  wi th NADPH cytochrome P450 reductase ,  they 
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cleave heme into bi l iverdin,  free ferrous i ron and carbon monoxide at  their 

primary sub-cel lular  locat ion in  the endoplasmic ret iculum ( ER) (Dennery,  

2000).  Bi l iverdin is  then reduced to bi l i rubin through the act ion of  bi l iverdin 

reductase in  the cytoplasm (Dennery,  2000)  (Figure 1) .  By their  t ight  control  

of  heme metabol ism,  heme oxygenases  regulate i ron homeostasis ,  oxygen 

t ransport  and s torage,  cel lular  respirat ion and redox homeostasis  (Dennery,  

2000;  Li  and Stocker,  2009;  Schipper et  al . ,  2019) .  

 

Figure 1.  “ The heme catabol ic  pathway.  The heme degradation products ,  

ferrous i ron (FeI I ) ,  carbon monoxide (CO) and b i l iverdin/bi l i rubin may behave 
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as e i ther  pro-oxidants  or  antioxidants  accounting for  the d isparate  inf luences 

of  heme oxygenase express ion on ce l l  funct ion and surviva l  (symbol ized by 

Janus faces)”. 8 F igure repr inted with  s l ig ht  modif icat ion f rom Free Radical  

Bio logy and Medic ine,  Volume 28,  Issue 2 ,  Ryter,  S .W. and Tyrel l ,  R .M.,  The 

heme synthesis and degradation pathways:  ro le in  oxidant sensit iv i ty:  Heme 

oxygenase has  both pro -  and antioxidant propert ies ,  Pages 289 -309, Copyr ight  

(2000),  with  permiss ion f rom Elsevier.  

An important  dis t inct ion between HO -1 and HO-2 is  in  their  inducibi l i ty.  

HO-2 is  the const i tut ive form of the enzyme,  with constant  expression and 

inducible by only a l imited number of  factors  l ike dexamethasone ,  

cort icosterone and  hypoxia (which  can  also downregulate  HO -2 expression 

depending on cel l  type and microenvironment);  HO -1,  on the other  hand,  is  a  

highly inducible s tress  response prote in that  acts  as  a  dynamic sensor of  

cel lular  s t ress  (Loboda et  al . ,  2008).  HO-2 protein is  abundant  in  vasculature,  

l iver,  tes t is ,  kidney, gut  and CNS including the brain (Ryter  et  al . ,  2006) .  HO-

1 has  high expression in  spleen,  l iver  and bone marrow, t issues  involved in  the 

degradat ion of  erythrocytes  or  hemoglobin (Ryter  et  al . ,  2006) .  In  other  t issues ,  

HO-1 has  a low or undetectable basal  level  that  r ises  rapidly and sharply in 

response to  various chemical  and physical  s t imuli  (Ryter  et  al . ,  2006) .  In  

normal ,  unstressed mammalian brain,  HO -2 is  s t rongly expressed in  a wi de 

dis t r ibut ion of  neurons,  whereas  HO -1 expression is  minimal  and confined to  

sparse groupings of  gl ia  and neurons  (Schipper et  al . ,  2009b) .  Upon exposure 

to  detr imental  s t imuli ,  HO -1 is  upregula ted 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 cel ls  wi th a s t r onger response in  as t rocytes  and microgl ia than in  neurons 

and ol igodendrocytes  (Schipper et  al . ,  2019) .  

2.8.2.  Heme oxygenase-1  

2.8.2. i .  Regulat ion  

The vast  number of  s t imuli  that  can ac t ivate HO -1 gene t ranscript ion is 

considered to  exceed that  of  any other  s ingle gene (Maines,  2005) .  In  humans,  

the HO-1 gene (HMOX1 )  local izes  to  chromosome 22q12 (Kutty et  al . ,  1994) ,  

whi le in  mice,  the Hmox1  locus i s  on  chromosome 8 (MGD,  2021) .   A proximal  

enhancer,  at  least  two dis tal  enhancers ,  and a 500 -bp promoter  are included in   

the mammalian Hmox1  gene regulatory  region which conta ins  nuclear  factor  

kappa B (NFκB),  act ivator  protein  (AP -1 and AP-2)  and  hypoxia-inducible  

factor  (HIF-1) binding s i tes ,  in  addi t ion to  s t ress  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 Hmox1  gene to  upregulat ion by a large array of  oxidat ive 

and inflammatory s t imuli  including heme,  dopamine,  β-amyloid,  ni t r ic  oxide, 

peroxyni t r i te ,  Th1 cytokines ,  prostaglandins ,  hydrogen peroxide,  heavy metals ,  

ul t raviolet  l ight ,  hyperoxia,  l ipopolysaccharide,  oxidized  l ipid products  and  

various growth factors  (Dennery,  2000;  Schipper,  2000;  Kinobe et  al . ,  2006; 

Loboda et  al . ,  2008) .  In  addi t ion,  hypoxia  can induce,  repress ,  or  have no effect  

on HMOX1  expression in  a cel l - type specif ic  manner (Loboda et  al . ,  2008) .  

Other  inducers  of  Hmox1  include cannabidiol  (Schwartz et  al . ,  2018;  Böckmann 
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and Hinz,  2020) ,  phencycl idine (PCP) (Rajdev et  al . ,  1998) ,  and 

methamphetamine (Jayanthi  et  al . ,  2009) .  

 

Figure 2.  Regulatory domains of  the HMOX1 gene.  P,  promoter;  PE,  proximal 

enhancer;  DE,  d istal  enhancer;  NFkB,  nuclear  factor  κ-B b inding s i te;  AP-1,  

act ivator  protein  1  b inding s i te;  AP-2,  act ivator  protein -2  binding s i te;  HIF -1,  

hypoxia- inducib le  factor  b inding s i te;  StRE,  stress  responsive  e lement;  MtRE,  

metal  responsive element;  CdRE,  cadmium responsive element;  HSE,  heat 

shock e lement.  

 Transcript ional  regulat ion of  mammalian Hmox1  i s  la rgely under the  

control  of  the opposing effects  of  two t ranscript ion factors ,  Nrf2 (nuclear  

factor  erythroid  2 -related factor  2)  which induces  Hmox1 ,  and Bach1 (broad  

complex–tramtrack–bric-a-brac (BTB) domain and cap’n’col lar  (CNC) 

homolog 1)  which represses  i t  (Campbel l  et  a l . ,  2021) .  Under homeostat ic  

condi t ions,  the binding of  Nrf2 to  Keap1 (Kelch -l ike ECH-associated protein  

1)  in  the cytoplasm and i ts  subsequent  proteasomal -degradat ion,  in  

combinat ion with Bach1 binding to  the ant ioxidant  response  element  (ARE) on 

the Hmox1  promoter,  inhibi ts  Hmox1  gene t ranscript ion (Campbel l  et  al . ,  2021) .  

Under cel lular  s t ress ,  react ive oxygen species  (ROS) and heme promote the 

dissociat ion of  Nrf2 from Keap1 and  Bach1 f rom the  ARE; Bach1 exi ts  the  
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nucleus and is  degraded by the proteaso me,  whi le Nrf2 enters  the nucleus,  binds 

the ARE and promotes  Hmox1  t ranscr ipt ion (Campbel l  et  al . ,  2021) .   The 

t ranscript ion factors  NF κB, AP-1 and  HIF-1α can  also  upregulate  HO-1 

expression by binding the Hmox1  promoter  (Campbel l  et  al . ,  2021) .  Conversely,  

glucocort icosteroids  may suppress  Hmox1  by interact ing with STAT-3/acute-

phase response factor  binding s i te  in  the promoter  region (Lavrovsky et  al . ,  

1996).  

The magni tude of  HO -1 expression in  humans is  affected by 

polymorphisms in the length s  of  GT sequences (from 11 to 40) within the 

HMOX1  promoter;  long GT repeats  resu l t  in  lower basal  and s t imulated HO -1 

protein levels ,  and short -GT polymorphisms are associated with s t rong HO -1 

act ivi ty  (Loboda et  al . ,  2008) .  

2.8.2. i i .  Sub-cel lular  local izat ion  

Normally,  HO-1 is  anchored by a  carboxyl - terminal  t ransmembrane 

segment  into the ER membrane from where i t  car r ies  out  enzymatic breakdown 

of cel lular  heme,  but  i t  can also t ranslocate to  mitochondria,  plasma membrane 

caveolae,  and the nucleus (Ryter  et  al . ,  2006;  Dennery,  2014;  Dunn et  al . ,  

2014).  Transport  of  HO -1 into mitochondria l ikely  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 

t rans locat ion to  caveolae (Dunn et  al . ,  2014) .  For t ransfer  into the nucleus,  

HO-1 is  cleaved and released from i ts  C -terminal  anchor in  the ER (Dennery,  
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2014).  This  enzymat ical ly  inact ive,  t runcated form of  HO -1 may part icipate in  

cel lular  s ignal l ing and modul at ion of  gene t ranscript ion  in  the nucleus,  

including autoregulat ion of  i ts  own gene (Biswas et  al . ,  2014;  Dennery,  2014) .  

2.8.2. i i i .  Protect ive and toxic roles  

Free heme is  a  pro -oxidant  that  may promote membrane l ipid peroxidat ion 

and damage cel lular  mem branes (Ryter  and Tyrrel l ,  2000) .  Oxidat ive s t ress  can  

augment  the intracel lular  free heme pool  by faci l i tat ing the release of  heme 

from i ts  protein -bound s tates  (Ryter  and Tyrrel l ,  2000;  Loboda et  al . ,  2008) .  

HO-1 upregulat ion may confer  protect ion to  s t r essed cel ls  by degrading pro -

oxidant  heme into  bi l iverdin and bi l i rubin that  have radical -scavenging  

capaci t ies  (Stocker et  al . ,  1987;  Nakagami et  al . ,  1993; Llesuy and Tomaro,  

1994;  Doré et  al . ,  1999;  Barañano and Snyder,  2001) .  Carbon monoxide 

generated in  this  pathway can exert  ant i - inflammatory,  ant iprol i ferat ive,  

ant iapoptot ic ,  and ant icoagulat ive effec ts  (Ryter  et  al . ,  2006;  Ryter,  2019) .  

Concomitant  product ion of  the i ron  s torage  protein apoferr i t in  can sequester  

the heme-derived ferrous i ron and  mit igate free radical  injury to  the cel l  

(Dennery,  2000;  Ryter  and  Tyrrel l ,  2000) .  However,  al though the primary  goal  

of  the enzymatic  act ivi ty  of  HO -1 may be  cytoprotect ion,  under  certain 

ci rcumstances i ron and carbon monoxide released through this  act ivi ty  may 

augment  oxidat ive injury by contr ibut ing to  react ive oxygen species  (ROS) 

generat ion within mitochondria and other  subcel lular  compartments  (Zhang and 

Piantadosi ,  1992;  Frankel  et  al . ,  2000;  Ryter  and Tyrrel l ,  2000;  Desmard et  al . ,  

2007).  The intensi ty  and chronici ty  of  Hmox1  induct ion,  the cel l  types  
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involved,  and the chemistry of  the redox microenvironment  may determine 

whether  HO-1 offers  cytoprotect ion or  exerts  cytotoxici ty  in  any given 

condi t ion (Galbrai th ,  1999;  Sut tner  and Dennery,  1999) .   

Several  decades of  in  vi tro  work from the Schipper laboratory has  

demonstrated that  upregulat ion of  HO -1 in as t rocytes ,  ei ther  by s t imulat ion of  

endogenous HO-1 act ivi ty  or  by t ransient  t ransfect ion of  cul tured ast rocytes  

with HMOX1 cDNA,  leads to  a ‘core neuro pathological  tet rad’ of:  “i )  oxidat ive 

s t ress  and  associated  protein,  l ipid and  nucleic acid modificat ions,  i i )  excessive  

[mitochondrial ]  deposi t ion of  non -transferr in  bound i ron,  i i i )  mitochondrial  

membrane damage and bioenerget ic  fai lure,  and iv)  macroau tophagy 

(mitophagy)” 9 in  the affected gl ia .  In  turn,  this  HO -1-mediated gl iopathy 

increases  the suscept ibi l i ty  of  neighbouring neurons to  oxidat ive injury 

(reviewed in (Schipper et  al . ,  2019) ) .  In  recent  years ,  this  ‘core 

neuropathological  t et rad’ concept  was further  val idated when i t  also became 

manifest  in  the brains  of  GFAP.HMOX1 transgenic mice bioengineered in  the 

Schipper laboratory to  overexpress  HMOX1  in  as t rocytes  (di scussed in  sect ion 

2.9) .   

2.8.2. iv.  HO-1 in neurological  condi t ions  

Consis tent  with the remarkable responsiveness  of  HMOX1 to  oxidat ive 

s t ress ,  variable pat terns  of  neural  HO -1 expression are seen in  the broad 

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

 
9 Ibid.  
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immunoreact ive HO-1 protein overexpressed in  affected  regions and co -

local ized with hal lmark cytopathological  features  of  each condi t ion (Schipper 

et  al . ,  2019) .  Such  d is t inct ive overexpression of  immunoreact ive HO -1 protein 

has  been detected in  brain t issue of  individuals  with Alzheimer disease  (Smith 

et  al . ,  1994;  Schipper et  al . ,  1995;  Schipper et  al . ,  2006) ,  Parkinson disease  

(Castel lani  et  al . ,  1996;  Schipper et  al . ,  1998) ,  mild cogni t ive impairment 

(Schipper et  al . ,  2006) ,  cort icobasal  degenerat ion (Castel lan i  et  al . ,  1995) ,  Pick 

disease (Castel lani  et  al . ,  1995) ,  progressive supranuclear  palsy (Smith et  al . ,  

1994),  mult iple sclerosis  (brain and spinal  cord)  (Mehindate et  al . ,  2001;  

Stahnke et  al . ,  2007) ,  aut ism (Evans et  al . ,  2008) ,  focal  cerebral  infarct ion 

(Beschorner et  al . ,  2000) ,  t raumatic 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  

( t raumatic brain in jury,  int ra cerebral  hemorrhage,  cerebral  ischemia,  focal  

cerebral  hypoperfusion,  spinal  cord injury)  have supported both a 

neuroprotect ive and  a neurodystrophic  role for  HO -1 in  these condi t ions 

(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 -Roet l ing et  

al . ,  2015;  Chen-Roet l ing et  al . ,  2017;  Zhang et  al . ,  2017) .  In a mouse model  of  

famil ial  Alzheimer disease (APPswe/PS1 ΔE9 TG mice) ,  ta rgeted blockade of  

neural  HO-1 act ivi ty  provided neurotherapeut ic effects  (Gupta et  al . ,  2014) .  

GFAP.HMOX1 8 . 5 - 1 9 m  mice that  overexpress  human HO -1 in as t rocytes  from 8.5 
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to  19 months of  age  exhibi t  a  behavioural ,  neuropathological ,  neurochemical  

and molecular  profi le  consis tent  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  vi tro  s tudy provided evidence 

that  acute induct ion of  HO -1 in cul tured  ol igodendrocytes  is  protect ive,  whi le 

i ts  chronic overexpression is  cytotoxic to  these cel ls  (Stahnke et  al . ,  2007) .  

The neurodystrophic role of  HO -1 is  supported in  these condi t ions.  In  acute  

neurological  condi t ions HO -1 appears  to  be mostly protect ive,  whereas  in  

chronic s tates  i t  i s  predominant ly detr imental  (Schipper et  al . ,  2019) .  

“Successful  exploi tat ion of  HO -1 modulat ion as  a  therapeut ic target  

presupposes  a nuanced appreciat ion of  i ts  specif ic  (benefic ial  or  dystrophic)  

role in  the t issue,  condi t ion or  process  under considerat ion.” 10 

2.8.2.v.  HO-1 and schizophrenia  

“Abnormal  redox homeostasis  and oxidat ive s t ress  have been proposed to 

play a key  role in  the et iopathogenesis  of  several  human neuropsychiat r ic  

disorders  (Calabrese  et  al . ,  2017) .  HMOX1  induct ion has  been demonstrated in  

the prefrontal  cortex of  pat ients  with schizophrenia and i s  associated with 

perturbed redox homeostasis  and mitochondrial  dysfunct ion in  this  brain region 

(Prabakaran et  al . ,  2004) .  A genome-wide methylat ion analysis  of  DNA 

extracted f rom peripheral  blood samples  revealed s ignif icant  hypomethylat ion 

of  the HMOX1  promoter  in  schizophrenia pat ients  which may contr ibute to  HO -

 
10 Ibid. 
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1 overexpression in  this  disease (Rukova et  al . ,  2014) .  Addi t ional ly,  

schizophrenia -relevant  s t ressors  such as  anoxia -ischemia,  pro-inflammatory  

cytokines  (TNFα,  IL-1β) and  DA induce Hmox1  in  mammalian ast rogl ia  

(Schipper et  al . ,  1999;  Mehindate et  al . ,  2001;  Schipper,  2004) .  Exposure  to  

the former s t imuli  or  t ransient  t ransfect ion of  as t rocytes  with HMOX1  resul ts  

in  mitochondrial  dysfunct ion and mitophagy.  The elevated HO -1 act ivi ty  may 

therefore be direct ly  responsible for  the mitochondrial  insuff iciency observed  

in  the Prabakaran s tudy (Prabakaran et  al . ,  2004)  and for  the accelerated 

product ion of  pre -corpora amylacea an d corpora amylacea,  [glycoprotein -r ich  

cytoplasmic concret ions that  contain mitochondrial  debris , ]  in  schizophrenia -

affected neural  t i ssues  (Stevens,  1982;  Nishimura et  al . ,  2000) .  

 “Changes in  systemic levels  of  bi l i rubin have been  consis tent ly 

documented  in  pat ients  with schizophrenia and related psychoses ,  offering 

tantal izing clues  to  the putat ive  role of  HO -1 in these neuropsychiatr ic  

condi t ions.  Hyperbi l i rubinemia in  infants  has  been associated with the  

development  of  psychiatr ic  i l lness  during chi ldh ood (Dalman and Cul lberg,  

1999).  Moreover,  elevat ion of  ci rculat ing bi l i rubin levels  is  over -represented 

in  adul ts  with mental  i l lness ,  part icularly in  men with schizophrenia and acute  

psychot ic disorder  (Müller  et  al . ,  1991; Miyaoka et  al . ,  2000;  Miyaoka et  al . ,  

2005;  Yasukawa e t  al . ,  2007;  Bach et  al . ,  2010) .  In  the lat ter,  the 

hyperbi l i rubinemia does not  appear to  be confounded by exposure to  alcohol  

or  ant ipsychot ic medicat ions (Müller  et  al . ,  1991;  Powell  and Hansen,  2007) ,  

may correlate with the degre e of  brain dysfunct ion (Miyaoka et  al . ,  2000)  and 
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improve with remission of  psychot ic symptoms (Powell  and Hansen,  2007) .  

Consis tent  with the elevat ion of  serum bi l i rubin,  increased  concentrat ions of  

urinary biopyrrins ,  products  of  oxidat ive bi l i rubin meta bol ism,  have been 

reported  in  pat ients  with acute  psychosis  (Yasukawa et  al . ,  2007) .  In  one s tudy,  

conjugated and  unconjugated bi l i rubin were associated,  respect ively,  wi th 

acute psychosis  and chronic schizophrenia (Radhakrishnan et  al . ,  2011) ,  

al though the pathophysiological  s ignif icance of  these nuanced correlat ions 

remains uncertain.   

“[Recent ly,]  .  .  .  a provocat ive paper was publ ished by Sainz and co -

workers  l inking HMOX1  expression with the responsiveness  of  schizophrenic 

pat ients  to  ant ipsychot ic med icat ions  (Sainz et  al . ,  2018) .  The authors  

sequenced  total  mRNA from [peripheral  whole]  blood samples  of  30 

ant ipsychot ic-naïve pat ients  who,  af ter  3  months of  t reatment ,  were determined  

to be good or  poor responders  to  ant ipsychot ic drugs.  Signif icant  dif ferent ial  

expression of  130 genes correlated with cl inical  response.  Interest ingly,  

schizophrenia -annotated genes were over-represented among the top 30 

performers  lending plausibi l i ty  to  the s tudy.  Four genes were found by logis t ic 

regression to  predict  t he response to  ant ipsychot ic medicat ion with a high cross  

val idat ion accuracy.  HMOX1  overexpression was among these four genes and  

was the  second most  robust  predictor  of  responsiveness  to  ant ipsychot ic 

medicat ions.  Beyond i ts  role as  a  candidate prognost i cator  of  neurolept ic  

responsiveness ,  and ci t ing the hyperdopaminergia inherent  to  

GFAP.HMOX1 0 − 1 2 m  TG mice (see Sect ion 2.9.) ,  the invest igators  echoed the  
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posi t ion of  the Schipper laboratory (Song et  al . ,  2012b)  implicat ing the HO-1-

dopamine axis  as  an at t ract ive therapeut ic target  in  pat ients  with 

schizophrenia.” 11  

In a s tudy of  serum markers  of  oxidat ive s t ress  that  included 44 pat ients 

with schizophrenia  and 49 heal thy control  subjects ,   serum HO -1 protein  

concentrat ion correlated posi t ively with total  and posi t ive symptom scores  on 

the Posi t ive and Negat ive Symptom Scale (PANSS),  but  a  t rend -level  increase  

in  serum HO-1 pro tein concentrat ion of  pat ients  did not  reach s tat is t ical  

s ignif icance (Ma et  al . ,  2020) .  Converse ly,  another  s tudy reported that  HMOX1  

induct ion in  peripheral  blood lymphocytes  was moderately,  but  s ignif icant ly,  

at tenuated in  pat ients  experiencing a f i rs t  episode of  paranoid schizophrenia  (n  

= 40) compared to  heal thy control  part icipants  (n = 25),  whereas  i t  was 

s ignif icant ly elevated in  subjects  with  alcohol - induced  psychosis  (n = 22) 

(Shmarina et  al . ,  2020) .  We recent ly conducted a smal l  pi lot  s tudy of  HO -1 in 

acute psychosis  where we measured HO -1 protein in  plasma and sal iva,  as  wel l  

as  HMOX1  mRNA in lymphocytes ,  obtained from individuals  having an acute  

episode of  psychosis  and age/sex matched normal  controls  (Bert rand et  al . ,  

2021).  Our  s tudy,  which included 16  psychosis  subjects  and 17 control  

part icipants ,  detected a s ignif icant  overex pression of  HO-1 protein in  sal iva 

specimens of  psychosis  pat ients  relat ive to  controls ,  but  plasma HO -1 protein  

and lymphocyte HO-1 mRNA levels  did not  differ  between groups (Bertrand et  

al . ,  2021) .  Sal ivary  HO-1 was  also posi t ively associated  with psychi atr ic  

 
11 Ibid.  
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symptom severi ty  and disabi l i ty  (Bert rand et  al . ,  2021) .  Five pat ients  in  our  

s tudy had a his tory of  schizophrenia,  s ix  had been diagnosed with a  

schizoaffect ive  disorder,  and f ive experienced  a f i rs t  psychot ic episode without 

underlying psychiat r ic  comorbidi t ies  or  known secondary cause (Bertrand  et  

al . ,  2021) .  Our smal l  sample s ize did  not  al low sub -analyses  according to  

underlying psychiatr ic  comorbidi t ies ,  therefore larger  s tudies  are needed to  

permit  s t rat i f icat ion of  pat ient  groups and help dete rmine different ial  

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

Ex vivo  invest igat ions by two independent  groups demonstrated that  

basel ine expression of  HMOX1  was s ignif icant ly higher in  lymphoblastoid cel l  

l ines  (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 cel ls  by a s ignif icant  elevat ion of  HO -1 protein levels  

at  basel ine (Ifhar  et  al . ,  2019)  and a s ignif icant ly higher induct ion of  HMOX1  

upon chal lenge by dopamine (Duan et  al . ,  2018) .  In  another  ex vivo  model ,  cel ls  

derived from neurospheres  originat ing from olfactory  mucosa of  schizophrenia  

pat ients  exhibi ted augmented HMOX1  expression relat ive to  cel ls  from control  

subjects  (Abrahamsen,  2008) .  

Brain upregulat ion of  HO-1 has  also been detected in  some animal  models 

used for  schizophrenia research.  In  the  maternal  immune act ivat ion model  of 

prenatal ly  Poly I :C-exposed rats ,  HO-1 protein is  s ignif icant ly upregulated in  

the dorsal  hippocampus and the  medial  prefrontal  cortex ( Ifhar  et  al . ,  2019) .  

Hmox1  gene express ion is  increased in  the hippocampus of  Shnurri -2 knockout  
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mice that  exhibi t  schizophre nia- relevant  behavioural ,  neuronal  and molecular  

phenotypes (Takao et  al . ,  2013) .  Shnurri -2 is  an inhibi tor  of  the Hmox1 

act ivator  NFκB (Takao et  al . ,  2013) .  In  a mouse  model  of  influenza A viral  

infect ion in  pregnancy,  severe maternal  and perinatal  compl i cat ions included 

an enhanced  maternal  inflammatory response leading to  placental  and fetal  

brain hypoxia,  wi th concomitant  increases  in  Hmox1  mRNA in the placenta and 

the fetal  brain (Liong et  al . ,  2020) .  Schizophrenia -l ike features  are seen  in  mice 

subjected to  maternal  influenza infect ion in  utero ,  a  known schizophrenia r isk  

factor  in  humans (Shi  et  al . ,  2003;  Brown et  al . ,  2004;  Boksa,  2010) .  Final ly,  

GFAP.HMOX1 0 - 1 2 m  t ransgenic  mice designed to overexpress  HO -1 in as t rocytes  

throughout  embryogenesis  unt i l  adul thood exhibi t  many schizophrenia -relevant  

characteris t ics ,  described in  the next  sec t ion.  

2.9.  GFAP.HMOX1 0 - 1 2 m  mouse  

GFAP.HMOX1 transgenic mice were engineered i n  the laboratory of  Dr.  

Hyman Schipper  to  condi t ional ly and select ively  overexpress  HO -1 in 

as t rocytes  under temporal  control  by tet racycl ine or  i ts  more s table analogue 

doxycycl ine (Song et  al . ,  2012b) .  GFAP.HMOX1 mice express  

GFAP.tTA.TRE.Flag.HMOX1 fina l  cons tructs  (Figure 3)  on Friend virus  B 

(FVB) background s t rain (Song et  al . ,  2012b) .  Doxycycl ine provided in  the diet  

inhibi ts  t ransgene expression,  whereas  omission of  doxycycl ine from the diet  

ini t iates  t ransgene expression (Tet -OFF system).  The t ransgene cascade in  

GFAP.HMOX1 mice is  described in  chapter  3  (sect ion 3.1.3) .   
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Figure 3.  “Design of  condit ional  GFAP.HMOX1 transgenic  mice.  In  absence of  

tetracycl ine/doxycycl ine,  tTA (tetracycl ine act ivator)  b inds to  the tetracycl ine 

response e lement (TRE) ,  thereby act ivat ing transcr ipt ion of  the F lag -tagged 

HMOX1 gene under  the min imal human cytomegalovirus  (CMV)  

promoter/enhancer (Pcmv).  The GFAP promoter  restr icts  transgene express ion 

to  the astrocyte  compartment.  tTA is  inact ivated in the presence of 

doxycycl ine (DOX),  thereby preventing express ion of  the HMOX1 transgene. 

Modif ied f rom Song et  a l .  2012b,  with  permiss ion ”12.  

Through the  s t rategic select ion of  temporal  windows of  expression for  the 

HMOX1  t ransgene by ei ther  omit t ing or including doxycycl ine in  the diet  to 

turn the gene on or  off ,  the GFAP.HMOX1 mouse model  enables  the s tudy of 

downstream effects  of  HO-1 induct ion in  as t rocytes  (and possibly other  GFAP -

expressing cel ls)  wi thin defined cri t ical  periods,  which we denote by  

superscript  in  the  nomenclature of  the model .  Thus,  GFAP.HMOX1 0 - 1 2 m  

represents  GFAP.HMOX1 mice  with cont inuous t ransgene expression  from 

embryogenesis  to  12 months of  age,  thereby upregulat ing HO -1 in GFAP-

expressing cel ls  during that  period of  their  l i fespan.   

 
12 Ibid. 
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In the brains  of  GFAP.HMOX1 0 - 1 2 m  mice,  HMOX1  t ransgene expression  

was detectable,  as  immunoreact ive Flag -tagged human HO-1 protein,  at  al l  ages 

veri f ied:  embryonic  day 12.5,  1  week postnatal ,  6  weeks postnatal  (mid -

adolescence),  6 .5 months postnatal  (early adul thood),  and 48 weeks (11 

months)  postnatal  (mid -adul thood) (Song et  al . ,  2012b;  Song et  al . ,  2017b) .  For 

a descript ion of  mouse l i fe  phases  and mouse/human age and l i fe  phase 

equivalencies ,  see  chapter  3  (sect ion 3.1.1) .  HMOX1  t ransgene expression was  

present  in  as t rocytes  throughout  the  CNS including the s t r iatum (STM),  

hippocampus (HC),  amygdala  (AMYG),  substant ia  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  cel ls ,  o l igodendrogl ia or  

microgl ia (Song et  al . ,  2012b) .  Nor was i t  detected in  peripheral  t i ssues 

including heart ,  lung,  gonads,  l iver,  spleen,  s tomach,  intest ines  and  kidney 

(Song et  al . ,  2012b) .  Compared with  wildtype (WT) controls ,  total  HO -1 

protein expression in  GFAP.HMOX1 0 - 1 2 m  mouse brains  was  increased 1.36 -  to  

5 .76-fold,  wi th the greatest  augmentat ion in  SN/VTA (5.76 -fo ld)  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  s tudies  

ment ioned in the previous sect ion,  basel ine HO -1 mRNA expression was  

increased 5.87-fold (Duan et  al . ,  2018)  and 1.8-fold  (I fhar  et  al . ,  2019)  in  the  

schizophrenia -derived lymphoblastoid cel l  l ines ,  and  1.9 -fold in  the  
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schizophrenia -derived olfactory s tem cel l  l ines  (Abrahamsen,  2008) .  These  

fold changes are  in  l ine with those seen  in  the GFAP.HMOX1 0 - 1 2 m  mouse brain.    

Behavioural  phenotyping of  adul t  GFAP.HMOX1 0 - 1 2 m   mice at  48 weeks of  

age (11 months)  revealed  novel ty -induced hyperlocomotor behaviour  and  

enhanced s tereotypy compared to  WT controls  in  the open -field tes t ,  but  no 

defici t  in  motor coordinat ion or  balance on the rotarod,  no anxiety in  the 

Thatcher-Bri t ton paradigm and no defici t  in  nonspat ial  ol factory memory i n the 

olfactory discriminat ion task (Song et  al . ,  2012b) .  Male,  but  not female,  

GFAP.HMOX1 0 - 1 2 m   mice exhibi ted a  s ignif icant  impairment  in  PPI relat ive to  

WT counterparts  (Figure 4)  (Song et  al . ,  2012b) .  Locomotor abnormali t ies  were  

not  observed in  48 -week-old GFAP.HMOX1 transgenic  mice exposed to  

doxycycl ine ( thereby inhibi t ing HMOX1  t ransgene expression) ei ther  

cont inuously throughout  embryogenes is  unt i l  mid -adolescence  (6  weeks  

postnatal ) ,  or  f rom mid-adolescence (6  weeks postnatal )  un t i l  mid -adul thood 

(48 weeks postnatal )  (Song et  al . ,  2012b) .  Thus,  confining the temporal  window 

of HO-1 upregulat ion to  ei ther  pre -adolescent  l i fe  (GFAP.HMOX1 0 - 1 . 5 m )   or 

post -adolescent  l i fe  (GFAP.HMOX1 1 . 5 - 1 2 m )   prevented locomotor abnormali t ies  

in  adul thood.  
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Figure 4.  Prepulse  inhib it ion  of  the acoust ic  start le  response in  GFAP.HMOX1 0 -

1 2 m  (TG)  and WT mice at  48 weeks (11 months)  of  age.  PPI ,  prepulse  inhib it ion; 

pp,  prepulse;  WT,  wi ldtype;  TG,  transgenic;  M,  male;  F,  female;  dB,  decibel .  

Modif ied f rom Song et  a l .  2012b,  with  permiss ion.  

GFAP.HMOX1 0 - 1 2 m  mice exhibi t  the ‘core neuropathological  tet rad’ 

described in  sect ion  2.8.2. i i i . ,  “viz .  increased  brain i ron deposi t ion,  elevated 

oxidat ive s t ress ,  mitochond rial  membrane damage and macroautophagy (Song 

et  al . ,  2012b;  Song et  al . ,  2012a) .  As  per  the  HMOX1 - t ransfected  ast rocytes  

grown in  vi tro  (Zukor et  al . ,  2009) ,  bra in i ron sequestrat ion in  these mice is  

not  associated  with overt  changes  in  IRP1/IRP2,  t ransferr in  receptor,  

ferroport in  or  ferr i t in  protein concentrat ions (Song et  al . ,  2012a) ,  and therefore 

may be considered  “unregulated” ( t ransfer r in  pathway -independent) .  The 

gl iodystrophy observed in  the GFAP.HMOX1 0 - 1 2 m  mouse is  s imilar,  i f  not  

ident ical ,  to  ul t ras t ructural  abnormali t ies  reported in  the human schizophrenia 
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hippocampus (Kolomeets  and  Uranova,  2010) .” 13 Redox imbalance  in 

GFAP.HMOX1 0 - 1 2 m  mouse brains  is  al so evidenced by augmented protein 

carbonylat ion and  perturbed homeos tasis  of  glutathione,  a  major  brain 

ant ioxidant  (Song et  al . ,  2017b) .   

Evoked cerebral  blood f low responses ,  cont ingent  on the integri ty  of  

neuronal -ast rogl ial -microvascular  communicat ion,  are s ignif icant ly impaired 

in  GFAP.HMOX1 0 - 1 2 m  mice,  a  defici t  a lso present  in  schizophrenia pat ients  

(Ford et  al . ,  2005;  Song et  al . ,  2012b) .  Several  proteins  with known 

dysregulat ion in  schizophrenia are dysregulated in  GFAP.HMOX1 0 - 1 2 m  brains 

as  wel l .  These include:  reduced mRNA and protein expression of  the cr i t ical  

GABA-synthesizing enzyme glutamic  acid decarboxylase  67 (GAD67) ( (Torrey  

et  al . ,  2005;  Song et  al . ,  2017b)  Tavi t ian and Schipper,  unpubl ished 

observat ions) ,  diminished mRNA expression l evels  of  the presynapt ic 

membrane cel l -adhesion molecule neurexin -1 (Nrxn1) and i ts  inhibi tory -

synapse-specif ic  postsynapt ic binding partner  neurol igin -2  (Nlgn2) (Kirov et  

al . ,  2009;  Sun et  al . ,  2011;  Krueger  et  a l . ,  2012;  Song et  al . ,  2017b;  Hu et  al . ,  

2020),  and decreased immunoreact ivi ty  of  parvalbumin ( (Torrey et  al . ,  2005)  

Tavi t ian and Schipper,  unpubl ished observat ions) .  In  addi t ion,  the expression 

of  microRNAs miR-137,  miR-181a,  miR-138,  and miR-128 in GFAP.HMOX1 0 -

1 2 m  brains  deviated substant ial ly  fr om WT values  (Song et  al . ,  2017b) .  

 
13 Ibid. 
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GFAP.HMOX1 0 - 1 2 m  mice exhibi t  elevated basal  gangl ia concentrat ions of  

dopamine and i ts  metabol i tes ,  3 ,4 -dihydroxyphenulacet ic  acid (DOPAC) and 

homovani l l ic  acid (HVA),  and elevated serotonin and i ts  metabol i te ,  5 -

hydroxyindoleacet ic  acid (Song et  al . ,  2012b) .  The dopamine augmentat ion 

l ikely resul ts  from increased tyrosine hydroxylase  (TH) and dopamine 

t ransporter  (DAT) gene expression,  which,  in  turn,  are the resul t  of  the  

induct ion of  t ranscript ion factors  nuclear  recept or  related-1 (Nurr1)  and  

pi tui tary homeobox 3 (Pi tx3) mRNA and protein,  wi th downregulat ion of  their  

target ing miR-133b and miR-145,  al l  of  which are manifest  in  GFAP.HMOX1 0 -

1 2 m  mouse brains  (Song et  al . ,  2012b) .  Further,  D1-receptor  binding is  

diminished in  the nucleus accumbens of  adul t  GFAP.HMOX1 0 - 1 2 m  mice (Song 

et  al . ,  2012b) .  

Short - term treatment  of  adul t  GFAP.HMOX1 0 - 1 2 m  mice with the cysteine -

r ich whey protein isolate Immunocal®,  which acts  as  a  glutathione precursor,  

res tored brain gluta thione homeos tasis ,  al leviated cel lular  oxidat ive s t ress ,  

at tenuated protein carbonylat ion,  and reversed mRNA def ici ts  for  GAD67,  

Nrxn1 and Nlgn2 while normalizing expression profi les  of  their  target ing 

miRNAs in sal ient  regions of  the GFAP.HMOX1 0 - 1 2 m   brain (Song et  a l . ,  2017b) .  

Al l  HMOX1 -related  changes in  brain neurotransmit ters  were improved by  

Immunocal  supplementat ion (Song et  al . ,  2017b) .  Principal  characteris t ics  of  

the GFAP.HMOX1 0 - 1 2 m  model  are depicted in  f igure 52 (sect ion 5.5,  page 291).   

The GFAP.HMOX1 0 - 1 2 m  mouse neurophenotype,  which  bears  many 

s imilari t ies  to  schizophrenia,  i s  speci f ic  to  the early -to-midl i fe temporal  
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window of sustained  exposure to  elevated levels  of  HO -1.  In contradis t inct ion,  

shif t ing the HO-1 temporal  window to mid -to-late l i fe  exposure  in  the 

GFAP.HMOX1 mouse model  produces an opposi te  neurophenotype consis tent  

with parkinsonism (Song et  al . ,  2017a) .  Thus,  GFAP.HMOX1 8 . 5 - 1 9 m  mice,  

generated by inhibi t ing HMOX1  t ransgene expression with doxycycl ine unt i l  

the age of  8 .5 months,  then withdrawing doxycycl ine from the diet  to al low 

HMOX1  t ransgene expression f rom 8.5 to  19 months of  age,  exhibi t  a  

hypodopaminergic phenotype that  includes locomotor incoordinat ion and 

neuropathological  and molecular  profi les  encountered in  idiopa thic Parkinson 

disease,  whi le exhibi t ing the same ‘core neuropathological  tet rad’ as  

GFAP.HMOX1 0 - 1 2 m  mice (Song et  al . ,  2017a) .  These two opposing phenotypes 

emerging as  a  resul t  of  earl ier  vs .  la ter  HO-1 exposure in  the  same model  system 

may help resolve the  ‘great  dopamine paradox’ (Schipper et  al . ,  2019)  of  mixed  

hyper/hypodopaminergic mani festat ions in  schizophrenia and Parkinson 

disease and “sugges t  that  perinatal  s t ressors  act ivat ing the gl ial  HO -1 cascade 

before the maturat ion of  nigrostr iatal  and me sol imbic pathways promote 

‘‘hypert rophy’’ of  dopaminergic ci rcui t ry .  .  .  a longside  relat ively minor 

degenerat ive changes,  culminat ing as  a  ‘‘net’’ neurodevelopmental  

hyperkinesia in  early adul thood.  Contrariwise,  s t ressors  act ing upon 

establ ished (‘‘hard -wired’’)  dopaminergic project ions later  in  l i fe  yield  
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phenotypes that  are  exclusively degenerat ive in  nature.” 14 (Schipper et  al . ,  

2019;  Tavi t ian et  al . ,  2020) .  

GFAP.HMOX1 0 - 1 2 m  mice show robust  neuroprotect ion and  survival  in  acute 

int racerebral  hemorrhage  set t ings (Chen-Roet l ing et  al . ,  2015;  Chen -Roet l ing 

et  al . ,  2017) ,  further  at tes t ing to  the Janus -faced behaviour of  HO-1 and to our  

group’s  posi t ion that  HO-1 upregulat ion is  beneficial  in  the set t ing of  acute 

i l lness ,  but  detr imental  in  chronic disease.  

This  thesis  presents  the resul ts  of  further  invest igat ions into the 

neurophenotype manifested in  GFAP.HMOX1 0 - 1 2 m  mice,  as  out l ined in  chapter  

1:  int roduct ion,  rat ionale and object ives  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  detai ls  of  methodology employed in:   

Experiment 1.  To test  GFAP.HMOX1 0 - 1 2 m  mice in  behavioural  paradigms that  

fal l  wi thin the negat ive symptom and cogni t ive dysfunct ion domains of  

schizophrenia.  

Experiment 2.  To test  the predict ive va l idi ty  of  the GFAP.HMOX1 0 - 1 2 m  mouse 

model  for  schizophrenia by t reatment  with the atypical  ant ipsychot ic  

medicat ion,  clozapine.  

Experiment 3.  To study craniofacial  anatomy in adul t  GFAP.HMOX1 0 - 1 2 m  mice 

by the analysis  of  head shape features  and skul l  morph ometry.  

Experiment 4.  To examine the anatomy of the hippocampus,  the lateral  

ventr icles  and  the corpus cal losum and fol low their  maturat ional  t rajectory  in  

GFAP.HMOX1 0 - 1 2 m  mice from adolescence to  early adul thood to midl i fe,  wi th 

postmortem his tochemical  and morphometric techniques.  

Experiment 5.  To examine the progression of  prepulse  inhibi t ion of  the 

acoust ic  s tar t le  response (PPI)  from adolescence to  adul thood in male 

GFAP.HMOX1 0 - 1 2 m  mice through a longi tudinal  s tudy.  

Experiment 6.  To test  in  GFAP.HMOX1 0 - 1 2 m  mice the therapeut ic potent ial  of  

t reatment  with the glutathione precursor  Immunocal® for  brain disorders  such 

as  schizophrenia.  In  part icular,  to  s tudy the effects  of  such a t reatment  on  

behavioural  dysfunct ion,  brain anatomy and brain ree l in  express ion in  

GFAP.HMOX1 0 - 1 2 m  mice.  
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3.1.  Common methods for al l  experiments  

3.1.1.  Timeline of  experiments  

Experiments  were conducted on GFAP.HMOX1 0 - 1 2 m  mice and their  

wi ldtype counterparts  at  3  l i fe  phases:  mid -to-late adolescence,  early  

adul thood,  and midl i fe (middle adul thood).  These periods within the l i fespan 

were  selected because of  their  importance  to  brain  maturat ion and  

schizophrenia  (discussed in  the l i te rature review sect ion of  this  dissertat ion).  

The American Academy of Pediatr ics  defines  early human a dolescence 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 i l lust rates  the t imel ine of  

experiments  included in this  thesis .  Mouse/human age and  l i fe  phase  

equivalencies  were determined as  publ ished 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: 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: PPI (P50-54/6m) 

Experiment 6: Immunocal (6.5m) 

 

Figure 5.  Exper imental  t imel ine.  E,  embryogenesis .  P,  postnatal  day.  m, month.  

TG,  transgenic.  WT,  wi ld -type.  
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Figure 6.  Mouse/human age and l i fe phase equivalencies.  Red rectangle 

represents  the exper imental  t imel ine descr ibed in  f igure 5.   

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

lab/gerontology/ l i fe -span-as-a-b iomarker ) .  From f igure 20-3:  F lurkey K,  Currer 

JM,  Harr ison DE.  2007.  The Mouse in Aging Research.  In  The Mouse in 

Biomedical  Research 2nd Edit ion.  Fox JG,  et  a l ,  ed itors .  American Col lege 

Laboratory Animal  Medic ine (E lsevier) ,  Bur l ington, MA.  pp.  637 –672, with  

permiss ion.   

 

 

https://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/life-span-as-a-biomarker
https://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/life-span-as-a-biomarker
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3.1.2.  Animal  husbandry  

All  experimental  pro tocols  were approved by the Animal  Care Commit tee 

of  McGil l  Universi ty  in  accordance with the guidel ines  of  the Canadian Counci l  

on Animal  Care  (Animal  Use Protocol  #  2001 -2739).  Mice were bred  and cared  

for  in  the Animal  Care Faci l i ty  at  the Lady Davis  Inst i tute for  Medical  

Research.  Mice were kept  at  a  room temperature of  21 ± 1 o C with a 12-hour 

l ight /12-hour dark schedule and ad l ibi tum  access  to  food and water.  Indices  of  

general  heal th ,  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 s t rain that  originated f rom Harlan Laboratories)  were  generated as  

previously described by our  group (Song et  al . ,  2012b) .  The t ransgene cascade 

in  GFAP.HMOX1 mice leads to  act ivat ion of  the ent i re coding sequence of  

human HO-1 through the upstream promoter  drive of  gl ia l  f ibri l lary acidic 

protein (GFAP) and the “control  swi tch”  of  tet racycl ine t ransact ivator  protein  

( tTA) (Song et  al . ,  2012b) .  This  design permits  (1)  select ive target ing of  

HMOX1  gene expression to  as t rocytes  (and possibly other  GFAP -expressing 

cel ls)  and (2)  temporal  control  of  t ransgene expression by the Te t -Off  system 

through tet racycl ine or  i ts  more s table analogue doxycycl ine.  Doxycycl ine 

provided in  the diet  (200mg/kg,  s ter i le;  Bio -Serv,  Frenchtown,  NJ,  USA) 
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inhibi ts  t ransgene expression,  whereas  omission of  doxycycl ine from the diet  

ini t iates  t ransgene expression.  

For the generat ion of  GFAP.HMOX1  mice used in  al l  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 

doxycycl ine during embry ogenesis  and  throughout  l i fe  al lowing cont inuous  

HMOX1  t ransgene expression.  We use  the notat ion GFAP.HMOX1 0 - 1 2 m  to 

represent  GFAP.HMOX1 TG mice in  which the HMOX1  t ransgene is  expressed  

(consequent ly HO-1 protein is  overexpressed in  as t rocytes  and possibl y other 

GFAP-expressing ce l ls)  from concept ion to  the age of  12 months.  FVB mice 

that  do not  harbour the t ransgene were used as  wild -type controls  in  al l  

experiments ,  and were ei ther  non -transgenic l i t termates  of  TG mice bred in -

house or  were obtained from  commercia l  breeders  (Charles  River  Laboratories ,  

Canada or  Envigo ( formerly Harlan Laboratories) ,  Indianapol is ,  IN,  USA).  

3.1.4.  PCR genotyping  

Mouse genotype was veri f ied by polymerase chain react ion  (PCR) using 

REDExtract -N-Amp T M  Tissue PCR Kit  (XNAT-100RXN, Sigma-Aldrich,  

Germany).  Genomic DNA was extracted f rom mouse tai l  biopsy specimens with 

solut ions for  extract ion,  t i ssue preparat ion and neutral izat ion provided in  ki t .  

The tTA coding sequence (1009 bp fragment)  was amplif ied with the fol lowing 

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 

Flag+HMOX1 gene segment  (989 bp  fragment )  was  amplif ied with the 
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fol lowing 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’) .  Amplif icat ions were  performed in a total  volume of  15 μl 

containing 7.5 μl  of  REDExtract  N -Amp PCR Ready Mix,  4 .5 μl  of  a  mixture 

of  each primer and PCR grade water,  and  3 μl  of  mouse  tai l  extract  as  template.  

The thermal  cycler  (GeneAmp PCR System 9700) was used with the fol lowing 

cycl ing parameters :  an ini t ial  denaturat ion s tep of  3  minutes  at  94°C,  fol lowed 

by 35 cycles  of  30 seconds at  94°C (denaturat ion),  1  minute at  57°C  

(anneal ing),  1  minute at  72°C (extension),  a  f inal  extension cycle of  10 minutes  

at  72°C,  hold s tep  at  4 o C. PCR products  were s ize fract ionated by  gel  

electrophoresis  (GIBCO BRL Horizon 58 Gel  Apparatus)  in  1% agarose  gel  

wi th TAE (Tris  base,  acet ic  acid,  EDTA) buffer.  DNA bands were visual ized  

with 0.05 μl /ml  RedSafe Nucleic  Acid  Staining Solut ion (FroggaBio,  ON, 

Canada) under ul t ra -violet  l ight  (Figure 7) .  

 

 

 

 

Figure 7.  DNA bands result ing f rom agarose gel  e lectrophoresis  f ract ionation 

of  polymerase chain react ion genotyping products  f rom WT and GFAP.HMOX1 

(TG)  mice.   
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3.2.  Methods for Experiment 1  

The symptomatology of  schizophrenia i s  categorized into three domains:  

posi t ive symptoms,  negat ive symptoms and cogni t ive impai rments .  At  midl i fe 

ages  of  10-12 months,  male and female GFAP.HMOX1 0 - 1 2 m  mice exhibi t  

increased locomotor and s tereotypical  behav iour which  model  posi t ive 

symptoms of  schizophrenia.  Experiment  1  was designed to tes t  GFAP.HMOX1 0 -

1 2 m  mice in  behavioural  paradigms that  fal l  wi thin the negat ive symptom and 

cogni t ive dysfunct ion domains of  schizophrenia.   

Methods and resul ts  of  this  expe riment  were publ ished in:  Tavitian A ,  

Cressat t i  M, Song W, Turk AZ, Gal indez C,  Smart  A,  Liberman A,  Schipper  

HM. Strategic Timing of  Glial  HMOX1  Expression  Resul ts  in  Ei ther  

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 (Tavi t ian et  al . ,  2020) .  

3.2.1.  Animals  

Mice used in  this  s tudy were aged 5 -8  months  (nest -bui lding ,  5-6m; 

social  interact ion ,  5-6m; Y-maze,  8m; bar-bi t ing ,  6m).  GFAP.HMOX1 0 - 1 2 m  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 s tated,  al l  

behavioural  tes ts  described below included male and female  mice.  
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3.2.2.  Behaviour  

“All  behavioural  tes ts  were performed bl inded at  the Animal  Faci l i t ies 

of  ei ther  the Lady Davis  Inst i tute for  Medical  Rese arch or  the Douglas  

Research Centre Neurophenotyping Platform [Three -chambre social  interact ion 

tes t ]  during the 12-hour l ight  cycle,  unless  otherwise s tated .  

3.2.2. i .  Three-chambre social  interact ion tes t  

[This  tes t  was conducted on a fee -for-service basi s  at  the Douglas  Research  

Centre Neurophenotyping Platform according to  the Pla tform’s Standard 

Operat ing Procedures .]  

“Social  interact ion was assessed in  a t ransparent  Plexiglas  apparatus  

compris ing three chambres  (22 cm by 18 cm, each).  Each of  the lef t  and r ight  

chambres  contained  a wire  mesh cage wi th a diameter  of  9  cm. A t r ial  consis ted 

of  three 10 -minute phases .  In  phase 1 (habi tuat ion phase) ,  the tes t  mouse was  

al lowed to freely explore al l  th ree  chambres  for  10 minutes  with both mesh 

cages empty.  In  phase 2 (social  vs .  no object  preference) ,  a  novel  target  mouse 

(unfamil iar  to  the tes t  mouse)  was placed in  one of  the mesh cages,  and the tes t  

mouse was al lowed to freely explore al l  three chambres  for  10 minutes  (Figure 

17A, top panel) .  Placement  of  t he  novel  mouse was  counterbalanced  across  tes t  

animals .  In  phase 3 (novel  vs .  famil iar  mouse preference) ,  a  second novel  

mouse was placed  in to the empty mesh  cage.  The original  target  mouse was lef t  

in  i ts  current  posi t ion and was considered to  be  the ‘‘ fa mil iar  mouse’’ in  this  
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phase.  Phase 3 tes t ing also consis ted of  a  10 -minute explorat ion period as  in  

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

“Trials  were conducted during the dark phase of  a  reverse l ight /dark 

cycle and were videotaped under red l ight  (100 W bulb)  with an infrared camera 

posi t ioned direct ly  above the apparatus .  Video analysis  of  each t r ial  was 

performed with TopScan 2.0 (Clever Systems,  Inc. ,  Reston,  VA).  Entr ies  into 

and cumulat ive t ime spent  in  each of  the three chambres  by the t es t  mouse were  

automatical ly  measured in  each phase .  Only male mice were used in  this  

experiment .  N = 12WT, 12 TG.  

3.2.2. i i .  Nest  bui lding  

“Nest  bui lding was assessed as  described by Deacon (2006) .  Mice were  

placed in  individual  cages with corn cob bedding  ( i rradiated 1/4" ,  Teklad; 

Envigo),  but  no envi ronmental  enrichment  material ,  1  hour before  the [s tar t  of  

the]  dark  phase.  A cot ton Nest let  (Ancare,  Bel lmore,  NY) was provided in  each  

cage (weighed to 3.0 g/cage).  Ad l ibi tum  access  to  food and water  was al so 

provided.  The fol lowing morning nes ts  were  photographed with a digi tal  

camera (Sony Cybershot ,  12.1 megapixels ;  Sony,  Tokyo,  Japan).  Nests  were 

scored by a s ingle invest igator  bl inded to genotype and sex.  A nest  rat ing scale 

of  1–5 was used,  wi th near-perfect  nests  ass igned a score of  5  and [almost  non -

exis tent  nests  with] nest ing material  nearly untouched assigned a score of  1  

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

3.2.2. i i i .  Spontaneous al ternat ion in  the Y-maze  
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“The tes t ing appara tus  consis ted of  a  Y-shaped maze with three white 

opaque Plexiglas  arms,  designated as  A,  B,  and C,  and spaced 120 o  apart .  Each  

arm measured 35 cm in length,  5  cm in width,  and 10 cm in height .  Mice were 

individual ly placed at  the center  of  the  Y-maze and al lowed to freely explore 

al l  three arms of  the  maze for  5  minutes  (Figure 16,  top panel) .  There were no  

intramaze cues,  and  al l  arms of  the maze received equal  l ight ing.  The total  

number and sequence of  arm entr ies  were recorded by a s ingle experime nter  

bl inded to mouse genotype [and sex].  An arm entry was recorded when al l  four 

paws were inside the arm.  After  5  minutes ,  the mouse was returned to  i ts  

cage.” 15 For each mouse,  the recorded  sequence of  arm entr ies  was  divided into 

sets  of  3  consecut ive entr ies  ( t r iads  = sets  of  3  let ters) .  The number of  t r iads  

which contained  3 different  let ters  (represent ing consecut ive entr ies  into 3  

different  arms) was determined to be the number of  spontaneous al ternat ions.  

For example,  a  sequence of  ACBAABCACBC is  s egmented into ACB-CBA-

BAA-AAB-ABC-BCA-CAC-ACB-CBC. Five t r iads  contain 3 different  let ters  

(ACB, CBA, ABC, BCA, ACB),  therefore the number of  spontaneous  

al ternat ions in  this  sequence of  arm entr ies  is  5 .  Percent  al ternat ion was  

calculated  as  fol lows:  (num ber of  spontaneous al ternat ions /  chances to  

al ternate)  x  100 = (number of  spontaneous al ternat ions /  total  arm entr ies  -2)  

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

3.2.2. iv.  Bar mouthing  

 
15 Ibid. 
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“Mice were  t ransferred into individual  cages  24 hours  before te s t ing.  

Cages contained corn cob bedding ( i r radiated 1/4" ,  Teklad;  Envigo),  a  cot ton  

Nest let  (2"x2";  Ancare) ,  20 g gray shredded paper bedding/nest ing material  

rol led into a bal l  (Tek -Fresh;  Envigo),  and ad l ibi tum  access  to  food and water.  

Cage condi t ions were ident ical  for  al l  mice.  On day of  tes t ing,  mice were  

brought  into the sound-at tenuated  tes t ing room in their  home cages and  were  

al lowed to accl imat ize to  the room for  1  hour.  After  accl imat izat ion,  cage  

act ivi ty  was recorded with an overhead video ca mera for  a  2 -hour interval .  

Twelve cages were  f i lmed s imultaneously [with control  and experimental  

animals  dis t r ibuted evenly between tes t ing sessions] .  Fi lming of  the whole 

group occurred over 4 days,  always at  the same t ime of  day.  Bar -mouthing 

behaviour  was assessed in  the 00:05:00 –01:05:00 segment  of  the recording.  The 

number and durat ion of  cage bar  mouthing by each mouse within a 1 -hour  

interval  were  quant i f ied by a s ingle experimenter  bl inded to  genotype and sex.  

A mouse was considered to  be engaged in bar-mouthing act ivi ty  when i t  held a 

cage bar  in  i ts  diastema,  and made sham -bi t ing movements or  wiped i ts  open 

mouth along the bar” 16,  as  described in  the mouse ethogram of the Garner 

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

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

3.2.3.  Stat is t ical  analyses  

 
16 Ibid. 

https://mousebehavior.org/bar-mouthing/
https://mousebehavior.org/bar-mouthing/


132 
 

Stat is t ical  analyses  were performed using GraphPad Prism software for  

Windows (GraphPad Software,  San Diego,  Cal i fornia USA, 

www.graphpad.com).  Data are expressed as  means ± s tandard error  of  the mean.  

Student’s  t - tes t  (unpaired,  two-tai led,  95% confidence interval)  was used for  

comparisons between 2 groups.  For non-normally dis t r ibuted data,  Mann -

Whitney U test  was  used for  comparisons between 2 groups.  Ordinary one -way 

Analysis  of  variance  (ANOVA) fol lowed by Newman–Keuls  post  hoc  mul t iple-

comparison tes t  was used for  comparisons between more than 2 groups.  

Stat is t ical  s ignif icance was set  at  p  < 0.05.   

http://www.graphpad.com/
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3.3.  Methods for Experiment 2  

Experiment  2  was  designed to tes t  the predict ive val idi ty  of  the 

GFAP.HMOX1 0 - 1 2 m  mouse model  for  schizophrenia by t reatment  with the 

atypical  ant ipsychot ic medicat ion,  clozapine.  

Methods and resul ts  of  this  experiment  were publ ished in:  Tavitian A ,  

Cressat t i  M, Song W, Turk AZ, Gal indez C,  Smart  A,  Liberman A,  Schipper  

HM. Strategic Timing of  Glial  HMOX1  Expression  Resul ts  in  Ei ther  

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 (Tavi t ian et  al . ,  2020) .  

3.3.1.  Animals  

GFAP.HMOX1 0 - 1 2 m  TG mice were bred and cared for  in  the Animal  Care 

Faci l i ty  at  the Lady Davis  Inst i tute for  Medical  Research (Jewish General  

Hospi tal ,  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 t ransfer red to  the Douglas  Research Centre 

Neurophenotyping P latform (Montreal ,  QC Canada).  One month after  t ranspo rt  

( i .e .  at  age 5-6  months) ,  the mice received drug t reatment  and behavioural  

tes t ing according to  the Platform’s Standard Operat ing Procedures  (on a fee -

for-service basis) .  

3.3.2.  Clozapine adminis trat ion  
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“Mice received an intraperi toneal  inject ion of  ei ther  clozapine ( i tem 

number 12059;  Cayman Chemical  Company,  Ann Arbor,  MI) dissolved in  a  

vehicle solut ion of  3 .4 ml  sal ine with 0.6 ml  lact ic  acid or  the vehicle solut ion 

only.  The clozapine  dosage used  was  1  mg/kg of  body weight .  Dosage was 

determined based on  publ ished s tudies  (Stefansson et  al . ,  2002;  Fradley et  al . ,  

2005).  Thir ty  minutes  af ter  inject ion of  clozapine or  vehicle,  locomotor  

act ivi ty  in  the open f ield and PPI were assessed as  described  .  .  .  [below].  Male 

mice were used in  th is  experiment  because male,  but  not  female,  GFAP.HMOX1 

mice exhibi ted PPI defici ts  in  our original  s tudy (Song et  al . ,  2012b) .  

3.3.3.  Open f ield  tes t  

“The open f ield arena consis ted of  a  Plexiglas  box equipped with a 

system of infrared  beams al lowing for  automated recording of  horizontal  

movement ,  vert ical  movement ,  and s tereotyped behaviour through the 

Versamax computer  program (Accuscan Instruments ,  Columbus,  OH).  Mice 

were individual ly placed in  the open f ie ld and al low ed a habi tuat ion period of  

60 min after  which  the locomotor act ivi ty  of  the animal  was measured and  

recorded for  30 min.  

3.3.4.  PPI of  the acoust ic  s tart le  response  

“PPI was assessed in  an automated seven -uni t  SR-LAB Start le  Response 

System (San Diego Inst ruments ,  Inc. ,  San Diego,  CA).  Each uni t  contains  a 

cyl indrical  Plexiglas  enclosure (diameter:  8  cm, length:  16 cm) mounted on a 

Plexiglas  base inside a sound -at tenuat ing chambre with adequate l ight  and 
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vent i lat ion.  Background noise (70 dB) and prepulse an d pulse acoust ic  s t imuli  

are provided by a speaker in  the cei l ing of  the chambre .  The whole -body 

acoust ic  s tar t le  response of  the  animal  i s  t ransduced  by a  piezoelectr ic  s t rain 

meter  at tached to  the base.  Stabi l imeter  readings are rect i f ied,  digi t ized on a  

4095 scale,  and recorded by a computer.   

“Start le  magni tude was assessed with the presentat ion of  a  120 dB,  30ms 

[pulse]  s t imulus.  To assess  PPI,  a  30ms prepulse s t imulus preceded this  s tar t le  

s t imulus.  Prepulse intensi t ies  were 3,  6 ,  9 ,  12,  and 15 dB abo ve the background 

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

“Mice were placed into the Plexiglas  enclosures  and after  a  5 -minute 

accl imat izat ion period,  they were  exposed to  a  total  of  37  t r ials  with an average 

inter- t r ial  interval  of  15 seconds.  The f i rs t  two t r ials  were s tar t le  t r ials  [where  

s tar t le  magni tude was measured in  response to  the  120dB pulse s t imulus]  with 

no prepulse  presented.  Over the  next  35 [randomly generated] t r ials ,  animals  

received 10  more s tar t le  t r ials  and 5  t r ials  at  each  of  the 5  prepulse intensi t ies  

[where the 120dB start le  pulse was preceded by one of  the  5 prepulses] .  No 

more than two t r ials  of  the same type occurred in  succession .  Percent  PPI was  

calculated as follows:  

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

𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑛 "𝑝𝑢𝑙𝑠𝑒 𝑎𝑙𝑜𝑛𝑒"
 𝑥 100.  

 3.3.5.  Stat is t ical  analyses  

“All  data are expressed as  means ± s tandard error  of  the m ean.  Stat is t ical  

s ignif icance between control  and exper imental  values  was determined using  
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Student’s  t - tes t  (unpaired,  two-tai led,  95% confidence interval) ,  or  two -way 

ANOVA with Bonferroni  correct ion.  Statist ical  significance was set  at  p < 

0.05.”17 S tat is t ical  analyses  were performed using GraphPad Prism software  for 

Windows (GraphPad Software,  San Diego,  Cal i fornia USA, 

www.graphpad.com).  

 
17 Ibid. 
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3.4.  Methods for Experiment 3  

The conservat ion of  individual  bony elements  between mouse and human 

skul ls  (Richtsmeier  et  al . ,  2000) (Figure 8)  enables  the comparat ive s tudy of 

human craniofacial  dysmorphologies  using mouse models .   

 

Figure 8.   Comparison between mouse and human skul ls .  Conservat ion of  

ind iv idual  bony e lements  between mouse (top)  and human (bottom) skul ls 

(correspondence shown by colour-coding) .  The interpar ieta l  bone is  present in  

mouse but not human skul l .  Reproduced f rom Richtsmeier et  a l .  2000, with  

permiss ion.  
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Experiment  3  was designed to study craniofacial  anatomy in 

GFAP.HMOX1 0 - 1 2 m  mice by the analysis  of  head shape features  and skul l  

morphometry in  the early adul thood period (see f igures  5  and 6 in  “Common 

Methods for  All  Experiments” for  t imel ine 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  vis ion techniques for  the extract ion and analysis  of  

mouse head  shape parameters  f rom systematical ly  acquired 2D digi tal  images,  

as  employed in various f ields  that  s tudy and quant i fy shape,  including the 

shapes of  par t icles ,  cel ls ,  plants ,  food products  etc.  (Pons e t  al . ,  1999;  Vivier  

et  al . ,  2000;  Du and Sun,  2004;  McAtee et  al . ,  2009;  Camargo et  al . ,  2014;  

Zanier  et  al . ,  2015) ,  wi th modificat ions to  develop a  workflow customized for  

our s tudy.   

3.4.1. i .  Image acquis i t ion  

Fifteen male WT and 16 male TG mice,  aged 6 months,  were  anesthet ized 

with isoflurane ( inhalant)  in  an anesthet ic  induct ion chamber.  Anesthet ized  

mice were placed on a contrast ing black,  non -reflect ive,  f lat  surface underneath 

a s tat ionary digi tal  camera (Sony Cybershot ,  12.1 megapixels ,  Super HAD CCD 

opt ical  sensor,  DSC-W210;  Sony,  Tokyo,  Japan) f ixed on a s tand at  a  height  of  

21cm. A f ixed ruler  was included in  our camera  set -up  and was  always  

photographed with each mouse  in  al l  posi t ions.  Each mouse was photographed 

in three posi t ions:  1 .  ventral  recumbency (prone posi t ion) with head s t raight  -  
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snout  facing forward and ears  del imit ing lateral  edges of  head contour -  (for 

extract ion of  dorsal  shape features  of  the head);  2 .   lef t  l ateral  recumb ency 

with complete overlap between ear  pinnae (for  extract ion of  r ight -s ide facial  

shape features);  3 .  r ight  lateral  recumbency with complete  overlap between ear  

pinnae (for  extract ion of  lef t -s ide facial  shape features) .  At  each posi t ion, 

digi tal  images were captured in  s tandard  Red Green Blue colour space at  a  bi t -

depth of  24 (Figure 9) .  
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Figure 9.  Digital  photographs.  The same mouse photographed in ventra l  

recumbency for  dorsal  v iew (A) ,  lef t  latera l  recumbency for  r ight  fac ia l  v iew 

(B) ,  r ight  latera l  recumbency for  lef t  facia l  v iew (C) .  
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3.4.1. i i .   Computerized analysis  of  digi tal  images   

For head shape analysis  by computer  vis ion,  we used Fi j i  (Schindel in et  

al . ,  2012)  and FracLac (Karperien,  1999-2013) plugins  of  the scient i f ic  image 

analysis  program ImageJ (Schneider  et  a l . ,  2012)  to  create a customized semi -

automated sequent ia l  workflow consis t ing of  two s tages:  (a)  shape extract ion  

from the region of  interest  (ROI),  fol lowed by (b)  feature  extract ion (shape 

descriptors)  for  each shape thus obtained.   

(a)  Shape extract ion  

Each digi tal  image was visual ly  inspected for  conformity with pre -

determined orientat ion parameters  described in  the “image acquis i t ion” sect ion 

above,  before being imported into Fi j i  /  ImageJ.  A variance f i l ter  wi th a radius  

of  3  pixels  was appl ied to  the raw di gi tal  image to  highl ight  edges in  the image.  

For the lef t  and r ight  lateral  view images,  a  Gaussian smoothing s tep was 

included prior  to  variance f i l ter ing.  The image was then converted into binary  

and f i l ter  operat ions were performed to erode or  di late pi xels  unt i l  complete 

f i t t ing to  the mouse contour  (as  on  the original  digi tal  photograph) was 

achieved.  Skeletonizing the binary images produced accurate contour  

del ineat ion in  the lef t  and r ight  lateral  v iew image sets  but  was ineffect ive for  

the dorsal  view images.  Therefore,  this  s tep was included only for  the lateral  

view images.  Next ,  the rectangular  ROI select ion tool  was used to  del ineate  

the head  of  the  mouse.  The boundaries  of  the rectangular  ROI were  set  to  

include the facial  region of  the head fro m (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 freehan d 

select ion tool  on dorsal  view images.  Al l  pixels  outs ide the  annotated  region  

were cleared into the background colour ( i .e .  designated as  background) and  

the annotated  select ion was f i l led 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 i ts  one -pixel -wide  

out l ine was generated (Figure  10B).  Final  8 -bi t  binary  out l ine images were  

saved as  TIFF (Tagged Image Fi le Format)  f i les .  A t  every s tep in  this  workflow, 

the output  was visual ly  compared to  the original  input  ( i . e .  the raw digi tal  

image) to  ensure segmentat ion accuracy of  the extracted shape (accurate  

boundary representa t ion).  
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Figure 10.  Extracted shapes.  A)  Binary masks,  B)  out l ines.  

 

(b)  Shape descriptors  

For a given  object ,  shape is  the  at t r ibute that  remains af ter  informat ion 

about  scale,  orienta t ion and locat ion are removed (Kendal l ,  1977) .  For each 

shape obtained  by  the procedure described in  “( i )  shape extract ion”,  we 

generated the fol lowing set  of  dimensionless  shape descriptors  which are 

invariant  to  t ransformation,  scal ing and rotat ion and which  are commonly used  
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for  the quant i tat ive representat ion of  shape (Vivier  et  al . ,  2000;  (ISO),  2008; 

Russ  and Neal ,  2018) :  aspect  rat io ,  compactness ,  roundness ,  ci rculari ty,  

sol idi ty,  convexi ty,  eccentr ici ty,  rat io  of  maximum to minimum radi i  from 

hul l ’s  centre of  mass ,  rat io  of  maximum to minimum radi i  from centre of  

bounding ci rcle.  The descript ion and computat ion of  each shape  descriptor  is  

given below.  

For each  extracted  shape,  the  fol lowing parameters  were  measured with 

Fi j i / ImageJ:  area,  perimeter,  width  of  minimum bounding box (f i t ted 

rectangle) ,  length of  minimum bounding box (f i t ted rec tangle) ,  maximum 

Feret’s  diameter,  m inimum Feret’s  diameter,  ci rculari ty  and sol idity.  In 

addi t ion,  the fol lowing parameters  were measured for  each extracted shape with 

the FracLac plugin of  ImageJ:  convex hul l  area,  convex hul l  perimeter,  

diameter  of  bounding ci rcle,  rat io  of  maximum to min imum radi i  from hul l ’s 

centre of  mass ,  rat io  of  maximum to minimum radi i  from centre of  bounding  

ci rcle.  From these  parameters ,  we calculated aspect  ra t io ,  compactness ,  

roundness ,  convexi ty and eccentr ici ty  for  each extracted shape (formulas  and 

descript ions provided below).   
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Figure 11.  A)  Convex hul l  (b lue)  and bounding c i rc le  (magenta) ,  B) Minimum 

bounding box.  

 

Minimum bounding box = minimum bounding rectangle ( f i t ted rectangle)  

= rectangle with the minimum area that  encloses  the shape completely 

(Figure 11B).  

Convex hul l  = smal lest  convex polygon that  f i ts  t ight ly  around the shape 

and encloses  i t  completely (Fig ure 11A).  

Convex area = area of  convex hul l  

Convex perimeter  = perimeter  of  convex hul l  

Bounding circle = c i rcumscribed ci rcle  = smal lest  ci rcle enclosing the 

shape (Figure 11A).  FracLac calculates  the bounding ci rcle by using 3 

points  on the convex hul l .  
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Ratio of  maximum to minimum radi i  from hul l ’s  centre  of  mass  =  the  

rat io  of  the largest  to  the smal lest  radius  from the  centre  of  mass  of  the  

convex hul l  to  i ts  boundary.  

Ratio of  maximum to minimum radi i  from centre  of  bounding ci rcle  =  the  

rat io  of  the largest  to  the smal lest  radius from the centre of  the bounding 

ci rcle to  the boundary of  the convex hul l .  

Maximum Feret’s  diameter  = maximum cal iper  dimension = the longest  

dis tance between any two points  on the shape’s  contour.  

Minimum Feret’s  diameter  = minimum cal iper  dimension = the shortest  

dis tance between any two paral lel  tangents  on th e shape’s  contour.  

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

the extracted shape.  

Circulari ty  = 4πArea /  Perimeter 2  

Solidi ty  = Area /  Convex Area  

Aspect  rat io  = Minimum Feret’s  diameter  /  Maximum Feret ’s  diameter  

(as  defined by ISO 9276-6:2008)  

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

= √(
4

𝜋
) ∗ 𝐴𝑟𝑒𝑎/𝑚𝑎𝑥𝑖𝑚𝑢𝑛 𝐹𝑒𝑟𝑒𝑡′𝑠 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

Roundness  = Area /  Bounding Circle Area  

Convexi ty = Convex Perimeter  /  Perimeter  
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Eccentr ici ty  = Length of  Minim um Bounding Box /  Width of  Minimum 

Bounding Box  

 

3.4.1. i i i .  S tat ist ical  analyses   

Stat is t ical  analyses  were performed using GraphPad Prism software for  

Windows (GraphPad Software,  San Diego,  Cal i fornia USA, 

www.graphpad.com).  Stat is t ical  s ignif icance  was set  at  p  <  0.05.  D'Agost ino -

Pearson (omnibus K2) and Anderson -Darl ing normali ty  tes ts  (alpha = 0.05)  

were  used to  veri fy  the dis t r ibut ion of  data in  each  data  se t .  Student’s  t - tes t  

(unpaired,  two-tai led,  95% confidence interval)  or  Welch 's  unequal  variances  

t - tes t  (unpaired,  two-tai led,  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  “lef t”  and “right” views),  

ordinary one-way ANOVA was  used,  fol lowed 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.  Al though each of  these comparisons  

s tands alone,  we nevertheless  corrected for  m ult iple comparisons by 

control l ing the False Discovery Rate (Glickman et  al . ,  2014)  using the “two-

stage l inear  s tep-up procedure of  Benjamini ,  Krieger  and Yekut iel i”  tes t  

(Benjamini  et  al . ,  2006)  with s tat is t ical  s ignif icance  set  at  a  false discovery 

rate threshold of  Q = 0.05.  Paired t - tes t  ( two-tai led,  95% confidence interval)  

was used to  compare  lef t -r ight  differences in  facial  shape features  of  individual  

mice within each of  WT and TG groups.  

http://www.graphpad.com/
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3.4.2.  Skull  morphometry  

3.4.2. i .  Craniofacial  bone preparat ions  

Six-to-eight -month-old male mice were euthanized with 

isoflurane/oxygen inhalant  and decapi tated by gui l lot ine.  Skul ls  were manual ly 

cleaned from fur,  skin and f lesh.  Brains  were removed by macerat ion with a  

21gauge hypodermic  needle fol lowed by vacuum suct ion.  Skul ls  were i mmersed 

for  20  minutes  in  hot  detergent /deionized water  (1% v/v) .  After  3  r inses  in  

deionized water,  skul ls  were cleaned manual ly from soft  t i ssue using surgical  

tools  under a s tereo/dissect ing microscope (M3B, Wild Heerbrugg,  Switzerland  

with f iber- l i te  h igh intensi ty  i l luminator  series  180,  Dolan -Jenner Industr ies ,  

USA) and immersed  in  acetone overnight  at  room temperature to  remove fat .  

Remaining soft  t i ssue was manual ly removed with surgical  tools  under the 

s tereo/dissect ing microscope and skul ls  were r insed 3 t imes in  deionized water.  

For visual  enhancement  of  landmarks  and sutures ,  skul ls  were  immersed in  

Alcian blue/Alizarin red s taining solu t ion (0.004% w/v  Alizarin red (bone 

s tain) ,  0 .05% w/v Alcian blue (cart i lage  s tain) ,  wi th 20% acet ic  acid in  95 % 

ethanol)  overnight  at  37 o C. Stained skul ls  were r insed 3 t imes in  deionized 

water,  a f ter  which they were ai r -dried  (Figure 12 A,C).  Skul ls  were thus 

prepared from 12 wi ld -type and 15 t ransgenic mice.  Prior  to  measurements ,  the  

condi t ion of  each  cranial  and facial  bone was inspected on every skul l  and only  

intact  bones were  measured.  The exclusion of  a  bony element  from 

measurements  on a skul l  did not  preclude or  affect  measurements  of  other  bones  

on the same skul l .  N = 11-15.  
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3.4.2. i i .  Craniofacial  bone m orphometry  

Linear dis tance measurements  based  on landmarks publ ished by 

Richtsmeier  et  al .  (2000) (Figure 12 B,D) were taken direc t ly  on each skul l  

wi th hand-held d igi tal  cal ipers  (resolut ion:  0 .01mm,VWR traceable,  

model :62379-531,  Control  Company, USA) un der a s tereo/dissect ing 

microscope (M3B, Wild Heerbrugg,  Switzerland with f iber - l i te  high intensi ty 

i l luminator  series  180,  Dolan -Jenner Industr ies ,  USA).  This  direct  

measurement  method has  been  val idated for  accuracy and precis ion in  several  

s tudies  (Mao et  al . ,  2009;  Yang et  al . ,  2011;  Liu et  al . ,  2014;  Durussel  et  al . ,  

2016;  Palmer et  al . ,  2016)  as  wel l  as  the Jackson Laboratory Mouse Resource 

for  Craniofacial  Research (The Jackson Laboratory,  2020) .   
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Figure 12.  Mouse craniofacial  bone preparat ion and landmarks.  Mouse skul l  

sta ined with  Alc ian b lue/Al izar in red,  dorsal  v iew ( A )  latera l  v iew ( C ) .  Mouse 

skul l  landmarks,  dorsal  v iew ( B )  latera l  v iew ( D ) .  Landmarks  used in  the 

present study are depicted in red:  1 ,  n asale;  2 ,  nas ion;  3 ,  bregma; 4 ,  

intersect ion of  par ieta l  and interpar ieta l  bones;  5 ,  intersect ion of  interpar ieta l  

and occip ita l  bones at  the mid l ine;  15  and 26,  jo ining of  squamosal  body to 

zygomatic  process  of  squamosal  bone; 16 and 27,  intersect ion of  p ar ieta l ,  

temporal  and occip ita l  bones.  Panels  B and D adapted f rom Richtsmeier  et  a l .  

2000, with  permiss ion.  
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The fol lowing l inear  dis tances  were measured between known 

landmarks (Figure 13A):   

Axis I  (r ight ,  lef t )  =  nasale to  most  posterior  point  of  nasa l  bone (nasal  

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

Axis II  = nasion to  bregma (f rontal  bone length along the midl ine);   

Axis III  = bregma to  intersect ion of  parietal  and interparieta l  bones 

(parietal  bone length along the midl ine);   

Axis IV = intersect ion of  parietal  and interparietal  bones to  intersect ion 

of  interparietal  and occipi tal  bones at  midl ine ( interparietal  bone length 

along the midl ine);   

Axis V = intersect ion of  parietal ,  temporal  and occipi tal  bones,  r ight  

s ide to  lef t  s ide;   

Axis VI = joining of  squamosal  body to zygomatic process  of  

squamosal  bone,  r ight  s ide to  lef t  s ide (cranial  width) .   
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Figure 13.  Craniofacial  bone measurement  axes.  (A)  I ,  l inear  d istance between 

nasale and most poster ior  point on nasal  bone (nas al  bone length) .  I I ,  l inear  

d istance between nasion and bregma (frontal  bone length a long midl ine) .  I I I ,  

l inear  distance f rom  bregma to  intersect ion of  par ieta l  and interpar ieta l  bones 

(par ieta l  bone length  a long the mid l ine).  IV,  l inear  d istance f rom inte rsect ion 

of  par ieta l  and interpar ieta l  bones to intersect ion of  interpar ieta l  and 

occip ita l  bones at  mid l ine ( interpar ieta l  bone length a long the mid l ine) .  V,  

r ight  s ide to  lef t  s ide l inear  d istance at  intersect ion of  par ieta l ,  temporal  and 

occip ita l  bones .  VI,  r ight s ide to  lef t s ide l inear d istance at  junct ion of  

squamosal  body to  zygomatic  process  of  squamosal  bone (crania l  width) .  (B) 

a,  f rontal -nasal  angle.  
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Measurements  were made by a s ingle invest igator  ( the candidate)  bl inded 

to genotype,  and  each axis  was  measured  in  al l  samples  during a s ingle session 

to  ensure constant  ambient  condi t ions.  

As addi t ional  val idat ion of  the obtained measurements:  (1)  d igi tal  images 

of  a  subset  of  skul ls  were  acquired in  dorsal  view on a Leica M651 operat ing 

microscope (Leica  Microsystems,  Wetzlar,  Germany) equipped with an  

Infini ty1 digi tal  camera (Teledyne Lumenera,  Canada),  and l inear  dis tance 

measurements  were taken on the digi tal  images along al l  axes  described above 

(n = 4 mice per  group) using Adobe Photosh op (Adobe Inc. ,  USA) by a second 

invest igator.  Yan et  al .  (2007) have also employed Adobe Photoshop for  l inear  

dis tance measurements  on digi tal  images of  mouse skul ls  (Yan et  al . ,  2007) ;  

(2)  l inear  dis tance measurements  were also acquired direct ly  with the  hand-

held digi tal  cal ipers  on the same subset  of  skul ls  (n  = 4 mice per  group) by a 

thi rd invest igator.  Similar  resul ts  were  obtained with the three invest igat ions 

(cal iper  measurements  by candidate,  image analysis  by second invest igator,  

cal iper  measurements  by third invest igator) ,  therefore the candidate proceeded 

with data col lect ion  on al l  samples  with the above -described cal iper  method.  

The nasal  bone incl inat ion angle ( frontal -nasal  angle)  was measured 

direct ly  on each skul l  wi th a digi tal  angle f inder/ ruler  tool  (range:  0  to  360 o ,  

resolut ion:  0 .1 o ,  General  Tools  & Instruments ,  USA) at  the junct ion between 

the interfrontal  and  internasal  sutures  (Figure 1 3B).  For val idat ion of  the 

obtained measurements ,  digi tal  images of  a  subset  of  skul ls  were ac quired in  

lateral  view on a  Leica M651 operat ing microscope (Leica Microsystems,  
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Wetzlar,  Germany)  equipped with an  Infini ty1 digi tal  camera (Teledyne 

Lumenera,  Canada),  and an  independent  invest igator  measured the f rontal -nasal  

angle on the digi t ized imag es (n = 4 mice per  group) using the ‘angle tool’ of 

FIJI  /  ImageJ scient i f ic  image analysis  program (Schindel in et  al . ,  2012;  

Schneider  et  al . ,  2012) .  ImageJ has  been used in  several  s tudies  for  angular  

measurements  on mouse skul ls  (Simon et  al . ,  2014;  Eim ar et  al . ,  2016;  Wei  et  

al . ,  2017) .  Similar  resul ts  were obtained  with the two methods (direct ,  manual  

measurements  by  candidate and  computerized measurements  by independent  

rater) .   

3.4.2. i i i .  S tat ist ical  analyses  

Stat is t ical  analyses  were performed using  GraphPad Prism software for  

Windows (GraphPad Software,  San Diego,  Cal i fornia USA, 

www.graphpad.com).  D'Agost ino -Pearson (omnibus K2) and  Anderson -Darl ing 

normali ty  tes ts  (alpha = 0.05) were used to  veri fy  the dis t r ibut ion of  data in  

each data set .  Ordina ry one-way ANOVA was used to  analyze  nasal  bone length 

data (genotype by s ide) ,  fol lowed by Tukey’s  post  hoc  mul t iple comparisons 

tes t .  For al l  other  measurements  where only 2 groups were present  (WT and 

TG),  Student’s  t - tes t  (unpaired,  two-tai led,  95% con fidence  interval)  was used  

to  compare data f rom WT and TG mice.  Percent  di fference in  nasal  bone length 

(based on the equat ion:  100 x (TG -WT) /  WT) and the associated error  

propagat ion were calculated in  GraphPad Prism. Stat is t ical  s ignif icance 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  ventr icles  and the corpus ca l losum and fol low their  maturat ional  

t rajectory in  GFAP.HMOX1 0 - 1 2 m  mice f rom mid-to-late adolescence (P43-P54)  

to  early adul thood (6 months of  age)  to  midl i fe (10 -12 months of  age) ,  wi th 

his tochemical  and morphometric techniques on postmo rtem brain t issue from 

mice at  each of  these 3 ages .  For  sample  s izes ,  see f igures  and their  legends in  

Chapter  4  (Research  Findings) .  

3.5.1.  Surgical  processes  

Male and female mice were anesthet ized with isoflurane ( inhalant)  in  an 

anesthet ic  induct ion chamber.  Anesthesia was maintained with isoflurane 

adminis t rat ion through a mask (nose cone).  Anesthet ized mice  were  

t ranscardial ly  perfused with cold sa l ine fol lowed by cold 4% buffered  

formaldehyde solut ion (EMD Mil l ipore,  Merck,  Darmstadt ,  Germany).  The 

brains  were removed and immersed in  the same f ixat ive (4% formaldehyde) at  

4o C.  

3.5.2.  Tissue sect ioning  

For thin sect ions,  f ixed brains  were placed in  an acryl ic  coronal  mouse 

brain matr ix  with 1mm divis ions (Ted Pel la ,  Redding,  Cal i fornia,  USA) and  

s l iced along the coronal  plane into 2mm blocks.  Tissue blocks were embedded 

in paraff in  and sect ioned at  a  thickness  of  4 μm on a ful ly  automated rotary  
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microtome (Leica Biosystems,  Wetzlar,  Germany).  The sect ions were  mounted 

on microscope s l ides  and dried for  1  hour in  a 50 o C oven.  

For free- f loat ing sect ions of  f ixed brains ,  r ight  hemispheres  were marked 

by creat ing a  superficial  anterior -posterior  groove in  the  cortex with a 21gauge 

hypodermic needle.  The brains  were  then serial ly  sect ioned  at  a  thickness  of  

50μm along the coronal  plane on a semi -automatic vibratome (Vibratome Series  

1000 Classic Tissue Sect ioning System, The Vibratome Company,  St .  Louis ,  

Missouri ,  USA).  Sect ions were col lected in  serial  order  and s tored in 

consecut ive wel ls  of  24 -wel l  cul ture plates  (Sars tedt  Ref:  83.3922 TC Plate 24 

Well .  Standard.F,  Nümbrecht ,  Germany)  in  a solution of  0 .16% formaldehyde /  

0 .1M phosphate buffered sal ine  (PBS),  pH 7.2 ± 0.2  (Thermo Scient i f ic™ 

Pierce™ 16% Formaldehyde (w/v),  Methanol -free;  Beckman Coul ter  PBS 

buffer) .  Tissue sect ions were selected according to  below -defined cri ter ia  and 

f loated onto posi t ively charged microscope s l ides  (Fisherbrand™ Superfrost™ 

Plus,  Thermo Fisher  Scient i f ic ,  Waltham, Massachuset ts ,  USA) in a bath of 

acetate buffered mount ing s olut ion,  pH4.9 (1M acet ic  ac id,  1M ammonium 

acetate,  gelat in  subbing solut ion,  95% ethanol ,  dis t i l led water)  to  ensure  bet ter  

adhesion and avoid  loss  of  sect ions during subsequent  processing.  Mounted 

sect ions were ai r-dr ied overnight  before  his tochemical  p rocessing.  

3.5.3.  Tissue sect ion select ion  

 Due to morphological  variabi l i ty  of  a  given brain s t ructure along any of  

i ts  axes  (Frankl in and Paxinos,  2013;  Mai  et  al . ,  2015) ,  comparisons of  

neuroanatomy between control  and experimental  samples  can only be m ade 
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rel iably i f  the analysed t issue originates  from similar  posi t ions in  the brain.  

Therefore,  mouse  brain t issue sect ions dest ined for  neuroanatomical  analyses  

were  careful ly  chosen in  concordance with plates  of  interest  in  the mouse brain  

at las  of  Paxinos and  Frankl in,  The mouse brain in  s tereotaxic coordinates ,  4 t h  

edi t ion  (Frankl in and Paxinos,  2013) .  Free-f loat ing vibratome-cut  sect ions  

were selected by  examinat ion under a s tereo/dissect ing microscope (M3B, Wild 

Heerbrugg,  Switzerland with f iber - l i te  h igh intensi ty  i l luminator  series  180,  

Dolan-Jenner Indust r ies ,  USA),  and  conf irmed by examinat ion under an upright  

binocular  l ight  microscope (CH2,  Olympus,  Japan) once sect ion was mounted  

on s l ide.  Paraff in  sect ions were selected by examinat ion under an  u pright  

binocular  l ight  microscope (CH2,  Olympus,  Japan).   

For the lateral  ventr icles ,  sect ions corresponding to  plates  23 -28 of  the  

mouse brain at las  (Frankl in and Paxinos,  2013) ,  wi th antero-posterior  (AP) 

coordinates  of  +0.97mm to +0.37mm relat ive to  bre gma,  were  chosen  for  

further  processing and analysis .  The hippocampus and  dentate gyrus were 

analysed at  three coronal  levels  in  the brain:  sect ions corresponding to  plates 

43-44 (AP coordinates  of  -1.43mm to -1.55mm relat ive to  bregma),  plates  46 -

48 (AP coordinates  of  -1.79mm to -2.03mm relat ive to  bregma) and  plate  51 

(AP coordinate of  -2.45mm relat ive to  bregma)  of  the  mouse brain at las  

(Frankl in and Paxinos,  2013) .  To determine the anterior  l imit  of  the corpus 

cal losum in each serial ly  sect ioned  brain,  the t issue sect ion  wherein the  genu 

was f i rs t  vis ible was  ident i f ied and analysed.  The posterior  l imit  of  the corpus 

cal losum was determined by ident i fying and analysing the t issue sect ion where  
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the splenium was las t  vis ible,  fol lowed by the adjacent  sect i on where the  

splenium was no longer present  but  the forceps major  appeared.   

Selected t issue sect ions were then processed for  his tochemistry as 

described below. After  the revelat ion of  cyto -  and/or  myeloarchi tecture by  

his tochemical  s taining,  a  f inal  ascer tainment  of  concordance with the  plate of  

interest  in  the  mouse brain  at las  was done with the Olympus CH2 l ight  

microscope before  proceeding with image acquis i t ion,  measurements  and  

analyses .    

3.5.4.  Histology /  Histochemistry  

Tissue cytoarchi tec ture was del ineated by hematoxyl in and eosin  

s taining.  Myeloarchi tecture was exposed by Sudan Black B s taining.  

Simultaneous cyto -  and myeloarchi tecture exposure was achieved by combined  

Luxol  fas t  blue /  hematoxyl in and eosin s taining.  

3.5.4. i .  Hematoxyl in  and eosin  

Coronal  sect ions of  paraff in -embedded brain t issue ( thickness ,  4 μm) 

were deparaff inized  in  two changes of  toluene,  cleared in  two changes of  

anhydrous ethanol  and hydrated in  a  graded series  of  alcohol  solut ions (90 -80-

70 percent  ethanol)  fol lowed by dis t i l led water.   

Coronal  sect ions of  vibratome -cut  brain t issue ( thickness ,  50 μm) were  

r insed in  phosphate  buffered sal ine (pH 7.2)  fol lowed by dis t i l led water.  Tissue 

sect ions were then dehydrated in  a graded series  of  alcohol  solut ions (20-50-

70-80-90-100 percent  ethanol) .  This  was fol lowed by  rehydrat ion of  the 
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sect ions through a  graded series  of  alcohol  solut ions  in  the reverse order  (100 -

90-80-70-50-20 percent  ethanol)  ending in  dis t i l led water.  

After  the t issue preparat ion s teps  above,  hematoxyl in and eosin  

his tochemistry for  both paraff in -embedded and vibratome-cut  t issue was 

performed using a commercial  s tain ki t  (HAE -1-IFU, ScyTek laboratories  Inc. ,  

Logan,  Utah,  USA) according to  manufacturer ’s  inst ruct ions.  Tissue sect ion s 

were incubated for  5  minutes  in  hematoxyl in (Mayer ’s ,  Li l l ie’s  modificat ion).  

Excess  s tain was removed by r insing twice with dis t i l led water.  Tissue sect ions 

were then incubated  for  15 seconds in  Bluing Reagent  (suppl ied in  ki t ) ,  r insed 

twice with dis t i l led water,  dipped in anhydrous ethanol  and incubated with 

modified alcohol ic Eosin Y solut ion (suppl ied in  ki t ) .  After  a  short  r insing s tep  

in  anhydrous ethanol ,  t i ssue sect ions were  dehydrated  in  three  changes of  

anhydrous ethanol ,  cleared in  Ci t r iSolv™ C learing Agent  (Thermo Fisher 

Scient i f ic ,  Waltham, Massachuset ts ,  USA),  mounted with a pinene resin 

mount ing medium (Fisher  Chemical™ Permount™ Mounting Medium, Thermo 

Fisher  Scient i f ic ,  Waltham, Massachuset ts ,  USA) and covered with grade No.  

1  glass  covers l ips  (FisherFinest  Premium Cover Glass ,  12 -548-5M, Thermo 

Fisher  Scient i f ic ,  Waltham, Massachuset ts ,  USA).  

3.5.4. i i .  Luxol  fast  blue -  hematoxyl in and eosin  

Coronal  sect ions of  paraff in -embedded brain t issue ( thickness ,  4 μm) 

were deparaff inized  in  two cha nges of  toluene,  cleared in  two changes of  

anhydrous ethanol  and hydrated in  a solut ion of  95% ethanol .  Staining for  whi te 

mat ter  was achieved  by the method described by Kluver and  Barrera (Kluver  
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and Barrera,  1953)  with s l ight  modificat ions.  Tissue sect io ns were immersed 

in  a prewarmed solut ion of  Luxol  fas t  blue (LFB; 1% in 95% ethanol  with 

glacial  acet ic  acid)  for  2  hours  in  a 60 o C water  bath.  After  a  5 -minute cool ing 

period,  excess  s tain  was removed by f i rs t  r insing with 95% ethanol  fol lowed 

by dis t i l led water,  then different iat ing in  l i thium carbonate (0.05% in dis t i l led 

water)  fol lowed by  70% ethanol .  Different iat ion was s topped by washing 

sect ions twice with dis t i l led water  when the greenish -blue s tained white mat ter  

was clearly dis t inguishable from t he unstained gray mat ter.  For the concurrent  

visual izat ion of  cyto -  and myeloarchi tecture,  LFB -stained t issue was further  

processed  with hematoxyl in and eosin  h is tochemistry using a commercial  s tain  

ki t  (HAE-1-IFU,  ScyTek laboratories  Inc. ,  Logan,  Utah,  US A) according to  

manufacturer ’s  inst ruct ions.  Tissue sect ions were incubated  for  5  minutes  in 

hematoxyl in (Mayer ’s ,  Li l l ie’s  modificat ion).  Excess  s tain  was  removed by  

r insing twice with d is t i l led water.  Tissue sect ions were then incubated  for  15  

seconds in  Bluing Reagent  (suppl ied in  ki t ) ,  r insed twice wi th dis t i l led water,  

dipped in anhydrous ethanol  and incubated with modified alcohol ic Eosin Y 

solut ion (suppl ied in  ki t ) .  After  dehydrat ion in  95% ethanol  fol lowed by three  

changes of  anhydrous ethanol ,  t i s sue sect ions were cleared twice in  Ci t r iSolv™ 

Clearing Agent  (Thermo Fisher  Scient i f ic ,  Waltham, Massachuset ts ,  USA),  

mounted with a pinene resin mount ing medium (Fisher  Chemical™ Permount™ 

Mounting Medium, Thermo Fisher  Scient i f ic ,  Waltham, Massachuset ts ,  USA) 

and covered with grade No.  1  glass  coversl ips  (FisherFinest  Premium Cover 

Glass ,  12-548-5M, Thermo Fisher  Scient i f ic ,  Waltham, Massachuset ts ,  USA).  
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3.5.4. i i i .  Sudan Black B  

 Coronal  sect ions of  vibratome -cut  brain t issue ( thickness ,  50 μm) were  

washed for  10 minutes  in  Tris  buffered sal ine (pH 7.6)  fol lowed by 10 minutes 

in  70% ethanol .  Sta ining for  whi te mat ter  was  achieved wi th 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 s l ight  modificat ions.  

Tissue sect ions were incubated  for  20  minutes  at  room temperature  in  a 0 .5% 

weight /volume solution of  Sudan Black B dissolved in  70% ethanol .  Sect ions 

were then washed for  one minute three t imes i n  70% ethanol ,  fol lowed by three 

5-minute washes with dis t i l led water.  An aqueous ant i fade mount ing medium 

(Prolong Diamond,  P36970,  Invi t rogen,  Thermo Fisher  Scient i f ic ,  Waltham, 

Massachuset ts ,  USA) was added to  the sect ions before covering them with 

grade No.  1  glass  coversl ips  (FisherFinest  Premium Cover Glass ,  12 -548-5M, 

Thermo Fisher  Scient i f ic ,  Waltham, Massachuset ts ,  USA).  

3.5.5.  Image acquis i t ion  

Photomicrographs were acquired using a Leica DM LB2 widef ield upright 

microscope equipped with a Leica D FC 480 colour digi tal  camera and Leica  

Appl icat ion Sui te software vers ion 3.4.0 (Leica Microsystems,  Wetzlar,  

Germany).  

Whole s l ide digi tal  scans were obtained  with a Leica  Aperio ScanScope 

AT Turbo digi tal  pathology scanner (Leica Biosystems,  Wetzlar,  Ger many).  

3.5.6.  Morphometrics  
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3.5.6. i .  Hippocampus  

Selected s l ides  of  hematoxyl in/eosin -s tained t issue (see above for  t issue  

sect ion select ion cr i ter ia)  were examined under an upright  binocular  l ight  

microscope (CH2,  Olympus,  Japan) and hippocampal  measurements  were taken  

by a s ingle invest igator  bl inded to t issue source.  Measurements  were made 

under the 10x object ive ( i .e .  at  a  magnif icat ion of  100x) using an eyepiece 

micrometer  (ret icle  consis t ing of  a  centered crosshair  and ten numbere d 

concentr ic  ci rcles;  Periplan GF 10x/20 M, #519817,  Lei tz  Wetzlar,  Germany)  

and cal ibrated with a s tage micrometer  (2mm scal ing s l ide with 0.01mm 

intervals ;  #513106,  Ernst  Lei tz  Wetzlar  GmBH, Germany).  The fol lowing were 

measured in  the coronal  plane:  hor izontal  width of  the hippocampus,  vert ical  

height  of  the hippocampus,  length of  the dentate gyrus granule cel l  layer  

(suprapyramidal  and  infrapyramidal  blades) .  

3.5.6. i i .  Lateral  ventr icles  

For cross-sect ional  area measurements  of  the lateral  vent r icles ,  s elected  

s l ides  of  hematoxyl in/eosin -s tained t issue (see above for  t issue sect ion 

select ion cri ter ia)  were digi t ized and whole s l ide digi tal  scans were obtained  

with a Leica  Aperio ScanScope AT Turbo digi tal  pathology scanner (Leica  

Biosystems,  Wetzlar,  Germany) at  20x  equivalent  object ive magnif icat ion and  

0.4971 microns per  pixel  resolut ion.  Scanned digi tal  images were viewed and 

analyzed  with Aperio ImageScope pathology image viewing and analysis  

software (Leica  Biosystems,  Wetzlar,  Germany).  On each imag e,  the lateral  

ventr icles  were  annotated along the external  contour of  the  ependymal  layer  
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using an electronic  pen tablet  (Wacom Technology Corporat ion,  USA) by a 

s ingle invest igator  bl inded to t issue source.  Aperio  ImageScope then  

automatical ly  calculated  the annotat ion area measurement  in  μm 2 .  

3.5.6. i i i .  Dentate gyrus granule cel l  layer  shape analysis  

The shape of  the dentate gyrus granule cel l  layer  (DGGCL),  of  male WT 

and TG mice at  mid -to-late adolescence (P43-P54) and early adul thood (6  

months) ,  was extrac ted and analyzed us ing computer  vis ion techniques with 

Fi j i  (Schindel in et  al . ,  2012) plugin of the scient i f ic  image analysis  program 

ImageJ (Schneider  et  al . ,  2012) .  Sl ides  of  hematoxyl in/eosin -s tained coronal  

t issue sect ions corresponding to  plates  46-48 (AP coordinates  of  -1.79mm to -

2.03mm relat ive to  bregma) of  the mouse brain at las  (Frankl in and Paxinos,  

2013) were digi t ized and whole s l ide digi tal  scans were obtained with a Leica  

Aperio ScanScope AT Turbo digi tal  pathology scanner (Leica Biosyst ems,  

Wetzlar,  Germany)  at  40x equivalent  object ive magnif icat ion and 0.248 

microns per  pixel  resolut ion.  Scanned digi tal  images were  viewed with Aperio 

ImageScope pathology image viewing and analysis  software  (Leica  Biosystems, 

Wetzlar,  Germany).  On each i mage,  the ‘extract  region’ funct ion of  Aperio 

ImageScope was used to  extract  the  dentate gyrus from each of  the 2 

hemispheres  which was saved as  a  lossless  TIFF output  f i le .  The TIFF f i le  was  

imported into Fi j i  /  ImageJ and opened as  a  grayscale  image.  The  DGGCL was  

annotated,  al l  pixels  outs ide the annotated region were  cleared into the  

background colour  ( i .e .  designated  as  background) and the  annotated select ion 

was f i l led 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 i ts  one -pixel -wide out l ine was 

generated (Figure  14B).  Final  8-bi t  binary out l ine images were  saved  as  TIFF 

f i les .  At  every s tep in  this  workflow, the output  wa s visual ly  compared to  the 

original  input  ( i .e .  the raw digi tal  image) to  ensure segmentat ion accuracy of  

the extracted shape (accurate boundary representat ion).  

 

Figure 14.  Extracted shape.  A) Binary mask,  B)  out l ine.  

 

For each extracted shape,  the ci rculari ty  parameter  was automatical ly 

calculated with Fi j i / ImageJ.  Circulari ty,  also cal led ‘form factor ’ ,  i s  a  

dimensionless  shape descriptor,  invar iant  to  t ransformat ion,  scal ing and 

rotat ion.  I t  i s  a  measure of  how close a  shape is  to  a  mathematical ly  perfect  

ci rcle.  Circulari ty  values  range f rom 0 to  1 (a value of  1  denot ing a perfect  

ci rcle) .  Circulari ty  = 4 πArea /  Perimeter 2 .  

3.5.7.  Stat is t ical  analyses  

Stat is t ical  analyses  were performed using GraphPad Prism software f or  

Windows (GraphPad Software,  San Diego,  Cal i fornia USA, 

www.graphpad.com).  Student’s  t - tes t  (unpaired,  two-tai led,  95% confidence 
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interval)  or  Welch ' s  unequal  variances  t - tes t  (unpaired,  two-tai led,  95% 

confidence interval)  were used for  comparisons betw een 2 groups (WT & TG).  

Where  more  than  2 groups were present ,  ordinary  one -way ANOVA was used  

fol lowed by Tukey’s  (when comparing every mean with every other  mean) or  

Bonferroni’s  (for  planned comparisons between selected se ts  of  means)  post 

hoc  mul t iple comparisons tes ts ,  as  per  GraphPad Prism 9  Stat is t ics  Guide 

recommendat ions.  Genotype by age interact ion effects  were  analyzed by two -

way ANOVA fol lowed by Tukey’s  post  hoc  mul t iple compar isons tes t .  Fisher ’s 

exact  tes t  was used to  compare the dis t r ibut ion  of  categorical  variables  between 

groups.  Stat is t ical  s ignif icance was set  at  p  < 0.05.   
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3.6.  Methods for Experiment 5  

In our ini t ial  cross -sect ional  s tudy,  male GFAP.HMOX1 0 - 1 2 m  mice showed 

impaired prepulse  inhibi t ion of  the acoust ic  s tar t le  response (PPI)  in  middle  

adul thood (Song et  al . ,  2012b) .  Since PPI fol lows a maturat ional  t rajectory  

(discussed in  the l i terature review sect ion of  this  dissertat ion),  I  hypothesized 

that  PPI deficiency in  adul t  GFAP.HMO X1 0 - 1 2 m  mice reflect s  an impairment  in 

the maturat ion of  this  brain funct ion.  Experiment  5  was designed to examine 

the progression of  PPI from adolescence to  early adul thood in male 

GFAP.HMOX1 0 - 1 2 m  mice through a longi tudinal  s tudy.  The experimental  

t imel ine is  i l lust rated in  f igure 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 ,  Indianapol is ,  IN,  USA).  Timed pregnancies  

were set  up to  obtain adequate numbers  of  t ransgenic and wild -type mice of  

s imilar  age.  At  the age of  P31 ± 2,  20 TG and 19 WT male mice were t ransfer red  

to  the Douglas  Research  Cent re  Neurophenotyping Platform (Montreal ,  QC 

Canada) where they were housed and  cared for  unt i l  the age of  6  months (P184 

± 2) .    

3.6.2.  PPI tes t  

Each mouse underwent  PPI tes t ing at  age P52 ± 2 ( late adolescence) and  

again at  the age of  6  months (P184 ± 2,  e arly adul thood).  Both tes t  sessions of  

each mouse took place in  the same chambre of  the tes t ing apparatus .  The 
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potent ial  of  long-term habi tuat ion between the 2 tes t  sessions was control led  

for  by subject ing each mouse to  the ent ire PPI tes t ing protocol  at  age P44 ± 2.  

One WT mouse died  before reaching the  age of  P52,  therefore 38 mice (20TG, 

18WT) were tes ted for  PPI at  P52 ± 2.  Another  WT mouse died before the age 

of  6  months,  leaving 17 WT and 20  TG in the early adul thood tes t  cohort .  

Detai ls  of  the  PPI t es t ing protocol ,  conducted according to  the Douglas  

Research  Centre Neurophenotyping Platform’s Standard  Operat ing Procedures  

(on a fee- for-service  basis) ,  are provided  in  ‘Methods for  Experiment  2’ above.  

Acoust ic  parameters  were ident ical  to  those used i n  Experiment  2 .  Thus,  s tar t le  

magni tude was assessed with the presentat ion of  a  120 dB,  30ms pulse s t imulus.  

To assess  PPI,  a  30ms prepulse s t imulus preceded this  s tar t le  s t imulus.  Prepulse 

intensi t ies  were 3,  6 ,  9 ,  12,  and 15 dB above the background noise  of  70 dB 

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

as  fol lows:  
𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑛 "𝑝𝑢𝑙𝑠𝑒 𝑎𝑙𝑜𝑛𝑒" − 𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑛 "𝑝𝑟𝑒𝑝𝑢𝑙𝑠𝑒+𝑝𝑢𝑙𝑠𝑒"

𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑛 "𝑝𝑢𝑙𝑠𝑒 𝑎𝑙𝑜𝑛𝑒"
 𝑥 100.  

3.6.3.  Stat is t ical  analyses   

To ident i fy the localizat ion of  PPI deficits  found in male GFAP.HMOX1 0 -

1 2 m  mice in  middle adul thood,  post  hoc  or thogonal  compari sons with Fisher ’s 

Least  Signif icant  Di fference tes t  w ere performed on our cross -sect ional  s tudy 

dataset  described above.  The PPI defici t  in  male GFAP.HMOX1 0 - 1 2 m  mice was 

evident  with the greater  prepulse intensi t ies .  In  the present  longi tudinal  

experiment ,  my aim was to  compare the change in  %PPI ( Δ%PPI) f rom late  

adolescence to  early  adul thood in TG vs  WT mice.  In  order  to  avoid potent ial  

confounding effects  of  the  inherent  heterogenei ty of  PPI levels  present  even 
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within a populat ion of  genet ical ly  ident ical  mice (Shoj i  and Miyakawa,  2018) ,  

i t  was desirab le to  use samples  with a comparable  basel ine  ( i .e .  adolescent -

age)  level  of  PPI for  the calculat ion of  Δ%PPI.  To ident i fy el igible samples ,  

P52 ± 2 WT and TG datasets  of  %PPI in  response to  the  highest  prepulse 

intensi ty  (15dB above background) were combin ed and the upper and lower  

l imits  of  the 95% confidence interval  of  the mean within the whole sample  

dis t r ibut ion were calculated without  regard to  genotype.  Samples  that  fel l  

wi thin these l imits were used to  fol low the progression of  PPI from late 

adolescence to  early adul thood and calculate the di fference in  %PPI values  

(Δ%PPI per  mouse) between these 2 ages .  Stat is t ical  analyses  were performed 

using GraphPad Prism software for  Windows (GraphPad Sof tware,  San Diego,  

Cal i fornia USA, www.graphpad.com).  Data are expressed as  means ± s tandard 

error  of  the mean.  Student’s  t - tes t  (unpaired,  two-tai led,  95% confidence  

interval)  was used to  compare  data from WT and TG mice.  When equal  variance  

was not  assumed between groups,  unpaired t - tes t  ( two-tai led,  95% confidence  

interval)  was used with Welch’s  correct ion to  compare 2 groups and one -way 

ANOVA (Welch) was used to  compare 3 or  more groups,  fol lowed by Dunnet t ' s  

T3 mult iple comparisons tes t  (when comparing al l  pairs  of  mean s)  or  the “two-

stage l inear  s tep -up  procedure of  Benjamini ,  Krieger  and  Yekut iel i”  mult iple 

comparisons tes t  ( to  control  the False Discovery Rate when comparing selected 

pairs  of  means) .  Stat is t ical  s ignif icance was set  at  p  < 0.05.  

  

http://www.graphpad.com/
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3.7.  Methods for Experiment 6  

Experiment  6  was designed to tes t  in  GFAP.HMOX1 0 - 1 2 m  mice the 

therapeut ic potent ial  of  the glutathione precursor  Immunocal® for  brain  

disorders  such as  schizophrenia.  We were part icularly interested in  s tudying 

the effects  of  such t reatment  on behavioural  dysfunct ion,  brain anatomy and 

brain reel in  expression in  GFAP.HMOX1 0 - 1 2 m  mice.  

Methods and resul ts  of  this  experiment  were publ ished in:   

Song W, Tavitian A ,   Cressat t i  M, Gal indez C,  Liberman A,  Schipper  

HM. Cysteine-r ich whey protein isolate  (Immunocal®) ameliorates  defici ts  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 ,  Val i  H,  Tong X-K, Bhardwaj  SK, Srivastava LK, Hamel  E,  Schipper HM. 

Schizophrenia-l ike features  in  t ransgenic mice overexpressing human HO -1 in 

the ast rocyt ic 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 reel in  protein expression in  middle adul thood  

Brains  of  11 month -old,  t reatment -naïve,  male and female TG and WT 

mice were harvested ,  f ixed and immunostained for  reel in  detect ion a s  described 

below.  

3.7.3.  Whey protein isolate (Immunocal)  supplementat ion  

“Immunocal® is  a  dietary natural  heal th  product  with an NPN 80004370 

issued by Natural  Heal th Product  Directorate (NHPD) Heal th Canada.  I t  i s  a 

natural  source of  the glutathione pre cursor,  cysteine.  Immunocal  is  fat - free,  

contains  less  than  1% lactose  and has  a  high protein biological  value  (>110 

BV) providing al l  essent ial  amino acids .  I t  has  been tes ted in  experimental  

animals  (Bounous et  al . ,  1983;  Wong and Watson,  1995;  Low et  al . ,  2003)  and 

human cl inical  t r ials  (Lands et  al . ,  1999;  Ross  et  al . ,  2012;  Karel is  et  al . ,  2015)  

and is  marketed worldwide for  enhancement  of  the  immune system. 

Experimental  protocols  have been approved by the Animal  Care Commit tee of  

McGil l  Universi ty  in  accordance with the guidel ines  of  the  Canadian Counci l  

on Animal  Care.  Mice were  kept  at  a  room temperature of  21 ± 1 °C with a 12 

h l ight /dark schedule.  Al l  the mice were  bred and cared for  in  the Animal  Care  

Faci l i t ies  at  the Lady Davis  Inst i tute for  Med ical  Research.  Male and  female  

heterozygous GFAP.HMOX1 (cont inuously expressing the HMOX1  t ransgene)  

and wild-type (WT) mice at  5  months of  age were t reated dai ly  with Immunocal  

at  33 mg/ml drinking water  (equivalent  to  0.89 mg/ml of  cys teine 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  cyst ine) .  Fresh Immunocal  and casein  



171 
 

solut ions were prepared dai ly  to  minimize protocol  deviat ions.  Dai ly drinking 

volume per  mouse was recorded and  noted to  be  unaffected by genotype,  sex or  

t reatment .  The average dai ly  dose equivalents  of  Immunocal  were 0.27 mg/g 

body weight  (male)  and 0.24 mg/g body weight  (female) .  Fo r casein,  the 

average dai ly  dose equivalents  were 0.28 mg/g body weight  (male)  and 0.26  

mg/g body weight  (female) .  After  6  weeks of  t reatment ,  al l  animals  were 

assessed for  the behavioural ,  neurochemical  and neuropathological  endpoints  

described below. Fur  texture,  body weight  and survival  rates  were monitored 

as  indices  of  genera l  heal th .  For sample  s izes ,  see f igures  and their  legends  in  

Chapter  4  (Research  Findings) .  

3.7.4.  Behavioural  tes ts  

“GFAP.HMOX1 mice and their  WT l i t termates  were t ransferred to  the 

Neurophenotyping Centre of  the Douglas  Mental  Heal th Universi ty  Inst i tute  

(Montreal)  for  behavioural  analyses .  The animals  were tes ted for  locomotor 

act ivi ty  and s tar t le  response  (prepulse  i nhibi t ion (PPI))  [as  per  protocols  

described in  ‘Methods for  Experiment  2’ above].  

3.7.5.  Surgical  procedures  

“Mouse brains  were f ixed by t ranscardial  perfusion as  previously 

described  with minor modificat ions (Song et  al . ,  2012b) .  Briefly,  the animals  

were deeply anesthet ized with rodent  mixture containing ketamine,  xylazine,  

acepromazine  and  sal ine and  perfused with 200 ml of  ice -cold sal ine fol lowed 

by 250 ml of  cold 4% paraformaldehyde in  0.1 M PBS, pH 7.4,  for  l ight -
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microscopic analysi s .  The brains  wer e  removed and immersed in  the same 

f ixat ives  for  24 h a t  4  °C.  For his tomorphology and immunohistochemistry,  

brains  were embedded in paraff in .  For  RNA .  .  .  expression assays,  mouse 

brains  were f rozen on dry ice  immediately af ter  t ranscardial  perfusion wit h 200 

ml of  ice-cold PBS and s tored at  −80 °C.  

3.7.6.  mRNA express ion  

3.7.6. i .  Total  RNA extract ion,  polyadenylat ion,  and cDNA synthesis  

“Total  RNA from each dissected brain region was extracted in  Trizol  

according to  the manufacturer ’s  inst ruct ions (Invi t rogen).  Two and half  

micrograms of  total  RNA were subjected to  RT-qPCR using RevertAid Firs t  

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

3.7.6. i i .  mRNA RT-qPCR  

“The Appl ied Biosystems 7500 Fast  Real -Time PCR System (Appl ied 

Biosystems by Life Technologies)  was  used to  quant i fy mRNA .  .  .  wi th 

EvaGreen RT-qPCR Mastermix-Low ROX reagent  (Diamed) according to  

manufacturer ’s  inst ruct ions.  Twenty nanograms (ng) of  cDNA were quant i f ied  

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 (Appl ied Biosystems by 

Life Technologies )  and val idated by publ ished s tudy,  [b]  val idated by publ ished  

s tudy.  Addi t ional  checks of  mel t ing curve for  each react ion was carr ied out  to  

assess  for  possible contaminat ion of  genomic DNA or poor primer design 
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(primer dimer format ion) (Appl ied Biosystems by Life Technologies):  .  .  .  [1]  

Reel in (Reln) a :  5 ′ -GCCACGCCACAATGGAA-3′  (F)  and  5 ′ -

CGACCTCCACATGGTCCAA-3′  (R);  [2]  As an internal  reference [(endogenous  

control)] ,  β-Act in b  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 ΔΔCt [(del ta-del ta  cycle threshold)]  method relat ive  

to  controls  fol lowing normalizat ion with levels  of  [ β-Act in mRNA] (Livak and 

Schmit tgen,  2001) .  

3.7.7.  Neuromorphological  analysis  

“Coronal  brain sect ions (4 μm) were  deparaff inized in  toluene and 

rehydrated in  a series  of  graded alcohol  solut ions fol lowed by H 2 O. Sect ions 

were  s tained with hematoxyl in and eosin (H & E)  [as  described in  ‘Methods for  

Experiment  4’ above].  The preparat ions were  examined using a Leica DM LB2 

microscope.  Bregma coordinates  were ident i f ied using the mouse brain at las  of  

Paxinos and Frankl in (Frankl in and Paxinos,  2013) .  The lateral  ventr icles  of  

lef t  and r ight  hemispheres  were examined at  + 0.50 mm from bregma.  The width 

and height  of  the hippocampus and the length of  the dentate gyrus granule cel l  

layer  were  measured  at  −1.55  mm to −1 .99 mm from bregma with the aid of  an  

ocular  grid by a s ingle invest igator  unaware of  the t issue source.  

3.7.8.  Immunofluorescence  
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“Coronal  brain sect ions (4 μm) were  deparaff inized in  toluene and 

rehydrated in  a  series  of  graded  alcohol  solut ions fol lowed  by H 2 O. Antigen  

ret r ieval  was performed with hot  ci t rate buffer  (0.01 M).  Membranes were  

permeabi l ized  with 0.1% Tri ton X -100 (Sigma).  After  blocking with serum, 

sect ions were incubated overnight  at  4  °C with primary ant ibody directed 

against  reel in  (clone 142,  Calbiochem) fol lowed by  secondary  ant ibody 

conjugated to  Alexa Fluor 488 (Molecular  Probes) .  [For the  middle adul thood 

no-t reatment  cohor t ,  secondary ant ibody conjugated to  FITC (Jackson 

ImmunoResearch) was used.]  Nuclei  were s tained with DAPI (4 ′ ,  6-diamidino-

2-phenyl indole,  di lactate)  (Molecular  Probes) .  Sect ions were mounted in 

ProLong Gold ant i fade reagent  (Molecular  Probes) .  Imaging was performed 

with a Quorum Wave FX Spinning Disc confocal  microscope.  Images were  

acquired and analyzed using the  Improvis ion Voloci ty software at  the Cel l  

Imaging Faci l i ty  of  the Lady Davis  Inst i tute.  

3.7.9.  Stat is t ical  analyses  

“Data are  expressed as  means ± s tandard error  of  the  mean.  For locomotor  

act ivi ty,  analyses  were performed in cases  with more than two grou ps using a 

genotype (TG and WT) by t reatment  ( Immunocal  and casein)  [ordinary one -

way]  ANOVA fol lowed by Newman –Keuls  post  hoc  [multiple]  comparisons .  .  

.  [ tes t ] .  For PPI assessment  of  WT and TG mice (with Immunocal  or  casein) ,  

two-way ANOVA was used to  analyze serial  intensi ty  tes ts  considering two 

factors  (genotype and intensi ty) .  For quant i tat ive hippocampal  pathology,  the 

comparison was made between two genotypes for  each i tem using Student’s t -
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tes t  (unpaired,  two- tai led with 95% confidence interval) .  Fold changes in  TG 

mice versus  WT mice for  qPCR assays were analyzed with paired Student’s  t -

tes t  ( two-tai led[ ,  95% confidence interval])  [within each of  casein control  and  

Immunocal  t reatment  groups.  Mixed effects  model  analysis  fol lowed by  

Dunnet t ’s  mult iple comparisons tes t  were used  to  analyze fo ld changes  of  PFC 

reel in  mRNA in a l l  groups relat ive  to  WT casein  control] .  Stat is t ical  

s ignif icance was set  at  p  < 0.05.” 18 S tat ist ical  analyses  were performed using 

GraphPad Prism software  for  Windows (GraphPa d Software,  San Diego,  

Cal i fornia 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  
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Note:  When a f igure and i ts  legend are on the same page,  the legend is 

underneath the f igure.  When a f igure occupies  a whole page,  i t s  legend is  on 

the preceding page.  

This  chapter  presents  detai ls  of  the research f indings that  resul ted from each 

experiment :   

Experiment 1.  Cont inuous overexpression of  HO -1 in as t rocytes  -  and  possibly 

other  GFAP-express ing cel ls  -  impairs  behaviours  in  posi t ive valence (n est -

bui lding),  cogni t ive system (short - term spat ial  working memory) and  social  

process  (preference for  social  novel ty)  domains and enhances negat ive valence  

domain behaviour  (bar-bi t ing s tereotypy) in  adul t  GFAP.HMOX1 0 - 1 2 m  

t ransgenic mice.  Thus,  adul t  GFAP.HMOX1 0 - 1 2 m  mice present  behavioural  

features  that  fal l  wi thin negat ive symptom, posi t ive symptom and cogni t ive 

dysfunct ion domains of  schizophrenia.  

Experiment 2.  Acute t reatment  with the atypical  ant ipsychot ic clozapine  

s ignif icant ly improves  hyperlocom otor and augmented  s tereotypical  behaviour  

in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice.  A t rend -level  improvement  of  

sensorimotor gat ing ,  measured by prepulse inhibi t ion of  the acoust ic  s tar t le  

response,  was also observed in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice fol lowin g  

clozapine t reatment  but  did not  reach s ta t is t ical  s ignif icance.   

Experiment 3.  In early adul thood,  male GFAP.HMOX1 0 - 1 2 m  t ransgenic mice  

exhibi t  craniofacial  dysmorphology including elongat ion of  the nasal  bones,  
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al terat ion of  head shape anisotropy and re duct ion of  direct ional  asymmetry in  

facial  shape features .   

Experiment 4.  HO-1 interferes  with the s t ructural  maturat ion of  the brain 

between adolescence and adul thood,  evidenced by abnormal  gray and white 

mat ter  anatomy in GFAP.HMOX1 0 - 1 2 m  mice.  Histopatho logical  measurements  

revealed that  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice exhibi t  a  deviant  maturat ional  

t rajectory of  the lateral  ventr icles ,  the hippocampus and the corpus cal losum 

with a post -adolescent  enlargement  of  the lateral  ventr icles  and an arrested  

maturat ion of  the dentate gyrus granule cel l  layer  and of  the corpus cal losum 

at  the adolescent -s tage.  Important ly,  a  previously unident i f ied dis t inct ive 

immature morphology of  the dentate gyrus granule  cel l  layer  is  exposed  in  the  

brains  of  adul t  GFAP.HMOX1 0 - 1 2 m  mice which is  indis t inguishable from the  

normal  adolescent -age morphology of  this  s t ructure.   

Experiment 5.  HO-1 interferes  with the funct ional  matura t ion of  the  brain  

between adolescence and  adul thood.  Sensorimotor gat ing  defici ts  of  male  

GFAP.HMOX1 0 - 1 2 m  transgenic mice emerge in  early adul thood as  the resul t  of  

an aberrant  maturat ional  t rajectory  of  prepulse inhibi t ion of  the acoust ic  s tar t le  

response (PPI)  between late adolescence  and early adul thood.  

Experiment 6.  During early  adul thood,  short - term treatment  with cysteine -r ich 

whey protein isolate (Immunocal®) augments  brain reel in  expression and 

ameliorates  behavioural  defici ts ,  but  does not  correct  brain anatomical  defects  

in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice.   
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4.1.  Results  of  Experiment 1  

These resul ts  were publ ished in:  Tavitian A ,  Cressat t i  M, Song W, Turk  

AZ, Gal indez C,  Smart  A,  Liberman A,  Schipper HM. Strateg ic Timing of  Glial  

HMOX1  Expression  Resul ts  in  Ei ther  Schizophrenia -Like or  Parkinsonian 

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

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

2020).  

Summary of  Resul ts  

Continuous overexpression of  HO -1 in as t rocytes  -  and possibly other 

GFAP-expressing cel ls  -  impairs  behaviours  in  pos i t ive valence (nest -

bui lding),  cogni t ive system (short - term spat ial  working memory) and  social  

process  (preference for  social  novel ty)  domains and enhances negat ive valence  

domain behaviour  (bar-bi t ing s tereotypy) in  adul t  GFAP.HMOX1 0 - 1 2 m  

t ransgenic mice.  These behavioural  features  exhibi ted by adul t  GFAP.HMOX1 0 -

1 2 m  mice fal l  wi thin negat ive  symptom, posi t ive symptom and cogni t ive  

dysfunct ion domains of  schizophrenia.  

4.1.1.  Nest  bui lding  

“Relat ive to  WT controls ,  GFAP.HMOX1 0 – 1 2 m  TG mice exhibi ted a highly 

s ignif icant  impairment  in  [non -maternal ]  nest  bui lding (  p  <  0.0001 for  males ,  

p  < 0.0001 for  females)  (Figure  1 5A, B) .  WT mice bui l t  near-perfect ,  f luffed,  

round nests  with a crater- l ike wal l  confined to  one quadrant  of  the cage (Figure 

15A) [mean nest  score ± SEM: 5.00 ± 0.00 (females) ,  4 .96 ± 0.04 (males) ] .  



180 
 

This  grade of  nest -bui lding eff iciency  was not  at tained by any TG mouse 

(Figure 15A, B) [mean nest  score ± SEM: 2.96 ± 0.28 (females) ,  3 .17 ± 0.24 

(males)] .  [No s ignif icant  difference was found  in body temperature  between 

WT and TG mice (p  > 0.05),  suggest ing  that  the impairment  in  nest  bui lding 

behaviour of  TG mice does  not  ar ise f rom genotypic differences in  

thermoregulatory needs.]  

 

Figure 15.  Impaired nest bui ld ing in GFAP.HMOX1 0 – 1 2 m  TG mice.  (A)  Typica l  

nests  bui l t  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.  (Publ ished as F igure 4A and 4B in Tavit ian  

et  a l . ,  2020, reproduced with  permiss ion) .   
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4.1.2.  Spontaneous al ternat ion in  the Y-maze  

“The spontaneous al ternat ion task in  the Y-maze revealed impaired short -

term spat ial  working memory in GFAP.HMOX1 0 – 1 2 m  TG mice relat ive to  WT 

counterparts .  [Compared to  WT mice,  spontaneous al ternat ion behaviour  was  

s ignif icant ly reduced in TG mice (p < 0.05) (Figure 1 6),  wi th no s ignif icant  

difference  in  total  number of  arm entr ies  between WT and TG mice (p >  0.05). ]  
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Figure 16.  Short-term spat ial  working memory is  impaired in  GFAP.HMOX1 0 –

1 2 m  TG mice.  Top panel :  schematic  of  test ing apparatus.  Bottom panel :  percent 

a l ternation in  the Y-maze spontaneous al ternation task.  n =  19 WT (9M, 10F),  

23  TG (12M, 11F) .  *p  < 0 .05. Error bars  ind icate  SEM. F,  female;  M,  male.  

(Publ ished as  F igure 5  in  Tavit ian  et  a l . ,  2020, reproduced with  permiss ion) .  
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4.1.3.  Three-chambre social  interact ion tes t   

“GFAP.HMOX1 0 – 1 2 m  TG mice did not  differ  f rom their  WT counterparts  

in  their  preference  for  the novel  target  mouse versus  the empty cage 

(sociabi l i ty)  in  phase 2 of  the  three -chambre social  interact ion tes t  (Figure  

17A).  Phase 3 tes t ing in  the three -chambre paradigm revealed decreased social  

novel ty preference  in  TG mice,  evidenced by a s ignif icant ly higher amount  of  

t ime spent  with the famil iar  mouse than  with the novel  s t ranger mouse (  p  <  

0.05 relat ive to  WT controls)  (Figure 1 7B).  
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Figure 17.  Social  behaviour  of  GFAP.HMOX1 0 – 1 2 m  TG mice in the three -

chambre social  interact ion test .  (A)  Sociabi l i ty.  Top panel :  schematic  of  

test ing  apparatus.  Bottom panel :  t ime spent in  chambre with  an  empty cage 

or  a novel  mouse.  (B)  Preference for socia l  novelty.  Top panel :  schematic  of  

test ing apparatus.  Bottom panel :  t ime spent in  chambre with  novel  mouse or 

fami l iar  mouse. n =  12.  *p < 0 .05;  **p < 0 .01.  Error bars ind icate  SEM. E ,  empty 

cage;  F,  fami l iar  mouse;  N,  novel  mouse.  (Publ ished as F igure 3 in Tavit ian  et  

a l . ,  2020,  reproduced with  permiss ion) .  
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4.1.4.  Bar-mouthing  

 “Male GFAP.HMOX1 0 – 1 2 m  TG mice showed a s ignif icant  increase in  bar -

mouthing bouts  (  p  = 0.01) and durat ion (  p  = 0.03) compared with WT mice  

(Figure 18).  A s imilar  increase was not  observed in  female GFAP.HMOX1 0 – 1 2 m  

TG mice (  p  = 0.23 and p = 0. 17 for  bouts  and durat ion,  respect ively)  (Figure  

18).  Bar-mouthing i s  a  s tereotypy developed by animals  in  capt ivi ty  and is  

posi ted to  ref lect  a  desire to  escape (Nevison et  al . ,  1999) .” 19  

 

Figure 18.  Bar-mouthing behaviour of  GFAP.HMOX1 0 – 1 2 m  TG mice.  (A)  Mouse 

engaged in  bar-mouthing .  (B)  Bar-mouthing bouts  in  1  hour.  (C)  Total  t ime 

spent in  bar-mouthing behaviour in  1  hour.  n =  19 WT (9m, 10f ) ,  23  TG (12m, 

11f ) .  *p  < 0 .05.  Error  bars  ind icate  SEM. f,  female;  m,  male.  (Publ ished as 

F igure 6  in  Tavit i an  et  a l . ,  2020, reproduced with  permiss ion) .  

  

 
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 resul ts  were publ ished in:  Tavitian A ,  Cressat t i  M, Song W, Turk  

AZ, Gal indez C,  Smart  A,  Liberman A,  Schipper HM. Strateg ic Timing of  Glial  

HMOX1  Expression  Resul ts  in  Ei th er  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 (Tavi t ian et  al . ,  

2020).  

Summary of  Resul ts  

Acute t reatment  with the atypical  ant ipsychot ic clozapine produced a 

s ignif icant  improvement  in  locomotor and s tereotypical  behaviour in  

GFAP.HMOX1 0 - 1 2 m  t ransgenic mice.  A t rend -level  improvement  of  

sensorimotor gat ing ,  measured by prepulse inhibi t ion of  the acoust ic  s tar t le  

response,  was also observed in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice fol lowing 

clozapine t reatment  but  did not  reach s ta t is t ical  s ignif icance.  

4.2.1.  Open f ield tes t  

Acute intraperi toneal  adminis t rat ion of  the atypical  ant ipsychot ic 

clozapine (1 mg/kg) s ignif icant ly at tenuate d open f ield locomotor act ivi ty  

(movement  bouts :  p  < 0.05 relat ive to  vehicle t reatment ,  tota l  dis tance t raveled:  

p  < 0.05 relat ive to  vehicle t reatment ,  t ime spent  moving:  p  < 0.05 relat ive to  

vehicle t reatment)  and s tereotypy (s tereotypy counts :  p  < 0.05  relat ive to  

vehicle t reatment ,  s tereotypy bouts :  p  < 0.001 relat ive to  vehicle t reatment)  in  
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TG mice (Figure  19).  A s imilar  t reatment  with clozapine d id not  affect  WT 

locomotion (p > 0.05 for  al l  comparisons) .   

 

Figure 19.  Attenuat ion of  open f ield  locomotor act iv ity  and stereotypy in 

GFAP.HMOX1 0 – 1 2 m  TG mice by 1mg /kg ,  i .p . ,  c lozapine.  (A)  Movement bouts.  

(B)  Tota l  d istance traveled (cm).  (C)  T ime spent moving (second).  (D)  

Stereotypy counts.  (E)  Stereotypy bouts.  (F)  T ime spent in  stereotypica l  

behavior (second).  n = 9(V) ,  10(Cl ) .  *p  <  0 .05;  ***p < 0 .001.  Error  bars  ind icate 

SEM. Cl ,  c lozapine;  V,  vehic le .  (Publ ished as  F igure 1(G -L) in  Tavit ian  et  a l . ,  

2020, reproduced with  permiss ion) .  

  



188 
 

4.2.2.  Prepulse  inhibi t ion of  the acoust ic  s tart le  response  

A trend toward improvement  of  prepulse  inhibi t ion of  the acoust ic  s tar t le  

response (PPI)  in  TG mice by  clozapine adminis t rat ion (1mg/kg,  i .p . )  did not  

reach s tat is t ical  s ignif icance ( two -way ANOVA with Bonferroni  correct ion,  

t reatment  effect :  p  =  0.06) (Fig ure 20).  Clozapine t reatment  did not  affect  PPI  

in  WT mice ( two-way ANOVA with Bonferroni  correct ion,  t reatment  effect :  p  

= 0.32).  

 

 

Figure 20.  No s igni f icant ef fect  of  c lozapine (1 mg /kg ,  i .p . )  on PPI  in 

GFAP.HMOX1 0 – 1 2 m  TG mice.  Percent PPI  of  the acoust ic  start le  response in 

GFAP.HMOX1 0 – 1 2 m  TG mice treated with  e i ther  vehic le  or  c lozapine.  n  =  10 –11. 

Error  bars ind icate  SEM. Cl ,  c lozapine;  V,  vehic le ;  PP,  prepulse  intensity  above 

background (dB);  PPI ,  prepulse  inhib it ion  of  the acoust ic  start le  response. 

(Publ ished as  F igure 2  in  Tavit ian  et  a l . ,  2020, reproduced with  permiss ion) .  
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4.3.  Results  of  Experiment 3  

Summary of  Resul ts  

In early adul thood,  male GFAP.HMOX1 0 - 1 2 m  t ransgenic mice exhibi t  

craniofacial  dysmorphology including elongat ion of  the nasal  bones,  al terat ion 

of  head shape and reduct ion of  direct ional  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'Agost ino -Pearson (omnibus K2)  

and/or  the  Anderson -Darl ing normali ty  tes t  (alpha = 0.05).  In  dorsal  view,  TG 

mouse head shape d iffered s ignif icant ly  from WT counterparts  in  aspect  rat io ,  

eccentr ici ty  and rat io  of  the maximum  to the minimum radius  from the centre 

of  mass  of  the convex hul l  to  i ts  boundary.  Aspect  rat io  (ra t io  of  minimum to 

maximum cal iper  dimensions)  of  head shape in  dorsal  view was s ignif icant ly 

higher in  TG vs .  WT (p = 0.0020) (Figure 21A).  The rat io  of  maximum to 

minimum radi i  from the centre of  mass  of  the convex hul l  to  i ts  boundary was  

s ignif icant ly lower in  TG vs .  WT (p = 0.0253) (Figure 21H).  Eccentr ici ty  (rat io  

of  length to  width of  minimum bounding box) of  head shape in  dorsal  view was 

s ignif icant ly lower in  TG vs .  WT (p = 0.0013) (Figure 21G).  These resul ts  

ref lect  di fferences in  head shape anisotropy between TG and WT mice.  

Dorsal  view head shapes of  TG and WT mice did not  differ  s ignif icant ly 

in  their  compactness  (p = 0.1530)  (Figure 21B),  roundness  (p  = 0.2977) (Figure  

21C),  ci rculari ty  (p  = 0.9284) (Figure  21D),  sol idi ty  (p = 0.5883) (Figure 21E),  
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or convexi ty (p = 0.1304) (Figure 21F).  A t rend-level  reduct ion in  the rat io  of  

the maximum to the minimum radius  from the centre of  the bounding ci rcle to 

the boundary of  the convex hul l  in  TG vs .  WT mice fel l  just  short  of  s tat is t ical  

s ignif icance (p = 0.0548) (Figure 21I) .  
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Figure 21.  Shape descr iptors  of  WT and GFAP.HMOX1 0 - 1 2 m  TG mouse heads in 

dorsal  v iew.  (A)  Aspect  rat io .  (B)  Compactness.  (C)  Roundness.  (D)  Circu lar i ty.  

(E)  So l idi ty.  (F)  Convexity.  (G)  Eccentr ic i ty.  (H)  Ratio  of  maximum to min imum 

radi i  f rom centre  of  mass  of  the convex hul l  to  i ts  boundary.  ( I )  Rat io  of  

maximum to min imum radi i  f rom centre  of  the bounding c i r c le  to  boundary of 

the convex hul l .  n  =  15WT,  16TG.  *p < 0 .05;  **p <  0 .01.  Error  bars  ind icate  

SEM. WT,  wi ld -type;  TG,  transgenic;  Max. ,  maximum; Min. ,  min imum.    
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4.3.1. i i .  Right  and lef t  lateral  views of  mouse head   

All  r ight  and lef t  lateral  view dat a sets  passed the D'Agost ino -Pearson  

(omnibus K2) and/or  the Anderson -Darl ing normali ty  tes t  (alpha = 0.05).  

Compared to  WT controls ,  GFAP.HMOX1 0 - 1 2 m  TG mice displayed a s ignif icant  

reduct ion in  “roundness” of  the lef t  hemiface  shape (false discovery rate -

adjusted P value  (q)  = 0.0393) (Figure  22C).  No s ignif icant  difference was  

found between TG and WT mice in  “roundness” of  the r ight  hemiface  shape (q 

= 0.6888) (Figure 22C).  

Neither  r ight  nor lef t  hemiface shapes of  TG mice differed s ignif icant ly 

from their  WT counterparts  in  aspect  rat io  (r ight :  q  = 0.2806,  lef t :  q  = 0.2806) 

(Figure 22A),  compactness  (r ight :  q  = 0.6486,  lef t :  q  = 0.0557) (Figure 22B),  

ci rculari ty  (r ight :  q  = 0.9215,  lef t :  q  = 0.1003 )  (Figure 22D),  sol idi ty  (r ight:  

q  = 0.6438,  lef t :  q  = 0.6438) (Figure 22E),  convexi ty (r ight :  q  = 0.8610,  lef t :  

q  = 0.8610) (Figure  22F),  eccentr ici ty  (r ight :  q  = 0.4753,  lef t :  q  = 0.4753) 

(Figure 22G),  rat io  of  maximum to minimum radi i  from centre of  mass  of  the 

convex hul l  to  i ts  boundary (r ight :  q  = 0.9427,  lef t :  q  = 0.2380) (Figure 22H),  

or  rat io  of  maximum to minimum radi i  from centre  of  the  bounding ci rcle to  

boundary of  the convex hul l  (r ight :  q  = 0.7 562,  lef t :  q  = 0.0739) (Figure 22I) .  

Wild-type mice displayed s ignif icant  direct ional  asymmetry of  facial  

shape ( i .e .  s tat is t ica l ly  s ignif icant  lef t -r ight  differences)  in  aspect  rat io  (q =  

0.0172) (Figure 22A),  compactness  (q = 0.0348) (Figure 22B),  roundness  (q = 

0.0351) (Figure 22C),  and rat io  of  maximum to minimum radi i  from centre of  

the bounding ci rcle to  boundary of  the convex hul l  (q  = 0.0012) (Figure 22I) .   
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No signif icant  direc t ional  asymmetry of  facial  shape was  found in TG 

mice for  these shape fea tures  (aspect  rat io:  q  = 0.2806 (Figure 22A),  

compactness:  q  = 0.6486 (Figure 22B),  roundness:  q  = 0.6888 (Figure 22C),  

rat io  of  maximum to minimum radi i  from centre of  the bounding ci rcle to 

boundary of  the convex hul l :  q  = 0.0739 (Figure 22I)) .  

Neither  WT nor TG groups exhibi ted s tat is t ical ly  s ignif icant direct ional  

asymmetry of  facia l  shape in  any of  the other  analyzed shape descriptors  

(ci rculari ty:  qWT = 0.1165,  qTG = 0.9215 (Figure 22D);  sol idi ty:  qWT = 

0.6438,  qTG = 0.2982 (Figure 22E);  convexi ty:  qWT = 0.9241,  qTG = 0.8610 

(Figure 22F);  eccentr ici ty:  qWT = 0.0552,  qTG = 0.4753 (Figure 22G);  rat io  of  

maximum to minimum radi i  from cent re of  mass  of  the  convex hul l  to  i ts  

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

These analyses  of  d irect iona l  asymmetry were performed a t  the group 

level ,  i .e .  comparisons between group means of  al l  lef t  configurat ions and  

group means of  al l  r ight  configurat ions.   

Direct ional  asymmetry in  a populat ion can be est imated from ei ther  the 

average of  al l  lef t  configurat ions vs .  the  average of  al l  r ight  configurat ions (as  

in  the values  above),  or  equivalent ly from the individual  lef t - r ight  shape 

differences across  a l l  indi viduals  in  the sample (Klingenberg,  2015) .   

In addi t ion to  group- level  analyses  presented above and in f igure 2 2,  lef t -

r ight  facial  shape di fferences were also analyzed at  the level  of  individual  mice 

within each of  the WT and TG groups .  WT mice exhibi ted s ignif icant 
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direct ional  asymmetry in  max/min radi i  from centre  of  bounding ci rcle (p <  

0.0001),   roundness  (p = 0.0233),  aspect  rat io  (p  =  0.0176),  eccentr ici ty  (p = 

0.0371) and compactness  (p = 0.0219),  but  not  in  sol idi ty  (p = 0.5327) ,   

ci rculari ty  (p =  0.0652),   convexi ty (p =  0.8709) or   max/min radi i  f rom hul l ' s  

centre of  mass  (p  = 0.0842).  TG mice  exhibi ted direct ional  asymmetry only in  

max/min radi i  from centre  of  bounding c i rcle (p  = 0.0432),  a l though to a lesser  

degree than WT. No s ignif icant  direct ional  asymmetry was found in other  shape 

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

eccentr ici ty  (p = 0.4225),  compactness  (p = 0.7687),  sol idi ty  (p = 0.0560),  

ci rculari ty  (p =  0.8505),   convexi ty (p  =  0.4385) or   max/min radi i  f rom hul l ' s  

centre of  mass  (p  = 0.5732)) .  Thus,  TG mice showed markedly reduced  

direct ional  asymmetry in  facial  shape features  compared to  their  WT 

counterparts .   
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Figure 22.  Shape descr iptors  of  WT and GFAP.HMOX1 0 - 1 2 m  TG mouse heads in 

r ight  and left  latera l  v iews.  (A)  Aspect  rat io .  (B)  Compactness.  (C)  Roundness.  

(D)  Circu lar i ty.  (E)  So l id i ty.  (F)  Convexity.  (G)  Eccentr ic i ty.  (H)  Ratio  of  

maximum to minimum radi i  f rom centre  of  mass of  the convex hul l  to i ts  

boundary.  ( I )  Rat io  of  maximum to min imum radi i  f rom centre  of  the bounding 

c i rc le  to  boundary of  the convex hul l .  n  =  15WT,  16TG.  *q  < 0 .05 (FDR -adjusted 

P  va lue);  **q < 0 .01 (FDR -adjusted P  va lue) .  Long hor izontal  l ines represent 

group means.  Error bars  ind icate  SEM. WT,  w i ld-type;  TG,  transgenic;  Max. ,  

maximum; Min. ,  min imum; FDR,  fa lse discovery rate.   
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4.3.2.  Craniofacial  bone morphometry  

All  data sets  passed the D'Agost ino -Pearson (omnibus K2) and/or  the  

Anderson-Darl ing normali ty  tes t  (alpha = 0.05).  A h ighly s tat is t ical ly  

s ignif icant  increase in  nasal  bone length (Axis  I)  was found in GFAP.HMOX1 0 -

1 2 m  TG mice compared to  WT counterparts .  This  elongat ion was seen in  both  

r ight  (p < 0.0001,  mult ipl ici ty adjusted P value)  and lef t  (p  < 0.0001,  

mult ipl ici ty  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 r ight  nasal  bone and 8 .4 ± 1.1 % for  the lef t  nasal  bone.  No 

difference was seen  between r ight  and lef t  nasal  bone lengths  in  ei ther  TG 

(mult ipl ici ty  adjusted P value = 0.9623) or  WT (mult ipl ici ty  adjusted P value 

= 0.9941) animals .   

No signif icant  difference was found between TG and WT values  in  

measurements  of  the remaining axes.  Thus,  frontal  bone length along the 

midl ine (Axis  II) ,  parietal  bone length along the midl ine (Axis  II I) ,  

interparietal  bone length along the midl ine (Axis  IV),  l inear  dis tance between 

r ight  and lef t  s ides  of  the skul l  at  the intersect ion of  parie tal ,  temporal  and 

occipi tal  bones (Axis  V),  and cranial  width (Axis  VI)  of  TG mice did not  differ  

s ignif icant ly 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 0 - 1 2 m  TG 

mice.  (A) Right and lef t  nasal  bone lengths.  n  =  12WT,  11TG.  (B)  Frontal  bone 

length a long the mid l ine.  n  =  12WT,  15TG.  (C)  Par ieta l  bone length  along the 

mid l ine.  n = 12WT,  15TG.  (D)  interpar ieta l  bone length a long the mid l ine.  n = 

10WT,  12TG. (E)  l inear  d istance between r ight  and lef t  s ides  of  the skul l  at  the 

intersect ion of  par ieta l ,  temporal  and occip ita l  bones.  n =  12WT,  12TG.  (F)  

crania l  width. n = 12WT,  15TG.  ****p < 0.0001.  Black hor izontal  l ines represent 

group means.  Error bars  ind icate  SEM. mm, mi l l imetre;  WT,  wi ld -type;  TG,  

transgenic.  
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No signif icant  di fference  was found between TG and WT frontal -nasal  

angles  (nasal  bone incl inat ion angle measured at  the junct ion between the 

interfrontal  and internasal  sutures) ,  p  > 0.05 (Figure 2 4).  

 

 

Figure 24.  Frontal -nasal  angle of  WT and GFAP.HMOX1 0 - 1 2 m  TG mouse skul ls .  

Black hor izontal  l ines  represent group means.  Error bars  represent SEM. n  = 

11.  WT,  wi ld -type;  TG,  transgenic.  
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4.4.  Results  of  Experiment 4  

Hippocampal  neuropathology and neuromorphometry  resul ts  in  middle 

adul thood from this  experiment  were  publ ished in:  Song W, Zukor H,  Lin  S -H,  

Hascalovici  J ,   Liberman A,  Tavitian A ,  Mui  J ,  Val i  H,  Tong X-K, Bhardwaj  

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

t ransgenic mice  overexpressing human HO-1 in the  ast rocyt ic compartment .  J  

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

Dentate gyrus  granule cel l  layer  neuropathology resul ts  in  adolescence  

from this  experiment  were publ ished in:  Tavitian A ,  Song W, Schipper HM. 

Dentate gyrus immaturi ty  in  schizophrenia .  Neuroscient is t .  2019;25(6):528‐

547 (Tavi t ian et  al . ,  2019) .  

Summary o f  Resul ts  

HO-1 inter feres  wi th the s t ructural  maturat ion of  the  brain between 

adolescence and adul thood,  as  evidenced by abnormal  gray and white mat ter  

anatomy in GFAP.HMOX1 0 - 1 2 m  mice.  Histopathological  measurements  revealed  

that  GFAP.HMOX1 0 - 1 2 m  t ransgenic  mice exhibi t  a  deviant  maturat ional  

t rajectory of  the lateral  ventr icles ,  the hippocampus and the corpus cal losum 

with a post -adolescent  enlargement  of  the lateral  ventr icles  and an arrested  

maturat ion of  the dentate gyrus granule cel l  layer  and of  the co rpus cal losum 

at  the adolescent -s tage.  A previously unident i f ied dis t inct ive immature 

morphology of  the dentate gyrus granule  cel l  layer  is  exposed in  the brains  of 
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adul t  GFAP.HMOX1 0 - 1 2 m  mice which is  indis t inguishable from the normal  

adolescent -age morphology of  this  s t ructure.  

4.4.1.  Lateral  ventr icles  

At mid-to-late adolescence (P43-54),  the cross -sect ional  area of  the  

lateral  vent r icles  did not  differ  between WT and TG mice (p = 0.8942;  Figure  

25A).  At  the early adul thood age of  6  months (P199 -207),  a  s ignif icant  increase  

was found in the cross -sect ional  area of  the lateral  ventr icles  of  TG mice  

compared to  that  of  WT counterparts  (p  < 0.05;  Figure 2 5B).  In  middle 

adul thood (10-12 months of  age) ,  the cross -sect ional  area of  the lateral  

ventr icles  of  TG mice showed a highly s ignif icant  enlargement  in  comparison 

with that  of  WT counterparts  (p  < 0.0001;  Figure 2 5C).  Within each genotype,  

cross-sect ional  area of  the  lateral  ventr icles  did not  differ  s ignif icant ly 

between lef t  and r ight  hemispheres  (analysed at  early adul thood) or  between 

male and female mice (analysed at  mid -to-late adolescence and middle 

adul thood) (p > 0.05 for  al l  comparisons) .  Age -specif ic  neuropathology and 

neuromorphometry of  GFAP.HMOX1 0 - 1 2 m  TG vs .  WT lateral  ventr icles  are 

presented in  Figure 25.  
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Figure 25.  Lateral  ventr ic le neuroanatomy and neuromorphometry.  Upper 

panels ,  Neuroanatomy.  Hematoxyl in  and eosin  sta ined coronal  sect ions,  

depicted in  inverted grayscale  mode.  Latera l  ventr ic le  in  one hemisphere 

denoted by white arrow.  Lower  panels ,  neuromorphometry.  (A) Adolescence.  

n =  8WT(4M, 4F) ,  7TG(3M, 4F) .  (B) Ear ly  adulthood.  n = 7WT(M),  8TG(M).  (C)  

Middle  adulthood.  n =  13WT(5M, 8F) ,  11TG(4M, 7F) .  Error bars  ind icate  SEM. 

ns,  p  >  0 .05;  *p  <  0.05;  ****p <  0 .0001.  WT,  wi ld -type;  TG,  transgenic;  μm 2 ,  

square micrometre;  LV,  latera l  ventr ic le ;  L ,  lef t ;  R,  r ight,  L/R AVE,  average of  

lef t  and r ight  va lues;  M,  male;  F,  female .  
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4.4.2.  Hippocampus  

At mid-to-late adolescence (P43-54),  hippocampal  cytoarchi tectonics  

(analysed  in  coronal  sect ions with an tero -posterior  (AP)  coordinates  of  -

1.79mm to -2.03mm relat ive to  bregma) did not  differ  between TG and WT mice  

of  ei ther  sex (p > 0 .05 for  al l  comparisons in  hippocampal  width and height 

and blades  of  the dentate gyrus;  f igure  2 6).  At  this  age,  the  TG dentate gyrus 

granule cel l  layer  i s  ident ical  in  morphology to i ts  WT counterpart  (Fi gure  

26A).   
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Figure 26.  Hippocampal  neuroanatomy and neuromorphometry of  

GFAP.HMOX1 0 - 1 2 m  and WT mice in adolescence at  -1 .79mm to -2.03mm from 

bregma in  the coronal  plane.  (A)  Neuroanatomy.  Dentate gyrus  granule ce l l  

layer  depicted in  hematoxyl in  and eo sin sta ined coronal  sect ions.  Scale  bars ,  

100μm. (B)  Neuromorphometry.  n  = 4  per group.  Error bars  ind icate  SEM. 

DGGCL,  dentate  gyrus  granule  ce l l  layer;  HC,  h ippocampus;  IP,  infrapyramidal ;  

SP,  suprapyramidal ;  WT,  wi ld -type;  TG,  transgenic;  h ,  height;  w,  width;  L ,  

length;  m,  male;  f,  female;  mm, mi l l imetre.  (Panel  A  published as  F igure 4B in 

Tavit ian  et  a l . ,  2019,  reproduced with  permiss ion) .   



208 
 

In middle adul thood (10 -12  months of  age) ,  hippocampal  

cytoarchi tectonics  (analysed in  coronal  sect ions with anter o-posterior  (AP) 

coordinates  of  -1.79mm to -2.03mm relat ive to  bregma) was al tered in  both 

male and female GFAP.HMOX1 0 - 1 2 m  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 cel l  layer]” 20 (Figure 27).  Str ikingly at  this  age,  the TG dentate 

gyrus granule cel l  layer  (DGGCL) appears  ‘s tunted’ relat ive to  i ts  ag e-matched 

WT counterpart  but  is  s imilar  in  morphology to that  of  adolescent  WT and TG 

mice (Figures  27A and 26A),  sugges t ing an ar rest  in  the morphological  

maturat ion of  the dentate gyrus at  the adolescent  s tage in  GFAP.HMOX1 0 - 1 2 m  

TG mice.  

  

 
20 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 27.  Hippocampal  neuroanatomy and neuromorphometry of  

GFAP.HMOX1 0 - 1 2 m  and WT mice in middle adulthood at  -1.79mm to -2.03mm 

from bregma in  the coronal  p lane.  (A)  Neuroanatomy.  Dentate gyrus  granule 

ce l l  layer  depicted in  hematoxyl in  and eosin  sta ined coronal  sect ions.  Scale  

bars ,  100μm. (B)  Neuromorphometry.  n  =  4 (TG-m),  5 (WT-m),  4  (TG-f ) ,  4  (WT-

f ) .  *p  <  0 .05;  **p <  0.01.  Error  bars  ind icate  SEM. DG GL ,  dentate  gyrus  granule 

ce l l  layer;  HC,  h ippocampus;  WT,  wi ld -type;  TG,  transgenic;  h,  height;  w, width;  

l ,  length;  m, male;  f,  female;  mm, mi l l imetre.  (Publ ished as  F igure 5A in Song 

et  a l . ,  2012, reproduced with  permiss ion) .  
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The dentate gyrus dysgenesis  is  al ready apparent  at  t he early adul thood 

age of  6  months (P199-207) where,  in  coronal  sect ions with antero -posterior  

coordinates  of  -1.79mm to -2.03mm from bregma,  the DGGCL of TG mice 

presents  the characteris t ic  adolescent - l ike ‘s tunted’ morphology relat ive to  

age-matched WT DGGCL (Figure 28A).  Morphometric  analyses  revealed  

s ignif icant ly shorter  lengths  of  both the infrapyramidal  blade (p < 0.001) and  

the suprapyramidal  blade (p <  0.001),  as  wel l  as  the total  length (p < 0.001) of  

the DGGCL in TG vs .  WT brains  (Figure 28B).  Both hemispheres  of  the  brain  

were equal ly affected (Figure 2 8B).  

  



211 
 

 

Figure 28.  Dentate gyrus  granule cel l  layer  neuroanatomy and 

neuromorphometry of  GFAP.HMOX1 0 - 1 2 m  and WT mice in early  adulthood at  -

1 .79mm to -2.03mm from bregma in  the coronal  plane.  (A)  Neuroanatomy. 

Dentate gyrus  granule  ce l l  layer  depicted in  hematoxyl in  and eosin  sta ined 

coronal  sect ions.  Scale  bars ,  100 μm. (B) Neuromorphometry.  n  =  6 -7 (m).  ***p 

<  0 .001.  Error bars ind icate  SEM. WT, wi ld -type;  TG,  transgenic;  LH,  lef t  

hemisphere;  RH,  r ight  hemisphere;  L/R AVE, average of  lef t  and r ight 

hemisphere values;  m,  male;  mm, mil l imetre.   
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This  abnormal  morphology of  the DGGCL in GFAP.HMOX1 0 - 1 2 m  mice is  

not  global ly present  along i ts  ful l  antero -posterior  axis ,  but  seems to be a focal  

anomaly,  as  no qual i tat ive or  quant i tat ive difference was detected between TG 

and WT brains  at  ei ther  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  al l  

comparisons;  Figures  29 and 30).  
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Figure 29.  Dentate gyrus  granule cel l  layer  neuroanatomy and 

neuromorphometry of  GFAP.HMOX1 0 - 1 2 m  and WT mice in early  adulthood at  -

1 .43mm to -1.55mm from bregma in  the coronal  plane.  (A)  Neuroanatomy. 

Dentate gyrus  granule  ce l l  layer  depicted in  hemato xyl in  and eosin  sta ined 

coronal  sect ions.  Scale  bars ,  100 μm. (B) Neuromorphometry.  n  = 5-7  (m).  Error 

bars  ind icate  SEM. WT,  wi ld -type;  TG,  transgenic;  LH, lef t hemisphere;  RH, 

r ight  hemisphere;  L/R AVE, average of  lef t  and r ight  hemisphere values;  m, 

male;  mm, mi l l imetre.  
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Figure 30.  Dentate gyrus  granule cel l  layer  neuroanatomy and 

neuromorphometry of  GFAP.HMOX1 0 - 1 2 m  and WT mice in early  adulthood at  -

2 .45mm from bregma in  the coronal  plane.  (A) Neuroanatomy.  Dentate gyrus 

granule ce l l  layer depicted i n hematoxyl in  and eosin sta ined coronal  sect ions.  

Scale  bars ,  100 μm. (B)  Neuromorphometry.  n  = 5-6 (m).  Error  bars  ind icate 

SEM. WT,  wi ld -type;  TG,  transgenic;  LH,  lef t  hemisphere;  RH,  r ight  hemisphere;  

L/R AVE,  average of  lef t  and r ight  hemisphere values;  m,  male;  mm, mi l l imetre.  
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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  

s imilari ty  of  the adul t  TG DGGCL with i ts  adolescent  WT and TG counterparts  

was addi t ional ly ascertained by morphometry.  No s ignif icant  difference was  

found in the  suprapyramidal  blade,  infrapyramidal  blade  or  total  lengths  of  the 

DGGCL between early adul t  TG, adolescent  WT or adolescent  TG values  

(mult ipl ici ty  adjusted p > 0.05  for  al l  com parisons;  f igure 31).  Early  adul t  WT 

values  of  these lengths ,  however,  showed a highly s ignif icant  increase relat ive 

to  their  age-matched TG as  wel l  as  adolescent  WT and TG counterparts  

(mult ipl ici ty  adjusted p < 0.001 -  0 .01;  f igure 31).  These resul ts  fur ther  at tes t  

to  an ar rest  in  the maturat ional  growth of  the dentate gyrus granule cel l  layer  

between adolescence and adul thood in GFAP.HMOX1 0 - 1 2 m  TG mice.  

  



216 
 

 

Figure 31.   Comparat ive neuromorphometry of  the dentate gyrus  granule cel l  

layer in adolescent and  adult  GFAP.HMOX1 0 - 1 2 m  and WT mice at  -1 .79mm to -

2.03mm from bregma in  the coronal  plane.  (A) DGGCL suprapyramidal  blade 

morphometry.  (B)  DGGCL infrapyramidal  b lade morphometry.  (C)  DGGCL tota l  

length  morphometry.  Error  bars  ind icate  SEM. n  =  4 -7  (m).  **p <  0 .01;  ***p < 

0 .001.  DGGCL,  dentate  gyrus  granule cel l  layer;  WT,  wi ld -type;  TG,  transgenic;  

EA ,  ear ly  adulthood (6  months;  P199 -207);  ADO, mid-to- late adolescence (P43 -

54);  m,  male;  mm, mi l l imetre.   
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The shape of  the  dentate gyrus granule ce l l  layer  of  adul t  GFAP.HMOX1 0 -

1 2 m  TG mice may be described as  having a ‘s tunted’ appearance with  

compressed blades and a rounded crest ,  compared to  the elongated appearance  

of  i ts  counterpart  in  age -matched WT mice (see panels  A of  f igures  27 and 28).  

This  qual i tat ive observat ion was confirmed by quant i tat ive shape analysis  

which revealed a s tat is t ical ly  s ignif icant  difference in  the form factor  of  

DGGCL shape between adul t  TG and WT animals  (at  -1 .79mm to -2.03mm from 

bregma in the coronal  plane) .  In  early  adul thood,  DGGCL form factor  (also  

termed circulari ty)  was s ignif icant ly higher in  TG vs .  WT brains  (p < 0.001;  

f igure 32A,B),  but  d id not  differ  s ignif icant ly between adul t  TG and adolescent  

WT or TG brains  (p  > 0.05 for  al l  comparisons;  f igure 32B) ,  denot ing a more  

ci rcular  shape of  the DGGCL in adolescent  WT, adolescent  TG and adul t  TG 

compared to  adul t  WT animals  (Figure 32).  At  adolescence,  DGGCL circulari ty  

did not  differ  between WT and TG mice  (p > 0.999),  and whereas  W T DGGCL 

circulari ty  decreased s ignif icant ly from adolescence to  adul thood (p < 0.05),  

TG DGGCL circular i ty  regis tered no s ignif icant  difference between these two 

ages (p > 0.05).  
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Figure 32.  Form factor  (ci rcular i ty)  of  the dentate gyrus  granule cel l  layer in 

adolescent  and adult  GFAP.HMOX1 0 - 1 2 m  and WT mice at  -1.79mm to -2.03mm 

from bregma in  the coronal  p lane.  (A)  DGGCL c ircu lar i ty  in  ear ly  adulthood. 

(B)  DGGCL c i rcu lar i ty  at  adolescence and ear ly  adulthood. Error  bars  ind icate 

SEM. n  = 4-5 (m).  ns,  p  > 0 .05;  *p  <  0 .05;  ***p <  0 .001. DGGCL,  dentate  gyrus 

granule ce l l  layer;  L ,  lef t  hemisphere;  R,  r ight  hemisphere;  AVG,  average of  lef t 

and r ight  hemisphere values;  WT,  wi ld -type;  TG, transgenic;  m,  male.  
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4.4.3.  Corpus cal losum  

4.4.3. i .  Anterior  l imi t  

No genotype or  age  effect  was detected  in  the antero -poster ior  locat ion 

of  the anterior  l imit  of  the corpus cal losum. In al l  adolescent  WT, adolescent  

TG, adul t  WT and adul t  TG preparat ions surveyed,  the genu of  the corpus 

cal losum was f i rs t  vis ible in  coronal  sect ions corresponding to  AP coordinate 

of  +1.21mm relat ive to  bregma,  based on the The mouse brain in  stereotaxic 

coordinates ,  4 t h  edi t ion  (Frankl in and Paxinos,  2013)  (Figure 33).  The genu 

connected  the two cerebral  hemispheres  a t  ide nt ical  levels  in  WT and TG brains  

(Figure 34).  
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Figure 33.  Anter ior  l imit  of  the genu of  the corpus cal losum. Upper  panels ,  

Neuroanatomy.  Representat ive  coronal  sect ions sta ined with  Sudan Black B,  

depicted in  inverted grayscale  mode. Genu of  the corpus c a l losum is  denoted 

by white  arrow in  one hemisphere.  Lower  panel ,  Antero -poster ior  (AP) 

coordinates  of  anter ior  l imit  of  genu.  n =  7-8  (m).  Hor izontal  l ines  represent 

group means.  AP,  antero -poster ior ;  WT,  wi ld -type;  TG, transgenic;  EA ,  ear ly 

adulthood (6  months;  P199-207);  ADO,  mid -to- late  adolescence (P43 -54);  m, 

male;  mm, mi l l imetre.  
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Figure 34.  F i rst  coronal  level  of  genu connect ing cerebral  hemispheres,  

revealed by Sudan Black B stain.  (A)  WT at ear ly  adulthood.  (B)  TG at  ear ly  

adulthood.  
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4.4.3. i i .  Posterior  l imi t  

The antero -posterior  coordinates  of  the posterior  l imit  of  the corpus  

cal losum in early -adul t  WT brains  differed s ignif icant ly from those of  early -

adul t  TG (mult ipl ici ty  adjusted p < 0.001),  adolescent  WT (mult ipl ici t y 

adjusted p < 0.05) and adolescent  TG (mult ipl ici ty adjusted p < 0.001) brains  

(Figure 35C).  No s ignif icant  difference was found in these coordinates  between 

early-adul t  TG, adolescent  WT or adolescent  TG brains  (mul t ipl ici ty  adjusted 

p > 0.05 for  al l  comparisons;  f igure 3 5C).  Thus,  the splenium of the corpus 

cal losum reached i ts  posterior  l imit  at  a  s ignif icant ly more anterior  posi t ion in  

adolescent  WT, adolescent  TG and early -adul t  TG than in  early -adul t  WT brains  

(Figure 35),  suggest ing an arrest  in  the  maturat ional  growth of  the corpus  

cal losum between adolescence and adul thood in GFAP.HMOX1 0 - 1 2 m  TG mice.  
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Figure 35.  Poster ior  l imit  of  the splenium of  the corpus cal losum. (A)  

Representat ive  Sudan Black B -sta ined sect ion depict ing l imit  of  sp lenium in 

adolescent WT,  adolescent TG and ear ly -adult  TG mice.  (B)  Representat ive  

Sudan Black B-sta ined sect ion depict ing l imit  of  sp lenium in ear ly -adult  WT 

mice.  (C)  Antero-poster ior  (AP)  coordinates  of  poster ior l imit  of  sp lenium.  n 

=  7  (m) per  group.  *p  <  0 .05;  ***p < 0 .001.  Black hor izontal  l ines  represent 

group means.  Error  bars  ind icate  SEM. AP,  antero -poster ior;  WT,  wi ld -type;  

TG,  transgenic;  EA ,  ear ly  adulthood (6  months;  P199 -207);  ADO,  mid -to- late 

adolescence (P43-54);  m,  male;  mm, mil l imetre.  
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This  part ial  agenesis  of  the corpus cal losum in GFAP.HMOX1 0 - 1 2 m  TG 

mice is  s t i l l  present  at  middle adul thood. In 5 of  5  TG (3 male,  2  female)  brains  

surveyed,  the corpus cal losum had at ta ined i ts  posterior  l imit  at  an antero -

posterior  locat ion 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  tes t  

p  = 0.0030).  In  the  remaining 8 of  9  WT brains ,  the corpus cal losum st i l l  

connected  the two cerebral  hemispheres  at  this  surveyed antero -posterior  level  

(Figure 36).  

 

Figure 36.   Representat i ve LFB/HE-stained sect ions  at  an antero -poster ior  

(AP)  locat ion 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 ca l los um (C) .  LFB/HE,  Luxol  

fast  b lue-hematoxyl in  and eosin;  WT,  wi ld -type;  TG,  transgenic.  
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4.4.4.  An overview of  maturat ional trajectories  of  the dentate gyrus granule 

cel l  layer,  the corpus cal losum and the lateral  ventr icles  in  GFAP.HMOX1 0 - 1 2 m  

t ransgenic vs .  wi ld - type mice is  presented in  Figure 3 7.  

Figure 37.  Maturat ional  t rajector ies  of  the dentate gyrus  granule cel l  layer,  

the corpus cal losum and the lateral  ventr ic les  in  wild -type and GFAP.HMOX1 0 -

1 2 m  transgenic mice.  (A) Dentate gyrus granu le ce l l  layer  length.  n = 4-7 per  

group.  (B)  Dentate gyrus  granule  ce l l  layer  c i rcu lar i ty  ( form factor) .  n  =  4 per 

group.  (C) Poster ior  l imit  of  corpus ca l losum.  n =  7  per group.  (D)  Cross-

sect ional  area of  latera l  ventr ic les .  n  =  7 -13 per  group.  p  =  0 .007 1:  s ign i f icant 

effect  of  genotype by age interact ion detected by two -way ANOVA.  Error  bars 

ind icate  SEM. F loat ing bars  represent min imum to maximum values with 

hor izontal  l ine at  mean.  *p  <  0 .05;  ***p <  0 .001 (mult ip l ic i ty  adjusted p va lues  

f rom ordinary o ne-way ANOVA fo l lowed by Tukey ’s  mult ip le  comparisons post  

hoc  test) .  WT,  wi ld -type;  TG,  transgenic;  EA,  ear ly  adulthood (6 months;  P199 -

207);  ADO,  mid -to- late  adolescence (P43 -54);  MA,  middle adulthood (10 -12 

months) ;  DGGCL, dentate  gyrus  granule  ce l l  lay er;  LV,  latera l  ventr ic le ;  mm, 

mi l l imetre;  μm 2 ,  square micrometre .  
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4.5.  Results  of  Experiment 5  

Summary of  Resul ts  

Sensorimotor gat ing defici ts  of  male GFAP.HMOX1 0 - 1 2 m  t ransgenic mice  

emerge in  early adul thood as  the resul t  of  an aberrant  maturat ional  t rajectory  

of  prepulse  inhibi t ion of  the acoust ic  s tar t le  response (PPI)  between late 

adolescence and ear ly adul thood.  

4.5.1.  Analysis  of  the PPI def ici t  in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice   

In middle adul thood,  male GFAP.HMOX1 0 - 1 2 m  t ransgenic mice present  

deficient  PPI,  whi le female GFAP.HMOX1 0 - 1 2 m  t ransgenic mice do not  (Song et  

al . ,  2012b)  (see f igure 4 in  chapter  2 ,  l i terature review,  of  th is  thesis) .  

 Tukey’s  post  hoc  mul t iple comparisons tes t  revealed s ignif icant  main 

group effects  between :  male WT and male TG (mult ipl ici ty  adjusted P value,  p  

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

= 0.0061) groups.  No s ignif icant  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 ident i fy the local izat ion of  the PPI defici t  in  male GFAP.HMOX1 0 - 1 2 m  

TG mice,  post  hoc  o r thogonal  comparisons were  performed with Fisher ’s  Least  

Signif icant  Difference tes t .  The PPI defici t  in  male GFAP.HMOX1 0 - 1 2 m  TG mice 

was found to  occur in  response to  the h igher intensi ty  prepulses  of  12dB (p  = 

0.0488) and 15dB (p = 0.0175) above background noise.  No s ignif icant  
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difference  was seen  in  male WT vs .  male TG PPI with prepulse intensi t ies  of  

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

4.5.2.  Ident i f icat ion of  adolescent  mice el igible for  longitudinal  fol low -up of  

PPI  

Mean (± SEM) PPI in  response to  the prepulse intensi ty  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) ,  wi th 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.  PPI  with  a prepulse  intensity of  15dB above background noise in 

male wild -type and GFAP.HMOX1 0 - 1 2 m  t ransgenic mice at  P52 ± 2 ( late 

adolescence).  Each white  c i rc le  represents  a  mouse.  Long hor izontal  b lack l ine 

represents  mean.  Short  hor izontal  red  l ines  represent lower  and upper  95% 

conf idence intervals of  mean. n = 38. PPI ,  prepulse inhib it ion  of  the acoust ic 

start le  response.  

 

Thirteen of  38 mice exhibi ted PPI levels  that  fel l  wi thin the lower and 

upper 95% confidence intervals  of  the mean (Figure 3 8),  and  were selected fo r  

longi tudinal  fol low-up of  PPI progression from late adolescence to  early 

adul thood.  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 al l  analyses .  Therefore,  the 

f inal  dataset  of  PPI progressio n included 6 WT mice and 6 TG mice.  

4.5.3.  Acoust ic  s tart le  response (ASR) in  late adolescence and early adul thood  

At both late adolescence  (P52 ± 2)  and  early adul thood (P184 ± 2) ,  male  

GFAP.HMOX1 0 - 1 2 m  TG mice showed a s ignif icant ly at tenuated magni tude o f  

their  acoust ic  s tar t le  response to  the 120 dB pulse s t imulus compared to  WT 

counterparts .  The s ignif icant  at tenuat ion was observed in  both peak and  

average s tar t le  ampli tudes and was evident  in  the larger  dataset  of  38 mice 

(Figure 39) as  wel l  as  the group of  12 mice selected for  longi tudinal  fol low -up 

of  PPI progression (Figure 40).  
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Figure 39.  Magnitude of  the acoust ic  start le  response of  WT and 

GFAP.HMOX1 0 - 1 2 m  TG mice at  late adolescence (P52 ±  2)  and ear ly  adulthood 

(P184 ± 2) .  (A)  Peak start le  ampl i tude.  (B)  Average start le  ampl i tude. n  =  17 -

20 per  group.  **p <  0 .01.  ***p <  0 .001.  ns ,  p  > 0 .05.  Error  bars  represent SEM. 

WT,  wi ld -type.  TG,  transgenic.  ADO,  adolescence.  EA, ear ly  adulthood.   
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Figure 40.  Magnitude of  the acoust ic  st art le  response of  the selected group 

of  WT and GFAP.HMOX1 0 - 1 2 m  TG mice at  late adolescence (P52 ± 2)  and ear ly 

adulthood (P184 ± 2) .  (A)  Peak start le  ampl i tude.  (B) Average start le 

ampl i tude. *p < 0 .05.  **p < 0 .01. ns ,  p  >  0 .05.    n  = 6 per group. Error ba rs 

represent SEM. WT, wi ld -type.  TG,  transgenic.  ADO, adolescence.  EA, ear ly  

adulthood.   
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4.5.4.  Prepulse  inhibi t ion of  the acoust ic  s tart le  response (PPI)  in  late  

adolescence and ear ly adul thood  

At the late  adolescent  age (P52 ± 2) ,  male GFAP.HMOX1 0 - 1 2 m  TG mice 

did not  exhibi t  impairment  of  PPI relat ive to  WT mice with any intensi ty  of  the 

prepulse.  In  contrast ,  PPI in response to  the prepulse of  12dB above background 

was s ignif icant ly augmented a t  this  age in  the TG group compared to  that  in 

the WT group (p = 0.0002).  There was no s ignif icant  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 adul thood),  a  s ignif icant  impairment  of  PPI was manifested in  TG mice 

relat ive to  their  WT counterparts .  The PPI impairm ent  of  early adul t  TG mice 

was evident  in  response to  the higher intensi ty  prepulses  of  12dB above 

background (p =  0 .0156) and  15dB above background (p = 0.0240) prepulses .  

No s ignif icant  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  pat tern of  

PPI defici t  in  male GFAP.HMOX1 0 - 1 2 m  TG mice at  this  age is  in  l ine with that  

observed in  middle adul thood,  as  d escribed above.    
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Figure 41.  Prepulse inhibit ion of  the acoust ic  startle  response in  male WT 

and GFAP.HMOX1 0 - 1 2 m  TG mice at  late adolescence and ear ly  adulthood.  (A) 

PPI  in  response to  3dB,  6dB,  9dB,  12dB and 15dB above background prepulses 

at  P52 ±  2  ( late  adolescence).  (B)  PPI  in  response to  3dB,  6dB,  9dB,  12dB and 

15dB above background prepulses at  P184 ± 2 (ear ly  adulthood).  n =  6  per 

group.  Boxes extend f rom the 25th  to 75th  percenti les .  Whiskers  extend to 

min imum and maximum values.  Hor izontal  l ines  at median. +,  mean.  *p < 0 .05. 

***p < 0 .001.  ns ,  p  > 0 .05. PPI ,  prepulse  inhib it ion of  the acoust ic  start le 

response.  dB,  decibel .  WT,  wi ld -type.  TG,  transgenic.  
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4.5.5.  Maturat ional  trajectory of  PPI  between late adolescence and early  

adul thood in WT and TG mice  

Signif icant  differences were seen between TG and WT mice in  PPI 

progression from late adolescence to  early adul thood.  Prepulse inhibi t ion in 

response to  the prepulse of  15dB above background noise underwent  a  

s ignif icant ly lower  augmentat ion in  TG vs .  WT mice (p = 0.0091) (Figure 42).  

With the prepulse of  12dB above background noise,  s ignif icant ly different  

changes in  PPI were  in  opposi te  direct ions in  TG and WT groups (p = 0.0007);  

an increase in  the WT group and  a diminut ion in  the TG group (Figure 42).   No 

s ignif icant  differences were found between WT and TG groups in  the 

adolescent - to-adul t  change in  PPI with the prepulse intens i t ies  of  3dB (p  = 

0.3038),  6dB (p = 0 .7239) and 9dB (p = 0.3834) above background noise;  al l  

regis tered a s imilar  increase between these two ages (Figure 42).    
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Figure 42.  Change in  prepulse  inhibit ion of  the acoust ic  start le  response 

between late adolescence (P52 ±  2)  and ear ly  adulthood (P184 ±  2)  in  male 

WT and GFAP.HMOX1 0 - 1 2 m  TG mice.  Δ%PPI  represents  the di f ference 

(ca lcu lated in  ind iv idual  mice)  between %PPI  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. Δ,  d i f ference.  PPI ,  prepulse  inhib it ion  of  the acoust ic  start le  response. 

dB,  decibel .  WT,  wi ld -type.  TG,  transgenic.  
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In TG mice,  the maturat ional  t rajectory  of  PPI i n  response to  prepulse 

intensi t ies  of  3 ,  6  and 9 decibels  above background noise advanced in congrui ty 

with that  of  WT mice.  However,  TG and WT trajectories  became divergent  with 

the higher intensi ty  prepulses  of  12 and 15 decibels  above background noise.  

Prepulse inhibi t ion generated by the  12dB prepulse increased from late  

adolescence to  early  adul thood in the WT group,  but  decreased in  the TG group.  

Prepulse inhibi t ion generated by the  15dB prepulse increased from late  

adolescence to  early  adul thood in b oth groups,  however the augmentat ion was 

s ignif icant ly lower in  TG than in  WT mice.  

The divergence in  TG and WT trajectories  in  relat ion to  the 12dB and 

15dB prepulses  echoes the deficiencies  in  PPI observed in  adul t  TG mice with 

these same two intensi t ies  of  the prepulse,  suggest ing that  the aberrant  

maturat ional  t rajectory of  PPI in GFAP.HMOX1 0 - 1 2 m  TG mice may underl ie  the 

adul t -age PPI defici ts  manifested in  these mice.  
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4.6.  Results  of  Experiment 6  

These resul ts  were publ ished in:   

Song W, Tavitian A ,   Cressat t i  M, Gal indez C,  Liberman A,  Schipper  

HM. Cysteine-r ich whey protein isolate  (Immunocal®) ameliorates  defici ts  in  

the GFAP.HMOX1 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 ,  Val i  H,  Tong X-K, Bhardwaj  SK, Srivastava LK, Hamel  E,  Schipper HM. 

Schizophrenia-l ike features  in  t ransgenic mice overexpressing human HO -1 in 

the ast rocyt ic  compartment .  J Neurosci .  2012;32(32):10841–10853 (Song et  al . ,  

2012b)  

Summary of  Resul ts  

Reel in immunoreact ivi ty  is  reduced in mult iple brain regions of  adul t  

male,  but  not  female ,  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice.   

During early adul thood,  short - term treatment  with cysteine -r ich whey 

protein isolate (Immunocal®) augments  brain reel in  expression,  amel iorates  

behavioural  dysfunct ion,  but  does not  correct  brain anatomical  defects  in  

GFAP.HMOX1 0 - 1 2 m  transgenic mice.  

4.6.1.  Brain reel in  expression in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice in  middle 

adul thood  
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In middle adul thood,  “a dramatic downregulat ion of  immunoreact ive  

reel in  protein [was observed]  in  and  around neurons of  the  male t ransgenic PFC 

[(prefrontal  cortex)] ,  HC [(hippocampus)] ,  CPu [(caudate putamen of  

s t r iatum)] (Figure  43) and cerebel lum (data not  shown) compared with 

corresponding WT preparat ions.” 21 No such change in  reel in  expression was 

observed in  male TG substant ia  nigra  (SN) (data  not  shown).  Female  TG mice  

displayed no downregulat ion relat ive to  WT expression in  neuronal  reel in  

content  of  surveyed brain regions (Figure 4 3).  

  

 
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.  Reel in  immunof luorescence in  TG and WT mouse brains  at  middle 

adulthood. Downregulated reel in immunoreact iv i ty  (green)  in  male,  but  not 

female,  transgenic caudate putamen, prefrontal  cortex and h ippocampus 

compared with  WT l i ttermates.  Nucle i  countersta ined with  DAPI  (b lue) .  CPu, 

caudate putamen.  PFC,  prefrontal  cortex,  HC,  h ippocampus. WT,  wi ld -type.  TG, 

transgenic.   Sca le bar,  10 μm. (Publ ished as  F igure 5F in Song et  a l . ,  2012, 

reproduced with  permiss ion) .  
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4.6.2.  Brain reel in  expression in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice fol lowing 

cysteine-r ich whey protein isolate (Immunocal®) supplementat ion in  early 

adul thood  

In male prefrontal  cortex (PFC),  reel in  expression was d iminished in 

casein-t reated TG vs .  WT mice at  both protein (Figure 4 4A,C) and mRNA levels 

(p < 0.05;  Figures  4 4E and 44A).  Immunocal  t reatment  res tored reel in  levels  

in  the TG PFC, as  evidenced by  increased protein (Figure 4 4A-D) and mRNA 

expression (p > 0.05  relat ive to  WT mice;  Figures  4 4E and 45B).  

Reel in mRNA expression was also asses sed in  male s t r iatum (STM) and 

substant ia  nigra (SN).  “The mRNA expression level  of  reel in  .  .  .  [was]  

s ignif icant ly reduced in casein -t reated TG .  .  .  STM compared to  WT .  .  .  

STM”22 (p  < 0.001;  Figure 45A).  “The Immunocal - t reated TG mice .  .  .  

exhibi ted a t rend towards recovery of  reel in  expression in  the STM, al though 

reel in  mRNA concentrat ions in  this  brain region remained s ignif icant ly (p < 

0.05) below WT values” 23 (Figure 45B).  No s ignif icant  difference in  reel in  

mRNA expression was observed in  the SN  between WT and TG brains  with 

ei ther  casein or  Immunocal  t reatment  (p > 0.05;  Figure 4 5A,B).  

  

 
22 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. 
23 Ibid. 
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Figure 44.  Reel in protein  and mRNA in the prefrontal  cortex of  male mice at  

ear ly  adulthood.  A-D,  Reel in protein immunoreact ivi ty  (A)  casein -treated WT.  

(B)  Immunocal - treated WT.  (C)  casein-treated TG.  (D)  Immunocal - treated TG. 

Reel in is  depicted in  green.  Nucle i  countersta ined with  DAPI  are  depicted in 

b lue. Scale  bars ,  16  μm. (Publ ished as  Fig ure 10 in Song et  a l . ,  2017, 

reproduced with  permiss ion) .  E,  Reel in  mRNA prof i le:  fold  change relat ive to  

WT casein-treated  controls  (WTc).  n =  4  per group.  WT, wi ld -type.  TG, 

transgenic.  c ,  casein -treated,  I ,  Immunocal - treated.  *p  <  0 .05.  ns ,  p  >  0 .05. 

Error  bars represent SEM.  

 

  

E 
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Figure 45.  Male brain reel in mRNA prof i les in  (A)   casein-treated PFC, STM, 

SN and (B)  Immunocal - treated PFC,  STM, SN.  n  =  4  per  group.  WT,  wi ld -type. 

TG,  transgenic.  PFC,  prefrontal  cortex,  STM, str iatum, SN,  substantia  n igra.  *p 

<  0 .05.  ***p <  0 .001.  Error  bars  represent SEM. (Publ ished as F igure 9B in  Song 

et  a l . ,  2017, reproduced with  permiss ion) .  
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4.6.3.  GFAP.HMOX1 0 - 1 2 m  TG mouse behaviour fol lowing cysteine -r ich whey 

protein isolate (Immunocal®) supplement at ion in  early adul thood  

4.6.3. i .  Locomotor act ivi ty  

“Casein-t reated male TG mice displayed a robust  hyperkinet ic  profi le  as  

ref lected in  al l  locomotor measurements ,  whereas  female TG mice exhibi ted 

part ial  hyperlocomotor act ivi ty  (Figure 4 6).  Immunocal  t rea tment  s ignif icant ly 

at tenuated the hyperlocomotor act ivi ty  in  male TG mice,  as  evidenced by  

changes in  total  dis tance,  s tereotypy count  and t ime,  movement  t ime,  and rest  

t ime (Figure 46A).  Certain measures  of  locomotor act ivi ty  were enhanced in 

Immunocal - t reated female WT mice relat ive to  those exposed  to  casein,  thereby 

masking potent ial  di fferences in  locomotor act ivi ty  between the Immunocal -

exposed TG and WT females  (Figure 4 6B).” 24 

  

 
24 Ibid. 
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Figure 46.  Locomotor  activ i ty.  (A)  Male.  (B)  Female.  Total  d istance (top 

panels) ;  STRCNT-stereotypy count,  STRNO -stereotypy number,  and MOVNO -

movement number (middle panels) ;  RESTIME -rest  t ime, STRTIME-stereotypy 

t ime,  and MOVTIME-movement t ime (bottom panels) .  *p < 0 .05,  **p < 0 .01,  

***p <  0 .001.  E rror bars  represent SEM. (Publ ished as  F igure 2  in  Song et  a l . ,  

2017, reproduced with  permiss ion) .  
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4.6.3. i i .  Prepulse inhibi t ion of  the acoust ic  s tart le  response (PPI)  

  “PPI occurred in  male and female  WT mice t reated  with casein 

(controls) ,  al though .  .  .  [PPI]  was less  robust  in  the females  (Figure 4 7A) [as  

in  our t reatment -naïve middle adul thood cohort  described above (experiment  5  

and Song et  al . ,  2012),  and] as  previously reported in  .  .  .  humans (Aasen et  

al . ,  2005) .  Relat ive to  casein -t reated  WT animals ,  PPI was s ignif icant ly 

at tenuated in  male TG mice (p = 0.02;  Figure 4 7A).  We observed a t rend  

towards impairment  of  PPI in  casein -t rea ted female TG mice  (p = 0.06,  relat ive 

to  WT subjects ;  Figure 4 7A),  part icularly fol lowing exposure to  high pre -pulse  

levels ,  as  noted in  an earl ier  report  (Braff  et  al . ,  2005) .  Impairment  of  PPI was 

s ignif icant ly ameliorated in  female TG mice receiving Immunocal  t reatment  (p 

< 0.0001 relat ive to  casein -t reated TG group;  Figure 4 7D).  In  male mice,  no 

s ignif icant  differences in  PPI rescue could be evinced between the Immunocal  

and casein -t reated TG mice because the basel ine PPI level  of  WT mice exposed  

to  Immunocal  was lower (albei t  not  s tat is t ical ly  s ignif icant ly)  than that  of  the 

WT-casein group (Figure 47C),  whereas  the PPI levels  of  the TG -Immunocal  

and TG-casein groups were comparable (Figure 4 7D).” 25 

  

 
25 Ibid. 
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Figure 47.  Prepulse inhibit ion.  (A)  Casein -treated (control )  GFAP.HMOX1 0 - 1 2 m  

transgenic  and WT male  (top panel)  and female  (b ottom 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) .  (Publ ished as 

F igure 1  in  Song et  a l . ,  2017,  reproduced with  permiss ion) .  

  



251 
 

4.6.4.  Hippocampal  and ventr icular  pathology  

“H & E s taining of  coronal  brain sect ions revealed markedly enlarged  

lateral  ventr icles  (ventr iculomegaly)  (Figure 4 8A) and al tered hippocampal  

cytoarchi tectonics  (dentate gyrus dysgenesis)  (Figure 4 8B)  in  both male and 

female TG mice.  A morphometric analysis  of  the HC [(hippocampus)]  showed 

that  the granule cel l  layer  of  the dentate gyrus in  TG mice  was s ignif icant ly 

diminished in  s ize compared to  WT mice (p < 0.05; Figure 4 8B).  The 

ventr iculomegaly and dentate gyrus dysgenesis  observed  in  both male and 

female TG mice were not  reversed by Immunocal  supplementat ion (Figure  

48).” 26  

  

 
26 Ibid. 
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Figure 48.  Brain  histomorphology.  (A) Four-micron th ick coronal  sect ions 

(bregma +  0 .50 mm) sta ined with  H & E.  Note d i latat ion of  latera l  ventr ic les  in  

the GFAP.HMOX1 preparat ions.  (B)  Morphometr ics  of  h ippocampus and 

dentate  gyrus.  *p  <  0 .05.  Er ror  bars  represent SEM. (Publ ished as F igure 8  in 

Song et  a l . ,  2017, reproduced with  permiss ion) .  
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CHAPTER 5  

DISCUSSION  
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5.1.  Overview of f indings  

Continuous overexpression,  from embryogenesis  to  adul thood,  of  HO -1 in 

GFAP-expressing cel ls ,  predominant ly as t rocytes ,  interfered with post -

adolescent  maturat ion of  the brain in  GFAP.HMOX1 0 - 1 2 m  t ransgenic mice.  At  

mid-to-late adolescence,  the anatomy of t he hippocampus,  the corpus cal losum 

and the lateral  vent r icles  of  GFAP.HMOX1 0 - 1 2 m  mice did not  differ  from that  

of  WT control  animals .  At  early adul thood,  however,  there  was a s ignif icant 

difference in  the anatomy of these regions between GFAP.HMOX1 0 - 1 2 m  and WT 

brains ,  which  was s t i l l  evident  at  middle adul thood.  While the WT corpus  

cal losum and hippocampal  dentate gyrus (DG) cont inued  their  growth from 

adolescence to  adul thood,  these s t ructures  remained  at  an immature adolescent -

l ike s tage in  GFAP.HMOX1 0 - 1 2 m  brains .  Concurrent ly,  GFAP.HMOX1 0 - 1 2 m  

la teral  ventr icles  underwent  a  marked  di latat ion between adolescence and 

adul thood,  relat ive  to  their  age -matched  WT counterparts .  This  deviat ion from 

a normal  maturat ional  t rajectory in  brain s t ructure of  GFAP.HMOX 10 - 1 2 m  mice 

was accompanied by a s imilarly aberrant  t rajectory in  brain funct ion from 

adolescence to  adul thood,  as  evidenced by a disrupt ion in  the normal  

maturat ion of  sensorimotor gat ing capaci ty.  PPI,  a  measure of  sensorimotor 

gat ing,  was s ignificant ly impaired in  adul t ,  but not  adolescent ,  male  

GFAP.HMOX1 0 - 1 2 m  mice.  

Addit ional  behavioural  phenotyping of  GFAP.HMOX1 0 - 1 2 m  mice in  early  

adul thood revealed defici ts  in  nest -bui lding abi l i ty,  short - term spat ial  working 

memory,  and preference for  social  novel ty  without  an impairment  in  sociabi l i ty.  
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Bar-bi t ing behaviour,  a  cage -related  s tereotypy thought  to  ref lect  a  desire to  

escape (Nevison et  al . ,  1999;  Lewis  and Hurst ,  2004) ,  was enhanced in male  

GFAP.HMOX1 0 - 1 2 m  mice.  As previously documented in  middle adul th ood (Song 

et  al . ,  2012b) ,  GFAP.HMOX1 0 - 1 2 m  mice of  early -adul t  age exhibi ted 

hyperkinesia and augmented motor s tereotypy in a novel  environment .  The 

hyperlocomotor behaviour was more  pronounced in male than in  female 

GFAP.HMOX1 0 - 1 2 m  mice.  

Acute t reatment  wi th the atypical  ant ipsychot ic medicat ion clozapine 

s ignif icant ly decreased the hyperlocomotor behaviour and s tereotypy in male 

GFAP.HMOX1 0 - 1 2 m  mice of  early -adul t  age.  A t rend toward improvement  of  PPI 

with clozapine adminis t rat ion did not reach s tat is t ica l  s ignif icance in  these  

mice.  Hyperlocomotor act ivi ty  and  s tereotypy in early -adul t  male 

GFAP.HMOX1 0 - 1 2 m  mice were also s ignif icant ly at tenuated fol lowing a short -

term treatment  reg imen with the glutathione precursor  Immunocal®.  In 

females ,  Immunocal  t reat ment  enhanced certain measures  of  locomotor act ivi ty  

in  WT mice,  thereby masking i ts  potent ial  effects  on  GFAP.HMOX1 0 - 1 2 m  mice.  

Immunocal  had no  effect  on PPI in  male  GFAP.HMOX1 0 - 1 2 m  mice,  but  elevated  

i t  in  females .  

Brain reel in  content  was diminished in  male,  but  not  female,  

GFAP.HMOX1 0 - 1 2 m  mice,  and was augmented by Immunocal  supplementat ion.  

Brain anatomical  defects ,  however,  were  not  affected by Immunocal  t reatment .  
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Craniofacial  morphometric analyses  of  male GFAP.HMOX1 0 - 1 2 m  mice in  

early adul thood reve aled elongated nasal  bones,  al tered head shape anisotropy,  

and reduced facial  l ef t -r ight  direct ional  asymmetry relat ive to  WT controls .  

The neuropathology in the adul t  GFAP.HMOX1 0 - 1 2 m  mouse DG and corpus 

cal losum documented in  this  thesis  i s  focal .  In  the corpus cal losum the  

maturat ional  arrest  was confined to  the  splenium, and in  the DG granule cel l  

layer  i t  was detected only at  a  locat ion with antero -posterior  coordinates  of  -

1.79mm to -2.03mm from bregma.  A previously unknown dis t inct ive 

adolescent - l ike ‘s tunted’ morphology of  the DG granule cel l  layer  was  

discovered  in  the adul t  GFAP.HMOX1 0 - 1 2 m  mouse brain.  This  morphological  

s ignature exposed in  the adul t  GFAP.HMOX1 0 - 1 2 m  DG granule cel l  layer  is  

qual i tat ively and quant i tat ively indis t inguishable in  shap e and s ize from the 

normal  granule cel l  layer  in  adolescent  WT mice,  as  wel l  as  adolescent  

GFAP.HMOX1 0 - 1 2 m  mice,  and can be characterized as  having a smal ler,  more 

condensed s ize and  a more ci rcular  shape than the DG granule cel l  layer  of  

adul t  WT mice.   These f indings “st rongly suggest  that  the s tunted morphology 

of  the dentate gyrus in  GFAP.HMOX1 0 - 1 2 m  mice corresponds to  a developmental  

arrest  of  cytoarchi tectonic maturat ion within this  brain region” 27.  

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  diff icul t ies  in  model l ing a uniquely  

human disorder  l ike  schizophrenia in  an imals  (described in  chapter  2 ,  sect ion 

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) .  Firs t ,  they l is t  a  set  of  mouse behaviours  along with 

s igns and symptoms of  schizophrenia  in  humans that  each behaviour is  

potent ial ly  relevant  for.  They then  propose creat ing a decis ion t ree b y,  for  

example,  deciding that  at  least  three separate schizophrenia - relevant  

behaviours  must  be present  in  a given model  in  order  for  i t  to  be considered  

germane to schizophrenia (Powell  and Miyakawa,  2006) .  However,  they also 

suggested that  such a cr i ter i on may s t i l l  have been overly s t r ingent  at  the t ime 

of  their  publ icat ion (Powell  and Miyakawa,  2006) .  GFAP.HMOX1 0 - 1 2 m  TG mice 

display f ive schizophrenia -relevant  behaviours  l is ted in  the Powell  and 

Miyakawa Table,  thereby exceeding their  proposed cri ter ion  of  three (Powell  

and Miyakawa,  2006) .  The remaining behaviours  l is ted in  this  Table have not  

yet  been assessed in  GFAP.HMOX1 0 - 1 2 m  TG mice.   

According to  this  l is t ,  the hyperlocomotor act ivi ty  of  GFAP.HMOX1 0 - 1 2 m  

mice corresponds to  psychomotor agi tat ion within the domain of  posi t ive s igns 

and symptoms of  schizophrenia;  decreased nest ing behaviour and reduced 

preference for  social  novel ty correspond to social  wi thdrawal  within the  

domain of  negat ive s igns and symptoms;  the defici t  in short - term spat ial  

working memory l ies  within the cogni t ive s igns and  symptoms domain,  which  
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also includes PPI impairment  as  a  defici t  in  sensorimotor gat ing (Powell  and 

Miyakawa,  2006) .   

Nest  bui lding is  a  spontaneous behaviour propos ed to  mirror  act ivi t ies  of  

dai ly  l iving in  humans (J i rkof,  2014) .  In  smal l  rodents ,  i t  i s  important  for  heat  

conservat ion,  reproduct ion and shel ter.  Non -maternal  or  "s leeping" nests  ( the  

type of  nest  assessed in  GFAP.HMOX1 0 - 1 2 m  mice)  al low the mouse to  shi eld 

i tsel f  from external  s t imuli ,  the elements ,  predators  and compet i tors  (J i rkof,  

2014).  Schizophrenia pat ients  are dysfunct ional  in  sel f -care  and act ivi t ies  of 

dai ly  l iving (Samuel  et  al . ,  2018;  Ayres  et  al . ,  2019;  Harvey et  al . ,  2019) ,  a  

dysfunct ion mir rored by deficient  nest -bui lding abi l i ty in  GFAP.HMOX1 0 - 1 2 m  

mice.  Sensorimotor and memory defici ts ,  in  addi t ion to  apathy and defici ts  in  

behavioural  planning and organizat ion,  are  thought  to  under l ie  deteriorat ion of  

nest  bui lding behaviour in  mice (J i rkof,  2014) .  In  schizophrenia pat ients ,  

funct ional  capaci ty is  s ignif icant ly associated with spat ial  working memory, 

planning,  and negat ive symptoms (Aubin et  al . ,  2009) .  Taken together,  the 

spat ial  working memory and sensorimotor gat ing (PPI)  defici ts  exhibi ted by 

GFAP.HMOX1 0 - 1 2 m  mice,  whi le represent ing independent  brain dysfunct ions 

relevant  to  schizophrenia as  both are  impaired in  schizophrenia pat ients  

(Forbes et  al . ,  2009;  Swerdlow et  al . ,  2018) ,  may also be contr ibut ing to  the 

impaired nest -bui lding capaci ty in  these mice.   

While the assessment  of  nest -bui lding abi l i ty  in  mice is  an indirect  

correlate of  sel f -care and dai ly  funct ioning capaci ty in  humans,  PPI can be 

direct ly  measured in  humans and mice using s imilar  experimental  procedures  
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with robust  cross-species  rel iabi l i ty  (Powell  et  al . ,  2009) .  Schizophrenia  

pat ients  (men in part icular,  see chapter  2 ,  sect ion 2.3)  exhibi t  deficient  PPI  

(Braff  et  al . ,  1978;  Swerdlow et  al . ,  2018;  San -Mart in  et  al . ,  2020) ,  repl icated  

in  male GFAP.HMOX1 0 - 1 2 m  mice.   Braff  and col leagues (1999) reported that  

male schizophrenic  pat ients  were maximally deficient  in  PPI with the 

presentat ion of  s t ronger prepulses  (16 dB above background vs .  2 ,  4 ,  or  8  dB) 

(Braff  et  al . ,  1999) .  The PPI defici t  in  adul t  male GFAP.HMOX1 0 - 1 2 m  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 intensi ty  prepulses  (3,  6 ,  o r  

9  dB) are presented,  thus mirroring the human condi tion.  In  addi t ion, 

GFAP.HMOX10 - 1 2 m  mice display a  lower magni tude of  the acoust ic  s tar t le  

response compared  to  WT controls ;  a  f inding that  has  also been reported for  

schizophrenia pat ien ts  compared to  heal thy control  subjects  (Braff  et  al . ,  1999;  

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

Male GFAP.HMOX1 0 - 1 2 m  mice performed cage bar-bi t ing s tereotypy at  a  

s ignif icant ly higher rate than WT counterparts .  Bar -bi t ing behaviour by caged  

animals  has  been shown to represent  at tempts  at  escaping capt ivi ty  (Nevison et  

al . ,  1999;  Lewis  and Hurst ,  2004) ,  and is  said to  be s imilar  to  s tereotypies  in  

schizophrenia pat ients  (Garner and Mason,  2002) .  Whether  i t  also ref lects  a  

heightened desire by schizophrenia pat ients  to  escape from confined spaces  

remains to  be demonstrated.  

The expression of  reel in ,  a  glycoprotein important  for  both the developing 

and the mature brain (Fatemi,  2005) ,  i s  decreased in  the brains  of  individuals 
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with schizophrenia ( Impagnat iel lo  et  al . ,  1998;  Fatemi et  al . ,  2000;  Guidot t i  et  

al . ,  2000;  Torrey et  al . ,  2005;  Eastwood and Harrison,  2006;  Habl  et  al . ,  2012) .  

One invest igat ion found that  the reel in reduct ion in  schizophrenia is  specif ic  

to  male pat ients  and  is  not  present  in  females  (Eastwood and Harrison,  2003) .  

In  GFAP.HMOX1 0 - 1 2 m  mice,  reel in  was  s imilarly downregulated in  male,  but  

not  female,  brains  and was augmented by Immunocal  supplementat ion.  

Enlargement  of  the lateral  ventr icles ,  defici ts  in  the corpus cal losum, and 

reduced s ize of  the hippocampus including DG, consis tent ly  detected in 

schizophrenia pat ients  (see chapter  2 ,  sect ions 2.4.4,  2 .5.2 and 2.6.1)  are  

repl icated in  GFAP.HMOX1 0 - 1 2 m  mice.  The corpus cal losum anomaly ident i f ied  

in  GFAP.HMOX1 0 - 1 2 m  brains  is  located posteriorly,  at  the splenium. Of note,  as  

described in  chapter  2 ,  sect ion  2.4.4,  (1)  DeQuardo and col leagues (1996)  

found that  “anatomical  abnormali t ies  demonstrable in  the midsagi t tal  plane of  

pat ients  with schizophrenia are  fai r ly  ci rcumscribed (focal) ,  involving the  

posterior  half  of  the corpus  cal losum” (DeQuardo et  al . ,  1996) ,  (2)  never-

medicated f i rs t  episode schizophrenia  pat ients  showed reduced fract ional  

anisotropy (reflect ing axon and myel in integri ty)  in  only the  splenium (Cheung 

et  al . ,  2008;  Gasparot t i  et  al . ,  2009) ,  and (3)  volumes of  the splenium in 

individuals  at  high r isk for  developing schizophrenia  and of  the whole corpus  

cal losum in t reatment -naïve f i rs t  episode schizophrenia pat ients  lack the age -

related increase seen in  heal thy control  subjects  (Keshavan et  al . ,  2002a;  

Francis  et  al . ,  2011) .  The lat ter  suggests  maturat ional  arrest ,  a  concept  

considered for  the  schizophrenia -affected corpus cal losum by other  groups,  as  
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well  (Flynn et  al . ,  2003;  Bersani  et  al . ,  2010) .  Thus,  the ar rest  in  maturat ion 

of  the posterior  corpus cal losum (splenium) in  GFAP.HMOX1 0 - 1 2 m  mice mirrors  

the anomalies  present  in  the schizophrenia -affected corpus cal losum.  

Adult  male GFAP.HMOX1 0 - 1 2 m  mice exhibi ted al tered head shape 

anisotropy,  reduced  direct ional  asymmetry of  the face,  and elongated nasal  

bones compared to  WT counterparts .  Th ese craniofacial  anomalies  bear  a  

s t r iking resemblance to  those documented in  schizophrenia pat ients  viz .  

midl ine facial  elongat ion and frontonasal  anomalies  (Lane et  al . ,  1997;  

Hennessy et  al . ,  2004;  Buckley et  al . ,  2005;  Kel ly et  al . ,  2005;  Henriksson et  

al . ,  2006;  Deutsch e t  al . ,  2015) .  The s imilari ty  is  al l  the more remarkable  in  

that  i t  repl icates  in  male GFAP.HMOX1 0 - 1 2 m  mice the reduct ion in  facial  

di rect ional  asymmetry of  male pat ients  (Hennessy et  al . ,  2004) .  As described  

in  chapter  2 ,  sect ion 2.7.2 .  of  this  thes is ,  relat ive  to  heal thy control  subjects ,  

facial  di rect ional  asymmetry is  decreased in  male schizophrenia pat ients  

whereas  i t  i s  increased in  female pat ients  with the disorder  (Hennessy et  al . ,  

2004).  Recent ly,  female mice with disrupt ion of   the neuregul in -1 gene 

(associated with r isk for  schizophrenia)  were shown to have greater  facial  

di rect ional  asymmetry than their  WT control  animals ,  recapi tulat ing the 

accentuat ion of  direct ional  asymmetry in  facial  shape of  female schizophrenia 

pat ients  (Hennessy et  al . ,  2004;  Waddington et  al . ,  2017) .  Whether  direct ional  

asymmetry is  enhanced in  the faces  of  female GFAP.HMOX1 0 - 1 2 m  mice relat ive  

to  WT mice remains  to  be demonstrated.  
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The behavioural  improvements  in  GFAP.HMOX1 0 - 1 2 m  mice fol lowing 

supplementat ion with the glutathione precursor,  Immunocal  were accompanied 

by restorat ion of  brain glutathione homeostasis  and neurotransmit ter  balance,  

and al leviat ion of  cel lular  oxidat ive s t ress  (Song et  al . ,  2017b) ,  al l  of  which  

are dysregulated in  the schizophrenia -affected brain (Keshavan et  al . ,  2008;  

Yao and Keshavan,  2011;  Kumar et  al . ,  2020) .  Cl inical  t r ials  using another  

glutathione precursor,  N-acetyl  cysteine (NAC),  as  adjunct ive therapy to  

ant ipsychot ic t reatment  in  schizophren ia pat ients  resul ted in  s ignif icant  

improvements  in  total  and negat ive symptom scores  compared to  placebo (Berk 

et  al . ,  2008;  Farokhnia et  al . ,  2013) .  No addi t ive effect  of  NAC was found for  

posi t ive symptom scores  in  these two t r ials  (Berk et  al . ,  2008;  F arokhnia et  al . ,  

2013).  As the pat ients  included in these s tudies  were al ready receiving 

ant ipsychot ic medicat ions,  the lack of  a  response of  posi t ive symptoms to NAC 

may be due to  a ‘f loor ’ effect .  Based on our resul ts  wi th Immunocal ,  i t  i s  

possible that  i f  adminis tered alone,  NAC would s imilarly ameliorate posi t ive 

symptoms in schizophrenia pat ients .  I t  i s  also worth not ing that ,  al though not  

a  part  of  this  thesis ,  the resul ts  of  Immunocal  t reatment  on  neurotransmit ter  

systems in GFAP.HMOX1 0 - 1 2 m  mice suggest  that  i t  may al so be beneficial  for  

negat ive symptoms,  but  direct  assessment  of  related behaviours  under the effect  

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

In addi t ion to  schizophrenia -relevant  features  of  GFAP.HM OX10 - 1 2 m  mice 

which our group previously reported,  as  described in  chapter  2 ,  sect ion 2.9 

(Song et  al . ,  2012b;  Song et  al . ,  2012a;  Song et  al . ,  2017b) ,  the f indings 
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reported in  this  thesis ,  wi th their  s imilari t ies  to  schizophrenia in  humans,  

s t rengthen the  face val idi ty  of  GFAP.HMOX1 0 - 1 2 m  mice as  a  useful  model  for  

schizophrenia research.  

Acute t reatment  wi th the atypical  ant ipsychot ic medicat ion clozapine 

s ignif icant ly decreased the hyperlocomotor behaviour and motor s tereotypy in 

GFAP.HMOX1 0 - 1 2 m  mice.  Whi le PPI was also augmented by clozapine  

t reatment ,  the improvement  did not  reach s tat is t ical  s ignif icance.  The 

adminis tered dose of  clozapine (1mg/kg of  body weight)  may have been  

insufficient  to  el ici t  a  s ignif icant  enhancement  of  PPI,  as  such an enhanceme nt  

has  fol lowed adminis t rat ion of  a  higher dose of  3mg clozapine per  kg of  mouse 

body weight  in  other  s tudies  (Lipina et  al . ,  2005;  Niwa et  al . ,  2010) .  Clozapine  

has  high eff icacy  as  an ant ipsychot ic medicat ion for  the t reatment  of  

schizophrenia symptoms i ncluding in  t reatment -resis tant  pat ients ,  al though i ts  

exact  mode of  act ion is  unknown (Foussias  and Remington ,  2010;  Fakra  and 

Azorin,  2012) .  Unl ike typical  ant ipsychot ics  that  act  principal ly  by blocking 

the D2 dopamine receptor,  clozapine has  a low aff i ni ty  for  D2 receptors  and  

shows a complex receptor-binding profi le  that  involves  dopamine (mainly D4),  

serotonin,  his tamine,  adrenal ine,  muscar inic acetylchol ine and possibly gamma 

aminobutyric acid (GABA) receptors  (Kusumi et  al . ,  2015;  Nair  et  al . ,  2020) .  

In  GFAP.HMOX1 0 - 1 2 m  mice,  clozapine may have exerted  i ts  beneficial  effects  

by regulat ing the excessive basal  gangl ia dopamine and serotonin  

concentrat ions our group previously reported in  these animals  (Song et  al . ,  
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2012b).  The abi l i ty  of  clozapine to  am eliorate schizophrenia -relevant  

behaviours  in  GFAP.HMOX1 0 - 1 2 m  mice adds predict ive val id i ty  to  this  model .    

As for  construct  val idi ty  of  this  model ,  current  evidence implicat ing HO -

1 in schizophrenia is  discussed in  chapter  2 ,  sect ion 2.8.2.v.  “Astrocytes  have 

[also]  received much at tent ion in  recent  years  as  important  players  in  the  

pathophysiology of  schizophrenia (reviewed in (Bernstein et  al . ,  2015) )” 28.  

Evidence f rom the schizophrenia l i te rature for  the probable  exis tence of  

perpetuated DG immaturi ty  in  this  i l lness  was gathered,  synthesized and  

presented in  the background sect ion of  this  dissertat ion (chapter  2 ,  sect ion 

2.5.2. i ;  also publ ished in  (Tavi t ian et  al . ,  2019) ) .  The research f indings 

presented in  this  thesis  expose,  for  the f i rs t  t ime,  what  may be a morphological  

correlate of  DG immaturi ty  in  schizophrenia (publ ished in  (Tavi t ian et  al . ,  

2019)) .  The immature dentate gyrus may have s ignif icant  implicat ions for  the  

development  and  cl inical  course of  schizophrenia,  as  discussed in  the  fol lowing 

sect ions.  

5.2.1.  Dentate gyrus  granule cel l  layer  morphology in  schizophrenia  

As ment ioned in chapter  2 ,  sect ion 2.5.2. i i ,  “systematic .  .  .  sampling of  

dentate gyrus  granule cel l  layer  morphology has  not  been performed on  human 

postmortem t issue in  schizo phrenia.  Consequent ly,  no record exis ts  detai l ing 

this  morphology and careful ly  comparing i t  wi th that  of  heal thy controls .  

 
28 Ibid.  
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A postmortem study of  pyramidal  cel l  number,  s ize  and disarray by  Benes  

and col leagues (1991) included 14 schizophrenic pat ients  and  9 control  subjects 

and used Nissl -s ta ined sect ions f rom the posterior  hippocampus [which 

corresponds to  the dorsal  hippocampus in  mice (see chapter  2 ,  sect ion 2.5)]  at  

the level  of  the lateral  geniculate nucleus and pulvinar  (Benes et  al . ,  1991) .  

Inspect ion of  f igure 2 of  their  ar t icle  suggests  that  the morphology of  the 

dentate gyrus granule cel l  layer  in  the  schizophrenia specimen is  s tunted 

relat ive to  the  control  preparat ion.  This  anomaly may represent  a  

morphological  corre late of  retained dentate gyrus immaturi ty  in  individuals 

with schizophrenia (Figure 4 9A and B) (Benes et  al . ,  1991) .  The abnormal  

shape of  the dentate  gyrus granule cel l  l ayer  in  the adul t  human schizophrenic 

brain bears  an intr iguing resemblance to  i ts  appearance in  the n ormal  

adolescent  human brain at  mid -caudal  levels  of  the hippocampus (Figure 4 9C 

and D) (Green and Mesulam, 1988) ,  further  support ing the not ion of  

his topathological  immaturi ty  (arrested  development)  of  the dentate gyrus 

granule cel l  layer  in  this  disease.  Empirical  val idat ion of  [ th is]  .  .  .  hypothesis 

warrants  future  systematic cytoarchi tectonic s tudies  of  the dentate  gyrus  

granule cel l  layer  in  schizophrenia pat ients  whi le careful ly  control l ing for 

medicat ion his tory,  comorbidi t ies ,  and cl inical  subtypes  of  the disorder.  The 

ent i re dentate gyrus  or  local ized port ions along i ts  longi tudinal  axis  may be 

affected.  The lat ter  scenario  may underl ie  reports  of  shape deformit ies  of  the 
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hippocampus as  local ized volume defic i ts  in  the dentate  gyrus granule  cel l  

layer  could affect  the contour of  the ent i re hippocampus” 29.  

 

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 I, 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 

 
29 Ibid. 
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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 cel l  layer  morphology in  schizophrenia -relevant  

animal  models   

“This  “s ignature” pat tern of  arrested dentate gyrus morphology in adul t  

rodents  [exposed in  the GFAP.HMOX1 0 - 1 2 m  mouse brain]  may be present  in  

several  other  precl inical  models  germane to schizophrenia.  To  date,  no s tudy 

has  systematical ly  examined the morphology of  the  dentate  gyrus granule cel l  

layer  in  these models ,  as  .  .  .  [performed] in  the GFAP.HMOX1 0 - 1 2 m  mouse.  

Therefore,  there are no publ ished reports  of  this  immature dentate  gyrus 

granule cel l  layer  morphology in other  precl inical  models  of  schizophrenia.  

Nevertheless ,  .  .  .  this  morphological  al terat ion,  which  may have been 

overlooked i f  not  the focus of  the authors’ invest igat ions” 30,  appears  detectable 

in  a smal l  number of  publ ished images from various genet ic  and developmental  

models .  Genet ic  models  in  which  this  abnormali ty  appears  include α-CAMKII-

HKO (Yamasaki  et  al . ,  2008) ,  STOP nul l  (Powell  et  al . ,  2007) ,  NR1 

hypomorphic (NR1neo/neo) (Duncan et  al . ,  2010) ,  TLR-2 KO (Park et  al . ,  

2015),  Disc1tr  mice (Shen et  al . ,  2008)  and 14-3-3zeta deficient  (Cheah et  al . ,  

2012;  Xu et  al . ,  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 

 
30 Ibid. 
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well  as  the maternal  immune act ivat ion models  of  PolyI:C t reatment  (Nyffeler  

et  al . ,  2006;  Str idh et  al . ,  2013)  and early IL-6 exposure (Samuelsson et  al . ,  

2006).  Figure 50  demonstrates  this  “s ignature”  pat tern  of  ar rested dentate  gyrus  

morphology in the MAM-E17 rat  model  from three separate publ icat ions  

emanat ing f rom two independent  research  groups across  the world and  

generated on two different  genet ic  backgrounds (outbre d Sprague–Dawley and  

inbred Fischer  344),  at tes t ing to  i ts  robustness  (Le Pen  et  a l . ,  2006;  Moore et  

al . ,  2006;  Matricon et  al . ,  2010) .   
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Figure 50.  Morphology of  the dentate gyrus  granule cel l  layer  in adult  MAM -

exposed rats  (r ight panels)  and sal ine -treated controls ( left  panels) .  The 

granule ce l l  layer  of  the adult  dentate  gyrus  has  a  stunted morphology in  rats  

treated with  MAM on E17 (r ight  panel s)  re lat ive  to age -matched sa l ine-treated 

control  rats  ( lef t  panels)  [Rectangles in  panel  C  are part of  the or ig inal  

publ icat ion and were the focus of  the authors’  study.  They are  i rre levant to 

the current thesis]  (A)  f rom Moore et  a l .  2006,  copyr ight  (200 6)  Society of  

Bio logica l  Psychiatry,  repr inted with  permiss ion f rom Elsevier.  (B)  f rom Le Pen 

et  a l .  2006, copyr ight  (2006) International  Bra in Research Organizat ion ( IBRO),  

repr inted with  permiss ion f rom Elsevier.    (C)  f rom Matr icon et  a l .  2010 PLoS 

ONE,  copyr ight  (2010)  Matr icon et  a l . ,  repr inted with  permiss ion.  
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“Future cytoarchi tectonic and immunohistochemical  s tudies  should be 

directed toward systematical ly  assessing the granule cel l  layer  of  the dentate 

gyrus in  rodent  models  used for  schizophrenia r esearch.  Only then can our 

hypothesis ,  in  terms of  i ts  appl icat ion to  precl inical  models  of  schizophrenia,  

be empirical ly  val idated or  refuted.  As discussed .  .  .  [ in  chapter  2 ,  sect ion 

2.2] ,  no animal  model  can be a complete representat ion of  schizophreni a and 

s ignif icant  l imitat ions are  inherent  to  al l .  St i l l ,  each model  can help elucidate 

dis t inct  mechanisms within the complex et iopathogenesis  of  the disease” 31.  

5.2.3.  Model  

Figure 51 schematizes  this  model  of  morphological  immaturi ty  of  the 

dentate gyrus in  schizophrenia.  

 
31 Ibid. 
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Figure 51.  Morphologica l  immatur i ty  of  the dentate  gyrus in  sch izophrenia:  a 

model .  Reproduced f rom Tavit ian  et  a l .  2019, with  permiss ion.  

 

5.2.4.  Implicat ions  of  the immature dentate gyrus endophenotype  

Immaturi ty  of  dentate granule cel ls  that  fai l  to  achieve  an elaborate  

neuri t ic  arbour can lead to  neuropi l  reduct ion in  the dentate gyrus  

“commensurate with the “reduced neuropi l  hypothesis” of  schizophrenia  
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(Selemon and Goldman-Rakic,  1999)” 32.  “I t  i s  also conceivable that  arrested 

development  of  the dentate gyrus underl ies  the hippocampal  volume defici t  in 

schizophrenia.  Developmental  hypoplasia of  the hippocampus in  schizophrenia  

has  been  proposed by Bogerts  and col leagues (Bogerts  et  al . ,  1985) .  This  would 

imply that  the reduced volume of  the hippocampus in  this  disorder  is  not  caused  

by later  at rophy but  by an ini t ial  fai lure to  grow to normal  adul t  s ize.  This  

hypothesis  is  supported by a recent  imaging s tudy demonstrat ing that  

hippocampal  volumes in  individuals  a t  high -risk for  schizophrenia  remain  

s tat ic  in  late adolescence,  whereas  those of  heal thy cont rols  progressively 

increase during the same age period (Bois  et  al . ,  2016) .  The developmental ly  

arrested dentate gyrus neuroendophenotype i s  also in  agreement  with the 

midl ine cerebro-craniofacial  dysmorphogenesis  model  of  schizophrenia  put  

forth by Waddington  and col leagues (Waddington et  al . ,  1999) .   

Behavioural  outcomes of  retained denta te gyrus immaturi ty may include 

delusions and dis tor t ed percept ions of  real i ty,  as  wel l  as  hyperdopaminergia -

induced hyperkinesia,  as  out l ined below.  

A fundamental  role  ascribed to  dentate gyrus granule  ce l ls  is  pat tern  

separat ion to  discr iminate among inputs  and reduce interference among 

encoded memories  (Bakker et  al . ,  2008) .  Impairment  of  pat tern separat ion has  

been reported in  chronic schizophrenia as  wel l  as  in  pat ients  with f i rs t -episode 

psychosis  (Das et  a l . ,  2014;  Mart inel l i  and Shergi l l ,  2015;  Kragul jac et  al . ,  

 
32 Ibid. 
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2018).  As mature granule cel ls  are sug gested to  perform pat tern separat ion 

more eff icient ly  than immature ones (Aimone et  al . ,  2006) ,  the immature  

dentate gyrus endophenotype may under l ie  the model  proposed by Tamminga 

and col leagues (Tamminga et  al . ,  2012)  whereby delus ions and thought  

disorganizat ion in  schizophrenia ensue part ly  from dentate gyrus pat tern 

separat ion defects .  The immature dentate gyrus  endophenotype may also 

support  the perspect ive of  Lodge and Grace (Lodge and Grace,  2011)  that  

subcort ical  hyperdopaminergia in  schizophrenia is  a  downstream effect  of  

hippocampal  overact ivi ty.  These two possible outcomes of  the immature 

dentate gyrus endophenotype have also been considered  by Hagihara and 

col leagues (Hagihara et  al . ,  2013) .  Conversely,  wi th regard  to  the defect ive 

adolescent  synapt ic pruning theory formulated by Feinberg  (Feinberg,  1982) ,  

the immature dentate gyrus endophenotype may argue that  rather  than  

undergoing excessive el iminat ion,  synapses  fai l  to  form and mature normally  

in  schizophrenia.  Final ly,  the immature dentate g yrus  model  supports  

Weinberger ’s  (Weinberger,  1987)  neurodevelopmental  hypothesis  of  

schizophrenia whereby brain pathology acquired early in  development  remains  

cl inical ly  latent  unt i l  the affected neural  system traverses  the  temporal  window 

associated with complet ion of  i ts  maturat ion,  but  further  explains  i t  as  a  fai lure  

of  the affected neural  system to complete i ts  maturat ion as a  consequence of  

some early developmental  insul t” 33.   

 
33 Ibid. 
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5.3.  Brain to behaviour        

In the RDoC framework (described in  chapte r  2 ,  sect ion 2.1) ,  behavioural  

elements  are classi f ied into different  domains of  funct ioning with the goal  of 

elucidat ing the neural  systems they arise from as  wel l  as  genet ic ,  molecular  

and cel lular  components  of  those systems.  Each construct  wi thin a dom ain is 

defined by i ts  behavioural  or  cogni t ive  characteris t ics  and  the neural  system 

that  implements  the funct ion (NIMH, 2009) .  The behaviours  s tudied in  this  

thesis  f i t  into the RDoC classi f icat ion system as  fol lows:   

( i )  Start le  and  prepulse inhibi t ion a re in  the constructs  of  innate motor pat terns ,  

motor act ions,  and  arousal ,  under the  two RDoC domains of  sensorimotor 

systems,  and arousal  & regulatory systems.  

( i i )  Short - term spat ial  working memory  is  in  the construct  of  working memory, 

under the RDoC do main of  cogni t ive systems.  

( i i i )  Nest -bui lding behaviour fal ls  in  the constructs  of  habi t  and motor act ions,  

wi th the further  subdivis ion of  apathy,  under the two RDoC domains of  posi t ive 

valence systems and  sensorimotor systems.   

( iv)  Sociabi l i ty  and soci al  novel ty preference are in  the cons truct  of  aff i l iat ion 

and at tachment ,  under the RDoC domain of  social  processes .  

(v)  Hyperkinesia and motor s tereotypy are in  the construct  of  motor act ions,  

under the RDoC domain of  sensorimotor systems.  



275 
 

(vi)  Bar bi t ing s tereotypy would fal l  in  the construct  of  susta ined threat ,  under  

the RDoC domain  of  negat ive valence systems.  (The descript ion of  the 

sustained threat  construct  is  “An aversive emotional  s tate caused by prolonged 

( i .e . ,  weeks to  months)  exposure to  internal  and/or  external  condi t ion(s) ,  

s tate(s) ,  or  s t imuli  that  are  adapt ive to  escape or  avoid.  The exposure may be  

actual  or  ant icipated;  the changes in  affect ,  cogni t ion,  physiology,  and behavior  

caused  by sustained  threat  pers is t  in  the absence  of  the threat ,  and can be  

different iated from those changes evoked by acute threat .” 34 (NIMH, 2009)) .  

GFAP.HMOX1 0 - 1 2 m  mice do not  differ  from WT counterparts  in  anxiety,  

motor coordinat ion or  olfactory memory  (Song et  al . ,  2012b) ,  thereby excluding 

these parameters  as  possible sources  of  confound in their  other  behavioural  

measures .  

As described in  chapter  2 ,  sect ion 2.3,  the prima ry  acoust ic  s tar t le  pathway 

is  a  relat ively s imple ci rcui t  at  the level  of  the brainstem, consis t ing of the 

audi tory nerve,  cochlear  nuclei ,  caudal  pont ine ret icular  nucleus,  and motor 

neurons (Davis  et  al . ,  1982;  Lee et  a l . ,  1996;  Koch and  Schni tzler,  1997;  

Swerdlow et  al . ,  1999;  Scot t  et  al . ,  2021) .  A sudden intense  acoust ic  s t imulus 

act ivates  the caudal  pont ine ret icular  nucleus which el ici ts  the s tar t le  response  

through act ivat ion of  facial ,  cranial  and spinal  motor neurons leading to  mus cle 

contract ion (Koch and Schni tzler,  1997;  Gómez -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  pont ine ret icular  nucleus,  giant  neurons receive the  acoust ic  s t imulus 

from the cochlear  nuclei  and,  in  turn,  pro ject  to  cranial ,  facia l  and spinal  motor  

neurons (Lingenhöhl  and Friauf ,  1992;  Lingenhohl  and Friauf ,  1994) .  The 

magni tude of  the acoust ic  s tar t le  response depends on the act ivi ty  of  these  

neurons (Koch and Schni tzler,  1997) .  A correlat ion was found between s tar t le  

ampli tude and the number of  giant  neurons in  the  caudal  pont ine ret icular  

nucleus of  rats  (Koch et  al . ,  1992) .  In  mice,  the dopamine releaser  amphetamine 

was shown to reduce the magni tude of  the acoust ic  s tar t le  response to  a 120 -

dB st imulus (Ralph et  al . ,  1999;  Ralph e t  al . ,  2001;  Moy et  a l . ,  2006) .  Acoust ic  

s tar t le  magni tude was also reduced by  phasic act ivat ion of  the noradrenergic 

locus coeruleus in  rats  (Yang et  al . ,  2021) .  Lower s tar t le  magni tude 

corresponded to higher cort ical  arousal  level  in  these animals  (Yang et  al . ,  

2021).  Based on the forego ing,  the augmented basal  gangl ia dopamine 

concentrat ions in  adul t  GFAP.HMOX1 0 - 1 2 m  mice (Song et  al . ,  2012b)  may be 

playing a role  in  the  at tenuat ion of  the acoust ic  s tar t le  response in  these  mice.  

Further  s tudies  are  needed to assess  neurotransmit ter  conte nt  in  the caudal  

pont ine ret icular  nucleus of  GFAP.HMOX1 0 - 1 2 m  mice.  In  addi t ion,  or 

al ternat ively,  the at tenuated acoust ic  s tar t le  response  may s tem from 

abnormali t ies  in  the caudal  pont ine ret icular  nucleus giant  neurons themselves;  

therefore an invest iga t ion of  their  numbers ,  as  wel l  as  their  cel lular  and  

molecular  biology ( including receptor  profi les)  in  GFAP.HMOX1 0 - 1 2 m  mice 

could be informat ive in  this  regard.   
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PPI is mediated by the fol lowing neural  pathway:  cochlear  nuclei  -  inferior  

col l iculus  -  superior  col l iculus  -  pedunculopont ine tegmenta l  nucleus -  caudal  

pont ine ret icular  nucleus,  wi th a  smal l  contr ibut ion from the laterodorsal  

tegmental  nucleus and the substant ia  nigra pars  ret iculata (Fendt  et  al . ,  2001) .  

The acoust ic  prepulse is  relayed throu gh this  pathway and inhibi ts  the caudal  

pont ine ret icular  nucleus,  at tenuat ing the s tar t le  response (Fendt  et  al . ,  2001) .  

In addi t ion,  PPI generated through this  mediat ing  pathway i s  modulated by a  

regulat ing  pathway that  includes hippocampus,  medial  prefr ontal  cortex,  

amygdala,  ventral  s t r iatum, ventral  pal l idum, pont ine tegmentum and nucleus  

accumbens  (Swerdlow et  al . ,  2001) .  Mesol imbic dopamine overact ivi ty  el ici ts  

PPI defici ts  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  

gangl ia dopamine (and possib ly serotonin)  concentrat ions detected in  adul t  

GFAP.HMOX1 0 - 1 2 m  mice (Song et  al . ,  2012b)  may underl ie  their  PPI defici ts .  

Adolescent  GFAP.HMOX1 0 - 1 2 m  mice did not  show an impairment  in  PPI with 

any prepulse intensi ty.  However,  compared to  WT counterparts ,  P PI was  

s ignif icant ly increased in  adolescent  GFAP.HMOX1 0 - 1 2 m  mice in  response to  

the prepulse intensi ty  of  12dB above background noise,  and later  decl ined to  

adolescent -WT-l ike  levels  in  adul thood.  In 6 -week-old adolescent  

GFAP.HMOX1 0 - 1 2 m  mice,  mRNA expression of  tyrosine hydroxylase (TH),  the  

rate- l imit ing enzyme in dopamine biosynthesis ,  was s ignif icant ly decreased in  
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the substant ia  nigra/ventral  tegmental  area compared to  WT controls  (Song et  

al . ,  2012b) ,  implying a reduct ion in  dopamine which may have l ed to  the 

s t ronger PPI at  that  age compared to  WT controls .  Conversely,  in  adul t  

GFAP.HMOX1 0 - 1 2 m  mice,  TH mRNA expression was s ignif icant ly increased in  

this  region and  accompanied by an elevat ion in  dopamine and an impairment  in  

PPI (Song et  al . ,  2012b) .  The measurement  of  dopamine concentrat ions in 

GFAP.HMOX1 0 - 1 2 m  brains  as  a  funct ion  of  age could be of  interest  for  future 

invest igat ions.    

Spontaneous al ternat ion behaviour is  driven by the natural  tendency of  an  

animal  to  explore i ts  environment  by succe ssively vis i t ing previously 

unat tended locat ions  (Lalonde,  2002) .  I t  implies  a  brief  reten t ion in  memory of 

the al ready vis i ted place and  is  used in  behavioural  paradigms,  with different  

types of  mazes,  as  a  measure of  short - term spat ial  working memory (Lewis  et  

al . ,  2017) .  Brain areas  involved in  spat ial  working memor y include the 

hippocampus,  posterior  parietal  and dorsolateral  prefrontal  cort ices ,  and the  

thalamus (O'Keefe and Nadel ,  1978;  Lalonde,  2002;  van Asselen et  al . ,  2006) .  

Granule cel ls  of  the dentate gyrus seem to play an essent ial  role in  spat ial  

working memory.  Select ive removal  of  the NR1 subuni t  of  NMDA receptors  

from granule cel ls  of  the dentate gyrus impaired spat ial  working memory in 

mice,  whi le hippocampus -dependent  spat ial  reference memory remained intact  

(Niewoehner et  al . ,  2007) .  Spontaneous al ternat ion behaviour develops with 

the maturat ion of  the hippocampus,  and that  of  granule cel ls  of  the dentate 

gyrus in  part icular  (Kirkby,  1967;  Douglas ,  1975;  Frederickson and 
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Frederickson,  1979;  Spear and Mil ler,  1989) .  Thus,  the immature dentate gyrus  

granule cel l  layer  detected in  adul t  GFAP.HMOX1 0 - 1 2 m  mice is  l ikely an 

important  contr ibutor  to  the deficient  short - term spat ial  working memory in  

these mice,  assessed  by the spontaneous al ternat ion task in  a  Y-maze.  

The reduced preference for  social  novel ty ex hibi ted by GFAP.HMOX1 0 - 1 2 m  

mice may also be related to  the abnormal  hippocampus in  these mice as  the 

hippocampal  CA2 region is  cr i t ical  for  this  funct ion (Donegan et  al . ,  2020) .  

Hyperdopaminergic tone in  the nigrostr iatal  and mesol imbic systems is  

usual ly  responsible for  hyperkinet ic  behaviour and motor s tereotypy (Canales  

and Graybiel ,  2000;  Viggiano,  2008) .  Also,  s tereotypic bar-bi t ing in  caged 

rodents  correlates  with s igns consis tent  with a s t r iatal  dis inhibi t ion of  response  

select ion (Garner and Mason,  2002) ,  l ikely mediated  by dopamine exposure 

(McBride and  Parker,  2015) .  The hyperkinesia and excessive  motor s tereotypy,  

which were al leviated by clozapine adminis t rat ion,  as  wel l  as  the elevated 

levels  of  cage bar-b i t ing behaviour in  GFAP.HMOX1 0 - 1 2 m  mice may s imilarly 

be due to  the increases  in  dopamine concentrat ions documented in  substant ia  

nigra and s t r iatum of these animals  (Song et  al . ,  2012b) .   

As nest  bui lding was assessed under ident ical  ambient  condi t ions 

s imultaneously in  GFAP.HMOX1 0 - 1 2 m  mice and  their  WT counterparts ,  and body 

temperature did not  differ  between the two groups,  i t  i s  unl ikely that  the lower 

nest  scores  in  GFAP.HMOX1 0 - 1 2 m  mice resul t  from a  reduced  need for  

thermoregulat ion.  However,  the sensorimotor and memory  defici ts  thought  to  
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cause deteriorat ion of  nest  bui lding behaviour in  mice (J i rkof,  2014)  may be 

contr ibut ing to  the impaired nest  bui lding capaci ty of  GFAP.HMOX1 0 - 1 2 m  mice.  

Hippocampal  damage,  dysfunct ion and s ize reduct ion diminish nest  bui lding in  

mice (J i rkof,  2014) .  Consequent ly,  i t  i s  highly probable that  the deficient  nest  

bui lding in  GFAP.HMOX1 0 - 1 2 m  mice s tems from their  abnormal  hippocampus.  

A recent  s tudy (El tokhi  et  al . ,  2020)  evaluated  nest  bui lding behaviour  in  

adolescent  mice of  different  background s t rains  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  bui ld nests  (El tokhi  

et  al . ,  2020) .  In  addi t ion,  the nest  scores  they reported  for  adolescent  FVB mic e 

( the background s t rain of  our GFAP.HMOX1 0 - 1 2 m  mice)  were wel l  below the 

scores  of  our adul t  WT controls ,  as  were the nest  scores  of  adul t  

GFAP.HMOX1 0 - 1 2 m  mice (El tokhi  et  al . ,  2020) .  These data implicate immaturi ty 

of  the dentate gyrus in  the impaired ne st  bui lding abi l i ty  which may reflect  

immaturi ty  of  this  funct ion in  adul t  GFAP.HMOX1 0 - 1 2 m  mice.  They lend further  

support  to  the content ion that  the GFAP.HMOX1 0 - 1 2 m  mouse model  instant iates 

maturat ional  arrest .       

5.4.  Possible molecular and cel lular me chanisms  

5.4.1.  Reel in  

The reel in  downregulat ion in  male GFAP.HMOX1 0 - 1 2 m  brains  is  l ikely 

mediated,  at  least  in  part ,  by the overexpression of  i ts  regulat ing microRNAs 

miR-138 and miR-128 demonstrated in  brain regions corresponding to  the 
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reel in  downregulated areas  (PFC and STM) (Song et  al . ,  2017b) .  The 

Immunocal  enhancement  o f  reel in  was accompanied  by the  restorat ion of  these  

microRNAs to their  WT levels  in  these regions (Song et  al . ,  2017b) .  A sexual ly 

dimorphic and different ial  DNA -methylat ion profi le  of  the reel in  gene 

observed between GFAP.HMOX1 0 - 1 2 m  and WT hippocampi  may  also contr ibute  

to  the reel in  mRNA and protein resul ts  presented here (Tavi t ian,  Lax,  Szyf,  

Schipper,  unpubl ished observat ions) .   

5.4.2.  Astrocytes  

“In the normal  brain,  as t rocytes  part icipate in  the maintenance of  ionic,  

redox,  [water] ,  and neurotransmit ter  homeostasis  and the regulat ion of  

neuronal  maturat ion and neural  ci rcui t  format ion (Moore et  al . ,  2009;  

Sofroniew and Vinters ,  2010;  Allaman et  al . ,  2011;  Clarke and Barres ,  2013; 

Katoozi  et  al . ,  2020) .  Thus,  as t rocyte dysfunct ion .  .  .  i s  ant icipated to  have 

wide-ranging  effect s  on the development  and maintenance of  sal ient  neural  

ci rcui t ry” 35.  Astrocytes  also support  myel inat ion by providing ol igodendrocytes  

with supplemental  lactate and myel in l ipids  including cholesterol  (Sánchez-

Abarca et  al . ,  2001 ;  Saher et  al . ,  2005;  Rinholm et  al . ,  2011;  Kıray et  al . ,  2016;  

Camargo et  al . ,  2017) .  Furthermore,  as t rocytes  regulate neuronal  

rhythmogenesis  by control l ing extracel lular  calcium concentrat ions [Ca + + ] e ,  

pr imari ly  through the release of  the calcium -binding protein S100β which 

decreases  [Ca + + ] e
 (Morquet te et  al . ,  2015) .  In  as t rocytes  of  GFAP.HMOX1 0 - 1 2 m  

 
35 Tavitian A, Song W, Schipper HM (2019) Dentate Gyrus Immaturity in Schizophrenia. Neuroscientist 25:528-547. 
Reproduced with permission. 



282 
 

mouse brains ,  HO-1 overexpression led to  oxidat ive s t ress ,  excessive  

mitochondrial  deposi t ion of  non -transferr in  bound i ron,  mitochondrial  

membrane damage and macroautophagy (mitophagy) (Song e t  al . ,  2012b;  Song 

et  al . ,  2012a) .  Consequent ly,  i t  can be ant icipated that  these  ast rocytes  would  

be hampered in  thei r  afore -ment ioned funct ions in  the brain,  as  discussed in 

subsequent  sect ions.  

5.4.3.  Lateral  ventr ic les  

Abnormal  enlargement  of  ventr icles  (ventr iculomegaly,  hydrocephaly)  

may arise from several  mechanisms including overproduct ion of  CSF, impaired 

absorpt ion of  CSF,  obstruct ion of  CSF pathways,  brain at rophy,  and 

dysfunct ion of  ependymal  ci l ia  leading to  CSF flow disturbance (Kobayashi  et  

al . ,  2002;  Edwards e t  al . ,  2004;  Kandel  e t  al . ,  2013;  Corbet t  and Haines ,  2018) . 

Obstruct ion of  CSF pathways is  a  more common cause of  hydrocephalus  than  

excess  CSF product ion (Del  Bigio,  1993) .  Al though CSF pathway obstruct ion 

cannot  be excluded as  the cause of  ventr iculomegaly in  GFAP.HMOX1 0 - 1 2 m  

mice and could be the focus of  future i nvest igat ions,  dysfunct ion of  

ependymocyte ci l ia  may plausibly l ie  at  the basis  of  this  anomaly in  these mice.  

The coordinated movement  of  ependymocyte ci l ia  (ci l iary beat ing) assures  the  

normal  ci rculat ion of  CSF through the ventr icular  system (Yamadori  and Nara,  

1979).  Hydrocephalus  can resul t  f rom severe cases  of  primary  ci l iary 

dyskinesia,  a  rare genet ic  disorder  of  moti le  ci l ia  dysfunct ion (Praveen et  al . ,  

2015).  Murine models  with impaired moti l i ty of  ependymocyte ci l ia  also 

develop ventr iculomegaly,  wi th or  without  aqueduct  s tenosis  (Kobayashi  et  al . ,  
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2002;  Ibañez-Tal lon  et  al . ,  2004;  Conduct ier  et  al . ,  2013) .  In  mouse models  of  

22q11-delet ion syndrome (associated with schizophrenia  in  humans),  the  

lateral  ventr icles  undergo a post -adolescent  progress ive enlargement  by  the age  

of  8  months,  accompanied by a decelerat ion of  ependymal  ci l iary beat ing 

frequency (CBF) compared to  controls  (Eom et  al . ,  2020) .  No aqueduct  s tenosis  

is  found in these mice,  therefore the ventr iculomegaly is  nonobstruct ive (Eom 

et  al . ,  2020) .  A reduct ion in  microRNAs miR -382-3p and miR-674-3p,  and an 

overexpression of  their  target  Drd1 (dopamine receptor  D1) on ci l ia  were  

ident i f ied causes  of  the CBF defici t  (Eom et  al . ,  2020) .  Intracerebroventr icular  

inject ion of  these microRNAs at  2-3  months,  prior  to  the CBF dysfunct ion,   

prevented ventr iculomegaly at  8  months (Eom et  al . ,  2020) .  In  l ight  of  the 

preceding,  post -adolescent  impairment  in  ependymocyte ci l i a  moti l i ty  may be 

a causat ive factor  in  the adul t -age  ventr iculomegaly of  GFA P.HMOX1 0 - 1 2 m  

mice,  perhaps s imilarly due to  a  downregulat ion of  miR -382-3p and  miR-674-

3p.  In GFAP.HMOX1 0 - 1 2 m  mice,  HMOX1  expression  was detected in  

ependymocytes  (Song et  al . ,  2012b) .  As several  other  microRNAs are 

dysregulated in  GFAP.HMOX1 0 - 1 2 m  bra ins  (Song et  al . ,  2012b;  Song et  al . ,  

2017b),  i t  i s  possible that  miR -382-3p and miR-674-3p are also dysregulated 

which may lead to  impaired ci l iary movement  in  ependymocytes .   

5.4.4.  Corpus cal losum  

Final  s tabi l izat ion of  cal losal  f ibre numbers  is  achieved by P21-30 in mice   

(described  in  chapter  2 ,  sect ion 2.4.2. i ) .  In  GFAP.HMOX1 0 - 1 2 m  mice,  the arrest  

in  growth of  the posterior  part  of  the corpus cal losum did not  occur unt i l  af ter  
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P43-54 (mid-late adolescence).  Al though the number  of  cal losal  f ibr es  was not  

assessed in  these  mice,  and can be the subject  of  future s tudies ,  the t iming of  

the detected abnormali ty  suggests  impaired myel inat ion as  the cause rather  than  

a reduct ion in  axon numbers .  Myel inat ion begins  in  the mouse corpus cal losum 

at  approximately  P10 and increases  s teadi ly,  wi th the propor t ion of  myel inated  

axons more than doubl ing between mid -adolescent  (P45) and  early adul t  (P240)  

s tages  (Sturrock,  1980;  Vincze  et  al . ,  2008;  Son et  al . ,  2017) .  Impaired  

myel inat ion could arise from a defi ci t  in  ol igodendrocyte progeni tor  cel l  (OPC) 

different iat ion,  ol igodendrocyte  maturat ion or  myel in  product ion.  New 

myel inat ing ol igodendrocytes  cont inue to  be added in the mouse corpus 

cal losum through OPC different iat ion unt i l  at  least  the age of  8  months ,  wi th 

an average increase  of  about  30% in their  numbers  between mid -adolescence  

and early adul thood (Rivers  et  al . ,  2008;  Zhu et  al . ,  2011;  Young et  al . ,  2013; 

Tripathi  et  al . ,  2017) .  The different iat ion,  maturat ion and myel inat ing fate 

acquis i t ion of  ol igodendrocytes  fol lows  a cel l - int r insic program (regulated by 

t ranscript ion factors ,  microRNAs and chromatin remodel l ing factors)  but  is  

also influenced  by extr insic factors  (Temple and Raff ,  1986;  Emery,  2010;  

Baydyuk et  al . ,  2020) .  Astrocytes  can  influence  each of  these s tages  by  

secret ing t rophic factors  l ike PDGF, BDNF and LIF (described in  chapter  2 ,  

sect ion 2.4.2. i i ) .  In  GFAP.HMOX1 0 - 1 2 m  mice,  as t rocytes  exhibi t ing the ‘core  

neuropathological  tet rad’ (described in  sect ions 2.8.2. i i i ,  2.9 ,  and 5.4.2)  may  

be ineff icient  in  providing the t rophic support  necessary for  ol igodendrocytes  

to  proceed from progeni tors  to  mature  myel inat ing cel ls ,  thus  resul t ing in 
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myelinat ion defici ts .  Also,  the possibi l i ty  that  OPCs in the corpus cal losum 

express  the HMOX1  t ransgene in  GFAP.HMOX1 0 - 1 2 m  mice cannot  be excluded 

at  present ,  as  human GFAP promoter  act ivi ty  has  been detected in  OPCs in  Cre  

reporter  t ransgenic mouse l ines  (Casper and McCarthy,  2006) .  If  OPCs express  

the HMOX1  t ransgene in  GFAP.HMOX1 0 - 1 2 m  mice,  their  int r insic program of  

different iat ion into ol igodendrocytes  could be impaired,  providing another  

possible route for  deficient  myel inat ion.  Addi t ional  s tudies  are needed to 

examine myel inat ion in  the corpus cal losum of GFAP.HMOX1 0 - 1 2 m  mice.   

5.4.5.  Dentate gyrus  

The DG granule cel l  layer  is  generated  by the end of  the third postnatal  

week in mice,  af ter  which granule cel ls  are said to  be added through cont inuing 

neurogenesis  at  very low rates  (described in  chapter  2 ,  sect ion 2.5.1) 

(Angevine,  1965;  Snyder,  2019) .  To become ful ly  funct ional ,  newborn DG 

granule cel ls  have to  go through a maturat ional  phase that  includes increases  

in  cel l  body s ize,  nucleus s ize,  dendri t ic  arbour complexi ty and extent ,  as  wel l  

as  maturat ion of  dendri t ic  spines  (Arnold and Trojanowsk i ,  1996b;  Espósi to  et  

al . ,  2005;  Zhao et  al . ,  2006) .  Accompanying maturat ional  changes in  the 

anatomy of the granule cel l  layer  include augmented intercel lular  spacing and  

diminished neuronal  densi ty  with increas ing maturi ty  (Arnold and Trojanowski ,  

1996b).  During ontogeny,  Prox1 (prospero homeobox 1)  expression determines  

acquis i t ion of  granule cel l  fate (Nicola et  al . ,  2015) .  Prox1 is  cont inuously 

expressed in  granule cel ls  alongside other  s tage -dependent  proteins:  

doublecort in  at  the  t ransient  intermedia te progeni tor  and  early postmitot ic 
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stages ,  calret inin at  the t ransient  immature postmitot ic  s tage,  calbindin at  the  

terminal ly different iated mature  postmitot ic  s tage (Brandt  et  al . ,  2003;  

Kempermann et  al . ,  2004;  Nicola et  al . ,  2015) .  Calret inin and calb indin are  

calcium-binding pro teins  that  act  as  int racel lular  calcium buffers  (Schwaller,  

2020).  Calbindin content  of  DG granule  cel ls  correlates  with their  funct ional 

maturat ion (Abrahám et  al . ,  2007) .  BDNF regulates  calret inin and calbindin 

expression in  oppos i te  ways,  inducing  calbindin and inhib i t ing calret inin in  

several  neuronal  populat ions (Ip et  al . ,  1993;  Widmer and Heft i ,  1994;  Fiumelli  

et  al . ,  2000;  Chan e t  al . ,  2008) .  In  a mutant  mouse model ,  delet ion of  BDNF 

from postmitot ic  DG granule cel ls  res ul ted in  what  the authors  refer  to  as  

developmental  ar res t  of  these cel ls ,  i .e .  cel ls  that  fai led to  ful ly  mature and 

retained calret inin  expression instead of  shif t ing to  calbindin,  wi th a 

concomitant  reduct ion in  dendri t ic  different iat ion (Chan et  al . ,  2008).   

The immature  granule cel l  layer  of  the dentate gyrus in  GFAP.HMOX1 0 -

1 2 m  mice,  ident i f ied anatomical ly,  l ikely ar ises  from the retent ion of  immature 

propert ies  by i ts  individual  cel ls  and not  from reduced prol i ferat ion,  given the  

t iming of  i ts  appearance.  Our pi lot  data f rom an ongoing  s tudy of  the  molecular  

profi le  of  DG granule cel ls  in  GFAP.HMOX1 0 - 1 2 m  mice showed s ignif icant ly 

reduced  calbindin expression at  the s ingle cel l  level  in  adul t  GFAP.HMOX1 0 -

1 2 m  granule cel ls  relat ive to  WT counterparts ,  providing prel iminary molecular  

evidence of  arrested maturat ion in  these cel ls  (Tavi t ian and Schipper,  

prel iminary observat ions) .  Al though these data remain to  be confirmed in the 

context  of  the larger  s tudy whic h includes doublecort in ,  calret inin and 
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calbindin immunoreact ivi ty  assays,  the complet ion of  al l  assays in  said s tudy 

should help provide a bet ter  understanding of  the maturat ional  s tate of  

GFAP.HMOX1 0 - 1 2 m  DG granule cel ls  at  the molecular  level .  

If  granule  cel ls  fai l  to  mature in  the GFAP.HMOX1 0 - 1 2 m  DG, what  would 

prevent  their  maturat ion? The BDNF gene is  regulated by calcium (Ca + + )  

(Finkbeiner,  2000) .  The influx of  ext racel lular  Ca + +  into neurons ini t iates 

BDNF transcript ion (Finkbeiner,  2000) .  I t  has  recent ly been suggested that  the  

extracel lular  f luid may be an ast rocyt ic f i l t rate of  CSF and that  as t rocytes  may 

act ively format  Ca + +  levels  at  the synapse  (Lopes and Cunha,  2019) .  Astrocytes  

can control  [Ca + + ] e  by the release of  S100β which binds Ca + +  and reduces  

[Ca+ + ] e  (Morquet te et  al . ,  2015) ,  therefore augmented S100 β release from 

astrocytes  may reduce ext racel lular  Ca + +  avai labi l i ty.  Astrocyt ic release  of  

S100β into the extracel lular  space is  enhanced in response  to  several  factors  

including l ipopolysaccharide and Th1 cytokine (Donato et  al . ,  2009;  Guerra et  

al . ,  2011) ,  both of  which induce Hmox1  (see  chapter  2 ,  sect ion 2.8.2) .  Thus,  a  

fai lure by dysfunct ional  as t rocytes  in  the GFAP.HMOX1 0 - 1 2 m  mouse DG to 

regulate extracel lular  Ca + +  levels  could lead to  reduced extracel lular  Ca + +  

avai labi l i ty  and diminished Ca + +  inf lux into granule cel ls .  Consequent ly,  wi th 

reduced Ca + +  s ignal l ing,  BDNF expression may be downregulated in  these 

cel ls ,  which in  turn would cause maturat ional  arrest  by inhib i t ing the calret i nin 

to  calbindin shif t  as  demonstrated by Chan and col leagues (2008).  In  

GFAP.HMOX1 0 - 1 2 m  brains ,  HMOX1  t ransgene expression was not  detected in  

neurons (Song et  al . ,  2012b) ,  but  there is  a  possibi l i ty that  HMOX1  t ransgene 
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expression may have been t ransient ly act ive in  neural  progeni tors  from which  

granule cel ls  ar ise,  s ince these cel ls  express  Gfap  (Seki  et  al . ,  2014) .  However,  

even i f  such a t ransient  early expression of  HMOX1  d id occur in  the neural  

progeni tors ,  i t  did not  interfere with the generat ion of  the DG granule cel l  layer  

which developed normally in  GFAP.HMOX1 0 - 1 2 m  mice unt i l  late  adolescence  

and was compromised only in  i ts  post -adolescent  maturat ional  t rajectory.  In  

the s tudy by Chan and col leagues (2008),  BDNF delet ion from DG granule cel ls  

only  after  they  became postmitot ic  (when they are  devoid of  Gfap  expression) 

was suff icient  to  arrest  the maturat ion of  these cel ls  (Chan e t  al . ,  2008;  Nicola 

et  al . ,  2015) .  Thus,  the above -proposed  ast rocyte -driven mechanism may wel l  

underl ie  the maturat ional  arrest  of  the DG granule cel l  layer  in  GFAP.HMOX1 0 -

1 2 m  mice.  Future s tudies  should be direc ted at  s tudying DG calcium dynamics 

( including S100β expression) in  GFAP.HMOX1 0 - 1 2 m  mice,  as  wel l  as  BDNF 

expression in  DG granule cel ls  as  a  funct ion o f  age.  

If  the GFAP.HMOX1 0 - 1 2 m  mouse is  model l ing arrested  maturat ion of  the  

DG granule cel l  layer  in  schizophrenia as  proposed in  preceding sect ions,  i t  

br ings us  back to  the observat ion by Southard (1915) that  schizophrenia  has  a  

s t ructural  basis  and  i ts  “potent ial  vict im” is  “probably born with the normal  

s tock of  brain cel ls ,  al though their  arrangement  and development  are at  t imes 

early interfered with” (Southard,  1915) .   

5.4.6.  Craniofacial  morphology  



289 
 

At P182-P243 (6-8 months) ,  the lef t  and r ight  nasal  bones of  

GFAP.HMOX1 0 - 1 2 m  mice are longer than  those of  WT mice by  8 .4 ± 1.1 % and 

8.1 ± 1.1 %, respect ively.  In  a recent  s tudy that  mapped postnatal  craniofacial  

skeletal  development  from P7 to P390 in  C 57BL/6NCrl  mice,  af ter  cont inuous 

growth unt i l  P120,  the length of  the  nasal  bone regis tered an 8% reduct ion 

between P120 and P180,  fol lowed by a 6% increase detected at  P390 relat ive  

to  P180 (Wei  et  al . ,  2017) .  This  growth  t rajectory  was  interpreted by  th e authors  

as  cont inuous bone remodel l ing (Wei  et  al . ,  2017) .  If  the normal  growth 

t rajectory of  FVB mice is  s imilar  to  that  of  C57BL/6NCrl  mice,  i t  i s  possible 

that  the approximately 8% shorter  length of  the nasal  bone in  our WT mice is  

the resul t  of  normal  bone remodel l ing after  P120,  whi le GFAP.HMOX1 0 - 1 2 m  

nasal  bones  fai led  to  remodel  and remained s tat ic  af ter  P120.  Further  s tudies  

are warranted to  measure the nasal  bones of  GFAP.HMOX1 0 - 1 2 m  and WT mice 

at  earl ier  t ime-points ,  for  example P120,  to  tes t  thi s  possibi l i ty.  If  proven,  this  

would be another  example of  maturat ional  arrest  in  GFAP.HMOX1 0 - 1 2 m  mice.  

An assessment  of  osteoblast /osteoclast  composi t ion of  the nasal  bones can then  

provide insight  on bone turnover (deposi t ion vs .  resorpt ion) rates  and th eir  

di fferences,  i f  any,  between GFAP.HMOX1 0 - 1 2 m  and WT mice.  

At 6 months of  age (early adul thood),  male WT mice exhibi ted s ignif icant  

direct ional  asymmetry in  facial  shape which was  markedly reduced in  male 

GFAP.HMOX1 0 - 1 2 m  mice.  Facial  asymmetry is  associ ated with brain asymmetry 

and is  suggested to  be i ts  outward manifestat ion (Hennessy et  al . ,  2004; 

Hammond et  al . ,  2008) .  The normal  human brain has  a characteris t ic  asymmetry 
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in  i ts  gross  anatomy,  defined by  the anter ior  protrusion of  the  r ight  hemisphere  

beyond the lef t  and  a posterior  protrus ion of  the lef t  hemisphere beyond the  

r ight  (Toga and Thompson,  2003) .  These asymmetrical  protrusions leave 

imprints  cal led petal ia  on the inner skul l  surface (Toga and Thompson,  2003) .  

In  addi t ion,  the frontal  lobe is  wider  in  the r ight  than in the lef t  hemisphere,  

whereas  the occipi tal  lobe is  wider  in  the lef t  than  in  the  r ight  hemisphere 

(Toga and  Thompson,  2003) .  This  normal  brain asymmetry i s  more accentuated 

in  male than  in  female brains  (Good et  al . ,  2001) ,  as  is  normal  facial  shape 

asymmetry (Hennessy et  al . ,  2004)  and  both pat terns  seem to be reversed in  

schizophrenia (Highley et  al . ,  1998; Hennessy et  al . ,  2004) .  Left -r ight  

asymmetry has  been reported in  cerebral  hemisphere s i ze of  male WT C57Bl/6J 

mice (Spring et  al . ,  2010) .  Whether  the  reduct ion in  facial  shape direct ional  

asymmetry of  GFAP.HMOX1 0 - 1 2 m  mice ref lects  a  reduct ion of  hemispheric  

asymmetry in  their  brains  remains to  be  assessed.  The al terat ion in  anisotropy 

of  head shape in  GFAP.HMOX1 0 - 1 2 m  mice may be influenced  by the increased  

length of  their  nasal  bones relat ive to  WT mice.  

5.5.  HO-1 as  transducer  

GFAP.HMOX1 0 - 1 2 m  mice represent  a  model  of  s t ress - induced brain  

dysmaturat ion,  wi th relevance for  schizophrenia.  This  model  is  one of 

predominant ly as t rocyte -driven disease,  al though other  players  may be 

involved (discussed  above).  The propensi ty  of  the HO -1 gene to  be  act ivated 

by a vast  array of  s t imuli  many of  which are recognized r isk factors  for  

schizophrenia,  inclu ding pro-inflammatory cytokines ,  l ipopolysaccharide and  
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drugs of  abuse (described in  chapter  2 ,  sect ion 2.8.2) ,  combined with the 

neurophenotype exhibi ted by GFAP.HMOX1 0 - 1 2 m  mice,  suggest  that  HO-1 may 

act  as  a  t ransducer between ambient  s t ressors  and down stream pathophysiology 

in this  disorder.  The ‘ t ransducer ’ model  of  as t rogl ial  HO -1 in GFAP.HMOX1 0 -

1 2 m  t ransgenic mice and neurodevelopmental  condi t ions l ike schizophrenia  is  

presented in  f igure 52 .   
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Figure 52.  ‘ Transducer ’  model  of  astrogl ial  HO -1 in  GFAP.HMOX1 0 - 1 2 m  

transgenic  mice and neurodevelopmental  condit ions l ike schizophrenia.  

Per inata l  and ear ly- l i fe  stressors  act ivat ing the g l ia l  HO -1 cascade pr ior  to CNS 

maturat ion promote bra in  dysmaturat ion and ne t ‘hypertrophy ’  of  dopamine 

c i rcu its  cu lminating in behavioural  and cognit ive  dysfunct ion in ear ly 

adulthood.  Red aster isks  denote e lements  of  the “core neuropathological  

tetrad”:  oxidat ive stress;  excess ive  mitochondria l  i ron deposit ion; 

mitochondr ia l  mem brane damage and b ioenergetic  fa i lure  (↓ATP);  

macroautophagy (mitophagy) .  ATP,  adenosine tr iphosphate;  CNS,  centra l  

nervous system;  CO,  carbon monoxide;  DA,  dopamine;  DAT,  dopamine 

transporter ;  Fe2+,  ferrous i ron;  GAD67, g lutamic acid decarboxylase 67;  GSH , 

g lutath ione;  HO-1,  heme oxygenase -1;  miR,  microRNA;  Nlgn2,  neurol ig in -2;  

Nrxn1, neurexin-1;  Nurr1,  nuclear  receptor  re lated -1;  NVC,  neurovascular 

coupl ing;  OS,  oxidat ive  stress;  P i tx3,  p i tu itary homeobox 3;  TH,  tyros ine 

hydroxylase.  (Modif ied f rom Song e t a l .  2012b,  Song et  a l .  2017b, Schipper et 

a l .  2019,  Tavit ian  et  a l .  2020,  with  permiss ion) .  

Individual  endophenotypes present  in  the  GFAP.HMOX1 0 - 1 2 m  mouse model  

may occur in  other  neurodevelopmental  disorders  and  can be s tudied  

independent ly to  elucidate  their  mediat ing neural  systems and 

cel lular/molecular  mechanisms.  However,  the s imultaneous expression by 

GFAP.HMOX1 0 - 1 2 m  mice of  al l  these  schizophrenia -relevant  endophenotypes  

(see sect ion 5.2)  supports  the view that  these mice model  schizophrenia with 

greater  f idel i ty  than other  condi t ions.  Furthermore,  some important 

endophenotypes common to schizophrenia and GFAP.HMOX1 0 - 1 2 m  mice are not  

found in certain other  disorders .  For example,  contrary to  what  is  observed in  

GFAP.HMOX1 0 - 1 2 m  mice,  PPI is  not  al te red in  at tent ion defici t /hyperact ivi ty  
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disorder  (Kohl  et  al . ,  2013)  and the hippocampus is  enlarged in  aut ism spectrum 

disorder  (Turner et  al . ,  2016) .  Nevertheless ,  shif t ing the temporal  window of 

HO-1 overexpression in  GFAP.HMOX1 mice within the embryogenesis - to-

12month period could produce s t i l l  more models ,  each  with greater  relevance 

for  other  neurodevelopmental  disorders ,  and help to  del ineate cr i t ical  periods 

of  vulnerabi l i ty  for  each  condi t ion.  As  described  in  chapter  2 ,  sect ion 2.9,  a  

parkinsonian model  (GFAP.HMOX1 8 . 5 - 1 9 m  mice) i s  obtained with late - l i fe  HO-

1 overexpression in  GFAP.HMOX1 mice.  Dr.  Hyman Schipper recent ly donated 

the GFAP.HMOX1 mouse to  the Jackson Laboratory (USA),  to  make i t  avai lable  

to  the wider scient i f ic  research commun ity.  

5.6.  Limitations  and potential  pathways forward  

While the neuroanatomical  abnormali t ies  were assessed in  male and  female 

GFAP.HMOX1 0 - 1 2 m  mice and  found to be s imilar  in  both sexes,  the craniofacial  

experiments  were  only conducted  on adul t  male mice.  A ddi t ional  s tudies  are  

needed to determine the craniofacial  morphology of  adul t  female  

GFAP.HMOX1 0 - 1 2 m  mice and whether  i t  di ffers  from that  of  males .  I t  would 

also be informat ive to  examine the  craniofacial  morphology of  GFAP.HMOX1 0 -

1 2 m  mice at  earl ier  ages  and  map i ts  maturat ional  t rajectory.  Among tes ted 

behaviours ,  only PPI was assessed in  adolescent  GFAP.HMOX1 0 - 1 2 m  mice.  

Addi t ional  behavioural  screening at  adolescence can help elucidate the  t iming 

of  emergence of  the other  abnormal  behaviours  in  these m ice.  The 

ventr iculomegaly and the maturat ional  arrest  of  the corpus cal losum and 

dentate gyrus are evident  in  GFAP.HMOX1 0 - 1 2 m  mice at  the age of  6  months 
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(early adul thood) and are not  present  at  adolescence.  Yet  i t  is  unclear  which of  

these anatomical  defects  precedes  the others ,  or  i f  they al l  occur 

s imultaneously.  The examinat ion of  bra in anatomy in these  mice at  various 

t ime-points  between the ages of  8  weeks and 6 months should help answer this  

quest ion.  

The neurophenotype of  GFAP.HMOX1 0 - 1 2 m  mice resul ted from cont inuous 

overexpression of  HO-1 in as t rocytes ,  and possibly other  GFAP -expressing 

cel ls ,  throughout  embryogenesis  and postnatal  l i fe  unt i l  early or  middle 

adul thood.  Confining HO-1 overexpression to  the period from (and including) 

embryogenesis  to  mid-adolescence ( i . e . ,  GFAP.HMOX1 0 - 1 . 5 m ) ,  or  from mid-

adolescence to  middle adul thood ( i .e . ,  GFAP.HMOX1 1 . 5 - 1 2 m)  fai led to  produce 

the characteris t ic  hyperkinet ic  profi le  of  GFAP.HMOX1 0 - 1 2 m  mice.  I t  remains 

unclear  whether  1)  sustained HO -1 upregulat ion in  prenata l  and postnatal  l i fe 

unt i l  adul thood,  or 2)  repeated HMOX1  induct ion,  perhaps once in  the perinatal  

period and a second t ime soon after  late -adolescence  (as  postulated for  the 2 -

hi t  model  of  schizophrenia (Maynard et  al . ,  2001) ) ,  i s  necessary and suff icient  

for  the  GFAP.HMOX1 0 - 1 2 m  neurophenotype to  develop.  The condi t ional  design 

of  GFAP.HMOX1 mice (see chapter  2 ,  sect ion 2.9)  al lows  the s tudy of  this 

quest ion within discrete temporal  windows of  HO -1 upregulat ion,  providing 

impetus  for  future inves t igat ions.  The ident i f icat ion of  cr i t ical  windows of  HO -

1 overexpression can offer  therapeut ic or  prevent ive opportuni t ies  with 

inhibi t ion of  the g l ial  HO -1 s t ress  response within discrete t ime periods.  

Metal loporphyrin inhibi tors  of  HO act iv i ty  have been successful ly  ut i l ized in 
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the cl inic for  the  management  of  neonatal  jaundice (hyperbi l i rubinemia) .  

However,  their  long-term adminis t rat ion is  l imited by photosensi t izat ion and  

anemia.  Metal loporphyrins  are not  select ive inhibi tors  of HO -1,  but  block HO-

2 and HO-1 act ivi ty  with s imilar  eff icacy.  They,  furthermore ,  have low blood - 

brain barr ier  permeabi l i ty  (Schipper et  al . ,  2019) .  The smal l  molecule 

compounds OB-28 and OB-24 were developed to select ively inhibi t  HO -1 

(Kinobe et  al . ,  2006;  Alaoui -Jamali  et  al . ,  2009;  Schipper et  al . ,  2009a;  Gupta 

et  al . ,  2014) .  OB-24 has  been used successful ly  in  a precl inical  model  of  

prostate cancer (Alaoui -Jamali  et  al . ,  2009) .  OB-28 has  excel lent  blood-brain 

barr ier  permeabi l i ty  and has  shown posi t ive therapeut ic resu l ts  in  a  t ransgenic  

model  of  famil ial  Alzheimer disease (Gupta et  al . ,  2014) .  These novel  HO -1 

inhibi tors  offer  promising avenues for  the abrogat ion of  the gl ial  HO -1 

response in  the management  of  chronic brain condi t ions.  

5.7.  Future directions  

The work presented in  this thesis  lays  the foundat ion for  several  important  

future s tudies  some of  which,  along with their  rat ionales ,  were ment ioned 

above but  are l is ted here again.  Studies  which have al ready been ini t iated and 

are current ly ongoing include:   (1)  Immunofluorescence s tudy of  

doublecort in/calret inin/calbindin expression in  DG granule  cel ls  of  adolescent  

and adul t  GFAP.HMOX1 0 - 1 2 m  and WT mice.  (2)  DG granule cel l  packing  

densi ty,  nuclear  s ize and dendri t ic  complexi ty in  adolescent  and adul t  

GFAP.HMOX1 0 - 1 2 m  and WT mice.  (3)  HO-1 expression in  the hippocampus  of  

schizophrenia pat ients  using postmortem  brain t issue,  a  s tudy in col lab orat ion 
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with the Douglas  Bel l  Canada Brain Bank (Montreal ,  Canada).  (4)  DG granule  

cel l  layer  morphology in schizophrenia pat ients  using the his torical  Yakovlev -

Haleem brain col lec t ion of  the Nat ional Museum of Heal th and Medicine (US 

Nat ional  Department  o f  Defense) ,  in  col laborat ion with Mr. Archibald Fobbs.  

(5)  DG granule cel l  layer  morphology in schizophrenia pat ients  using 

neuroimaging data f rom the vir tual  database SchizConnect .   

Other future invest igat ions that  can  s tem from the work in  this  thesis  in clude:  

(6)  Longi tudinal  magnet ic resonance imaging s tudy ( including diffusion tensor 

imaging) of  GFAP.HMOX1 0 - 1 2 m  mouse brains  between the  ages of  7  weeks  and  

6 months.  (7)  Craniofacial  morphology s tudy of  adul t  female and adolescent  

male and female GFAP.HMOX10 - 1 2 m  mice.  (8)  Morphometry of  nasal  bones in  

male GFAP.HMOX1 0 - 1 2 m  and WT mice a t  P120 to see i f  the GFAP.HMOX1 0 - 1 2 m  

nasal  bone elongat ion is  due to  a fai lure to  remodel .  (9)  Osteoblast /osteoclast  

composi t ion of  the nasal  bones to  assess  bone turnover r a tes  (deposi t ion vs .  

resorpt ion) in  GFAP.HMOX1 0 - 1 2 m  and WT mice.  (10) BDNF expression in  DG 

granule cel ls  and Ca + +  dynamics,  including the role of  as t rocyt ic S100 β,  in  DG 

of adolescent  and adul t  GFAP.HMOX1 0 - 1 2 m  and WT mice.  (11) Myel inat ion in  

the corpus cal losum of GFAP.HMOX1 0 - 1 2 m  and WT mice,  including f ibre  

densi ty  and s ize,  myel in thickness ,  ol igodendrocyte progen i tor  cel ls  and mature  

ol igodendrocytes ,  expression of  myel in proteins ,  as t rocyte -derived t rophic  

factors ,  HMOX1  t ransgene expression,  i f  any,  in  ol igodendrocyte progeni tor  

cel ls .  (12) Ependymocyte ci l ia  moti l i ty,  ependymocyte morphology,  CSF 

pathway patency in  GFAP.HMOX1 0 - 1 2 m  brains .  (13) Dopamine concentrat ions  
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in  GFAP.HMOX1 0 - 1 2 m  brains  as  a  funct ion of  age.  (14) Neurot ransmit ter  content  

in  the caudal  pont ine ret icular  nucleus of  GFAP.HMOX1 0 - 1 2 m  mice.  Caudal  

pont ine ret icular  nucleus giant  neuron numbers  a nd their  cel lular  and molecular  

biology ( including receptor  profi les)  in  GFAP.HMOX1 0 - 1 2 m  mice.  (15)  Turning 

HMOX1  t ransgene expression on and off  within various temporal  windows 

between gestat ion and 6 months postnatal  in  GFAP.HMOX1 0 - 1 2 m  mice,  to 

ascertain  the necessary and suff icient  temporal  expression of  HO -1 for  the  

manifestat ion of  the  neurophenotype described herein.  (16)  Placing 6 -month-

old  GFAP.HMOX1 0 - 1 2 m  mice on a doxycycl ine diet  to  inhibi t  HMOX1  t ransgene 

expression and examine whether  maturat io n of  the brain resumes once HO -1 

levels  are normalized,  and i f  behavioural  dysfunct ion is  corrected as  a  resul t .  

(17) Treatment  of  GFAP.HMOX1 0 - 1 2 m  mice with HO-1 inhibi tor  compounds,  

both before and after  manifestat ion of  characteris t ic  phenotype to  veri fy  i f  the 

phenotype can be prevented and/or  reversed by inhibi t ing the gl ial  HO -1 

cascade even in  the presence of  HMOX1  t ransgene expression.  (18) Treatment  

of  another  rodent  model  used for  schizophrenia research  with HO -1 inhibi tors 

to  ascertain the t ransdu cer role of  HO-1 in this  condi t ion.  
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CHAPTER 6  

CONCLUSION AND SUMMARY   
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The research f indings presented  in  this  thesis  demonstrate that  the s t ress  

protein heme oxygenase -1 (HO-1) inter feres  with maturat ion of  the brain.  As 

HO-1 gene t ranscript ion is  act ivated by a vast  number of  s t imuli  considered to  

exceed that  of  any other  s ingle gene,  and as  these s t imuli  include ambient  

s t ressors  ranging  from infect ious agents  to  environmental  toxins  to  drugs of  

abuse,  the f indings herein can have far - reaching implicat ions in  the context  of 

heal thy vs .  aberrant  brain maturat ion and their  re sul tant  funct ional  outcomes  

in  adul t  l i fe .  

 The specif ic  object ives  of  the research  presented  in  this  thesi s ,  as  out l ined 

in  chapter  1 ,  were to  invest igate in  the GFAP. HMOX1 0 - 1 2 m  mouse model :  ( i )   

progression of  brain anatomy and sensorimotor gat ing from adolescence  to  

adul thood;  ( i i )  adul t  craniof acial  anatomy;  ( i i i )  adul t  funct ional  outcomes in  

cogni t ion and behaviour;  ( iv)  response to  t reatment  with the atypical  

ant ipsychot ic clozapine;  and (v)   potent ial  benefi ts  of  t reatment  with the 

glutathione precursor  Immunocal® for  brain disorders  such  as  schizophrenia .  

These aims were  achieved as  fol lows.  In  GFAP.HMOX1 0 - 1 2 m  mice,  

overexpression of  HO-1 in as t rocytes ,  and perhaps other  GFAP -expressing 

cel ls ,  cont inuously from embryogenesis  unt i l  early adul thood resul ted in  a 

deviat ion from the normal  post -adolescent  maturat ional  t rajectory of  the  brain  

in  both st ructure and funct ion.  The granule cel l  layer  of  the dentate gyrus (DG) 

and the splenium of the corpus cal losum retained an immature adolescent - l ike  

anatomy into adul thood,  whi le the lateral  ventr icle s  underwent  a  progressive 

post -adolescent  enlargement .  Concurrent ly,  sensorimotor gat ing capaci ty fai led 
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to  progress  to  normal  adul t  levels  af ter  adolescence .  In  adul t  male 

GFAP.HMOX1 0 - 1 2 m  mice,  abnormal  brain anatomy was accompanied by  

craniofacial  dysmorphology manifested by increased lengths  of  nasal  bones,  

al tered anisotropy of  head  shape,  and reduced  direct ional  asymmetry of  the  

face.  Adul t  GFAP.HMOX1 0 - 1 2 m  mice showed defici ts  in  nest -bui lding abi l i ty,  

spat ial  working memory,  and preference for  social  novel ty,  whi le their  cage 

bar-bi t ing behaviour was enhanced.  Novel ty -induced hyperkinesia and motor  

s tereotypy in adul t  GFAP.HMOX1 0 - 1 2 m  mice were at tenuated by both clozapine,  

an atypical  ant ipsychot ic medicat ion,  and Immunocal ,  a  glutathione precursor  

nutraceut ical .  Immunocal  also augmented brain reel in  content  but  did not 

correct  es tabl ished anatomical  defects  of  the brain.   

GFAP.HMOX1 0 - 1 2 m  mice represent  a  model  of  s t ress - induced brain  

dysmaturat ion.  As a precl inical  model ,  the GFAP.HMOX1 0 - 1 2 m  mouse possesses 

t ranslat ional  relevance for  schizophrenia (discussed in  chapter  5)  and offers  a  

common mechanism whereby known risk factors  are funnel led through the HO -

1 ‘ t ransducer ’ into pathogenesis  of  the disorder.  GFAP.HMOX1 0 - 1 2 m  mice also 

provide a tool  for  the elucidat ion of  neural  systems,  as  wel l  as  their  cel lular  

and molecular  components ,  that  underl ie  each  of  the  above -enumerated  

abnormali t ies  of  bra in or  behaviour.   

A notable f inding presented in  this  thesi s  is  the discovery of  a  previously 

unknown dis t inct ive adolescent - l ike ‘s tunted’ morphology of  the DG granule 

cel l  layer  in  the adul t  GFAP.HMOX1 0 - 1 2 m  mouse brain.  This  morphology is  

his tological ly  indis t inguishable from that  observed at  earl ier  s tages  of  normal  
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brain development ,  s t rongly suggest ing that  i t  corresponds to  a developmental  

arrest  of  cytoarchi tectonic maturat ion  within this brain region .  A s imilar 

morphological  s ignature of  the DG granule cel l  layer  appears  to  be present  in 

other  rodent  models  current ly used for  schizophrenia research,  and may also be 

a part  of  the schizophrenia -affected human brain (see Discussion).  The lat ter,  

in  turn,  could predispose to  some of  the  key funct ional  abnormali t ies  of  the 

disorder.  If  the immature DG granule  cel l  layer  morphology is  empirical ly  

val idated in  the  schizophrenia -affected brain ,  i t  may represent  a  

neuropathological  marker long awai ted in  schizophrenia.  “ Recent  advances in  

magnet ic resonance imaging (e.g. ,  us ing 7.0 -tes la magnets)  permit  consis tent ,  

high-resolut ion mapping of  the hippocampal  DG granule ce l l  layer  in  human 

subjects  (Prudent  et  al . ,  2010) .  As  this  technology matures  and becomes more  

widely avai lable,  i t  may be fe asible to  incorporate DG morphology into useful 

diagnost ic  and prognost ic  algori thms for  the improved management  of  

schizophrenia” 36.  

The model  of  post -adolescent  maturat ional  arrest  of  the bra in  in  response 

to  s t ress  t ransduct ion by HO -1 encompasses  windows of  vulnerabi l i ty  that  may 

be t ransformed into windows of  opportuni ty for  prevent ive or  therapeut ic  

intervent ions.  Abrogat ion of  the gl ial  HO -1 s t ress  response within s t rategic 

temporal  windows holds  promise as  a  novel  avenue for  the  eff ect ive 

management  of  schizophrenia and developmental  neuropsychiatr ic  aff l ict ions.  

 
36 Ibid.  
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