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Abstract

Role of the AutismrAssociated Met Tyrosine Kinase Receptor in Cerebral Cortical
Development:

Jacob Smith, Doctor of Philosophy, 2014

Dissertation Directed by: Dr. Elizabeth Powell, Associate Professor, Department of

Anatomy and Neurobiology

| study the rte of Met, the hepatocyte growth factor receptor, in the development
of the cerebral cortex using a conditional mutant mouse line. This line expresses a kinase
dead Met in th&mx1llineage of the cerebral cortex and hippocampus. Loss of Met
signaling in tle Emx1llineage leads to a number of anatomical changes in adult, but not
juvenile mice, including increased size of the fedmbrtex and corpus callosum.
Expansion of the cortex in these mice appears to be due to an increase in cortial surfac
area, rdter than thicknesslistological examination of the cortex et mutants
revealed that the cortex is actually thinner at the lef/tiie cortical barrel fields.
Subsequent analysis of layer morphology showed that this decrease was mostly due to a
reducton in the thickness of layd¥lll , with no change ideep layer morphology.
Furthermore, some cells expressing Cuglmarker of superficial layersvere found in
ectopically deep layers et mutants, suggesting a possible mechanism for the
reductionof layerll/lll . These findings have prompted an examination of cortical
progenitor proliferation bjpromodeoxyuridindirth-dating Results from these studies
indicate that Met plays a role in regulating proliferation in cortical progenitors, and that

this role may be temporally restricted.
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Chapter 1: Introductio n

Met/MET is a tyrosine kinase receptor which binds the fatjmity ligand hepatocyte
growth factor (HGF)YNaldini et al., 1991 Both Met and HGF are itially produced as
singlechain preproteins, which are subsequently processed into their mature forms by
proteolytic cleavagé€Trusolino and Comoglio, 2002n the case of HGF, this is
accomplished by enzyes such as matriptaflece et al., 200) HGF activator

(Shimomura et al., 1995tissuetype plasminogen activator (tPA, gefdat)(Mars et al.,
1993 or urokinasetype plasminogen activator (UPA, geiau) (Naldini et al., 1992

The proteolytic activity of uPAs increased upon binding its receptor (UPAR,

genePlaur) (Ellis et al., 199). Upon binding to HGF, Met aatphosphorylates creating

a multisubstrate docking site for a number of adaptor pro{&iigs 1.1)(Ponzetto et al.,

1994). Downstream targets of HGHet signaing i ncl ude PI 3K, RAS,

(Ponzetto et al., 1994Potentially owing to this diverse array of downstream targets, Met
signaling has been implicated in cellupgocesses as varied as proliferation, migration,
survival, the formation of neuronal procesf@sfrances et al., 199Plamanoue et al.,
1996a Maina et al., 199/Maina and Klein, 1999Seeds et al., 199€aton et al., 2000
Powell et al., 200LPPowell et al., 2003&Gutierrez et al., 200MNiimura et al., 2006

Martins et al., 20111

anod
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Multifunctional © STAT3  Differentiation
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Figure 1.1. Schematic diagram showing Met prot@ind downstream targets.

The Hue rectangls (P/P) represent the protein kinase doreawhile the smaller pink
shaded regions show the phosphorylated multifunctional docking site. & bet

mice, exon 16, in the kinase domain, is flanked by loxP gesrecombination removes
exon 16, which contains an ATP binding site crucial for kinase function.



Both Met and HGF are expressed in the developing brain in rodemg et al., 1994
Honda et al., 1995Achim et al., 1997Powell et al., 2003,tMartins et al., 2007Judson

et al., 2009aBae et al., 20L,Martins et al, 2011 as well as primatgs’amada et al.,
1997 Judson et al., 20)1n mice, HGF and Met expression areetpable as early as
E11.5.Expression of both HGF and Met is found in the cortical ventricular zone, and
later in the cortical platéPowell et al., 2000b HGF s also expressed in the proliferative
zone of the ganglionic eminen@eowell et al., 2001 Met expression remains high
from late embryonic through early postladevelopment in the mougeowell et al.,
2003¢ Judson et al., 2009Bae et al., 2010and at the corresponding ages in primate
(Judson et al., 20)1At late embryonic and early postial staged\lettranscript is also
found in the amygdala, septum, and hippocangpudson et al., 2009a&Expression of
both HGF and Met persists in the adultibyalbeit at reduced levef{ber et al., 1990
Jung et al., 1994onda et al., 1995Achim et al., 1997Judson et al., 2009Martins et
al., 201). HGF~Met signalingmay therefore participate in multiple phases of
neurodevelopmenEurthermore, HGF and Met expression are found in multiple areas

thought to be affected in autism spectrum disorders (ASD).

1.1 Genetic association of Autism with the Met signaling pathway

ASD is characterized by language and communication deficits as well as restricted
interests and repetitive or stetgoed behaviordMultiple neuroanatomical abnormalities

have been observed in the brains of autistic pat{@®asman and Kemper, 1985



Bauman, 199]1Sears et al., 1999k arper et al., 20QZ satsanis et al., 20038chumann
et al., 2004pAmaral et al.20083. Genetics are thought to play a role in the etiology of
ASDs, as they are highly heritalffeolstein and Rutter, 197Bailey et al., 1995Comi

et al., 1999Folstein and Rose8heidley, 2001pConnors et al2005 Abrahams and
Geschwind, 2008 although environmental influences could also play important roles
(Connorset al., 2005Croen et al., 20)1A number of genetic syndromes include
autisticlike features or are associated with an increased risk of ASD, including Prader
Willi (Veltman et al., 2003Hogart et al., 2010 Fragile X(Brown et al., 1982Bailey et
al., 1998, and Rett syndroméMount et al., 2008 as well as tuberous sclerodiewis

et al., 2012a While multiple genomic regions have been linked with autisky a
particularly strong candidate is a region on chromoson(#Vi@SAC, 1999, which
contains putative autism susceptibility genes sudbNgs HOXAL WNT2 andNrCAM
(Petit et al., 1995ngram et al., 2000Nassink et al., 200Hutcheson et al., 2004
Benayed et al., 20Q®Persico and Bourgeron, 200€hromosome 7q also contains the
MET gene, located at 7q3Dean et al., 1985as well aHGF, located at 7g21.1
(Fukuyama et al., 1991SeveraMET variants have been shown to increase risk for
ASDs(Campbell et al., 20Q6Campbell et al., 200&ampbell et al., 200%Bousa et al.,
2009h Thanseem et al., 201,0éhou et al., 201)1 Onesingle nucleotide polymorphism
(SNP in particular, rs1858830, has been found to be associated with-tteewoence of
autism with gastrointestinal conditioSampbell et al., 2009Another gene imolved in
HGF signalingPLAUR(which encodes uPAR, and is found on chromosome 19q13)
(Borglum et al., 199 has also been associated with autiShe T allele othe PLAUR

promoter variant rs344781 is associated with a 1.93 relative risk for(B&mpbell et



al., 2008. While some studies examinifddET association with a@ism have failed to
replicate the association of individual SNBsusa et al., 2009bevidence for the
association of the gene as a whole is strong, especiadlg edmbined with the

association of related genes.

In addition to genetic association, a numbelM&T variants have been shown to be
functionally significantThe C allele of rs1858830 has been shown to reMIEE

promoter activitCampbell et al., 2006 MET protein levels are also reduced post
mortem in temporal cortex fropatientswith autismcompared taypically developing
patients(Campbell et al., 2007aA few MET variants have even been shown to have
functional conseqgences at the level of behavidihe C allele of rs1858830 is also
associated with social andramunication scores on the AR, ADOS, and SR&sts
(Campbell et al., 2090A more recent functional stughowed that individuals
homozygous for the C allet#f rs1858830 have increased activity in tiegault mode
network DMN) when viewing emotional face stimuli, compared with those homozygous
for the nonrisk G allele as well as reduced connectivity between the posterior cingulate
cortex (PCC) and medial gfrontal cortex (MPFCjRudie et al., 2012 Furthermore, the
effect of the C allele was more pronounced in individuals with a diagnosis of autism
spectrum disordein individuals with ASD, a single copy of the risk allele was sufficient
to reduce activity in response to face stimuli, while in typically developing subjects only
those with two copies of the C allele showed significantly reduced adiiRuigie et al.,
2012. The C allele of rs2237717 and the G allele of rs42336 alwodeen associated

with altered facial emotion percepti@lan et al., 2012, which is altered in ASDAltered

5



Met signaling has also been shown to affect brain structure, particularly white matter.
The rs1858830 C allele has been associated with decreased fractional anisotropy in white
matter tracts of the temporal, parietal and occipital lobes, and has a greater effect in

individuals with ASD(Rudie et al., 2012

Given the repeated associatidnMET with autism, and the potential association of other
genes in the pathway, it is highly likely that dysregulation of FMEET signaling could
contribute to the pathology of ASD, in at least a subset of affected individbalssome
effects of reduceet signaling appear stronger in individuals with ASD as compared to
typically developing populations could be due to interactions of the Met pathway with
other risk alleles, which would be more common in those with A8hile such

interactions could playnportant roles in the etiology of ASD, they could also cloud the
role played by Met itseliTo examine the role of the Met pathway in the absence of
alterations in other risk genes, it is necessary to examine animal models, where Met and
other related gees can be manipulated in an otherwise genetically homogenous

population.

1.2Mouse models with disruptions in the HGFMet signaling pathway:

1.2.1Anatomical onsequences of altered Met signaling

While MET is well validated as a risk gene for auti@ampbell et al., 200&Campbell

et al., 2007pCampbell et a).2008 Sousa et al., 2009&in et al., 2012, only a few



studies have examined the effects of loss of Met function in anififatsis likely due at
leastin part to the embryonic lethality of constitutive knockotst function appears to
be required for proper placentalehara et al., 199%nd liver developmer(&chmidt et

al., 1995, and therefore globallet knockout mice die early during gestatidém.order to
avoid this, groups havused CrdoxP recombination strategies to inactivate Met
specifically in cells expressing Cre recombin@seh et al., 2004Martins et al., 2007
Judson et al., 2009Martins and Powell, 20)1Mice in which exon 16 has been flanked
by loxP sites allow the inaettion of Met in cells expressing Cre recombinase, as exon
16 contains a critical ATP binding site within the intracellular tyrosine kinase domain

(Huh et al., 2004

The DIx5/6-Cre driver inactivates Met\let-DIx5/6 mice) in postmitotic GABAergic

neurons originating in the ganglionic eminence (GE). GABAergic neurons from the GE
become the inhibitory interneurons of the cerebral cortex, hippocampus, amygdala, and
stiatum, as well as the medium spiny neurons of the stri@itlemin and Rubenstein,

2003. TheMet-DIx5/6 mice show increased numbers of parvalbumin (PV) and
somatositin (SST) positive interneurons in the striatum, as well as a reduction in PV
interneuron numbers in the sensorimotor and orbitofrontal cortex, but not in visual cortex
(Martins et al, 2011 )urthermore, at more caudal levels of the striatum, a greater
percentage of the population of PV positive interneurons was found in medial
(associative), and fewer in lateral (sensorimotor) regions of the striatum than in control

mice.Loss of Met function in embryonic interneurons therefore seems to affect the



migraion of GABAergic interneurons both within the striatum and between the

embryonic striatum and cortex.

Hippocampal interneurons are also generated from the ganglionic eminence, and appear
to be affected by loss of Met signalirigewer PV and calretinin @) positive

interneurons were found in the CA3 region of the hippocampMg#DIx5/6 mice than

in controls.Mice in which Met was inactivated in the proliferative zones of the
ganglionic eminence usingSix3Cre driver (Met-Six3mice) showed a similabss of

PV and CR cells in CAS, but further showed a loss of CR interneurons throughout the
hippocampus, and an increase in PV interneurons in the dentate gyrus (Martins et al
2007).Alterations in the number of interneurons in the hippocampi#etDIx5/6 mice

are likely due to a migration defect similar to that seen for cortical and striatal
interneurons in these animaBeficits in theMet-Six3micecould also be due to changes
in the specification of different subtypes of interneutbrs unlikely that the deficit in
MetSix3mice is due to decreased proliferation of interneuronasasilar pattern of

GABA staining found in the hippocamp(iartins et al., 207).

In order to examine the functions of Met in the developing cortex, a similar system has
been employed using Cre recombinase expressed under the contrdtwixhgromoter

to inactivate Met in excitatory neurons and glia of the cerebral cortekippocampus.
Notably, this system does not directly ablate Met function in cortical GABAergic

interneurons, which originate in the ganglionic eming@arski et al, 20023. Judson et



al. (Judson et al., 2009ound that pyramidal neurons in layérsandlll of the anterior
cingulate cortex oMetEmx1mice showed signifant alterations in dendritic arbdvet-
Emx1neurons showed reduced apical dendritic arbor length distal to the cell body, and
increased basal dendritic arbor length proximal to the cell Bduse differences appear

to be primarily due to changes irabching complexitySince the distal apical dendritic
arbor of pyramidal neurons receives distinct synaptic inputs from the basal and proximal
apical arbo(Spruston, 2008 this could result in changes in synaptic connectity.
difference was found in the number of dendritic spines betWetiizmxland control

mice, but an increase in the volume of spine heads was ob$éundsdn et al., 2010b
Interestingly, striatal medium spiny neurons (MSNSs), were also found to show increases
in both dendritic arbor length and spine head voluhtterations in MSNs wuld suggest

that loss of Met signaling in cortical pyramidal neurons may have effects on cells targeted
by cortical efferents, as striatal MSNs are not targeted bt Cre driver (Gorski et

al., 20023 As spine structure is closely related to function, and spines are the main target
of glutamatergic synapses, alterations in spine head volume could produce changes in
excitatory neurotransmissi¢Kasai et al., 2003 Indeed, alterations in excitatory
neurotransmission have been shown in the cortdedEmx1mice.In the anterior

cingulate cortex oMetEmx1mice, stimuationof layerll/lll pyramidal neurons

produced stronger excitatory pestnaptic potentials (EPSCs) in layéb corticostriatal
projection neuronfQiu et al., 2012a While changes in EPSC amplitude in this

population could be due to either presynaptic or postsynaptic alterations, no difference
was found in paired pulse ratios betwdéet-Emx1mice and controls, suggesting that at

least some presynaptic parameiees release probability) are unaltered by loss of Met



signaling.In contrast, no changes in EPSCs were found in corticopontine projection
neurons after stimulation in layBflll (Qiu et al., 2011 further suggesting that the
increased connection strength in corticostriatal neurons is likely due teymagitic

mechanisms.

Alterations in cortical connectivity iMet-Emx1mice reflect some changes seen in ASD.
Altered cortical connectivity is thought to play a role in the etiology of &S&urchesne
and Pierce, 2005including local hyperconnectivity (as demonstrateMetEmx1mice)
as well as longange hypoconnectivityrhat hyperconnectivity in thletEmx1mice
appears specific to corticostriatal projection neursrsgnificant, as both corticostriatal
structural(Langen et al., 20)Znd functional connectivitgTurner et al., 200@Di

Martino et al., 201lhave been shown to be altered in A&Drthermore, there is some
evidence of an association between changes in striataldnalctonnectivity and

repetitive behavior in children with AS(Di Martino et al., 2011

Unlike Met / br Hgf' ! hice which die before embryonic day (Badt et al., 1995

Schmidt et al., 1995Plaur’ 'micelive to adulthoodDewerchin et al., 1996These

mice exhibit reduced HGF leveglBowell et al., 200%,a8Bae et al., 201)) suggesting
reduced HGRMet signaling, and possible alterations to HGF mediated developmental
processedHGF ha been reported to facilitate forebrain GABAergic interneuron
migration(Powell et al., 200%d evitt et al., 200 Several studies have found decreased
/1

numbers of GABAergic interneurons in the brain®Eur * ‘'mice (Powell et al., 2003c
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Eagleson et al., 200Bae et al.201Q Bissonette et al., 20)0Fewer GABA positive
cells were found in the cingulate and parietal corteRlaéir ' 'mice than in WT mice

(Powell et al., 2003)n a parallel study, Gad6tells werefound to be decreased in the
parietal cortex, as well as in the dentate gyrus and the CA1 region of the hippocampus
(Eagleson et al., 2005No change in eithe6ABA or Gad67 staining was observed in
occipital cortexPowell et al., 2003dEagleson et al., 2005Among GABAergic

interneurons, PV expressing cells seem to be preferentially affed®éalir” mice.

Decreases in PMnterneurons have been noted in the frontal areas, including the anterior
cingulate(Powel et al., 2003gand orbital frontal cortex (OFEBissonette et al., 20)0

and parietal cortex, in particular in somatosensory gfa@asell et al., 2003dEagleson et

al., 2005 Bae et al., 2010 as well as in the stitiam (Bissonette et al., 20)0n the
hippocampus, however, the Ppopulation is unaffected, and there is a reduction in
somatostatin(SST) cells in the demtte gyrus and CAEagleson et al., 2003n the

cases of the somatosensory and orbital frontal cortical regions and the striatum,
overexpression of HGF in astrges restored the numbers of AterneurongBae et

al., 2010 Bissonette et al., 20),0suggesting that the dease in HGF levels seen in

Plaur’” mice is responsible for th@bserved interneuron deficits.

1.2.2 Behavioral consequences of altered H®#et signaling

While cellular and physiological changes in mice with altered H{&F signaling are
informative,they would not make for convincing animal models without accompanying
behavioral alterations reflective of ASD symptoméhile not all of the mouse lines

which have been examined have been extensively characterized, several show behavioral
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phenotypes whickuggest that altered HGF signaling could contribute to aulilséic

behavior.

Plaur’” mice show a number of behavioral alterations when compaseittttype (WT)
littermates Among thesePlaur' / 'mice have been shown to dispiagreased anxiety

like behaviors in the lightlark avoidance test and the elevated plus rfRaeell et al.,
2003¢ Bae et al., 2010 In addition to increased anxie§laur ' 'mice have impaired
cognitive flexibility as measured by reversal learrangrocess which has been shown to
be dependent on the OKBissonette et al., 2008issonette et al., 201Bissonette and
Powell, 2012. Plaur'’ "and WT animals both learn the rules similarly, but once the rules
are reversed, thelaur' ' 'mice require more trials to master the téissonette et al.,
2010. ThePlaur'’ 'mice exhibitatnormal electroencephalograf8EG) activity and
havespontaneous seizures, as well as an increased sensitivity to chemically induced
seizuregPowell et al., 2003cHGF supplementatiorescues the seizures and anxiety
behaviors seen iRlaur’ 'mice (Bae et al., 2010 Our recent findings indicate impaired
social interactions and attentional processinglaur’ mice (Bissonette et al., 20)4nd
current studies are focused on assessing communication responses in thePALENd

groups.

Met-DIx5/6 mice show no alterations in locomotor activity in the open fielid ¢ests of
anxietylike behavior such as ligltark avoidance or the elevated plus m@gartins and

Powsdl, 2011). Met-DIx5/6 mice were also tested in the Morris water maze, which can be
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used to test both spatial learning (mediated by the hippocampus) and procedural learning
(mediated by the striatunfpevan et al., 199@°ackard and Teather, 199Ih the water

maze Met-DIx5/6 mice performed similarly to controls during a probe test, as well as
during a reversalrpbe test where the hidden platform was moved to the opposite
guadrant from where it was during trainiigpth tests are used to measure hippocampal
dependent spatial learnifiBevan et al., 1996/orhees and Williams, 2006However,

in a cued platform task, which is dependent on striatal fun(feman et al., 1996

Vorhees and Williams, 2006Viet-DIx5/6 mice were slower to reach the platform than
control mice.This suggests that despite abnormalities in the populationiesheurons in

both the hippocampus and striatumMigt-DIx5/6 mice, hippocampal function remains

relatively normal, while striatal function, mainly habit learning, is disrupted.

Reversal learning was also affectedMat-DIx5/6 mice (Martins and Powell, 2031

similarly toPlaur'’ 'mice Met-DIx5/6 mice performed similarly to controls in learning

the initial discrimination task, but required significantly longer to reach criterion during
the reversal portion (Martins et al, 201That the mice acquire the initial discrimination
normally suggests that they have no problem learning the task or discriminating between
the cues, while their deficit in the reversal portion of the task suggests a lack of
behavioral flexibility or a problem inhibiting the previously rewarded respoAse.

similar loss of behavioral flexibility may be involved in the restricted or repetitive

behavior which is frequently observed in autistic childfemrner, 1999
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1.3Summary

Mice with altered HGRMet signaling show alterations in the interneuron poparatof

the frontal cortex, striatum, and hippocamptile spatial learning (dependent on the
hippocampus) appears normaNietDIx5/6 andPlaur’ 'mice Met-DIx5/6 mice show
deficits in procedural learning, and both strains are impaired on a reversal learning task.
In Plaur”™ mice, restoration of normal HGF levels via genetic intervention restores both
interneuron numbers and normal behaviRepetitive behaviors are frequently observed

in ASD (Turner, 1999, and have been associated with diminished inhibitory control of
prior response@Viosconi et al., 2009 which depends on frontatriatal circuityKelly et

al., 2004 Rubia et al., 2007 Inhibition of previouslyrewarded responses is a critical

component of reversal learning, and this may be inhibitddieirDIx5/6 andPlaur'’

mice (Bissonette et al., 201Martins et al., 2011

It would therefore appear as though the loss ABGergic (and in particular Pty
interneurons in the frontal cortex and striatum could contribute to the behavioral
alterations observed ilaur ’ 'mice, and possibly iMet-DIx5/6 mice as wellFor
example, the OFC has been shown to be required for hoeweasal learning (Bissonette
et al, 2008), and bothlaur' ' 'andMet-DIx5/6 mice show both reduced numbers of PV
interneurons in the OFC and impaired reversal learinghermore, supplementation of

HGF levels inPlaur’ ' 'mice restores both PV celumber and reversal learning to normal
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(Bissonette et al., 2010w hile other causes cannot be ruled out, it would appear that the
changes in interneuron numbarghe striatum and frontal cortex could lead to the
behavioral changes seenRtaur / 'andMet-DIx5/6 mice by altering cortical and striatal
signaling.While corticostriatal signaling has been shown to be alterédahEmx1mice
(Qiu et al., 2011) further studies are needed to elucidate the effects of loss of Met

signaling in excitatory neurons on behavior.
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Chapter 2: Age dependent forebrain structural changes in mice
deficient in the autism associated gendet tyrosine kinase

2.1 Introduction

Autism spectrum disorder (ASD) is characterized by communication and social
interaction impairments, as well as repetitive behaviors and narrow int@&Bgts

2000. Autisms are highly heritabl@olstein and Rose8heidley, 2002a Many single
gene mutations, such as those underlying FragileMR1), Rett MECP2 and tubeous
sclerosis TSC1andTSC3, lead to autistic behaviors in a significant fraction of patients
(Smalley et al., 199Bailey et al., 2001Gutknecht, 2001Percy, 2011Lewis et al.,
2012h. While no single gene Baeen identified for idiopathic autism, multiple
susceptibility factors are being identifiééinney et al., 201,2Griswold et al., 201

ASDs show considerable variability in both symptoms and pathology, and it is possible
that different genetic or environmental insults may underlie some of this variation
(Abrahams and Geschwind, 2QBioltenberg et al., 2018lallmayer et al., 2011

Tassone et al., 201Williams and Casanova, 2011

Studies have shown alterations in brain size in AB&dcay and Courchesne, 2005
Amaral et al., 2008I5tigler et al., 201)1 Regions such as the frontal and temporal cortex
(Carper et al., 20QHazlett et al., 200§ahippocampugSchumann et al., 2004kand
caudatgSears et al., 19998iollander et al., 2005havebeen shown to be expanded in

autism, while the thalamus is redud@a@atsanis et al., 2008&everal studies have also
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found increases in white matter volume in autistic patients, particularly in radiate white
matter(Herbert et al., 20Q3Herbert et al., 20Q4-reitag et al., 2009 Notably, the

alterdions in brain size in ASD appear to be appendent, with increases in brain size
being reported more consistently in very young patients, leveling off during childhood
and adolescence, and possible increased volume in some brain structures intocadulthoo
(Piven et al., 1995a\ylward et al., 2002Carper et al., 200Redcay and Courchesne,

2005 Amaral et al., 2008Courchesne et al., 201Hazlett et al., 2011duerden et al.,

2012.

Met (also known as-Met) is a receptor tyrosine kinase which binds the -aifjimity

ligand hepatocyte growth factor (HGfNaldini et al., 1991 Recently, decreased Met
function has been found to increase the risk of developing autism spectrum disorder
(Campbell et al., 20Q60usa et al., 2009&hanseem et al2010h. Met is crucial during
normal developmer({Birchmeier and Gherardi, 1998&nd mediates cell survival,
migration, proliferation, and the formation méuronal processéblaina et al., 1997
Powell et al., 200 d&Powell et al., 2003aGutierrez et al., 20Q4Importantly, both Met
and its ligand, HGF, are expressed in the brain during develoghh@mda et al., 1995
Achim et al., 1997Powell et al., 200ZaMartins et al., 2007Judson et al., 2009Bae et
al., 201Q Martins and Powell, 20)1Mettranscript expression is pronant in the
cerebral cortex, hippocampus, and amygdala, while Met protein can also be detected in
white matter tracts such as the corpus callogludson et al., 20@). Changes in Met
signaling during development could therefore affect neuronal number as well as the
complexity of the neurop{lPowell et al., 2003aMartins et al., 20G;/Bae et al., 201,0
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Martins and Powell, 20)1Indeed, inactivation of Met in the cerebraltearhas been

shown to alter the strength of local excitatory connections between IHjerandV

(Qiu et al., 2012 Changes in Met function during developmeratyntherefore alter the
structure or connectivity of cortical and subcortical structures, and ultimately impact their

function.

Despite progress in the understanding of the neurobiology of autism, and the role Met
plays in neurodevelopment, it remains waclhow disruption of HGMet signaling

could contribute to defects like those seen in ASBatomical studies in humans likely
reflect the effects of multiple different changes at the genetic level, as reflected in the
considerable heterogeneitysarvedbetween studiesurthermore, human studies have
generally not attempted to correlate changes in brain struotspetific genetic
variations.To this end] have utilized a mouse line in which Met is inactivated
specifically in the cerebral cortex anghpocampus using a GtexP recombination
strategy.This allows us to examine the effects of loss of Met function on a constant
genetic backgroundnlike globalMet null mutantgBladt et al., 1995 Met-Emx1mice

live to adulthoodJudson et al., 2009ballowing us to examine brain structure during the
postnatabnd adult priods.Herel report longterm specific structural changes after

altering Met signaling in the embryonic mouse dorsal telencephalon.
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2.2 Material and Methods

2.2.1Animals

Animal care procedures are discussed in Appendix 1: Common methods

2.2.2MRI Imaging

At postnatal day 30 (P30) or afte®0 (adult), mice were transcardially perfused with

0.9% saline followed by 4% buffered paraformaldehyide fixed brains were

subsequently scanned vigagnetic resonance imagingRI). All experiments were

perfomed on a Bruker Biospec 7.0 Tesla 30 cm horizontal bore scanner equipped with a
12 cm inner diameter gradient and a gradient strength of 400 mT/m using Paravision 5.0
software. A BrukefH surface coil array was used as the receiver and a Bruker 72 mm
linear-volume coil as the transmittéfrhreedimensional (3D) T2veighted images were
acquired using a rapid acquisition with relaxation enhancement (RARE) sequence
(TEeff/TR = 60/1500 mgare factor 16 , number of averaggsvdh a field of view of

25.6x 5.6 x18 mmf or a *sp&tél resoltionThe total acquisition time for each

sample was approximately 3 hours and 36 minutes.

2.2.3Area and volume estimation

Postimaging analysis for volume and area was performed using N#ddthsoftware

(version 1.43u). Fig2.1 shows the boundaries of the regions of interest that were
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measured in the coronal plane (RdL A-C), as well as in the midagittal plane (Fig.

1D). Measurements of the whole brain included all structures from the rostral extent of
the cerebral cortex (bregma ~4.0 n{fpaxinos and Franklin, 20plto the caudal
brainstemspinal cord juncture (bregma ~ 8.5mm). The area®terebral cortex was
measuredrom pia to white matter, with boundaries defined rostrally by the emergénce
the olfactory bulb, caudally by the plane in which the deep white matter (dorsal
hippocampal commissure) was no longer visible, and ventrally by the rhinal sulcus, end
of the CC, or level of the anterior commissure (from caudal to rostral). Measurerhents
the hippocampus include both the upper and lower leaves. The hippocampus is bordered
dorsally and laterally by the corpus callosum (CC), lateral ventricles, or fimbria, and
ventrally and medially by the thalamus, third ventricle, alveus hippocam@csyitom

superior colliculus, or optic tract.
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Figure 2.1 Schematics representing the areas included in measurements. The shaded
areas show the areas which were measured for the cerebral cortex, hippocampus,
striatum, thalams and corpus callosum in coronal sections at bregma = +0.94mm (A)
bregma =1.36 mm (B) and bregma-2.56 mm (C) and in a parasagittal section (D). Bar
=2 mm (AC) and 2 mm (D).
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Measurements of the striatum include the caudate and put@hmeboundaes of the

striatum were defined medially by the lateral ventricles and internal capsule, laterally and
dorsally by the external capsule, and ventrally by the anterior commissure. Measurements
of the thalamus include both thalamic and hypothalamic nddhei boundaries of this

region were defined laterally by the internal capsule and cerebral peduncle, dorsally by
the hippocampus, and ventrally by the ventral surface of the Maasurements of the

thalamus did not include the third ventricle or postecmmmissure.

2.2.4Blackgold staining:

Tissue sections were cut at 50um on a Microm HM430 freezing slide microtome
(Thermo scientific, Waltham, MA) and mounted on slides and allowed to dry overnight.
Sections were then4eydrated in distilled wateof 2 minutes before being transferred to
0.3% BlackGold Il solution in 0.9% saline at 65°&fter 12 minutes, slides were briefly
removed every 2 minutes to check the progress of labeling until the desired degree of
myelin staining was observed (typicattf8 minutes)After staining, slides were rinsed

for 2 minutes in distilled water, then transfered to a 1% sodium thiosulfate solution for 3
minutes.Slides were then rinsed three times for five minutes, dehydrated through graded

ethanol, cleared in xyl@s and coveslipped with DPX mounting media.
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2.2.5Data analysis

Fourbrains were imaged for each of the P30 control, R8BEmx1, adult control, and
adultMetEmxlgroups. The i mages analyzed represent 100
voxel size of 0.X 0.1 x 0.1 mmWith the exception of measurements of the whole brain,

area measurements were taken separately for each hemisphere.

The distributions of crossectional areas across different rostrocaudal levels were
compared between control angtt-Emx1mice at each age with KmogorowvSmirnov

(K-S). For volume comparisons, measurements were made for the left and right
hemispheres for each structure. The overall volume of each structure was compared using
a twoway ANOVA in SigmaPlotl12 (Systat Softwarear8Jose, CA) followed by a
Bonferronit-test as appropriat€ortical thickness and surface area were compared

between adult control arldetEmx1mice using a Studentdest.

2.3 Results

2.3.1Alterations in graymatter structures in adult, but not juvike, MetEmx1 mice

Met was inactivated in the cerebral cortex and hippocampus by the selective removal of
the intracellular signaling domain (encoded by exon(l@h et al., 2004, using a Cre
loxP recombination strategy with tlemxXtcre mouse drive(Gorski et al., 2002bThe

MetEmx1mice were viable in agreement with pieus reportgJudson et al., 2009b
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Judson et al., 2010@iu etal., 2011 Initial histological examination suggested altered
cortical thicknessgee Chapter)3and prompted an MRI structural study of uncut fixed

brains.

2.3.2Whole brain

Total brain weight was measured for all groups (P30 contfofi44 + 0.01g, P30Met
Emx1=0.421 + 0.02 g, adult control = 0.411 + 0.07, aMét-Emx1= 0.514 + 0.06 g).
Two-way ANOVA found no overall effect of genotype (F(1,15) = 2.5218,0.136) or
age (F(1,15) = 1.39%,= 0.260).A genotype x age interaction was found1(E5) =
6.082,p = 0.030), with a significant difference between P30 and adetfEmx1brains
(p = 0.024) and between adult control and aMét-Emx1brains ¢ = 0.014).These data
suggest that while neither thetallele nor age individually alter tdtarain weight, the

combination contributes to an overall increased bsesight.

The crosssectional area of the entire brain was estimatedss sectional area of the
whole brain was similar for control amdiet-EmxImice at P30 (Fig..2 A, D = 0.0527p
=0.514, KS test).The crosssectional area was increased in aMat-Emxlanimals
compared to control (Fig.2B, D = 0.2345p < 0.001, KS test). No significant effects
of either genotype (F(1,15) = 3.03157 0.107) or age (F(1,15) = 2.3957= 0.148, twe
way ANOVA) were found on total brain volumalthough thenteraction of genotype x
ageapproached significan¢&(1,15) = 4.418p = 0.057).In control mice, whole brain

volume did not change from P30 to adult, from 406.1 + 13.4 tar891.5 + 18 mn? (p
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= 0.702, Bonferroni test).By contrast, a significant increase in volume was obseanved
the Met-Emx1mice, from 396.6 + 15.3 miat P30 to 492.7 + 44.6 niim adults p =
0.024, Bonferront test).Similar to the total brain weight, the comation of theMet

allele and age lead to increased brain volume in the BitHEmMx1mice.
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Figure 2.2. Loss of Met function alters wholerain crosssectional arealhe average

cross sectional area of the brain is plottetsus estimated bregma level for P30 (A) and
adult (B animals. Data represent M=brains per genotype and age, points represent the
mean areas with the error bars signifying the SEM.
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2.3.3Cerebral cortex

| initially focused on the cerebral caxtand hippocampus, the areas which were targeted
by Emx2Cre expressior{Gorski et al., 2008 The brains from juvenile (P30) mice

looked similar tdVletEmx1mice when compared to control, whereas the cerebral cortex
in the adultMetEmx1mouse appeared slightly larger overall (B@A-H). The
distributions of areas were not significantly different for the juvenile controMatd
Emx1mice (Fig.2.3l, D = 0.1076,p = 0.067, kS test). Although in frontal regions
(bregma levels > 2.5 mm), the areas inNMetEmx1mice were larger on average than in
control micelIn the adult mice, the distributions of cerebral cortical areas were
significantly different between ctmol andMetEmx1mice (Fig2.3J,D = 0.220,p <

0.001, kStes).

Total cortical volume was estimated for control (96.98 + 2.53)namdMetEmx1mice
(97.30 + 3.48 mri) at P30. In the adult mice, the total cortical volumes were 89.69 +
4.01 mni (contrd) and 98.06 + 3.47 mhfMetEmx1) There was a significant main
effect of genotype (F(1,31) = 9.290= 0.006), but not of age (F(1,31) = 0.7pG;
0.404), or hemisphere (F(1,31) = 0.1B3; 0.719, threavay ANOVA) on cortical
volume.There was also significant genotype x age interaction (F(1,31) = 9.¢A,
0.005).The cortical volume data were in agreement with the esesBonal area

distributions.
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Figure 2.3. Structural differences in the cerebral corteXviat-EmxL mice are age

specific. (AH) Representative MRI images at rostratipiAbregma = +1.04 mm) and
caudal E-H, bregma =1.66 mm) levels(l and J)The crosssectional area of the cerebral
cortex is plotted versus estimated bregma level for P30 (l) antd(dpahimalsThe

overall distributions of area are the same for controlMegEmx1mice at P30 =

0.1029,p = 0.202, KS test).Yet, the distributions are significantly different in control
andMetEmx1mice at adulthoodX = 0.3251 p < 0.001, KS test). Arrows denote the
levels for which the rostral (gray arrows) or caudal (black arrows) images are shown.
Data represent n 4 brains per genotype and age, points represent the mean areas with
the error bars signifying the SEM.
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The comparison of tha@sssectional areas showed an in increase irMéeEmx1mice

in the frontal and parietal cortical regions. The frontal cortical areas are associated with
executive functions and emotiomabcessing, which are alteredA$D. Therefore)

divided the d&aset into rostral and caudal regions (at bregriamm), to specifically
examine frontal areast P30, rostral and caudal volumes were similar between
genotypes (control, rostral: 57.8%2.42 mniand caudal: 39.10 + 4.40 mnvletEmxJ,
rostral: 62.88 #.77 mni and caudal: 34.43 + 4.33 minin adultMetEmx1mice the

rostral half of cerebral cortex appeared larger than in control mice (control: 50.41 + 4.03
mm®, MetEmxt 63.06 + 4.77 mr), while the caudal half remains similar (control:

39.28 + 2.44 m°, Met-Emxt 34.99 + 4.06 mn). At rostral levels, there was no main
effect of genotype (F(1,31) = 1.219= 0.281) or age (F(1,31) = 1.36%5= 0.254), but

there was a significant genotype x age interaction effect (F(1,31) = $.6901.025),

again impying a combination of genotype and age leads to increased\sizaudal

levels,l found no main effects of genotype (F(1,31) = 1.4¥6,0.236), age (F(1,31) =

0.310,p = 0.580) or genotype x age interaction (F(1,31) = (0G410.972).

| next soughto determine which dimensions were expanded in the RBHEmMx1

cortex to account for the increase in voluiniést measured the thickness of the cortex
from pia to white matter at the level of the barrel fields (bregma 0.34 min9%® mm)
(Paxinos and Franklin, 20R1 found no significant diffenece in the thickness of the
cortex at these levels in either the right (control: 1.15 + 0.03MehEmMx1 1.26 £ 0.06
mm, p = 0.17, Student'stest) or left hemispheres (control: 1.17 + 0.03 riviet-Emx1

1.24 £ 0.05 mmp = 0.28, Student'stest).Next| measured the tangential length of the
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cortical surface in each image, to determine the surface area of the Thadmtal

surface area of the cortex is largeMet Emx1mice (115.63 + 5.52 mfhthan in

controls (97.18 + 3.47 mimp = 0.049, Studetit test).Lastly, | compared the
rostrocaudal distance spanned by the cerebral cditéexappeared to be slightly longer
in adultMetEmx1mice (8.12 + 0.13nm) compared to adult control (7.70 £ 0.15 mm) ,
although this difference did not reach sigenface(p = 0.09, Student'stest).No

difference in rostrocaudal length was observed in P30 mice (control: 7.80 = 0.10 mm,;
MetEmx1 7.53+ 0.21 mmp = 0.32, Student'stest).In summary, the cerebral cortex
was larger in the adulet-Emx1mouse. This ifference appears to be due to a
tangential, but not radial, expansion of the corfédere may also be a rostrocaudal

expansion of the cortex in tiet-Emx1lmouse.

To confirm our findings| examined the brains of aditetEmx1and control miceising
basic histologylndeed, an enlargement of the braimMet-Emx1micewas also evident

in cresyl violet stained tissukike in our MRI images, this enlargemeagpeareanost
pronounced in frontal sections, particularly between bregma +1.7 and bregmEgig2.4 (

2.4).
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Control

Met-Emx1

Figure 2.4. Expansion of the brain ikletEmx1mice.Representative images of cresyl
violet stained coronal sections from adult NEghx1 or control miceSections are shown
for adult control (top row) antletEmx1(bottom row) mice between levels which in
control mice correspond to bregma +2.34 (left) to bregma +0.74 (right) (Paxinos and
Franklin, 2001)Note that an extra section is obtained in this anatomical rarigetin
Emx1mice, suggesting a rostaaudalexpansion of the brain across this region.
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2.3.4Hippocampus

| measured the hippocampus, which also exprdasedtcre and may be affected by
loss of Met signalingGuo et al., 200QaGorski et al., 2002aLamination and subfields
were grossly similar in all mice (Fig-5A-H). Estimates of crossectional area skheed
no difference at P30 (Fig. 2.6 = 0.1113p = 0.426, KS test), but a significant
difference was found in the distribution of areas between adult contrdletrEimx1
animals (Fig2.6B, D = 0.2560p = 0.001, KS test). This difference in the adult also
translated to a difference in the totalwwmle of the hippocampus (control: 13.67 + 0.44
mm®, MetEmxt 20.02 + 2.94 mr p = 0.013, Bonferroni test).l found no main effect
of either genotype (F(1,31) = 2.9585 0.099), or age (F1,31) = 0.8987 0.353), but
there was a significant age x géypee interaction effect (F(1,31) = 5.33b7 0.030,
ANOVA). Like the total brain and cerebral cortex analyses, the overall increase in

hippocampal volume is due to the combination of small effects of genotype and age.
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P30 Adult
Control Met-Emx1 Control Met-Emx1

Rostral

Caudal

Figure 2.5. Loss of Met function alters hippocampal area in adult nietEmxland
control mice have similar hippocampal creestional areas at P3D € 0.1399p =
0.321, KS test).The distributions of areas are significantly different between it
EmxZland control miceld = 0.2594p = 0.001, KS test). Representative images at
rostral (AD, approximate bregma-.66) and caudal (H, apprximate bregma =
3.56) levelsScale bar = 2 mm
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Figure 2.6. Loss of Met sigaling alters hippocampal area in adult mice.

The average crossectional area of the hippocampus (upper and lower leaves) is plotted
versus estimated bregma level for P30 (A) and adult (B) animals. Arrows denote the
levels for which the rostral (gray aws) or caudal (black arrows) images are shown.
Data represent n 4 brains per genotype and age, points represent the mean areas with
the error bars signifying the SEM.
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Frontal cortical regions project to the caudal portion of the hippocarfhen onlythe
caudal portion (caudal to bregmaz50 mm) is considered, there was no main effect of
genotype (F(1,31) = 0.56p,= 0.461) or age (F(1,31) = 4.2Q8= 0.056), but there was a
significant interaction between age and genotype (F(1,31) = 120880001).In

control mice, the caudal portion of the hippocampus had similar volumes at bath P30
and in adulthoodR30, 10.04 + 1.46 minAdult, 7.65 + 1.04 mr p = 0.38, Bonferront
test).But in theMetEmx1mice the caudal portion of the hippocampwswsignificantly
larger in adult, as compared to P30 mied(, 6.62 + 1.17 mimAdult, 12.93 + 2.29

mm?; p = 0.029, Bonferroni-test). For the rostral portion (bregma2:50) of the
hippocampus, no significant effect of genotype (F(1,31) = 2;3210.141), age (F(1,31)
= 0.758,p = 0.393), or any genotype x age interaction (F(1,31) = 0/523).476) was
found (P30 control, 6.67 + 0.33 mipAdult control, 6.01 + 0.65 minP30MetEmxJ,

9.06 + 2.7 mn} Adult Met-EmxJ, 7.08 + 0.77 mr¥). The increase ihippocampal

volume therefore appears to be restricted to the caudal hippocampus.

2.3.5Striatum-

The crosssectional area of striatum bfetEmxlanimals was found to be similar to

control at P30 (Fi@.7A, D = 0.0572p = 0.984 K-S test) However, tte distributions
between genotypes were different in the adult (i@, D = 0.2157p = 0.002, kS

test). The total striatal volume was calculated, and at P30 control mice had a volume of
16.60 + 0.87 mrhandMetEmx1mice had a volume of 16.44 + 0.95 rhifor adult

mice, the volumes were 16.96 + 0.57 fiar control mice and 21.95 + 2.02 mfior

Met-Emx1mice.l found main effects of genotype (F(1,31) = 7.559,0.011) and age
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(F(1,31) = 11.172p = 0.003, and a significant genotype x age interactiefi,31) =
8.570,p = 0.011).Striatal volume was increased in addkkt-Emx1mice relative to adult
control mice p = 0.002, Bonferroni test) and P30et-Emx1mice p = 0.003,

Bonferronit test).
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Figure 2.7. The striatunof adultMetEmx1mice is larger than the striatum of control
mice.

Average crossectional area of the striatum is plotted versus estimated bregma level for
P30 (A) and adult (B) animal&verall the distribution of area is significantly different in
aault control andVietEmx1mice, but not between P30 control ahtttEmx1mice.Data
represent n 4 brains per genotype and age, points represent the mean areas with the
error bars signifying the SEM.
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2.3.6Thalamus

| next measured the area of the thalapwhich followed a similar pi@rn to the other
structuresNo difference was observed at P30 between controMatdE mx1mice (Fig.
2.8A, D = 02002 p=0.056 K-S test), but a significant increase was found in the
thalamus of aduMetEmxlcomparedo adult control mic€Fig.2.88, D = 0.396Q p <
0.001, K-S test)l also calculated the volume of the thalanAisP30, thalamic volume is
26.04 + 1.79 mrhin control mice and 24.86 + 1.48 min MetEmx1mice. In the adult,
the volume of the thalamus29.87 + 3.34 mrhin control mice and 29.41 + 2.09 mMin
MetEmx1mice.l found no main effect of genotype (F(1,31) = 3.2%6,0.084) or age
(F(1,31) = 0.025p = 0.875).Yet, the genotype x age interaction (F(1,31) = 9.p04,
0.005) indicated a diffence among the datasebst hoc analysis revealed that the
thalamic volume of the aduiiletEmx1mice was significantly different from adult

control mice p = 0.04, Bonferront test).
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Figure 2.8. Loss of Met function altes thalamic area in adult mice. Average cfoss
sectional area of the thalamus is plotted versus estimated bregma level for P30 (A) and
adult (B) animalsOverall the distribution of area is significantly different in control and
MetEmx1mice in adulthood = 0.396Q p < 0.001, KS test), but not at P3D (=

0.2002 p = 0056, K-S test)Data represent n & brains per genotype and age, points
represent the mean areas with the error bars signifying the SEM.
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2.3.7Altered white matter morphology adult, tut not juvenile, MeEmx1 mice

Met has previously been implicated in neurite extension, as well as axonal outgrowth and
survival(Hamanoue et al., 1996blaina et al., 199/Powell et al., 2003ar herefore)

measured the thickness of the CC at the midline across the rostrocaudal extent, (bregma =
+1.14 mm to-2.96 mm, Fig.2.9 A-D). | found no difference betwedviet Emxland

control mice at P30 (Fig. 2.10/A = 0.0723p = 0.893, KS test) However, aduliMet

Emx1mice have a significantly thicker CC than control mice (Big0OB D = 0.2239p

= 0.001, KS test).The difference appears greatest towards the rostral end (bregma levels
+0.1 to 1.0 mm) of the CC (Fig.8B). For example, at bregma +0.74 mm, the thickness

of the CC is 0.32 £ 0.03 mm in control mice and 0.54 mm + 0.08 nivlekEmx1mice,

and, at bregmal.06, the CC was and 0.20 £ 0.02 mm in control mice0a24 + 0.04

mm in MetEmx1mice.
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Figure 2.9. The corpus callosum is expanded at rostral levels in MRHEmMx1mice.

(A-D) Representative MRI images at approatsmbregma = +0.94 mm (A, B) artl16
mm (C, D) levels. Dotted line demonstrates the location of the thickness measurement.
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Figure 2.10. The corpus callosum is expanded at rostral levels in adulBxhetl mice.

The aveage thickness of the corpus callosum at the midline is plotted versus estimated
bregma level for P30 (A) animals and adult (B) mice. Arrows denote the level at which
images are shown for rostrairéy) and caudalliack) levels. The distribution of

thickness is significantly different in control adMdetEmx1mice in adulthoodd =

0001, K-S test), but not at P3@(= 00723 p = 0893 K-S test)Data

represent n 4 brains per genotype, points represent the mean areas with the error bars
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| also examined white matter in the striatum, specifically the cestitatal fasciclesn
adult micel found some indication that the size of these bundles is alteMdtiBEmx1
mice. The distribution of fascicle areas is alteredViet-Emx1mice compared to controls
(Figure 2.11K-S testD = 0.0853) with more large fascicles Met-Emx1mice (Fig.
2.11Q. | did not, however, find a difference in the number of cortit@tal fascicles
between control anillet-Emx1mice (control, 47 + 83.3;Met-Emx1, 410.3+ 22.7,

Student's test,p = 0.505).
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Figure 2.11. Loss of Met signaling alters corticostriatal fascicles.

Representative images show blaygid myelin staining (red) along with cresyl violet
nuclear stain (purple) in the dorsal striatum of control (A) Eed-Emx1(B) mice. The
distribution of fascicle sizes is shifted towards larger fasciclétetrEmx1mice relative
to controls (C).
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2.4 Discussion

Our results demonstrate widespread alitena in forebrain structure in adult mice with
impaired Met signaling. In the adWtetEmx1mice,| observed an expansion in the

rostral pole, in frontal cortical areas, and an enlargement in the caudal hippocampal areas
that connect to the frontal regi®. The striatum and thalamus are expanded as well, but
more evenly across the rostrocaudal extent. None of the differences betwedmegdult
Emxland control mice were detected in juvenile (P30) mice. The differences observed in

the adult mice support théea of a progressive defect.

The late postnatal nature of the enlargement of these brain areas could be due to
continued growth in thletEmx1mice, or a lack of normal pruning. The cerebral cortex
and hippocampus are directly targeted byEhex<tCre driver (Gorski et al., 2009aso
alterations in those structures could be due to either increased cell numbers or size of
neurons or gligGroszer et al., 200LGeisert et al., 20Q20r increases in the size or
number of axonal or dendritic processes. The expression pattix@EmxLtCre driver

is largely uniform with regards to the rostrocaudal extent of the cerebral ¢Gdeski et

al., 2003, excluding the possibility that tltkfferential effects are due to driver
expressionHowever, Met expression has been reported to be in a low ros$tigth

caudal pattern during the first postnatal mg@idson et al., 2009kdn another mutant
mouse, the urokinase plasminogen activator rec¢ptaur) null, Met levels were

reported to be selectively decreased in embryonic frontal and parietal cortical areas
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leading to seizures and impaired cdgm (Powell et al., 2003Bae et al., 201,0

Bissonette et al2010, providing support that loss of Met has greatest consequences in
frontal regionsFrontal and limbic structures continue to develop through adolescence.
Thelargerfrontal structures in thBletEmx1mice may represent the compensatory

changes duetabnormal ontogeny of the frontal pole.

Changes in the subcortical structures, the striatum and thalamus, are perhaps best
explained by an increase in white matter volume, as reflected in the increased thickness
of the CC as well as by changes in thartico-striatal bundles observed in our Black

Gold stainingThe CC is composed primarily of contralaterally projecting axons from
cortical pyramidal neurons, both corticortical and sufzortical projectionsAn increase

in the thickness of the CC coub@ caused by an increase in the number, size, or
branching of axonal processes originating from affected cells, by increased myelination,
or some combination of these factdsth the striatum and thalamus exchange

reciprocal connections with the cortéxgluding the frontal cortical areas whitfound

to be expanded iNlet-Emx1mice.Notably, the ventral hippocampus also has reciprocal
connections with the frontal cort¢kanselow and Dong, 20L'he ventral division of

the hippocampus is found in more caudal sections where the hippocampus appears to be
expanded in aduMetEmx1mice, raising the possibility that the change in hippocampal
size may be due totated cortical afferents rather than direct effects of loss of Met

signaling in the hippocampus.
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Changes in both white and gray matter volume have been detected in autistic humans.
The brain is slightly smaller in individuals with ASD at birth and undesgo period of

early overgrowth, leading to increased brain volume and head circumference within the
first few years of lifRedcay and Courchesne, 20@®urchesne et al., 201 1A study

of autistic patients and controls from ages 18 months to 5 years found increased cortical
volume, gray matter volume, and white matter volume in autistic patients, with mgecha

in cortical thicknesgHazlett et al., 201)aThe authors therefore attributed the increase

in cortical volume to increased surface area (volume + thickn&fts).the initial period

of overgrowth, the discrepancy in growth rate diminishes, and consequently brain volume
and head circumference values approach those of typically developing clitédzay

and Courchesne, 20p%or example, an MRI study using individuals with a mean age
near 10 years found no difference in total brain volume, nor in gray or white matter
volume in autistic patients, although they did fardincrease in cortical thickness at this
age(Hardan et al., 2006While most studies focus on childhood, some studies that
included older children and adultgpoet overall increases in brain si@ven et al.,

19953 Aylward et al., 1999 raising the possibility that sbi increases could persist into
adulthood in some caselhe earliest timé examined in the mice was P30 which
represents the juvenile, closer to the 10 year old children, and this presents a limitation

thatl do not have earlier structural data.

Studies focusing on white matter structures using diffusion tensor imaging also found
different changes in autistic patients depending on age. While one study on children
between 1.8 and 3.3 years found increased fractional anisotropy in the genu and splenium
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of the CC, as well as in portions of the internal and external capsules and the forceps
minor (Ben Bashat et al., 20D thers in a slightly older population leafound reduced
fractional anisotropy values in the CC and frontal white matter tfBetsieaGoraly et

al., 2004 Alexander et al., 20Q7While some reporteave shown decreases in CC size
(Piven et al., 199 Freitaget al., 2009, or no change in autistic subje¢®ven et al.,

1997 Herbert et al., 2004 others have fouhincreased white matter volume in autistic
individuals(Herbert et al., 20Q3erbert et al., 20Q4-reitag et al., 2009None of thee
studies were correlated with genetic information, tnaylikely represent spectrum of
diverse genetic and environmental factors leading to the ASD diagAasiste recent
study found that individuals with the rs1858830 C allele, which is associated with
increased risk for autism, have decreased fractional anisotropy values in several tracts in

temporal, parietal, and occipital regigiRudie et al., 2012

The structural changesbserved in the brains of adiietEmx1mice may resemble
some of those reported jratientswith autism(Amaral et al., 2008bWhile the cause in
each case remains uncertain, alterations in white matter structures seem to make a
contribution in both caseBespite this similarity, the time course of the alteratiens i
divergent between thavb speciesln addition to simple species differences, a few
factors may contribute to this divergenbost notably, théVietEmx1mice undergo

whatl believe to be a complete loss of the kinase activity of Met in the cells @ffegte
theEmxZcredriver, namely neurons and glia in the cerebral cortex and hippocampus.
Changes in the striatum and thalamus are likely due to the cortical and hippocampal

afferents to these regiorBy contrast, the Met polymorphism associated withsauiin
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humans leads to decreased transcriptiadB&T (Campbell et al., 20Q06presumably
affecting all brain areas which normally expr&#sT. Since Met functions not

completely ablated in the brains of humans with the polymorphism, there is the
possibility that changes in the regulation of the pathway could eventually compensate for
reduced transcription, as is found with MET in the cancer environ{B&atussman et al.,
2012). Similarly, the complete loss of Met in omouse model may lead to compensatory
changes in HGF levels, or other related pathways, that do not occur after the partial
reduction in Met signaling seen in humamsnally, our dataset relies on separate animals
for each time point, and it was notamgitudinal study, and so conclusions regarding
developmental trajectory are limited by group data. By pairing the imaging study with a
single mutation and a defined phenotyjp@asable to view the contribution of a single
gene. The human situation is faore complex, yet multiple allelic variants may
contribute to different stages of the ASD phenotype over the lifespan of the individual.
Future studies will focus on the cellular and molecular underpinnings of the anatomical

changes seen in these mice.
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Chapter 3: Altered cortical lamination in mice deficientin Met
tyrosine kinase

3.1Introduction

The fifth edition of The Diagnostic and Statistical Manual of Mental Disorders (DSM V,
American Psychiatric Association, 2013) lists two main categorisgmptoms for ASD

- deficits in social communication or interaction, and restricted or repetitive patterns of
behavior.The previous edition, DSM 1V, also included language deficits among the core
symptoms (American Psychiatric Association, 2000). Autiameshighly heritable

(Folstein and Rose8heidley, 20010a However, no single gene has been identified for
idiopathic autism, and environmental factors are believed to play @Almiahams and
Geschwind, 201,0/illiams and Casanova, 201IASDs show considerable variability in
both symptoms and pathology, and it is possible that differemtigesr environmental
insults may underlie some of this variati@toltenberg et al., 2016lallmayer et b,

2011 Tassone et al., 2011

Numerous studies have examined anatomical alterations in the brains of patients with
autism, focusing largely on areas thought to be involved in the functions mestédp

by ASD, including the frontal lobe, superior temporal cortex, parietal cortex,
orbitofrontal cortex, and amygdal@arper et al., 200Hazlett et al., 2006Rojas et al.,
2006 Girgis et al., 2007Amaral et al.20083. Changes in the structure of such areas

would be expected to impact their function, and indeed studies have shown correlations
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between the size of various cortical regions and social dgfuaas et al., 20065irgis

et al., 2007 or repetitive behaviorgRojas et b, 2009, which are core features of ASD.
Other studies have found correlations betwelganges in white matter sttuce and

ASD symptomgCheung et al., 200%ibbard et al., 203 Taken together, these studies
show that alterations in cortical structures can have profound behavioral effects, and are

likely to contribute to ASD pathology.

Met, the receptordr hepatocyte growth factor (HGF) has been linked with ASD by a
number of genetic association studi€ampbell et al., 20Q&Campbell et al., 2008
Campbell et al., 200%ousa et al., 2009&hanseem et al., 20bp A number oMET
polymorphisms have been associated with autism, or with atlikgtiteatures in healthy
subjects including rs1858830, rs38845, rs2237717, and rs42a8tpbell et al., 2006
Sousa et al., 2009 hanseem et al., 2010ahou et al., 20L1Lin et al., 2012 Of these
variants, only a few have been characterized beyond their association witi A& D
rs2237717 and rs42336 single nucleotide polymorphisms (SNPs) are associated with
altered facial emaan perceptior(Lin et al., 2012. The best characterized, however, is

the SNP rs1858830. The rs1858830 allele is a common variant (0.523 allele frequency)
located in the promoter region BIET, and the risk allele at this locus substantially
reducesMET transcription(Campbell et al., 20Q@ackson et gl2009. Furthermore, a
recent study found that those with this risk allele show reduced deactivation of the default
mode network (DMN) in response to emotional face stimuli, in addition to reduced
connectivity between posterior cingulate cortex (PQ@) medial prefrontal cortex

(mPFC), and reduced fractional anisotropy (FA) in the corpus call@udie et al.,
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2012. Despite this progress in understanding tile of MET in ASD risk, the high

degree of heterogeneity among ASDs remains a complication to studies of patients with
autism. For example, a single copy of the rs1838&8ele has different effects on

typically developing individuals than on patientgiwautism, suggesting that other genes
present in the ASD population modify the effect of MiET risk allele(Rudie et al.,

2012. | therefore sought to examineetbffect of loss of Met signaling in an inbred

mouse line, where genetic heterogeneity is more limited.

Met is expressed throughout the cerebral cortex from early in developinegtet al.,
1994 Powell et al., 20035un et al., 20G2Judson et al., 2009dn Met-Enx1 mice,

Met is inactivated in cells derived from tBenx1lineage Emx1is expressed in the
cerebral cortex from approximately E4®Gorski et al., 2009aand Crerecombination is
observable from roughly E10(&uo et al., 2000b Excitatory neurons and glia, but not
inhibitory neurons, are derived from tRenx1lineage(Gorski et al., 2002aand Met is
therefore inactivated in these cellsMiet-Emx1mice.Previous work from our lafSmith

et al., 2012 has shown thadultmice in which Met has been rendered kindsad in the
developing cerebral cex and hippocampusiet-Emx1imice), have larger brains than
control miceIncreased volume in thidetEmx1miceis particularly prominent in frontal
cortical regions, which are involved in behaviors thought to be disrupted in ASDs
(Mundy, 2003 Courchesne and Pierce, 200Balso found that the corpus callosum (CC)
was thicker at rostral levels Met-Emx1mice. In order to determine more specifically
how the brain is expanded MetEmx1mice, | examined cortical structure at the cellular

level using histology and immunohistochemical staining.
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3.2 Material and Methods

3.2.1 Animals

Animal care procedureseadiscussed in Appendix 1: Common Methods

3.2.2Immunohistochemistry and histology

Brainsfrom adult control oMet-Emx1micewere processed for immunohistochemistry
according to standard laboratory techniques, as described in appendix 1. The primary
artibodies used were rabbit as@ux1 (1:100, Santa Cruz Biotechnology, Inc, Santa
Cruz, CA), rat antiCtip2 (1:500, abcam), or mouse a8atb2 (1:500, abcam,

Cambridge, MA), followed by appropriate secondary antibodies. DAPI staining was
performed by incudtting floating sections for 5 minutes in DAPI diluted 1:1000 in TBS,

followed by two five minute washes in TBS prior to mounting.

3.2.3 Cell counts and analysis

For analysis of the distributions of Cukhmunoreactive (Cux), SatbZ, or CtipZ

cells, the cerebral wall was divided into 100 um bins. A 200 um wide radial strip of
somatosensory cortex was analyzed for each of 3 control brainshaeeEnx1brains.
For total cell counts in the cerebral cortex, 3 control brains aMetEmx21brains were
analzed using the Neurolucida system (MicroBrightField, Inc., Williston, VT, USA).

Unbiased stereological cell counts were obtained from at least three sections spaced 400
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em apart from somatosensory cortex (from bre

T 194 mm), prelimbic cortex (PL), or orbitofrontal cortex (OFEaxinos and Franklin,
2007 using the optical fractionator method. Volume was estimated using the Cavalieri
method(Regeur and Pakkenberg, 198Statistical significance was determined for total
counts from each region and for each antigenic marker using a Stidest'analysis

with a signifcance level op < 0.05 in Microsoft Excel or SigmaPlot. Differences

between distributions of cells were determined using the Kolmog®nauivnov test.

3.3 Results

3.3.1 Abnormal lamination in Met mutants

| first sought to determine if lamination waseadted by loss of Met function in the
cerebral cortex by measuring the thicknesses of individual layers, using tissue stained
with DAPI to visualize cell nuclei. | found that the cerebral cortex was significantly
thinner inMet-Emx1mice as compared to coals at the level of the somatosensory
barrel field (Fig. 3.1A, B, control: 1228 2 2 MetEmxt 1118N 5 2 p =0r029,

St u d etest). dhss difference seemed to be accounted for primarily by a reduction of
the thickness of layers II/lll iMetEmx1mice (Fig. 3.1C. Studentigest,p = 0.024),

while other layers were not sifjeantly altered.The relative sparing of deep layers

suggests that superficial layers were preferentially affectbteirEmx1imice.
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Figure 3.1. Reduced cortical thickness MetEmx1mice.

DAPI staining in control (A) ad MetEmx1(B) mice was used to allow measurement of
the thickness of each cortical layer (C). Layer II/lll is thinner relative to total cortical
thickness irMet-Emx1mice compared to controls, while other layers are unaltered. Scale
bar represents 200
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Next| sought to determine if cell areaas altered itMetEmx1mice. To do this, |
measured cell bodgreain pyramidal neurons of layers Il and V of the somatosensory
cortex.l found no significant difference in the averageaof pyramidal neuroni

either layer IIl (Fig. 3.2 A,B; control, 106.8 + 8.8 finMetEmx1, 123.2 + 11.3
Student's t tesp = 0.317) or layer V (Fig. 3.2C,D; control, 141.6 + 10.2°uMetEmx],

148.5 + 3.8 urfy Student's t tesp = 0.560).

In addition to cell body &g | also measured tHengthof the apical dendritic arbor in

layer 5 pyramidal neurons of the somatosensory and motor cortex. | used Scholl analysis
to compare the distribution of the dendritic arbor by distance from the cell body. There
was no overaltlifference in the total length of the dendritic arbor betwdefEmxland
control mice (control, 383 * 45 prMletEmx31, 430 = 65 pm; Studenttdest,p = 0.547).

There was, however, a change in the distribution of the dendritic arbor. A greater
proportian of the total apical dendritic length is found close to the cell boMetrEmx1

mice, while more is found distal to the cell body in controls (Fig 3.3D;vap

ANOVA, genotype x radius interactioR,= 2.240,p = 0.002).1 also found a slight, but
significant increase in tortuosity in the apical dendrite®Met-Emx1mice (Figure 3.3C;

control 1.08 £ 0.01Met-Emx3, 1.11 + 0.01, MamWhitney rank sum tesp = 0.032)

56



Control

—
()
>
Q)
]

) ll -
E 180 - = Control
= Met-Emx1
~ 160 -
9‘ .
£ 140 - T
a2
3 120 -
‘> 100 -
8 80 -
S 60 -
o
o 40 -
o
< 20 -
0 v v
11l \)
Layer

Figure 3.2 Cell size is unaltered iMetEmx1mice.

Repesentative images of cresyl violet stained sections from adult contretrieimx1
mice are shown in layer Il (A, B) or V (C, D) of somatosensory cortex. (E) shows a
guantification of averageell size in control anMetEmx1mice for each layer. Scater
in D represents 25um
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Figure 3.3 Altered dendritic morphology iMetEmx1mice.

(A, B) show representative images of Gedtained pyramidal neurons from control (A)
andMetEmx1(B) mice. Arrowheads in B indicate stetgoical kinks in the apical

dendrite. (C) shows a quantification of tortuosity in control lslettEmxZ1cells. (D)

shows the percentage of total dendritic arbor present in 10 um radial bins centered on the
cell body for control an#letEmxZ1cells. * indicaes p < 0.05, Holrbidak posthoc test.

58



Next | sought to confirm the alterations in laminar morphology by examining

biochemical markers whose expression profiles are restricted to distinct cortical layers in
adult mice. | examined Clike homeobox 1 (Cuk), a transcription factor expressed in
layers IHV (Nieto et al., 2004as well as COUHF interacting protein 2 (Ctip2), which

is expressed in layer V projectioeurongArlotta et al., 200band Forkhead box P2
(Foxp2), which marks layer \(Ferland et al., 2003These proteins were chosen to mark
superficial (Cux1) and deep (Ctip2 and Foxp2) layer neurons, and to allow us to
determine if these cells were distributed to the appropriate Idyigtse 3.4 shows a

schematic represgation of where each marker is expressed.
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Figure 3.4 Schematic of layer marker staining in control ahetl-Emx1mice.

Colored dots indicate neurons stained for each of the various markers used in this study,
as indicatedby the color code at the bottom. At left, the normal pattern of staining in S1

is indicated through each cortical layer (marked in the center). Notably, Satb2 staining
overlaps with Cux1 staining in superficial layers, while Satb2 and Ctip2 do not overlap.
At right, the staining pattern observedvlet Emx1mice is shown. Notable changes

include the reduction in thickness of layer 1I/Ill, and the presence of @eX$ (green)

in deep layers.
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| found that the thickness of the Cuxayers (IHV) inSlwas 295 N16 e&m in co
and 264 Me-BPnxlmine. Asrtotal thickness varied significantly between

control andMet-Emx1mice | normalized layer II/lll thickness to total cortical thickness.

Layer II/11l composed a significantly smaller percentafjthe total cortical wall irMet

Emxlanimals as compared to control (Fig. 3.4A,B, controkt 36, MetEmx1 32.4+

1% of cortical thicknessy = 0.029). | found that the thickness of the Ciif&er (V) was

227 N 24 em i n c o rVletEm{Imiceiter ndrindizing brtotat m i n

cortical thickness, | found no change in the relative thickness of layer V (Fig. 3.4 E, F,

control: 18 £ 1%Met-Emxt 19 + 1% of cortical thicknesp,= 0.379). | found that the

thickness of the Foxp2ayer (V)was2 91 N 38 em in conMeeol and 2
Emx1mice.After normalizing for total cortical thickness, | found no change in the

relative thickness of layer VI, as assessed by staining for Foxp2 (contiod@2Met-

Emx1 30 + 4% of cortical thicknesp,= 0.77).

While examining Cux1 immunoreactivity, | noticed an increase in the number of Cux1
cells in deep layers iNletEmx1mice (Fig. 3.5Barrows. | therefore assessed the
distribution of Cux1 cells across the thickness of the cortex. | fourad the distribution

of CuxI cells differed betweeNletEmxland control mice, with more Cuktells in

deep layers 061 inMetEmxlanimals(Fig. 3.5D, kS testD = 0.1478p < 0.01). |

again saw some indication of a change in the distribution of Qaetls across the

thickness of the cortex in OFC, although this change did not reach significance (Fig. 3.6,
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K-S testD = 0.0914p = 0.099). | found no such change in the distribution of Ctip2
cells in either the somatosensory (Fig. 3.55 kestD = 0.0695,p = 0.310) or prelimbic

cortex (Fig. 3.7K-S testD = 0.0566,p = 0.539).
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Figure 35. Superficial layer neurons distribute abnormalljviet-Emx1mice.

Representative images from adult control (A, E) BlettEmx1(B, F) mice are shown for
Cux1 (A-C) and Ctip2 (EG) stained tissue. Arrows in (B) indicate ectopic Cuodlls in

deep layers. (C, G) show DAPI staining in control tissue for comparison. The distribution
of CuxI’ (D) or CtipZ (H) cells by distance fromi@is shown at right. Asterisks indicate

p < 0.05. Scale bars in B and F represent 200 pum.
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Figure 3.6. Loss of Met signaling does not alter the distribution of Cwells in OFC

Representative images showing Cux1 imoreactivity in the OFC are shown for adult
control (A) andMetEmx1(B) mice, along with nuclear staining (DAPI, C) in from a
control mouse for reference. (D) shows a quantification of the number of Ceiid by
distance from pia in 100 pum bins. Scale lveB represents 200 pm.
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Figure 3.7. Loss of Metsignalingdoes not impact deep layers in frontal cortex.

Representative images from Ctip2 staining of prelimbic (PL) cortex are shown for adult
control (A) andVletEmx1(B) mice.The bar graph in (C) shows the distribution of
Ctip2" cells through the cortex, in 100 pm bins by distance from pia.
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Next | determined if the total numbers of cells expressing superficial or deep layer
markers were altered Met-Emx1mice. | peformed stereological cell counts of Cuix1

or CtipZ cells in the barrel field of the somatosensory cortex using the optical
fractionator method. | found no difference in the total number of either Goadtrol:

1.3x 16 + 8.7 x 16, MetEmxt 1.6 x 16 + 1.5 x 10, p = 0.16) or Ctip2 (control: 34 x

10% + 3.9 x 16, MetEmxt 2.8 x 10 + 1.8 x 16, p = 0.25) cells between control and
MetEmx1mice. As my previous findings indicated that the differences in brain size were
greatest at rostral levels, kal performed stereological cell counts in frontal cortex
(prelimbic for Ctip2 and Satb2, and orbitofrontal for Cux1, as Cux1 is not expressed in
prelimbic cortex). | found no difference in the total number of Cwells in the OFC
(control, 63 x 10f + 84 x 10% MetEmx1, 6.3 x 18 + 8.0 x 10; Student's-test,p =
0.979).Neither did | find any difference in the number of Clip2lls inprelimbic cortex
(control, 35 x 10f + 3.5x 10% MetEmx1, 3.8 x 10* + 28 x 10% Student's-test,p =

0.565). Togeher, these findings indicate that loss of Met signaling does not alter the

number of superficial or deep layer neurons in adult mice.

| have previously shown an increase in the thickness of the corpus callosum Metdult
Emx1mice (Smith et al., 2012 As the majority of callosal projection neurons reside in
supericial layers(Alcamo et al., 2008~ame et al., 20)11 examined the cells that are
immunoreactive for Satb2, a tsoription factor expressed in callosal projection neurons
(CPN)(Alcamo et al., 2008 | found no significant difference in the total number of

Satb? cells in the ematosensory barrel field of adidietEmx1mice relative to controls
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(control: 11x 10° + 12 x 10", MetEmxZ 9.2x 10* + 8.4x 10°, Student's test,p =

0.25), nor did | see any difference in prelimbic cortegritrol, 96 x 10" + 6.3 x10%; Met

Emx1, 9.6 x 1¢ + 29 x 10%, Student's-test,p = 0.716. SatbZ CPN are normally

distributed from layers 2 through 5, with approximately 80% in upper lélfarse et al.,

2011). To determine if SatZells were distributed normally in tidet-Emx1mice, |

measured the distance of each cellina&20d r adi al [Ifound nofchramgein pi a .
the distribution of Satbells in either the somatosensory8testD = 0.0732p =

0.725) or prelimbic cortex (S testD= 0.0210,p = 0.994).
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Figure 3.8. The distributon of callosal projection neurons is altered/ietEmx1mice.

Representative images from control (A, C, E, G) BlettEmx1(B, F) mice from
somatosensory (A, B, C) and prelimbic (E, F, G) are sh@@nG) show DAPI staining
in control tissue for compaos. The distribution of Satb2ells by distance from pia is
shown at right in (D) and (Hpcale bars in B and F represents 100 um.
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