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Abstract
NEUROANATOMICAL AND BEHAVIORAL CHARACTERIZATION OF MICE
DEFICIENT IN HEPERIN-BINDING GROWTH-ASSOCIATED MOLECUE
(HB-GAM)
by
Jason W. Krellman
Adviser: Associate Professor Susan D. Croll
Heparin-binding growth-associated molecule (HB-GAM) is an extilalaematrix-
associated protein involved in a variety of neurodevelopmental processes that has
neurotrophic and neuroprotective effects. Previous studies suggest that HB-GAM
knockout mice exhibit cognitive inflexibility, anxiety, and motor impairment andthieat
brains of these animals possess increases in cortical neuronal densityiveblleébese
features are most similar to the pervasive developmental disorders (RbBsfore, the
current studies sought to further characterize the neuroanatomical and kahavior
phenotype of HB-GAM knockouts within the context of the hypothesis that these animals
might serve as an animal model of the PDDs. Consistent with this hypotheSZAMB-
knockouts demonstrated cognitive inflexibility, heightened anxiety, and both a c@ttext
and social neophobia. In addition, the knockouts’ brains were shown to possess cortical
neuronal area decreases and cortical neuronal packing density increasesialae
suggest that multiple abnormalities similar to those observed in individuals Dk P
characterize the phenotype of HB-GAM knockouts. The validity and limitations of HB-
GAM knockouts as an animal model of the PDDs are discussed, as are suggestions for

future studies of these animals.
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CHAPTER 1. GENERAL INTRODUCTION

Heparin-binding growth-associated molecule (HB-GAMgparin-binding
growth-associated molecule (HB-GAM), also known as pleiotrophin, is an etkiitac
matrix-associated protein implicated in a variety of processes ihtegreammalian
nervous system development (Rauvala & Peng, 1997). HB-GAM was first reedgniz
through investigations attempting to identify factors that enhance neuritewthtgnathe
rat brain (Rauvala, 1989). Indeed, HB-GAM has been implicated in mitogenesis and
neurite outgrowth (Hampton, Marshak & Burgess, 1992; Li, 1990; Milner et al., 1989;
Raulo, Julkunen, Merenmies, Pihlaskari & Rauvala, 1992), which are vital to the early
development of neural tissue. HB-GAM contributes to these processes by binding at the
neuronal surface with N-syndecan (Raulo, 1994), which further employs the
cortactin/src-kinase pathway to enhance neurite extension (Kinnunen, 1998). Cell
motility appears to be mediated via activity of HB-GAM through the sartievay
(Rauvala et al., 2000).

Further study has indicated that HB-GAM is involved in several other key
processes of nervous system development. HB-GAM reportedly arrestsrcellula
proliferation (Szabat & Rauvala, 1996) via inhibition of fibroblast growth factGiHjF
(Hienola, Pekkanen, Raulo, Vanttola & Rauvala, 2004). Interestingly, other studées ha
suggested that HB-GAM promotes cellular differentiation (Szabat & Raul29®).
HB-GAM has also been implicated in processes related to early presyispt& Peng,
1996) and postsynaptic specialization (Peng et al., 1995), as well as development of

neural vasculature (Christman et al., 2005; Yeh, He, Xu, Hsu & Deuel, 1998).



Possible post-developmental roles for HB-GAM have been suggested by studies
that indicate the protein has neurotrophic and neuroprotective effects. HB-GAM is up
regulated in the degenerating substantia nigra of individuals with Parkinson’sdselas
augments dopaminergic neuron survival and outgrowth in ventral mesencephalic cultures
(Marchionini et al., 2007). Similarly, HB-GAM is up-regulated in acutelyateated
distal sciatic nerves, protects spinal and facial motor neurons against chratoitorc
injury and cell death, and enhances regeneration of myelinated axons in expegmental
transected rat sciatic nerves (Mi, Chen & Hoke, 2007).

HB-GAM expression in the non-pathological nervous system is known to decline
as constitutive developmental processes approach completion (Rauvala, 1989).rHoweve
HB-GAM expression persists beyond development in specific neuronal populations
(Takeda et al., 1995; Wanaka, Carroll & Milbrandt, 1993). HB-GAM is highly expaesse
in pyramidal neurons of the CA1 field of the hippocampus, and evidence suggests that
HB-GAM might repair neuronal connections after injury (Takeda et al., 1995). In
addition, HB-GAM has been implicated as a modulator of synaptic plastiditgiadult
rodent brain. High frequency stimulation sufficient to induce long-term potentiation
(LTP) has been shown to result in concomitant increases in HB-GAM expression in the
CA1 region (Lauri, Taira, Kaila & Rauvala, 1998). Further, application of exogenous
HB-GAM to the CAL field inhibits the early stages of LTP induction in glutengat
synapses of the CAL1 field (Lauri et al., 1998; Pavlov, Rauvala & Tiara, 2006).

HB-GAM Knockout MiceGiven sufficient evidence that HB-GAM somehow aids
in the modulation of hippocampal synaptic function, additional studies have sought to

determine the structural and functional effects of an absence of HB-GAMaferid,



mice null for the HB-GAM gen@tn were created (Amet et al., 2001). Study of these
animals’ brains revealed increased neuronal density in frontal and peoieicds
(Hienola, Kinnunen & Rauvala, 2002; Hienola et al., 2004). In addition, though gross
hippocampal structure and basal excitatory synaptic transmission in thee@ad are
normal in HB-GAM knockouts (Amet et al., 2001; Pavlov et al., 2002), hippocampal
slices harvested from these animals display a lowered threshold fonddi&ion. This
irregular threshold is normalized by application of exogenous HB-GAM, suggestin
functional and not a developmental abnormality (Amet et al., 2001). Additional research
indicates that LTP is significantly attenuated in animals over-esipge$iB-GAM
(Pavlov et al 2002). These data suggest that HB-GAM acts as an inhibitory modulator of
hippocampal LTP.

Hippocampal LTP is considered a putative neurobiological correlate ofrigar
and memory (Cooke & Bliss, 2006). Therefore, a few studies have sought to assess the
vivo effects of HB-GAM on learning and memory capacity. Pavlov et al. (20p8jtesl
a subtle impairment in the acquisition of spatial information in HB-GAM knockout, mice
and similar deficits have been identified in animals null for syndecan-3, aoetapt
HB-GAM (Kaksonen et al 2002).

Interestingly, additional study (Croll, unpublished data) of HB-GAM knockouts’
learning and memory suggested that these animals perform as wdl-&g@ianimals
in versions of the Morris water maze dependent on spatial and associativeglearni
However, when exposed to these two distinct versions of the maze consecutively, HB-
GAM knockouts’ performance was comparable to that of wild types’ in the first but not

the second version of the maze in which they were tested, whether spatial @tiassoci



That is, HB-GAM knockouts demonstrated reduced acquisition relative to wild tygee mi
only in the second version of the maze in which they were teBteipattern of
performance is not suggestive of a primary learning deficit but mighttelii&culty
adapting to changing contingencies, or, cognitive rigidity.

HB-GAM knockout mice perform within normal limits on measures of home cage
behavior, ease of handling, gross reflexes, body weight, climbing behavior, balatce
grip strength (Croll, unpublished data). However, these animals have reportedly
demonstrated increased anxiety upon formal testing in appropriate paradayhos @
al., 2002). In addition, general behavioral assessment of HB-GAM knockouts revealed
deficits in balance beam performance (Croll, unpublished data), on which thesks anima
adopted an atypical stance perpendicular to the length of the beam and appeared
unwilling to traverse the beam. HB-GAM knockouts typically fell off the bedran
attempting to traverse its length, suggesting that a motor coordination arndraeba
impairment, and not increased anxiety, was responsible for their performance.

Cognitive rigidity is associated with a number of pathologies, including
schizophrenia and major depressive disorder, which are also often accompanied by
pathological anxiety (American Psychiatric Association, 2000). Howevendi@ye
including but not limited to cognitive rigidity, anxiety, and motor impairment in the
presence of increased cortical neuronal density is most consistent withvike\per
developmental disorders (PDDs).

The Pervasive Developmental Disorders (PDDO$)e PDDs comprise a group of

conditions generally characterized by a delay in or deviation from normabgeweht in



two or more of three principal domains: social skills, language and communication, and
behavioral repertoire (American Psychiatric Association, 2000).

Deficits in social functioning, the most common observed in the PDDs, often
manifest as the inability to infer or make attributions about the mental sfaitsers and
thus to form meaningful interpersonal relationships (Volkmar, Chawarska & Klin, 2005).
Language impairments in affected individuals usually take the form of mlinim
abnormal or repetitive babbling of non-speech sounds or nonsense syllables in young
children (Rice, Warren & Betz, 2005) and absent, delayed or inappropriate use of
language, as well as peculiarities of tone and prosody and an overall giffidihl the
social pragmatics of language, in older affected children (Sadock & Sadock, 2003).

The behavioral aberrations most associated with the PDDs include frequent
performance of ritualistic, repetitive actions, heightened anxiety iratteedf novelty
necessitating adherence to a strict routine, and an abnormally circurdsepleetoire of
interests (Bolivar, Walters & Phoenix, 2007). Additional PDD-associated behaviora
symptoms include heightened aggression, self-injurious behavior, and hyperactivity
(Lecavalier, 2006). Some PDDs also involve physical abnormalities, such ksateck
or arrested head growth (Dissanayake, Bui, Huggins & Loesch, 2006), and motoric
anomalies, such as disturbances in gait, coordination, and fine motor skills (Dewey,
Cantell & Crawford, 2007).

Five PDDs are included in the most recent edition of the American Psychiatric
Association’sDiagnostic and Statistical Manual of Mental Disorddfsurth Edition
Text RevisioiDSM-1V-TR; 2000), and each is characterized by specific variations in the

general PDD phenotype. First described by Kanner (18948}tic disordeiis associated



with aberrations in all three domains affected in the PDDs that usually begre bef
age of three. The intellectual functioning of affected individuals varies frontathe
retarded to above average lev&stt's disordelis observed only in females with an
onset typically between six months to two years of age. This disorder istehiaestby
only rudimentary intellectual, language and social functioning, and is freguentl
accompanied by seizure disorder as well as poor muscle coordination, ataxi&, apra
gait, and a loss of purposeful hand movements in favor of stereotypical motions such as
hand wringingChildhood disintegrative disordes characterized by normal
development within the first two years of life, after which affected cmlden suffer a
loss of previously acquired skills in any two or more of the domains of language, social
functioning, motor functioning, play behavior, or bladder and bowel codtsplerger’s
disorder, first described by Asperger (1944) as an “autistic psychopathy,” isetyn{
significant impairments in social functioning coupled with repetitive anéatgred
patterns of behavior in the absence of impairment in language or intellectuariingct
A diagnosis opervasive developmental disorder — not otherwise spe¢PBd-NOS)
is reserved for those children who demonstrate pervasive impairment in ajprimeple
domains affected in the PDDs but who do not meet formal diagnostic criteria for a
specific PDD or for other psychiatric disorders, such as schizophrenia orrgvoida
personality disorder, which are typified by PDD-like features.

Given the significant overlap of symptoms among autistic disorder, Asperger’s
disorder, and PDD-NOS, many have questioned the validity of existing diagnostic
classifications and postulated that individuals with these pathologies arg merel

experiencing varying forms of a single disorder that could be placed atmdiauum



of autism spectrurdisorders(ASDs) (Eisenmajer et al., 1996). For example, multiple
studies (cf. Mayes, Calhoun & Crites, 2001) have questioned the legitimacy of
Asperger’s disorder as a discrete PDD given both the potential for noreikdatutal
functioning and the presence of at least mild language deficits in an overwhelming
number of individuals demonstrating other PDD-associated abnormalities. Theslhas |
many to consider Asperger’s disorder as a form of “high functioning autisis€r(iajer
et al., 1996).

Epidemiology of the PDD®ata regarding the prevalence of PDDs has suggested
a tremendous increase in the incidence of these disorders in recent ydwrgdnyt to
mid-twentieth century, PDDs were thought to occur in approximately 3 - 4/10,000
individuals, but current estimates range from 1/500 to 1/166 individuals (Herbert et al.,
2006). Indeed, between 1991 and 1997 alone, a near five-fold increase in the prevalence
of these disorders was observed (Stokstad, 2001). However, estimates of ocasrgence
function of gender have stayed relatively stable, consistently favorileg nvidh a ratio
of 4:1 (Frombonne, 2005).

Despite that prevalence estimates vary based on the assessment metpied, sa
size, publication year, and geographic location of studies, an unequivocal incrégse in t
occurrence of PDDs is evident (Frombonne, 2005). This increase has been attributed to a
number of possible factors, including better-defined diagnostic criteria (Fombonne,
2003), increases in pathogenic environmental factors that interact witlhcgenet
precipitants (Herbert et al., 2006; Persico & Bourgeron, 2006), and increases in
assortative mating among individuals with PDD endophenotypes, such as ritualized

behavior and systematized cognition (Baron-Cohen, 2006).



Etiology of the PDDsFrom the time of their first clinical characterization through
the middle of the twentieth century, PDDs were attributed to emotional disturbance
resulting from disordered early attachment to psychopathological parentsttethBim,
1967). In the absence of substantial empirical evidence for such an origin, however,
biological etiologies have been investigated in recent years. A numberiairenental
factors have been implicated in the pathogenesis of the PDDs, including pre- and post
natal viral infections, prenatal exposure to teratogenic drugs, obstetricicatopk, and
side effects from traditional childhood vaccines (Ardnt, Stodgell & Rodier, 20b8eY.,
Sweeten, McMahon & Fujinami, 2005). However, such influences have proven to be of
minimal and inconsistent influence on close examination (Newschaffer 20@r).

PDD-like symptoms have also been associated with a number of other pathotogies, f
seizure disorder to Duchenne muscular dystrophy, but affected individuals pigsentin
with symptoms of conditions like these represent only a small portion of diagnossd case
(Muhle, Trentacoste & Rapin, 2004).

Alternatively, numerous studies have identified the pathogenesis of the PDDs as
strongly genetic. Concordance rates of autism among siblings are maykeatigr than
prevalence rates in the general population (Chakrabarti & Fombonne, 2001). Further,
concordance rates in monozygotic twins are consistently and strikiregltegthan
concordance rates in dizygotic twins, which approach minimal and sometimes non-
existent levels, even under broad phenotypic definition (cf. Bailey et al., 1995).eDespit
the unequivocal conclusion drawn from these data that PDDs have a genetic basis, the

means by which these disorders are inherited is still largely unknown, likehg dova



polygenic mechanism of inheritance as indicated by a low sibling recumishdef.
Jorde et al., 1990).

Further, attempts to characterize the genetic architecture obibs Rave been
stymied by the etiologic heterogeneity suggested by volumes of diatoegaarch. The
complexity of the genetic basis of PDDs is not surprising given the multypbtit
symptom constellations observed in affected individuals, which suggests locus
heterogeneity (Veenstra-VanderWeele, Christian & Cook, 2004). Some have pdstulat
that variants in individual genes might underlie discrete features of a PODassocial
deficits or language impairment, while an aggregation of variants in multipés geight
result in the full phenotypic presentation labeled as a specific disorden @®Ralmer,
1999).

Indeed, no single investigation attempting to determine the locus of genetic
abnormalities underlying the PDDs has yielded definitive results. Recar#ige
genetic linkage analysis yielded suggestive evidence for near univeksald in the
vicinity of chromosomal region 11p12-p13 (The Autism Genome Project Consortium,
2007). However, individual linkage studies have suggested a role for several other
regions in both risk for and development of PDDs, including 2q, 7q and 179 (Grice &
Buxbaum, 2006). Of note is that the hunfn gene is located on chromosome 7 (Li et
al., 1992).

Collectively, other genetic studies have identified no fewer than fifteessgen
associated with development of PDDs (Risch et al., 1999), including those that code for
serotonin transport mechanisms (McCauley et al., 2004), reelin protein eapressi

(Faterni, Stary, Halt & Realmuto, 2001), neuroligins (Jamain et al., 2003), and gamma-
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amino butyric acid (GABA) receptor A (Cook et al., 1998). Interestingly, HBAG
modulation of hippocampal LTP has been owed to GABZceptor-mediated inhibition
of glutamatergic synapses (Pavlov, Rauvala & Tiara, 2006), suggesting trestsgelc
LTP induction thresholds in HB-GAM knockout hippocampi might be due in part to
abnormalities in GABA receptor mechanisms.

Findings linking the PDDs to abnormalities in the aforementioned genes have
proven replicable but not consistently so. Further, defects in specific gemes ha
frequently been associated with specific variants in symptom presentationafRyle,
abnormalities in the serotonin transporter gene have been linked to particudariggamt
rigid and compulsive behavioral symptoms (McCauley et al., 2004). Taken together,
these facts further argue for the heterogeneity of loci of genetic slgfectisposing
individuals to manifest either endophenotypes of the PDDs or the full disordersrFurthe
allelic heterogeneity is thought to underlie the tremendous variability in symptom
severity common in PDDs. For example, different mutations in the methyl-CpGdpindi
protein 2 (MECP2) gene have been associated with different symptom presentation
individuals with Rett’s disorder (Zappella et al., 2003). The inconsistent findings of
investigations into the genetic basis of the PDDs speak to the polygenetic etiology of
these disorders and might also explain the tremendous variability in symptomsedbse
among individuals presenting with features characterizing a single elisord

Neurobiology of the PDDsThe search for candidate genes underlying PDD
development has been hampered primarily by the incomplete understanding of the
neurobiology of these disorders (International Molecular Genetic Study ofvAutis

Consortium, 1998). Studies associating PDD-like symptoms with other patholodies suc



11

as seizure disorder have failed to establish a strong causal link between thoke) et
and features of the PDDs (Muhle, Trentacoste & Rapin, 2004). However, such studies
remain illuminating in that they strongly suggest a neurological basi¥fiosP

Indeed, the PDD phenotype is now widely recognized as one typified by
neurobiological as well as behavioral irregularities. Macroscopiaallgarly increase in
overall brain size is widely reported in the PDDs, apparently the resulthaipgical
brain growth in the first year of life followed by an equally abnormal amegtawth
(Redcay & Courchesne, 2005). Consistent with this brain growth phenotype, the
percentage of excess brain volume in PDD-affected individuals compared to normal
controls, assessed by either head circumference or volumetric araiysested via
magnetic resonance imaging (MRI), lessens with increasing age fnoxamately 10%
in three to four year olds (Redcay & Courchesne, 2005) to only very small volume
excesses in six to seven year olds (Sparks et al., 2002). Brain enlargeretectise of
increases in both cerebral gray and white matter (Hazlett 085). Such increases in
gray and white matter volume are also observed in the cerebellums of individinals wi
PDDs (Courchesne et al., 2001), but the gray matter of the cerebellar vegameially
reduced in size (Kaufmann et al., 2003). Interestingly, cortical gray mgfergiasia
has also been observed in HB-GAM knockout mice (Hienola et al., 2002).

The core features of PDDs, such as cognitive and social function deficits, are
useful indicators as to the neural regions and systems that might be afidtteski
disorders, provided an understanding of which structures underlie normal function
(Baron-Cohen, 2004). Numerous functional imaging studies (cf. Reiss, Abrams, Singer,

Ross & Denckla, 1996) have established strong correlations between neutatestruc
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volume and functional capability. Such correlations have also been demonstrated in
individuals with PDDs. Reduced density of the corpus callosum (Manes et al., 1999) and
thalamic gray matter (Spencer et al., 2006) have, for example, been cdnethte
intellectual impairments in autism. In addition, exploratory behavior and rate of
stereotyped movement have both been negatively correlated with volume of the
cerebellar vermis (Pierce & Courchesne, 2001).

Deficits in discrete components of social cognition have also been assoatated w
structural and volumetric abnormalities in specific neural regions thought togibser
those components. For example, reduced volume of the amygdala has been associated
with deficits in the recognition of facial expressions of emotion (Nacestiak, 2006).
Further, reduced gray matter density in the superior temporal sulcus has belatecbr
with poor performance on tasks requiring the analysis of socially and comnweticat
important stimuli produced by others and on other tasks necessitating the incampafrat
visual and auditory information vital to the processing of human speech (Pelphrey,
Adolphs & Morris, 2004).

A litany of studies utilizing small samples but producing convergent findings
have also demonstrated microscopic cellular abnormalities in PDDeaffextividuals
(for reviews, see DiCicco-Bloom et al., 2006; Polleux & Lauder, 2004), including
decreased number of cerebellar Purkinje cells, dysplasia of the brainstemvaagd oli
increased neuronal packing density and smaller neuronal area in limbic structures
hippocampal deformation, cerebral cortical dysgenesis, and neocorgcaltains such

as misorientation of pyramidal neurons.
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These microscopic abnormalities do not fully explain the gross cerebral
enlargement consistently observed in the brains of those affected by POUDsh€sne
& Pierce, 2005a). Macrocephaly might be better accounted for by an increase in the
density and number of cortical neurons, which are also abnormally small (Coerehtes
al., 2001). Macrocephaly might also be due to excessively numerous, tightly packed
minicolumns of reduced width in areas such as frontal and temporal associaimescort
which have been observed in those with PDDs (cf. Casanova et al., 2006).

Increases in projection neuron numbers presuppose a proportional increase in
axons, which could underlie the observation of increased white matter in brains of those
with PDDs. Such increases could also have adverse implications for the proper
organization of neural circuitry (Eigsti & Shapiro, 2003). Some have chawsttdhe
PDDs as disorders of cortical inhibitory control (cf. Kana, Keller, Minshews&, J
2006), which would likely be negatively affected by the imbalance ofagcit and
inhibitory inputs engendered by an abnormal increase in cortical neurons. In addition,
smaller neuronal area, as has been frequently observed in brains of those with PDDs
implies that assemblages of such cells would experience a greatenghaiti relaying
signals across relatively expansive neural distances (Kana, Keltesh&iv & Just, 2006;
Laughlin & Sejnowski, 2003).

A likely consequence of disordered long distance signal transmission isdeduce
synchronic activation among structures comprising cortical networkshwalais indeed
been observed in PDD-affected brains and linked via functional imaging to cognitive
functions known to be impaired in these disorders. For example, affected individuals

demonstrate reduced activation of a cortical network comprised of the methahtaie
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cortex, adjacent rostral anterior cingulate cortex, posterior cingugtxcand
precuneus (Kennedy, Redcay & Courchesne, 2006), which is thought to underlie a
variety of higher order socio-emotional processes, such as self and other person
judgments and perspective-taking (Cavanna & Trimble, 2006; Kennedy et al., 2006).
Similarly, PDD-affected individuals fail to exhibit normal synchronitveation in
inferior frontal and superior temporal language areas during sentence comiprehens
(Just, Cherkassky, Keller & Minshew, 2004), in the putamen and thalamus during
semantic categorization (Haznedar et al., 2006), and in frontal and pars¢ahsy
during performance of executive function tasks (Just et al., 2007; Koshino et al. 2005).
Interestingly, it has been hypothesized (cf. Baron-Cohen, 2004) that reduced
functional connectivity among brain regions comprising neural networks might ienderl
some affected individuals’ fixation with and heightened ability to process tdiscre
components of stimuli at the expense of the ability to integrate and wholly proosss t
stimuli (Frith, 1989). Integrated neural processing is almost indisputalagtreh the
concerted activity of interconnected brain regions, and therefore, reduced functional
connectivity could form the basis of integrated processing impairments in e PD
Reduced activity in discrete neural regions is also repeatedly observed in those
with PDDs (cf. Baron-Cohen, 2004). Such reductions have been associated with
disordered structural and functional neural connectivity in associated sgstehs. For
example, disruption in frontal-parietal connectivity has been linked to hypaoiasi
associated regions of the corpus callosum (Just et al., 2007). A variety of othetediscr
structural activity reductions have been noted in PDD-affected brains anldtealreith

disruptions in associated cognitive functions. For example, activity of thelmedia
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prefrontal cortex has been negatively correlated with scores on clinicalirasaf social
impairment (Kennedy et al., 2006). Similarly, reduced activity of the postrpm&rior
temporal sulcus, which is involved in perception and attribution of others’ gaze, is
correlated with deficits in joint attention (Pelphrey, Morris & McCartlg03). These
findings have not yet been explicitly linked to abnormalities in neural network
connectivity. However, it remains possible that such under-connectivity coultlay t
foundation for hypoplasia and hypoactivity of specific neural regions (cf. BaromCohe
2004).

Functional imaging further indicates that individuals with PDDs demonstrate
unusual patterns of neural activation when performing tasks associated withveogniti
processes that are impaired in these disorders. Such data suggestdteat mffieviduals
recruit different neural regions than do normal controls when performirgjrceasks,
which might represent an additional, adaptive consequence of disordered neural
connectivity (Courchesne & Pierce, 2005b). For example, autistic individualsrjiaw
but not left auditory cortex activation during presentation of both verbal and non-verbal
sounds (Muller et g11999), as well as abnormal activation of the left auditory cortex
during performance of language-related tasks. These irregularitiesunigrie the
language impairments and unusual responses to auditory stimulation observed in those
with PDDs (Boddaert & Zilbovicius, 2002). In addition, those with PDDs tend to recruit
regions immediately adjacent to the left medial prefrontal cortex RERer than the
left medial PFC itself when performing tasks requiring higher-ordgmitiee functions,
such as the attribution of mental states to others (cf. Happe et al., 1996), andfmany (c

Baron-Cohen et al., 1999) have reported that those with PDDs recruit frontal regsons le
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extensively and fail to show normal activation of the amygdala when performingrsim
“theory of mind” tasks, such as identifying others’ emotional expressions.

Indeed, emotional and cognitive processing of others’ facial expressions is
commonly impaired in those with PDDs and has therefore been the subject of many
studies in affected persons. These studies reveal activation of temporaimiesahd
cerebellar regions, but not activation of the fusiform face area (FFA) gdiacral
processing (Critchley et.aR000). Some have hypothesized that disruption of amygdala
development might lead to similar development disruptions in other temporahtorti
structures that mediate components of social perception, such as the FFA, and others
have suggested these ventral temporal structures also subserve elenwids of s
knowledge such as facts about others (Schultz, 2005). Interestingly, hypoactitagy of
temporal lobe (cf. Zilbovicius et.a@000) and reduced or absent activity in the FFA (cf.
Baron-Cohen et al., 1999) have been demonstrated repeatedly in those with PDDs.

Further, data from recent studies attempting to link functional anatomical and
cognitive behavioral abnormalities in the PDDs have suggested that iainsrnat
“mirror neurons,” frontal, posterior temporal and parietal neurons that file whi
participants view others’ behavior or infer affective states, might undegliddficits in
empathic understanding demonstrated by those with PDDs (lacobani, & Dapretto, 2006).
Some have proposed that the neural activation shared by actor and observer, which is
putatively made possible by these mirror neurons, might form the biologicaidbas
awareness of others’ phenomenological experience of self as well as thieydapac
empathic experience (Gallese, Eagle & Migone, 2007), both of which are frequently

affected in the PDDs.
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Cortical minicolumn abnormalities associated with the PDDs might also
adversely affect neural microcircuitry, leading to excessive local ctwitg and
resultant underdevelopment of long distance cerebral connections (Courchesnee& Pie
2005a). Indeed, a leading theory of the neurobiological basis of the higher-order
cognitive aberrations inherent to the PDDs is that frontal lobe function is hahipere
excessive and disorganized local circuit connectivity accompanied by weak alyd poor
synchronized connectivity with other cortical and subcortical regions,ttbe dasulting
in scant integration of information from other neural systems as well as amtynabil
adequately process and respond to such information (Courchesne & Pierce, 2005b).
Normal minicolumn morphology has been demonstrated in the primary sensory
cortices of PDD-affected brains (Casanova et al. 2006), a finding thatexoes the
clinical observation of intact sensory processing in those with PDDs (de &ioalge
2007) relative to gross impairments in the complex integration of sensoryishiought
to be subserved by those neural regions in which minicolumn pathology is consistently
observed (Casanova et al. 2006). Such a correlation between neural structural and
functional aberrations associated with the PDDs might begin to explain th#yinit
baffling clinical presentation of those with PDDs as individuals who experexisame
difficulty in vital but ultimately well-constrained functional domains (Baf@ohen,
2004). In addition, the presence of excessively restricted interests and,iveletare
cases, specialized savant-like abilities in PDD-affected individualstmefect the
increased information processing power that abnormally numerous, heavilyppusagla
or highly intra-connected minicolumns would likely provide (Courchesne, Redcay,

Morgan & Kennedy, 2005; Casanova et 2006). Ultimately, heterogeneity of
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minicolumn pathology as a function of brain region (e.g. frontal association versus
primary visual cortex) is the result of inconsistent disruptions of neural deveitgdme
processes and might account for the tapestry of intact and impaired functions tha
characterizes the behavioral phenotype of the PDDs.

Developmental Neurobiology of the PDO$e appearance of most features of
the PDDs early in development, and the characteristic developmental alelays
regressions observed in some PDDs, strongly suggests that these dissulicirone
abnormal prenatal and postnatal neural development (DiCicco-Bloom et al., 2006).
Neural circuitry underlying those functions impaired in the PDDs requires ansext
period of development, which likely explains the fact that PDD-associated mepes
do not manifest until such time as this development would approach completion and the
related functions emerge, that is, during the second and third years of lifel{€me et
al., 2005).

In addition, given that indications of neural enlargement do not appear in those
with PDDs until well after birth, it is plausible that cellular developmenaiations
occur disproportionately or exclusively in those regions and systems that develop
relatively late in postnatal life, such as prefrontal and sensory associaticeso
(Courchesne et al., 2005). Further, brain structures subserving functions that gre highl
related or interdependent and develop at roughly similar periods do not seem to develop
around the same time in those with PDDs. This abnormal developmental dissociation
might contribute to findings such as the abnormal correlation between frodtal a
temporal-parietal gray matter in affected individuals (McAlonan.ef805). Such

developmental temporal and volumetric correlations are putative indicators of
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connectivity among involved structures. Therefore, a lack of these normealhtions
could reflect a fundamental disruption of synchronic brain development that might
precede the aberrant structural connectivity believed to exist in the BiDkart,
2006).

The precise nature of the neural maldevelopment that forms the basis of PDDs has
yet to be completely characterized. However, several likely developrnseatarios have
been posited to explain those neurobiological features most consistently obselmeed in t
brains of individuals affected by PDDs.

Increased cortical neuronal density, which is thought to contribute to observed
volume increases in affected individuals, has been attributed to a variety ofothesviat
from normal neural development, including enhanced neuron growth due to elevations in
prenatal and early postnatal serotonin (Casanova, Buxhoeveden, Switala & Roy, 2002;
Scott & Deneris, 2005), compensatory neurogenesis in response to an as yet unknown
early developmental challenge, and a deficit or delay in apoptosis (Polleaxder,

2004). The possibility of disordered apoptosis is further supported by reports ofédcreas
levels of molecular promoters of apoptosis in the frontal cortex and cerebellum, two
regions that demonstrate neuronal density abnormalities in postmortem ausistsc
(Argahi-Niknam & Fatemi, 2003). Further, because apoptosis occurs later intpbstna
neural development in an attempt to refine synaptic connections, a failure of normal
apoptosis might explain reports of decelerated head growth following eariagpef
normal or accelerated growth in some of the PDDs, such as Rett syndrome (Johnston,

Mullaney & Blue, 2003).
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In addition, vasculogenesis is developmentally coordinated with neurogenesis,
such that developmental vascularization is thought to be regulated by the metabolic
requirements of emerging neuronal populations (Louissaint, Rao, Leventhal & &woldm
2002; Palmer, Willhoite & Gage, 2000). Therefore, neural cellular abnormatitibs i
PDDs might be associated with or preceded by disordered vascular development. This
concept is supported by studies indicating brain hypoperfusion in affected individuals
(e.g. Boddaert & Zilbovicius, 2002; Wilcox et al., 2002), an association betweengbrenat
thalidomide exposure (a proposed pathogenic factor in the PDDs) to inhibition of
developmental angiogenesis (Hallene et al., 2006), and a link between vascular
malformations and mutations of thkEOXAlgene, which are known to be associated with
PDD development (Tischfield et al., 2005). Similarly, intracranial develo@hestous
anomalies have been identified in those with conditional phosphatase and tensin
homologue on chromosome td?t€n gene mutations, many of whom also possess a
PDD behavioral phenotype (Tan et al., 2007). In addition, the PDDs have been associated
with enhanced oxidative stress, abnormal platelet activation, and vasocamstvittich
would result in blood flow abnormalities (Yao, Walsh, McGinnis & Pratico, 2006).
Despite suggestive evidence that vascular developmental anomalies aressath
the PDDs, a complete understanding of the vascular phenotype of the PDDs hagyetto b
reached. Of note, however, is that HB-GAM is a mediator of developmental amggog)e
(Christman et al., 2005; Yeh et al., 1998).

Regardless of the etiological mechanism, early vascular deficits would like
result in, among other consequences, disrupted neural cell migration. Such disruptions

might also explain the presence of unusually narrow and overly numerous minicolumns



21

in the brains of those with PDDs. Indeed, postmortem examination of autistic bsins ha
indicated the presence of neuronal migration deficits (Bailey et al., 1998); éwe
also been observed in mice null for N-syndecan, the receptor for HB-GAM. These
animals have a disordered laminar structure of the cerebral cortex sgdondapaired
radial migration as well as an impairment of the rostral migratorgrat(élienola,
Tumova, Kulesskiy & Rauvala, 2006). In humans with PDDs, neural migration deficits
could conceivably alter the vertical integrative features that defitieadaninicolumns,
resulting in disproportionate neuron number and density as well as a disordered rati
excitatory pyramidal neurons to inhibitory glia among minicolumns (Courcletsale
2005).

Immunocytochemistry performed on PDD-affected brains has revealéeanar
microglial and astroglial activation with expected increases in nkairdgrived
cytokines. These observations were made in frontal cortex and subcorticainatige
but were most striking in the cerebellum, where pronounced glial activation was
associated with both neuronal and axonal degeneration (Vargas, Nascimbeme, Krishnan,
Zimmerman & Pardo, 2005). Complementary studies have also revealed a pro-
inflammatory profile of cytokines in cerebrospinal fluid obtained from PCiBetdd
individuals without the presence of reactive immunological factors, suggesting tha
neuroinflammation might be a primary, etiological process in the PDDs (Paadgas/&
Zimmerman, 2005).

The role of neuroinflammatory processes such as enhanced glial activatien in t
development of PDD-associated developmental abnormalities has not yet been ful

elucidated. Abnormally increased glial activation could contribute to the whifem
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volume increases observed in the brains of those affected by PDDs (Pard20Gi5|
Further, the pinnacle of glial activation in later postnatal development could ertmeot
period of decelerated or arrested brain growth seen following early postvatgiowth
in those with PDDs (Courchesne et al., 2005).

The relation between heightened neuroinflammation and increases in cortical
neuron number is even less clear. Compensatory processes associated with
neuroinflammation might interrupt normal apoptosis of cortical neurons later in
development and thus lead to abnormal neuronal increases or, alternatively,
neuroinflammation itself might drive increases in both cortical neurons an(Mgligas
et al., 2005).

Primary abnormalities in glia might also precipitate the developmentadtaes
and resultant neurobiological abnormalities observed in the PDDs. Disruptions in glia
processes would likely result in abnormalities in apoptosis, synaptogenesis, and
modulation of synaptic connectivity (Ullian, Christopherson & Barres, 2004). Further,
irregularities in radial glia would adversely affect neural migrationclis vital to the
structural and functional development of cortical minicolumns (Colombo &rReisi
2004). Though the pathological developmental processes that lead to PDD development
are as yet unknown, there exist several plausible candidates that await furthe
examination.

Neurochemistry of the PDDBata regarding the neurochemical aspects of PDDs
are scant and often inconsistent. Consonant with the established link between
abnormalities in the serotonin transporter gene and development of PDDs, daderal s

have indicated serotonergic abnormalities in those with PDDs, including eleuations
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whole blood serotonin (WBS) that decline with increasing age (McDougle, &nicks
Stigler & Posey, 2005) and increased 5-HT production and asymmetrical SAHESig
in affected children (Chugani et,al999). Interestingly, autistic children exhibiting
decreased 5-HT synthesis in the left hemisphere reportedly have greategéangua
impairments than do those exhibiting either symmetrical or right-biasedeyical 5-
HT synthesis (Chandana et al., 2005).

No significant evidence exists for monoaminergic dysfunction in those with
PDDs, though some have reported increased metabolites of dopamine in the
cerebrospinal fluid, and increased dopamine accumulation in the PFC, of affected
individuals. Similarly, most studies have failed to uncover significant naracdye
abnormalities associated with these disorders (for review, see McDawdal2005).

Elevated peripheral levels of glutamate in those with PDDs have been frequently
but not consistently reported (e.g. Aldred, Moore, Fitzgerald & Waring, 2003)hand t
glutamate receptor 6 (GIuR6) gene has been identified as a candidate Bilisggptne
for these disorders (Jamain et aD02). GABA\ receptor subunit genes (Cook et al.,
1998) have been similarly cast, yet there remain no consistent data on leveBAIIGA
affected persons (Lam, Aman & Arnold, 2006; McDougal et al., 2005).

The neuropeptides oxytocin and vasopressin play major roles in the affiliative and
social behavior commonly affected in the PDDs (Domes, Heinrichs, MichejeB&r
Herpertz, 2007; Insel, 1997; Insel, O'Brien & Leckman, 1999; Young, Lim, Gingrich &
Insel, 2001and have therefore garnered attention as candidate transmitters involved in
these disorders. Indeed, autism has been associated with oxytocin receptor gen

polymorphisms (Jacob, Brune, Carter, Leventhal, Lord & Cook, 2007), and several
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studies have revealed abnormally low plasma levels of oxytocin in thoseDiith (.g.
Green et al., 2001; Modahl et al., 1998). Further, oxytocin activity in rodents is inhibited
by the opioid beta-endorphin (Ortiz-Miranda, Dayanithi, Custer, Treistman & LLemos
2005), which is reportedly elevated in those with PDDs (for review, see Tordjrabn et
1997). No evidence of abnormalities in vasopressin has been identified in affected
individuals (McDougal, Erickson & Posey, 2005).

Among neurotrophic factors, brain-derived neurotrophic factor (BDNF) has been
a focus of study in the PDDs because of its importance for normal neuronal developme
(Polleux & Lauder, 2004). Elevations of BDNF have been found in both serum and brain
tissue of PDD-affected individuals (Tsai, 2005). Such elevation might resultyn ear
acceleration of brain development, cortical neuronal hyperplasia andesdizorder, all
of which have been observed in those with PDDs. In addition, BDNF is a potent up-
regulator of serotonin, elevated levels of which have been shown in PDD affected
individuals (Sodhi & Sanders-Bush, 2004).

Treatment of PDDsGiven the as yet incomplete understanding of the
pathogenesis of PDDs, interventions for these disorders have been targeted not at
addressing underlying causative factors but at reducing symptoms and rganagin
behavioral abnormalities.

A wide variety of pharmacological interventions have been tried in individuals
with PDDs, only a few of which have proven beneficial in reducing a subset of &sdocia
behavioral disturbances. Psycho-stimulants and opioid antagonists have yitéded |
benefit in the treatment of the PDDs (Findling, 2005). Adrenergic agonists prowde s

improvement in hyperactivity, inattention and agitation in affected persons ent oft
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produce marked sedative effects (Fankhauser, Karumanchi, German, Yates &
Karumanchi, 1992). Tricyclic anti-depressants are efficacious in tgeadimpulsive and
ritualistic behavior but have had mixed results in treating individuals’ aggeesmsd
hyperactive symptoms (Findling, 2005). Selective serotonin reuptake inhibitorss]SSR
yield some reduction in individuals’ compulsive, repetitive, and ritualistic behavior but
have less reliable effects on aggression and hyperactivity in those with(RbliBgzon,
Mathewson & Hollander, 2006). Mood stabilizers and typical anti-psychotics have been
used to address symptoms of emotional instability, aggression, impulsivity and
hyperactivity in the PDDs (Findling, 2005), but these often produce undesirable side
effects (Gillberg, 2000). Atypical anti-psychotics, the most efficaciowghath is
risperidone, a dopamine,Peceptor antagonist, has proven particularly useful as a
pharmacological treatment for the PDDs given its effectiveness tmgemgression,
self-injury, repetitive motor behavior, and hyperactivity as well as demeand anxious
symptoms (West & Waldrop, 2006).

Many have proposed alternative treatments for PDDs, such as vitamin
supplements and special diets. For example, some have claimed improvement in
behavioral symptoms of PDD-affected children treated with vitargin Bombination
with magnesium (Aman, 2005) and similar improvement in those treated with glaten- a
casein-free diets (for review, see Garvey, 2002; White, 2003). However,&hpiri
research into these approaches presents methodological issues and comffiatingirat
cast doubt on their efficacy in managing PDD symptoms (Aman, 2005).

Non-pharmacological approaches to managing PDD-associated behavioral

abnormalities have also been employed, such as applied behavior analysis\WARA)
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seeks to manipulate environmental contingencies to affect the occurrence fic¢ speci
behaviors (Ogletree & Oren, 2001) and generalize desirable behavior to a efariety
settings (Hillman, 2006). ABA has been shown to yield significant, objectivehguned
gains in intellectual and adaptive functioning, expressive language alpitltgocial
skills (e.g. Lovaas, 1987; Sallows & Graupner, 2005). However, many studies (e.g.
Sherer & Schreibman, 2005) indicate that affected individuals with low levels of
intellectual and language functioning do not respond as well to ABA interventions.
Current treatments for PDDs aim to reduce associated symptoms but cannot
address underlying causal factors. These factors appear to be largdiy, geiggesting
that treatments aimed at allaying causative factors and not meselging symptoms
should be targeted at addressing genetic abnormalities. However, the niemmila
suspected susceptibility genes and experimentation with potential ges&tinodnts for
these disorders in human participants using true experimental methodology would be
practically and ethically prohibitive. Therefore, experimental reseasing animal
models of PDDs provides a feasible means by which to investigate preogpftatiors
in the development of these disorders as well as to formulate more effezditrednts.
Animal Models of the PDD#\nimals with experimentally induced lesions of
neural areas known to be abnormal in the PDDs constituted the earliest potentihl anima
models of these disorders (Andres, 2002). Not surprisingly, these animals often
manifested some of the aberrant behaviors observed in affected individuals.fplegxa
bilateral temporal lobe ablation in newborn rhesus monkeys resulted in abnorrakl soci
interaction, changes in facial and body expression, and the emergence of repetitive

behavior (Bachevalier, 1996), effects that have also been induced by lesioningrtie la
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and central amygdala in early postnatal rats (Wolterink €2@01). Although lesion
studies can reproduce some behavioral abnormalities associated with thehl&3Bs
investigations cannot experimentally induce the microscopic neuroanatomical
abnormalities observed in affected individuals, nor can they address the role ofpossibl
causal factors in the development of PDDs.

Therefore, other attempts to model these disorders in animals have involved
exposing prenatal subjects to the same immunological or teratological chaksrthese
hypothesized to be pathogenic in affected individuals (Murcia, Gulden & Herrup, 2005).
For example, infection of neonatal rats with the Borna disease virus (BDV), a
neurotrophic virus thought to play a role in some cases of autism (Libbey, Sweeten,
McMahon & Fujinami, 2005), results in cerebellar hypoplasia as well as reduded a
abnormal social interaction in a number of independent studies (for review, see
Lancaster, Dietz, Moran & Pletnikov, 2007). Similarly, pre- or post-natal exptsur
thalidomide and valproic acid (VPA) in rodents has been used in attempts to replicate
phenotypic features of PDDs, as exposure to these teratogeeso at the time of
neural tube closure has been linked to development of these disorders (Ardnt, Stodgell, &
Rodier, 2004). Prenatal rodents treated with thalidomide have demonstrated
hyperserotonemia (Narita et,&2002) and altered distribution of serotonergic neurons,
suggesting an abnormality in early serotonergic neuron differentiation gnation that
some have proposed to be pathogenic in the PDDs (Miyazaki, Narita & Narita, 2005).
Prenatal exposure to VPA in rodents has also been associated with disrupted serotonin
synthesis (Ardnt et al., 2004) and elevated levels of serotonin in frontal esreall as

with cerebellar hypoplasia, developmental delays, disturbances aiaimagthym,
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aberrant sensitivity to sensory stimuli, ritualistic behavior and hypetgch novel
environments, all of which resemble symptoms of the PDDs (e.g. Tsujino et al., 2007,
Wagner, Reuhl, Cheh, McRae & Halladay, 2006).

Many others have reported PDD-like features in animals following expetah
perturbations of a variety of endogenous biochemicals. Induced neonatal hypothyroidis
in rats has been associated with motor hyperactivity, attenuated habatiovet
environments, and an inability to adapt to environmental changes as evidenced by
inferior performance in a maze task following modification of the maze’sgumafion
(Sadamatsu, Kanai, Xu, Liu & Kato, 2006). Neonatal blockade of gastrirsirgjea
peptide, which has been implicated in the formation and extinction of emotional memory
as well as in the pathogenesis of neurodevelopmental disorders, reportedly induces
reduced social interaction and impaired inhibitory avoidance and novel object recognit
in rats (Presti-Torres et al., 2007). Further, newborn rats treated withaterbua beta2-
adrenoreceptor agonist associated with increased concordance for autismatiaizyg
twins, demonstrate marked microglial activation and hyper-reactivity td nove
environments and aversive stimuli (Zerrate et al., 2007). Similarly, veagltosis was
observed in rodents treated with intracerebroventricular infusions of propioth@aci
short chain fatty acid known to regulate cellular metabolism, along with hypésact
and repetitive, abnormal motor movements (MacFabe,&0f)7). Despite achieving the
development of PDD-like features in rodents, studies of this nature utiliotioofe and
chemical agents that typically affect the entire central nervouswsystaking the role of

such agents in the development of aberrant behavior difficult to ascertain.
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Other studies using chemical perturbations to induce PDD-like characseinst
animals have done so in specific brain regions and, therefore, better elucidate the
anatomical and chemical interactions that might lay the foundation fofismstnptoms
of the PDDs. For example, experimental depletion of forebrain serotoninrsionikeat
observed in autistic individuals has been linked to impulsive, aggressive, repetitive, and
socially inappropriate behavior, thus yielding another possible mouse modekai auti
(Boylan, Blue & Hohmann, 2007). In addition, application of a GABA agonist to the
substantia nigra pars reticulata in rats has been shown to induce markedecsinga
circling, a putative correlate of the repetitive and stereotyped behaviovetser
humans with PDDs, via disinhibition of midbrain afferents to the striatum @kelis
Veliskova, Ravizza, Giogi & Moshe, 2005).

Yet, perhaps the most compelling possible animal models of the PDDs arie genet
knockouts, which allow the association of genotype and phenotype and, therefore,
provide a viable means of modeling these largely genetically determimedets Such
models have arisen both from studies that delete candidate genes for PDOlslitscept
in order to examine associated PDD-like features and those that have inalyvertent
discovered PDD-like phenotypes in genetically altered animals.

Some such animals display neurobiological abnormalities similar to those
observed in humans with PDD¥oxalknockout mice have significant hypoplasia or
complete absence of brainstem structures such as the superior olive, and similar
aberrations have been identified in those with PDDs (Rodier, Bryson & Welch, 1997).
Hoxalhas been implicated as a regulator of early human head growth (Mwseail|

2007) and is up regulated by the action of valproic acid (Stodgell et al., 2006), but genetic
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linkage studies have yielded conflicting results regarding the aseadm&tweerHoxal
and development of PDDs.

Conversely, Engrailed-Z(2), a gene responsible for pattern formation in the
midbrain and hindbrain, has been consistently linked with PDD development (Murcia et
al., 2005) En2knockout mice exhibit a hypoplasia of the cerebellar vermis similar to
those with PDDs that might be attributable to a failure of normal strucnadal a
organizational patterning (for review, see Kuemerle, Gulden, Cherosky, Williams &
Herrup, 2007). Further, reduction in specific populations of cerebellar Purkilgjéce
these animals might result in reduced inhibition of deep cerebellar nuclezsathnt
over-excitation of cerebellar efferents, including the thalamus and neqcortex
abnormalities of which have been frequently implicated in the PDDs. Ultimé#telse
animals possess neurobiological abnormalities similar to those observedPDDisebut
have either failed to demonstrate similarly abnormal behavior or aravesiting
detailed behavioral assessment. Therefore, though such animals might prgivie einig
regarding the etiology and treatment of PDD-associated neuroladpeaitions, they
cannot be considered complete models of these disorders.

A preponderance of proposed animal models of the PDDs demonstrate behavioral
peculiarities reminiscent of PDD symptoms. However, many are linotechtilating
social impairments with conceptual analogy to those observed in these disavders. F
example, mice deficient f@vll, one of three mouse homologues of the Drosophila
segment polarity gergishevelleddemonstrate deficits in nest building, reduced
cuddling with cage mates, and subordinate responses upon social dominance testing.

Deficits in prepulse inhibition of acoustic and tactile startle were alsizeeed in these
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animals (Lijam et al., 1997). Abnormal social interaction was also reportacte null
for the vasopressin V1a receptor gene, which has been associated with development of
autism in humans (Egashira et al., 2007). Similarly, Brattleboro ratsh\wbgsess
vasopressin deficiencies secondary to mutations in other vasopressin-nggyeaies,
demonstrate reduced social memory (Engelmann & Landgraf, 1994). Oxytockokhoc
mice also demonstrate social memory impairments independent of geggiéive or
olfactory compromise (Ferguson et al., 2000) in addition to reduced vocalization during
periods of separation from their mothers and peers (Winslow €080). FinallyPten
knockouts demonstrate reductions in social interaction, social preference,eatigig,
sexual behavior and maternal care (Greer & Wynshaw-Boris, 2006). However, data
obtained fronPtenknockouts should be interpreted cautiously given that conditional
knockouts involve deactivation of target genes postnatally to avoid lethalitydliéd
result from gene deactivation earlier in development. Furftendeletion in these
animals was restricted to post-mitotic neurons, likely yielding a conditae m
analogous to a neurodegenerative rather than a neurodevelopmental disorder.
Interestingly, though, thBtenknockout studies are distinct from their
aforementioned counterparts in that the proposed animal model of the PDDs
demonstrates multiple behavioral and neurobiological characteristics dédffec
individuals. IndeedPtenmutant mice also show exaggerated reactions to sensory stimuli,
heightened anxiety in most relevant paradigms, decreased learning, seizdrizental
macrocephaly (Kwon et al., 2006). Interestingly, macrocephaly is a keydeaxdtthe
PDDs that has been linkedReenmutations in a subset of autistic individuals (Herman

et al., 2007).
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A similarly broad, abnormal phenotype has been ascribed to mice null for other
genes and their products. Though the behavioral phenotyparatknockout mice is
somewhat inconsistent across studies, the majority of data indicate thairimeaks
show decreased preference for social novelty, inappropriate social iterdeficits in
reversal learning perhaps secondary to cognitive rigidity, deficitsaindonditioning
possibly due to amgydala abnormalities, and seizures (for review, seed@éa
Crusio, 2006). Mutation of themrl gene in humans underlies the development of
Fragile X syndrome, which is the most common cause of inherited cognitive nnepair
and frequently associated with mental retardation and PDD-like feglimgserman, Ono
& Hagerman, 2005).

Animals deficient in calcium-dependent activator protein for secretin 2
(CADPS2), a protein that regulates exocytosis of dense-core vesiclefdirthe
dependent binding step, also demonstrate multiple PDD-like behaviors, including
abnormal sleep-wake cycles indicative of circadian rhythm disruption, redocedl s
interaction, and poor maternal care of offspring. These animals also display dgene c
hyperactivity but decreased locomotor activity in paradigms such as the ddeantie
radial arm maze, which suggests increased anxiety secondary to the nowebhttase
behavioral paradigms. Indeed, CADP&ckouts also demonstrate reduced exploration
of a novel object in the open field and possess a decreased number of cerebellar Purkinje
cells, which might be due to reduced BDNF release secondary to impaireddasiosl
of CADPS2to the axon terminal. InterestingigADPS2mRNA is abnormally spliced,

resulting in a loss of exon 3, in some autistic individuals (Sadakata et al., 2007).
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Mice with mutations in the methyl-CpG binding protein 2 (MECP2) gene,
abnormalities of which are responsible for the majority of cases of Rettsder, exhibit
repetitive forelimb movements reminiscent of the stereotyped hand movehwartislp
to characterize the disord@oretti, Bouwknecht, Teague, Paylor & Zoghbi, 2005).
These animals also show home cage hyperactivity, reduced socialtiateracd
impaired social memory. In addition, MECP2 knockouts also possess deficits & spati
learning and fear conditioning, suggesting disruption in the function of both the
hippocampus and amygdala perhaps secondary to abnormal long-term potentiation.
Interestingly, these learning deficits have been likened to the cognifpagrments
observed in Rett-affected individuals, who are frequently mentally retardeet(Matr
al., 2006).

Ultimately, the study of potential animal models of PDDs is directed toward a
understanding of the etiology of these disorders and, consequently, the development of
effective treatments. Interestingly, a few studies have demonsteahaction or
elimination of PDD-like abnormalities in proposed animal models. For example, induced
postnatal ectopic expression of BDNF in animals deficient in MECP2 has been shown to
delay onset and slow progression of phenotypic behavioral abnormalities as well as
improve motoric function and increase spontaneous firing of cortical layeravhal
neurons. These data suggest a value for manipulation of BDNF signaling in timetrtea
of Rett’s disorder (Chang, Khare, Dani, Nelson & Jaenisch, 2006). Further, gradual
activation of theVIECP2gene in knockout mice has been consistently associated with

increased lifespan and negation of their phenotypic abnormalities, such as gait
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disturbance, stereotyped limb clasping, and reduced LTP, suggesting that not-all PDD
like symptoms are irreversible (cf. Guy, Gan, Selfridge, Cobb & Bird, 2007).

Non-pharmacological interventions have also demonstrated efficacy innmgduci
phenotypic abnormalities in knockout animals. For example, exposure to enriched
environments has been associated with reversal of the abnormal social orieaadti
heightened anxiety observed in rats treated prenatally with valproicSahdéider,

Turczak & Przewlocki, 2006). The proposed mechanism for this reversal is thevagniti
engagement provided by enriched environments. Such environments promote enhanced
neuro- and synapto-genesis and provide increased opportunities for animals to lear
associations between responses and environmental consequences. Indeed, exposure to
cognitive enrichment and secondary learning of response-consequence corggsgen
cardinal features of behavioral therapeutic approaches designed to adidess P
symptoms (Lovaas, 1987).

Studies demonstrating amelioration of neurobiological and behavioral
abnormalities in proposed animal models of the PDDs suggest a potentially laénefici
effect of similar treatments in PDD-affected individuals. Perhaps pariemtly, such
findings bolster the predictive validity of these animal models by mirroxadgnly PDD
symptom presentation but also treatment response.

Despite theprima facieevidence that animal models can provide insight into the
etiology and treatment of PDDs, the validity of these models has been a matter of
protracted debate for a number of reasons. These include the difficulty irfiyidenti
direct relationships between genotype and phenotype (cf. Routtenberg, 1995),sskeptici

about non-human species’ ability to model complex cognitive and behavioral processes
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or disruptions of these (cf. Hau & Van Hoosier, 2004), the challenges inherent to
identifying animal cognitive processes and behavior with conceptual artalbgynans’,
and the questionable efficacy of some existing paradigms designed to asaésg&cog
and behavioral abnormalities in rodents (cf. Crawley, 2000, 2004). Still others laatert t
the PDDs’ apparently polygenetic and multi-factorial etiology will continuglude
characterization because of its complexity, which cannot be reliablgatgdior
manipulated in animals (cf. Watase & Zoghbi, 2003).

Indeed, the genetic complexity thought to underlie the PDDs likely precludes the
prospect of complete phenotypic recapitulation in any single geneticallgaknimal
(Moy et al, 2007). Therefore, many (e.g. Moy et al., 2007; Tordjman et al., 2007) have
suggested that existing potential animal models of PDDs be re-conceptuslimedels
of endophenotypes of these disorders just as those attempting to model other
neurobehavioral disorders, such as schizophrenia, have acknowledged that no single
mutant animal can be expected to fully model a complex human neurobehavioral disorder
(Boksa, 2006). That is, there is no such thing as an “autistic mouse,” but merelisanima
with similar albeit incomplete PDD-like biological and behavioral profiesmals that
can, however, prove invaluable to the study of the etiology, nature and treatment of
specific features of these disorders.

Ultimately, a review of the literature reveals a plethora of potentiaianmmodels
of the PDDs. Some of these models demonstrate a limited number of PDD-like
behavioral features and fewer possess multiple neurobiological and behavitsral trai
similar to those exhibited by affected individuals, but an animal has yet to bratgener

discovered that manifests the full range of abnormalities that define the. Plol@ever,
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perhaps examination of each proposed animal model of PDDs followed by
comprehensive synthesis of findings across studies would allow reseaocpets

together the proverbial puzzle of PDDs, as Arguello and Gogos (2006) have written, “one
piece at a time.”

The Current StudieiB-GAM knockouts have previously demonstrated
cognitive rigidity, increased anxiety, and motor impairment (Croll, unpublished data;
Pavlov et al., 2002), all of which are included in the constellation of PDD symptoms.
Further, these animals exhibit cortical neuronal hyperplasia (Hiendla 20@2, 2004),
which is a commonly observed neurobiological feature of these disorders. Thdi&ere
GAM knockouts might manifest a PDD-like phenotype and could, therefore, represent
such a piece of the puzzle.

The current studies sought to further delineate the phenotypic characteristics of
HB-GAM knockout mice. This was achieved via comprehensive behavioral assessment
with an emphasis on those features known to be abnormal in the PDDs but capable of
guantification in mice, specifically, capacity for perseveration, anxiedybghavioral
reticence, and social behavior. Most of the behavioral paradigms used have been
established as valid for the assessment of PDD-like behavior in animaksview, see
Crawley, 2000, 2004, 2008). Further, because the PDD phenotype appears
neurobiological as well as behavioral, examination of these animals’ deretiizal
microstructure was also conducted. Finally, assessment of HB-GAM knockoetsiater
cortical vasculature was performed to determine whether vascular alitiesnexist in

these animals given that vasculogenesis is developmentally coordinated with
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neurogenesis (cf. Louissaint et al., 2002; Palmer et al., 2000), a process shown to be

abnormal in the PDDs.



38

CHAPTER 2. GENERAL METHODS

Animals Mice (a 50/50 mix of the 129 and C57B1/6 inbred strains) null for HB-
GAM were used from a line created as previously described (Amet et al., 2001al&\nim
were housed either singly or in small groups, never exceeding five apenalage, and
provided food and watexd libitum The colony room was maintained at 23 degrees
Celsius on a 12 hour light-dark cycle (lights off at 19:00). All procedures were cedduct
with approval from and in strict compliance with the animal welfare policies of the
Institutional Animal Care and Use Committee of Queens College of the Cirgndity
of New York.

The current studies used a total of 24 HB-GAM knockouts and 21 wild type mice
balanced for gender and tested in three cohorts. Animals were approxifoatety five
months of age during behavioral testing and approximately six to seven months of age at
the time of sacrifice for neuroanatomical analyses. On occasion, individoedla were
excluded from study in the event of either apparent illness or injury due to recent
skirmishes with cage mates. Animals were allowed 60 minutes to acclorthtetesting
room in their home cage prior to all behavioral testing. All behavior was observed and
recorded live by at least two experimenters. Behavioral testing and natmoécal
analyses were conducted by at least one experimenter blind to animal gefbigyp
behavioral testing paradigms used have been validated as measures of Rixbdiker
in rodents (for review, see Crawley, 2000, 2004, 2008 unless otherwise referenced).

Data Analysis Statistical analyses were conducted using the Statistical Package
for the Social Sciences (SPSS) software version 11.5 (SPSS Inc., Chicagis)lIMost

behavioral tests were conducted in at least two cohorts; in these instandesathe



39

reported are for combined cohorts. Analyses involving two levels of a single fago
genotype) and one dependent measure were analyzed using t-tests. Analygg)invol
more than two levels of a factor were conducted using analysis of variaNCa/@),
one-way or factorial where appropriate, followedpmgt hocTukey tests to probe
significant effects. Multivariate analysis of variance (MANOWR3s conducted when
analyzing multiple dependent variables across paradigms that assesniang
conceptually related variable. In addition, because of the gender imbalance in PDD
prevalence, factorial ANOVAs assessing the effect of gender were ceddarbss
paradigms, however, when gender did not interact with genotype, results refhect dat
collapsed across the levels of gender. Chi square analysis was used to determine the
independence, or lack thereof, of categorical variables. Pearson’s camnretsfficients
were calculated to assess the association between variables, and magtgdsion was
used to determine variables’ strength as predictors of a criterion vandiges
appropriate. A < .05 was considered statistically significant for all analysessttati
outliers, defined as animals whose measures fell two or more standard deabtivas
or below the mean, were removed from all analyses.

Figures Data in figures are presented as means and standard error of the means.

Asterisks {) represent results that are statistically significapt<at05.
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CHAPTER 3. SPECIFIC AIM 1
Specific Aim 1 was to evaluate the presence of perseverative tendencies in HB-GAM
knockouts.

The chief criterion for a valid animal model of the PDDs is expression of a
behavioral and cognitive phenotype paralleling that observed in affected individluals
common component of the PDDs is repetitive behavior (Bolivar et al., 2007), which has
been conceptualized and statistically validated as sorting into two cltikiersr-order”
repetitive behavior, such as stereotyped movements, and “higher-order” vepetiti
behavior, such as rituals, circumscribed interests, and a strict adherencent® routi
(Cuccaro et al., 2003).

Studies attempting to characterize PDD-like behavioral phenotypes in knockout
mice have analyzed animal behavior that is arguably conceptually amratog@ypetitive
human behavior. For example, mice null for the GABAceptor gengabrb3undergo
protracted periods of intense circling, dtdxb8gene knockout mice demonstrate
excessive grooming to the point of self-injury (Lewis et al., 2007). Such rodent bshavior
indeed mirror some of the repetitive motor behaviors observed in those with PDDs.

The presence of PDD-like “higher-order” repetitive behavior, such as adkere
to strict routines resulting from an “anxiously obsessive desire for sagi€Kesner,

1943), has been investigated in potential animal models of the PDDs via assessment of
animals’ cognitive flexibility. For example, in addition to motor hypexatstin novel
behavioral paradigms, thyroid hormone-deficient mice demonstrate an inabdithapt

to environmental changes as evidenced by inferior performance in a mazeltagikdol

modification of the maze’s configuration (Sadamatsu et al., 2006). Simitaidg, null
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for Fmrl, a gene linked to the development of the PDD-like Fragile X syndrome in
humans (Hagerman et al., 2005), demonstrate deficits in water mazelri@azrsag
perhaps secondary to cognitive inflexibility (for review, see Bernardetu&i@, 2006).

Preliminary data (Croll, unpublished data) suggested that HB-GAM knockout
mice demonstrate a similar inability to adapt to changing contingentisswaés
evidenced by inferior performance relative to wild type mice in the second bbienot t
first version of the Morris water maze in which they were tested. Furtieeknbckouts’
inferior performance in the second version of the maze was independent of the type of
water maze, i.e. spatial or cued, in which they were tested first.

Given the precedents for assessing repetitive behavior, both motoric and
cognitive, in rodents, another cohort of HB-GAM knockouts was tested in two versions
of the Morris water maze (spatial and cued) in two separate sequentias tfspa cued
and cued then spatial) to further investigate the presence of cognitivehitifiein these
animals. In addition, HB-GAM knockouts’ capacity for flexible behavior wasssesl
via use of the Y-maze and hole board paradigms, both of which confer the potential for
flexibility and diversity (e.g. alternation of movement and exploration, réspgg in
animals’ behavior. In addition, to assess the presence of repetitive or hiyemamtor
behavior in HB-GAM knockouts, animals’ motor behavior, specifically, frequency of
grooming behavior and locomotor activity was examined in some behavioral paradigms.

Specific Methods

Morris Water Mazeln a room measuring 1.38 x 2.13 m with various spatial cues

kept constant throughout testirggpool of water measuring 105 cm in diameter and 35

cm in depth was made opaque with non-toxic paint and divided conceptually into four
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guadrants, one of which contained an escape platform hidden 2.5 cm beneath the water’s
surface. Animals were placed in a different, pseudo-randomly selected quadnant a
start of each trial. Animals’ latency to escape the maze via discovery bidithen
platform was measured in three trials of one minute per day (a “trial bloe&f)four,
five or eight days. Any animal not locating the platform within one minute wagnassi
a latency to escape of 60 seconds. Normal animals are expected to dematiseate
decrease in latency to escape across trials in the water maze, igdicapinsition of the
location of the platform over time.
Twenty-four hours after the final day of water maze acquisition testingaéi
were returned to the maze for 30 seconds with the platform removed for a test of their
retention of the platform’s location. In the spatial version of the maze,ioztevds
assessed via a measure of the amount of time animals spent in the quadrant tHgt forme
housed the platform, termed the “goal quadrant.” In the cued version of the maze,
retention was assessed via a measure of the amount of time animals speguadthet
that housed the platform on the last day of acquisition testing, again termeddhe “g
guadrant.” Normal animals are expected to spend more time in the “goal quadaant” t
in other quadrants, thus demonstrating retention of the location of the escape platform.
Animals’ median latency to escape the maze per trial was averaged to paoduce
mean latency to escape for each trial block. Animals’ swim speed wasatestiny
dividing latency to escape the maze by the number of maze quadrants crosseld per tria
Animals’ median swim speed per trial was averaged to produce a meanexssmsh

speed for each trial block.
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In thespatial versiorof the maze, the location of the hidden escape platform
remained constant across trials, forcing animals to rely on extrapeaiza sues to
locate the platform. In theued versionthe location of the hidden escape platform was
varied between days. However, a striped but otherwise clear acetateingea8u 10
cm was affixed to the inside rim of the maze parallel to the escape platfoenveaas a
distinctive visual cue, compelling animals to learn the location of the hidden platfar
association with this cue.

In the first sequence of water maze testing, animals were testdd the spatial
version of the maze and then in the cued version two weeks later. In the second sequence
of water maze testing, which occurred 8 weeks after the first sequencalsanene first
tested in the cued version of the maze and then in the spatial version two weeks later.
Variation in the number of trial blocks both within and between sequences is owed to the
fact that animals traditionally learn the cued version of the maze, aasaék first
version of the maze to which they are exposed, better than they do the spatial version or
the second version to which they are exposed.

Y-mazeThis apparatus was composgcan enclosed, black runway arm
measuring 30 x 9 x 10 cm, at the end of which were two identical arms, also painted
black and measuring 30 x 9 x 10 cm. Animals’ home cages were placed beyond the maze
to serve as a motivator for animals to traverse the maze. Animals weed piahe
runway and given the opportunity to navigate the maze until they traversedtdid#
the length of one of the maze’s other two arms. Once an animal reached such & point, i
was removed from the apparatus and then returned to the runway arm aftersatored

rest. The procedure was repeated over 11 trials for each animal. Fonadatfetr
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animal’s choice of arm (left or right, as defined by the animal traveasilegst half the
length of the arm) was recorded. Normal animals are expected to spontadteusate
their choice of arm in an attempt to fully explore the apparatus. Animalstdimake an
arm choice was also recorded. The proportion of identical, consecutive arm choices
(perseverative arm choices) relative to total number of arm choiceswaaddso
recorded. No time limit was imposed, but an animal’s testing was discontintied if
required more than five minutes to make a choice in two consecutive trials. Animals
yielding data for fewer than four consecutive trials were excluded fromadatgsis.

Hole Board Animals were placed in a white, box-like apparatus measuring 43.2
cm x 43.2 cm enclosed by walls 25.4 cm higach quadrant of the floor of this
apparatus contained a circular hole 2.5 cm in diameter, for a total of four holegl#\ni
were allowed to freely explore the apparatus for five minutes, during which beddavi
measures were taken. The number of head dips into any of the four holes made by each
animal, and the proportion of consecutive head dips into the same hole (perseverative
head dips) relative to total number of head dips, were recorded. A head dip was defined
as an animal’s head surpassing the depth of the rim of a hole, and is traditionally
considered an exploratory act. In an attempt to further quantify persevéredide
dipping behavior, animals’ “favored hole,” that hole into which each animal dipped its
head most frequently, was identified and the proportion of each animal’s number of head
dips into that favored hole relative to its total number of dips was recorded.

Motor Behavior Animals’ capacity for repetitive motor behavior, operationally

defined as frequency of face and/or body grooming, was measured, as wds' anima
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capacity for hyperactive motor behavior, as measured by estimated sveithiisplee
Morris water maze and the number of grids crossed in the open field.
Results

Morris Water Maze: First Sequenda the first sequence of Morris water maze
testing, animals were tested in the spatial version of the maze over 8 daysrariti t
weeks later, tested in the cued version of the maze over 4 days.

Spatial VersionHB-GAM knockouts and wild type mice demonstrated a
significant decrease in latency to escape across tA4dR5( 175) = 17.51p = .000),
reflecting that animals of both genotypes successfully learned the locatienaedcape
platform. The genotypes did not differ significantly in mean latency to escapss
trials (F (1, 18) = 2.97p = .998), and no significant genotype by trial interaction was
found F (25, 175) = .670p = .697, Figure 1A), suggesting that animals of both
genotypes learned the location of the escape platform at a similanrtite.réetention
trial, HB-GAM knockouts and wild type animals did not differ significantly in tspent
in the maze quadrant that previously housed the escape plati@#) € .464p = .647,
Figure 2A), suggesting similar delayed memory for the location of tlzgegiatform
between the genotypes.

Cued VersionHB-GAM knockouts and wild type mice demonstrated a
significant decrease in latency to escape across tA4R5( 175) = 8.45) = .000),
indicating that animals of both genotypes gradually learned the associati@ebdhe
visual cue and the location of the escape platform. However, HB-GAM knockouts
demonstrated a significantly greater mean latency to escape a@issastcompared to

wild type mice F (1, 18) = 4.81p = .041), suggesting that the knockouts demonstrated
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delayed acquisition of the association between the cue and the platform location. No
significant genotype by trial interaction was foulkd25, 175) = 1.30p = .254, Figure

1B), indicating that HB-GAM knockouts demonstrated overall reduced acquisition of the
association between the cue and platform location relative to wild type micetdsubfra
learning were similar between the genotypes. In the retention trial, ANBKhockouts

and wild type mice did not differ significantly in time spent in the maze quadrant tha
previously housed the escape platfotrf2@) = .608p = .549, Figure 2B), suggesting

that HB-GAM knockouts eventually learned the association between the cue and
platform location as well as wild type mice.

Morris Water Maze: Second Sequentilee second sequence of water maze
testing occurred 8 weeks after the first sequence. In this sequencdsangmeatested in
the cued version of the maze over 5 days and then, 2 weeks later, tested in the spatial
version of the maze over 4 days.

Cued VersionHB-GAM knockouts and wild type mice demonstrated a
significant decrease in latency to escape across tAdls4( 140) = 3.58p = .000),
reflecting that animals of both genotypes successfully learned the locatienaedcape
platform. The genotypes did not differ significantly in mean latency to escapss
trials (F (1, 10) = .290p = .602), and no significant genotype by trial interaction was
found F (14, 140) = 1.45 = .138, Figure 1C), suggesting that animals of both
genotypes learned the location of the escape platform at a similanrtite.retention
trial, HB-GAM knockouts and wild type mice did not differ significantly in tinperst in

the maze quadrant that previously housed the escape platfd®) € .410p = .691,
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Figure 2C), suggesting similar delayed memory for the location of tapeplatform
between the genotypes.

Spatial VersionHB-GAM knockouts and wild type mice demonstrated a
significant decrease in latency to escape across tAdB& @5) = 13.04p = .000),
indicating that animals of both genotypes gradually learned the location otHpees
platform. However, HB-GAM knockouts demonstrated a significantly greatanm
latency to escape across trials as compared to wild tifpds 15) = 3.96p = .012),
suggesting that the knockouts demonstrated delayed acquisition of the platforanlocati
A significant genotype by trial interaction was fould(8, 45) = 3.775p = .017, Figure
1D), likely due to similar performance between the genotypes during some blit not a
trial blocks. In the retention trial, HB-GAM knockouts and wild type mice did nogrdiff
significantly in time spent in the maze quadrant that previously housed the escape
platform ¢ (14) = .1.38p = .187, Figure 2D), suggesting similar delayed memory for the

location of the escape platform between the genotypes.
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Figure 1.Latencies to escape the Morris water maze for HB-GAM knockouts and wild
type mice during the first sequence of testing (K©13, WTn = 13): spatial (A) then
cued (B), during the second sequence of testingr{kQ’, WTn = 5): cued (C) then
spatial (D), and during the first three trials (comprising trial blodio)he second
version of the maze in which animals were tested for both the first (E) and sE¥ond (

sequence of testing.
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Figure 2.Time spent in the goal quadrant of the Morris water maze for HB-GAM
knockouts and wild type mice during the first sequence of testingh(K@3, WTh =
13): spatial (A) then cued (B), and during the second sequence of testimg(KONT

n =5): cued (C) then spatial (D).

Y-Maze HB-GAM knockout mice made a significantly greater percentage of
perseverative arm choices than did wild type mi¢8X) = 2.81p = .008, Figure 3),

suggesting a reduction in spontaneous alternation in the knockouts.
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Figure 3 Percentage of perseverative arm choices made by HB-GAM knochkautiss)

and wild type micer(= 18) in the Y-maze.

Hole Board.HB-GAM knockouts made significantly more head dips in the hole
board than did wild type mice (14) = 2.91p = .015). A significant genotype by gender
interaction was found~(1, 12) = 5.28p = .040, Figure 4A), which indicated the extent
to which the knockouts made more head dips than did wild type mice was significantly
greater in males. However, HB-GAM knockouts and wild type mice did not differ
significantly in the percentage of perseverative head dips mét¥) = .342p = .737,
Figure 4B). Similarly, the genotypes did not differ significantly in the prtogoof head

dips into animals’ favored hole to total head dipd 4) = .957p = .355, Figure 4C).
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Figure 4.Number of head dips (A), percentage of perseverative head dips (B), and
percentage of head dips into animals’ favored hole (C) made by HB-GAM knockouts (

= 8) and wild type micen(= 8).

Motor Behavior HB-GAM knockouts and wild type mice did not differ
significantly in the number of grooms demonstrated in the open keldl, (14) = .099p
= .758, Figure 5A), suggesting no tendency toward compulsive motor behavior or
repetitive motor stereotypy in the knockouts. Similarly, HB-GAM knockouts and wild
type mice did not differ significantly in overall number of grid crossings madeein t
open field F (1, 14) = 1.35p = .265, Figure 5B), again suggesting no motor
hyperactivity in the knockouts. Further, HB-GAM knockouts and wild type mice did not

differ significantly in estimated swim speed in either the clied.( 10) = .002p = .963,
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Figure 5C) or spatiaK (1, 15) = 2.466p = .137, Figure 5D) version of the Morris water

maze during the second sequence of water maze testing.
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Figure 5.Number of grooms (A) and number of total grid crossings (B) made by HB-
GAM knockouts § = 9) and wild type micen(= 5) in the open field, and estimated swim
speed (latency to escape/quadrants crossed) in the cued (C) and spatiedi¢D} ot the
Morris water maze for HB-GAM knockouts € 7) and wild type micen(= 5) during the

second sequence of water maze testing.

Discussion
In an attempt to assess HB-GAM knockouts’ validity as a potential animal mode
of the PDDs, these animals’ capacity for perseverative behavior waseakbesause

such behavior is commonly observed in these disorders. This assessment consisted of
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examination of the knockouts’ capacity for both motor stereotypy and hyperactivity, o
“lower-order” perseverative behavior, and cognitive inflexibility, reaglin “higher-
order” perseverative behavior.

Assessment of animals’ capacity for “lower-order” repetitive behaeialed
no appreciable difference between HB-GAM knockouts and their wild type counterparts
HB-GAM knockouts did not differ significantly from wild type mice in frequency of
grooming in the open field, and no qualitative observations of increased grooming
behavior were made when animals were tested in behavioral paradigms in which
grooming behavior is not traditionally quantified.

Increased grooming behavior is traditionally considered an indicator of motor
stereotypy in rodents and analogous to repetitive, compulsive motor behavior, e.g.
rocking or hand flapping, in humans with PDDs (Crawley, 2000, 2004). Indeed, several
potential models of the PDDs have been identified based on the presence of repetitive
motor behavior, such as rodents prenatally exposed to VPA (Wagner et al., 2006) and
those treated with experimental depletion of forebrain serotonin (Boylan 20@v7), in
addition to mice with mutations of tMECP2gene (Moretti et al., 2005) and those null
for theHoxb8gene (Lewis et al., 2007). Contraversive circling, another putative rodent
correlate of repetitive motor behavior in humans observed in potential animal models of
the PDDs (e.g. Lewis et al., 2007; Velisek et al., 2005), is also absent GANB-
knockouts.

Similarly, HB-GAM knockouts did not demonstrate an increased capacity for

motor hyperactivity relative to wild type mice. The knockouts and wild type mice did not
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differ significantly on measures of motor speed, specifically, the ovemalbeuof grid
crossings in the open field and estimated swim speed in the Morris water maze.

Hyperactive motor behavior in animals has been deemed analogous to hyperacti
motor behavior associated with the PDDs (Crawley, 2000, 2004) and has been observed
in some other potential animal models of the disorders, such as rodents prenatetly tre
with VPA (Wagner et al., 2006) and those with induced neonatal hypothyroidism
(Sadamatsu et al., 2006). The absence of stereotyped and hyperactive motor biehavior
HB-GAM knockouts suggests that these animals do not possess an increaseyl fcaipacit
motor stereotypy or hyperactivity and, consequently, do not model these featimes of
PDDs.

Interestingly, however, examination of HB-GAM knockouts’ capacity for
“higher-order” repetitive behavior indicative of cognitive inflexilyl{lCrawley, 2000,
2004, 2008) revealed notable abnormalities in these animals. HB-GAM knockouts
displayed no significant learning impairment in either the spatial or cuedn®f the
Morris water maze relative to wild type mice. However, the knockouts’ pertbrme
comparably to wild type mice only in the first version of the water maze irhvwhey
were tested across two sequences of testing. That is, the knockouts demonstrated
significantly reduced overall learning in the second version of the maze ih thieig
were tested, regardless of whether that second version was spatial or cued. fBherse da
consistent with those obtained previously (Croll, unpublished data).

HB-GAM knockouts’ visual acuity is reportedly comparable to that of wild type
mice (Croll, unpublished data; Pavlov et al., 2002), and both previous (e.g. Pavlov et al.,

2002) and current measures of motor speed in these animals do not suggest the presence
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of motoric deficits. Further, HB-GAM knockouts demonstrated water mazeregarni
similar to their wild type counterparts in both the spatial and cued versions egtet in
these respective versions first, a finding that does not indicate discrietts defeither
spatial or associative learning in HB-GAM knockouts. Instead, because the knockouts
performed significantly worse than wild type mice only in the second version oftee w
maze in which they tested, regardless of the version across two testingcesgites
most plausible that these animals experience difficulty adapting to dgangi
contingencies in the form of tasks with similar but not identical demands.dimetg,
however, HB-GAM knockouts and wild type mice did not differ significantly in time
spent in the maze quadrant that previously housed the escape platform upon testing in the
retention phase of the paradigm. These data indicate that, though the knockouts
demonstrated consistently reduced overall learning in the second version ozéhimmma
which they tested, they eventually learned the location of the escape plattbrm wi
efficacy comparable to that of normal animals.

Decreased or delayed learning but relatively intact retention of informiatio
commonly observed in psychopathologies associated with anxiety (DSNRJ\2000),
and similar findings have been made in animals with anxious phenotypes (cf. File, 2001).
Because HB-GAM knockouts’ overall learning was reduced compared to that of wild
type mice in only the second version of the maze in which they were tested, it isgpossibl
that their inferior performance — and the cognitively inflexibility thiggests — might
reflect an underlying or associated novelty-induced anxiety.

Such cognitive inflexibility has also been ascribed to mice deficient roithy

hormone (Sadamatsu et al., 2006) and those null fdfrtiré gene (for review, see
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Bernardet & Crusio, 2006). These animals demonstrate an inability to adapnhtyes in
environmental contingencies in maze tasks, as evidenced by inferior perfomsiatige

to controls only after initiation of such changes. The cognitive inflexibiliggested by

these data has been used to qualify these animals as potential models ofi¢texirestr
repertoire of behavior commonly associated with the PDDs.

Unlike thyroid hormone-deficient mice afdnrl knockouts, however, HB-GAM
knockouts apparently demonstrate additional perseverative tendencies in the@eogniti
domain. Specifically, the knockouts made a significantly greater percentatgnbtal,
consecutive arm choices in the Y-Maze than did wild type mice. Because WB-GA
knockouts did not demonstrate qualitative abnormalities in movement patterns across
behavioral paradigms, their lack of normal spontaneous alternation in the Y-nthee fur
suggests “higher order” perseverative behavior and not exclusively “lader,” or
repetitive motor, perseverative behayper se

Contrary to their performance in the Y-maze, HB-GAM knockouts did not
demonstrate perseverative tendencies in the hole board paradigm, as assessed by
percentage of identical, consecutive head dips and percentage of head dips ials anim
favored hole. However, HB-GAM knockouts made significantly more head dips overall
than did their wild type counterparts, a difference that was itself signtfy greater in
male mice. Mice possess a strong tendency toward head dipping or nose poking into
holes as a means of exploration in an attempt to locate appetitive stimuli, $acH as
mates (Crawley, 2000). However, given the perseverative tendencies daeonsyrthe
knockouts in both the water maze and Y-maze, and these animals’ normal exploratory

behavior in the open field and other behavioral paradigms, their significantlysedrea
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head dipping behavior might represent a perseverative behavior and not increased
exploratory drive. If so, the possibility of receiving appetitive rewardsrasult of
exploration via head dipping might have been sufficient to negate a perseverditye qua
to their head dipping but not sufficient to counteract overall more frequent, ikepetit
head dipping.

Alternatively, increased head-dipping behavior in the hole board has been
attributed to animals’ attempts to escape the apparatus because of hdighteety, a
claim supported by decreases in head-dipping behavior following anxiolgimeat in
anxiety-prone animals (cf. Saitoh et &006). The possibility that HB-GAM knockouts’
increased head dipping behavior is secondary to heightened anxiety is plgwsible
that these animals have previously demonstrated increased anxiety (Rallp2GQ02).

In addition, cognitive rigidity, as demonstrated by the knockouts in the water ndhze a
Y-maze, is often associated with heightened anxiety in both human psychopathologies
(DSM-IV-TR; 2000) and in putative animal models of those pathologies (cf. Sadamats
et al., 2006).

Though the implications of increased head dipping behavior for HB-GAM
knockouts’ behavioral phenotype are uncertain, these animals’ behavior in the water
maze and Y-maze paradigms clearly suggest a phenotype that includeveomydity.

A frequent neurological explanation for cognitive rigidity in rodents isogigi®&rium
between direct and indirect cortical-basal ganglia pathway agtikidugh such an
abnormality has also been frequently associated with motor stereotypig @tead:,

2007). Therefore, the presence of cognitive but not motoric aspects of perseverative
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behavior in HB-GAM knockouts argues against such an etiology for these animals’
cognitive rigidity.

Alternatively, anin vivo absence of HB-GAM might best explain the finding of
cognitive inflexibility in the knockouts. HB-GAM is believed to act as a suppregsor
synaptic plasticity in the hippocampus. Consequently, HB-GAM'’s abseneo has
been associated with a reduced threshold for hippocampal LTP induction (Layri et al
1998; Amet et al., 2001). The resulting enhancement in synaptic strength in HB-GAM
knockouts might, therefore, account for the cognitive and behavioral rigidity thad woul
likely underlie an inability to adapt behavior, either in response to shiftinghgenties
in the water maze or to an innate tendency toward flexible behavior in the Y-rhate. T
is, HB-GAM knockouts’ capacity for premature induction of LTP could lend the
knockouts’ first behavioral response in a given paradigm a permanence oestiffici
strength to preclude adaptation or amendment of that response. Therefore, the first
contingency learned by HB-GAM knockouts in the water maze, as well as spenifi
choices in the Y-maze, might become synaptically “overlearned.”

An alternative explanation for the knockouts’ water maze performance théhat
loss of HB-GAM's inhibitory effect on LTP resulted in increased capaoity.TP
saturation in these animals. Indeed, induced saturation of hippocampal LTP has been
shown to impair spatial learning in rodents (e.g. Moser, Krobert, Moser & Mb998).
The synaptic networks required to adequately meet the demands of the spatiaband cue
versions of the water maze are likely not entirely identical. Howdwepassibility that
the knockouts’ difficulty adapting to changing contingencies is due to LTRasatuis

still valid given evidence that other mechanisms by which LTP is attenuatbdasuc
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long-term depression (LTD), can act heterosynaptically (e.g. Huadgu&2001;
Muller, Hefft & Figurov, 1995).

The possibility that alterations in capacity for synaptic depotentiatibi Br
saturation underlie the knockouts’ cognitive inflexibility suggests thaetaesnals
might possess a reduced threshold for, or be predisposed to a potentiation of, the synaptic
changes underlying the development of stimulus-reward associationsthié so,
knockouts’ strong tendency to make perseverative arm choices in the Y-méze mig
reflect a greater capacity for re-enforcement of even a selgmiagtral action, such as a
random choice of maze arm, thereby increasing the likelihood that the behavidbsoul
repeated. To investigate this possibility, future studies might examineahiesals’
capacity for developing stimulus-reward associations using appropriagigras, such
as the conditioned place preference test.

Regardless of the mechanism underlying HB-GAM knockouts’ apparently
perseverative behavior, further testing is advisable to more fully delithesagxtent of
these animals’ capacity for cognitive inflexibility. Though the Morrisevanaze is
commonly used to assess animals’ capacity to adapt to changing contingexdiesrn
reversals, the task is known to be especially anxiety provoking (cf. Crawley, 2000).
Therefore, further assessment of the knockouts’ ability to demonstrate \ve gmiti
behavioral flexibility could be undertaken using less anxiogenic paradigersadhe to
alteration or those traditionally used to test reversal learning, such asrtaeel(e.qg.
Sadamatsu et al., 2006), attention set-shifting tasks (e.g. Birrell &Bi2000), and

associative learning tasks that can include measures of cognitive adaptalult as the
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interactive touchscreen system that allows animals to learn flexiloei@ssns between
pictorial icons and the receipt of food (Morton, Skillings, Bussey & Saksida, 2006).

The current data indicate that HB-GAM knockouts demonstrate a behavioral
phenotype characterized by cognitive rigidity as manifested by an tgdbiadapt to
shifting contingencies in the water maze and a failure to make variabib|dlekoices
in favor of perseverative responses in the Y-maze. In addition, increased head idipping
the hole board might provide further evidence of either perseverative behavior or
increased anxiety in HB-GAM knockouts. However, the knockouts did not exhibit a
tendency toward motor stereotypy or hyperactivity. These data suggesBH&AM
knockouts possess a behavioral phenotype that mirrors the cognitive but not the motoric
manifestations of perseveration associated with the PDDs.

Given the suggestion of increased anxiety in HB-GAM knockouts by both
previous and current data, further behavioral testing was conducted to assaggfoapac
anxiety in HB-GAM knockouts. In addition, because cognitive rigidity is assatiaith
and perhaps predicated on novelty-induced anxiety, these animals’ responses to novel

environments and novel stimuli were also assessed.
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CHAPTER 4. SPECIFIC AIM 2
Specific Aim 2 was to evaluate HB-GAM knockouts’ behavior in response to novel
environments and novel stimuli.

The perseverative tendencies and restricted routines and interests obrserved
PDD-affected individuals might be the result of heightened novelty-induced gnxiety
which is frequently seen in these persons (DSM-IV-TR; 2000). Not surprisinigm@s
have been made to identify anxious or aberrant behavior in the face of novel stimuli in
potential animal models of the PDDs. Prenatal VPA exposure, which has beeateaplic
in the pathogenesis of the PDDs, has been associated with hyperactivity in novel
environments in rodents as well as with other symptoms resembling those of tege PDD
including elevated levels of serotonin in frontal cortex, disturbances of @rcedythm,
aberrant sensitivity to sensory stimuli, and ritualistic behavior (Tsujinlo, 087).
Similarly, induced neonatal hypothyroidism in rats has been associated withsied
time to habituate to novel environments in addition to motor hyperactivity and, perhaps
more vital to the argument that these animals represent a model for PDCatike$e an
inability to adapt to changing environmental contingencies (Sadamatsu2e04).

In addition, animals null for CADPS2, the mRNA of which is abnormally spliced
in some autistic individuals, demonstrate home cage hyperactivity aldm¢padmotor
hypoactivity in behavioral paradigms, suggesting anxiety elicited by novebaments.
Consistent with a neophobic phenotype, these animals also display reduced exploration of
novel objects in the open field. Interestingly, CADPS2 knockout mice display multiple
other PDD-like features, including but not limited to reduced social interaatid poor

maternal care of offspring (Sadakata et al., 2007). Similarly, anmdlfor Pten
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mutations of which have been linked to macrocephaly in humans with PDDs (Herman et
al., 2007), also exhibit heightened anxiety upon behavioral testing (Kwon et al., 2006).
Novelty-induced anxiety is a major component of the PDD behavioral phenotype,
and potential animal models of these disorders that demonstrate multiple PDD-like
features also exhibit apparent novelty-induced anxiety. Taken together,atisse f
suggest that assessment of the behavior exhibited in novel environments by anglpotenti
animal model of the PDDs is advisable. Therefore, HB-GAM knockouts’ capacity for
anxiety was assessed in the light-dark paradigm and elevated plus mazetion,addi
because rodent anxiety can manifest in behavioral hypoactivity (e.g. K&lueff
Tuohimaa, 2005) as well as in freezing, hiding, and excessive grooming (Dunn, Guild,
Kramarcy & Ware, 1981), animals’ behavioral initiation in the visual cliff, opsd,fY-
maze and novelty-suppressed feeding paradigms was investigated, as vasithals’
readiness to accept to a novel food flavor in the gustatory neophobia paradigm.
Specific Methods
Elevated Plus Maz@&his apparatus was composed of a platform measuring 15 x
15 cm elevated 114 cm on a central pole. Joined to this platform were four arms, each
measuring 61 x 15 cm, arranged in a cross-like configuration and equal in hetherel
to the platform. In direct opposition were two white, open arms and two black arms
enclosed by walls measuring 30 cm high. Animals were placed on the platform and
allowed to freely explore the maze for five minutes. The number of seconds animals
spent on the platform and in the open and closed arms was recorded. Increasedtime spe
in the closed arms is traditionally considered indicative of heightened gragatodents

tend to avoid open, brightly lit areas that are unfamiliar or might expose themgerda
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such as airborne predators. The number of open and closed arm entries made by animal
was recorded as a measure of motor activity and exploratory behavior. Furtimatsani
latency to first arm entry was recorded as a measure of behavioedlaniti

Light-Dark Exploration.Animals were placed in a rectangular apparatus
measuring 45 x 20 x 20 cm, half of which was white and open at the top (the “light”
side), and half of which was black and covered (the “dark” side). Animals weezglprac
the center of the light side and allowed to freely explore the apparatus forifiuees.

The amount of time animals spent in the light and dark sides, respectively comatede

As in the elevated plus maze, increased time spent in the dark, enclosed portion of the
apparatus is considered indicative of increased anxiety. Animals’ lateecydr the dark
side of the apparatus was recorded as a measure of behavioral initiation.

Visual Cliff. A clear, Plexiglas sheet measuring 45 x 20 cm, the exact length and
width dimensions of the light-dark apparatus, was placed atop that apparatusgy ¢heati
appearance of a 22.5 x 20 cm black platform atop the dark side of the apparatus and a
22.5 x 20 cm chasm from the open, light side of the apparatus. Animals were placed on
the platform and allowed to freely explore both the platform and transparenti&exig
sides for three minutes. The amount of time each animal spent on the platform and
transparent sides, respectively, was recorded, as was animals’ |atapgpydach the
cliff as a measure of behavioral initiation. Normal animals are exppezt@pproach the
cliff side cautiously, as uninterrupted movement across the cliff would indidatk of
perception of the apparent cliff and, therefore, visual impairment.

Open Field Animals were placed into a white, box-like apparatus measdéing

48 x 24cm. The inside floor was divided into nine grids, each measuring 16 x 16 cm.
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Animals were placed in the center grid and allowed to freely explore thefaran®
minutes. This procedure was repeated five times in succession, for a cuenidati
minute period termed a “trial.” Animals were tested in the open field in tads tri
separated by 24 hours. Animals’ latencies to groom and to exit the center grid were
recorded. These measures are thought to assess anxiety-like behavise lggocaming
latency can reflect animals’ sense of safety in an environment, and rodentd’ natura
inclination is to hug the walls of an apparatus rather than stand exposed at itasanter
protective mechanism against predators. In addition, frequency of groomingomesed
as a measure of animals’ capacity for repetitive motor behavior. Futtearumber of
total grid crossings made by animals was recorded as a measure of igeoenator and
exploratory behavior.

Novelty-Suppressed Feedirigpllowing a 24-hour period of food deprivation,
animals were placed in a black, open field measuring 40 cm x 40 cm. After a fiueemi
habituation period, a pellet of the animals’ standard food (PicoLab Mouse Diet 20,
LabDiet, St. Louis, MO) was introduced, and animals’ latency to feed on the foet pell
was recorded. Increased latency to feed on the food pellet is considered indicative
increased anxiety secondary to the novel nature of the environment.

Gustatory NeophobiaBecause accidental water deprivation during these studies
once proved especially fatal to HB-GAM knockouts, animals were not watawelpr
prior to testing in this paradigm. In their home cages (individually, if group-housed),
animals were presented with 100 ml of water sweetened with 1% sucrose (a novel but
particularly appetitive stimulus) and 100 ml of normal tap water (a f@nstimulus) in

separate, graded bottles. The amount of each kind of water drunk by animals, dheasure
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in ml, was recorded one, two, three, and four hours after initial presentation. Awidanc
of drinking the sweet water is considered indicative of a neophobic reactionesuffac
negate the appetitive value of the sweet water.

Latency to Behave Across ParadigldasdVIANOVA was conducted to analyze
animals’ latency to behave across behavioral paradigms because latastyes taken
across paradigms were assumed to assess a single, conceptually raktbéxl \rathe
rare instance of unequas among behavioral paradigms, missing values were
interpolated using the mean for a missing animal’s genotype on the variable being
interpolated.

Motor Activity. In some paradigms, animals’ motor activity (e.g. operationally
defined as number of arm entries in the elevated plus maze, number of grids crossings on
the open field) was measured to assess the contribution of motor activity tosanimal
performance in these paradigms.

Results

Elevated Plus Maz&iB-GAM knockouts spent a significantly greater percentage
of time in the closed arms of the elevated plus maze than did wild typetr(ieg €
2.38,p = .035, Figure 6A) and made a significantly smaller percentage of open arm
entries than did wild type miceé (12) = 2.44p = .031, Figure 6B), both of which are
suggestive of increased anxiety in the knockouts. However, HB-GAM knockouts did not
differ significantly from wild type mice in percentage of closed armen{i(12) = .908,

p = .382, Figure 6B), percentage of platform entri€d%) = .126p = .902, Figure 6B),
or total number of arm entries(2) = 1.31p = .213, Figure 6C), indicating similar

locomotor activity between the genotypes. HB-GAM knockouts and wild type mice did
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not differ significantly in latency to first arm entry(L2) = 1.148p = .273, Figure 6D),

suggesting similar behavioral initiation between the genotypes in this paradigm
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Figure 6 Percentage of time spent in the closed arms (A), percentage of open arm, closed
arm, and platform entries (B), number of arm entries (C), and latencyttarfirentry

(D) for HB-GAM knockouts it = 8) and wild type micen(= 6) in the elevated plus maze.

Light-Dark Exploration HB-GAM knockouts and wild type mice did not differ
significantly in percentage of time spent in the dark side of the light-dark ajpérat
(35) =.079 = .938, Figure 7A), suggesting no appreciably greater anxiety in HB-GAM
knockouts in this paradigm. Similarly, HB-GAM knockouts and wild type mice did not
differ significantly in latency to approach the dark side of the appata{ss)(= .717p =
479, Figure 7B), suggesting similar behavioral initiation between the gesotyties

paradigm.



67

=
m

SD_ - 25_
- 70 1 7]
7 T g
Lh | 20 A
z 30 & 15 1 T
B 40+ a
Q
£ 30 1 = 10
£ m; g 5
= 10 4 %
-
1] T 1]
WT 18] WT
G enotype Genotype

Figure 7. Percentage of time spent in the dark side (A) and latency to enter the dark side
(B) of the light-dark apparatus for HB-GAM knockouts and wild type mice. Note that
outliers were removed: time in dark (KO= 19, WTn = 18) and latency to dark (K@=

21, WTn = 15).

Visual Cliff HB-GAM knockouts spent a significantly greater percentage of time
on the platform side of the visual cliff apparatus than did wild type mi@&) = 2.26p
=.037, Figure 8A). Given that HB-GAM knockouts’ visual acuity appears to be
comparable to that of wild type mice, this result might suggest increaszshoet to
approach the cliff because of its novel nature. Indeed, HB-GAM knockouts denaxhstrat
a significantly increased latency to approach the cliff of the appamuegared to
wild-type mice { (32) = 2.43p = .014, Figure 8B), suggestive of reduced behavioral

initiation in the knockouts in this paradigm.
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Figure 8.Percentage of time spent on the platform side (A) and latency to approach the
cliff (B) of the visual cliff apparatus for HB-GAM knockouts and wild type miceteN
that outliers were removed: time on platform (K& 19, WTn = 18) and latency to cliff

(KO n =16, WTn = 17).

Open Field HB-GAM knockouts demonstrated a significantly greater latency to
groom than did wild type mice across both trials in the open fie(d,(12) = 12.12p =
.005, Figure 9A), which might suggest anxiety—induced hypoactivity in the knockouts. In
addition, HB-GAM knockouts demonstrated a significantly increased latenciyt thex
center of the open field than did wild type mice in the first but not the secona titia! i
open field, as evidenced by a significant genotype by trial intera¢ti@h (3) = 4.86p
=.046, Figure 9B), which might suggest hypoactivity secondary to neophobia in the
knockouts. HB-GAM knockouts and wild type mice did not differ significantly in the
total number of crossings made in the open field across trials, however, HB-GAM
knockouts made significantly fewer total grid crossings in the first but not cbadérial
in the open field, as evidenced by a significant genotype by trial intardEt(d, 14) =
11.41,p =.005, Figure 9C), another result suggestive of hypoactivity secondary to

neophobia in the knockouts. HB-GAM knockouts and wild type mice did not differ
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significantly in the percentage of outer grid crossings made in either tried open field
(F (1, 13) = .402p = .537, Figure 9D), suggestive of overall comparable motoric activity

and exploratory drive between the genotypes.
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Figure 9.Latency to groom (A), latency to exit the center grid (B), total gwdsings

(C), and percentage of outer grid crossings (D) for HB-GAM knockouts and wild type
mice in two trials in the open field. Note that outliers were removed: latergprpdm

(KO n=9, WTn =5), latency to exit the center grid (KG= 8, WTn = 7), total grid
crossings (Kh = 8, WTn = 8), and percentage of outer grid crossings (KO8, WTn

=7).

Y-Maze HB-GAM knockouts and wild type mice did not differ significantly in
latency to first arm choice (31) = .493p = .626, Figure 10A) or in mean latency to arm

choice across trials (31) = .425p = .674, Figure 10B). By itself, this result is
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suggestive of similar behavioral initiation between the genotypes in thdigrara
However, animals demonstrating extreme behavioral hypoactivitysrmparadigm (as
defined by making fewer than four consecutive arm choices) were excluded from
analysis. Ultimately, 25% of HB-GAM knockouts and 5.5% of wild type mice failed to
make this requisite number of consecutive arm choices. A 2 x 2 Chi Square analysis
revealed that this was a significant differende(4, N = 39) = 44.06p = .000, Table 1),
suggesting an overall greater frequency of behavioral hypoactivity knthekouts in

this paradigm.
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Figure 10.Latency to first arm choice (A) and mean latency to arm choice (B) for HB-

GAM knockouts § = 15) and wild type micen(= 18) in the Y-maze.
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Table 1

Frequency of Number of Consecutive Arm Choices Made by HB-GAM Knockouts and
Wild Type Mice in the Y-maze

Genotype
Number of Consecutive
Y-maze Arm Choices Wild Type Mice HB-GAM Knockouts
Fewer than four 1 5
Equal to or greater than four 18 15

Novelty-Suppressed FeedindB-GAM knockouts and wild type mice did not
differ significantly in latency to feed in the novelty-suppressed feedingliganat (17) =
1.14,p = .270, Figure 11), suggesting similar behavioral initiation between the genotypes

in this paradigm.
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Figure 11 Latency to feed in the novelty-suppressed feeding paradigm for HB-GAM

knockouts § = 9) and wild type micen(= 10).
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Gustatory NeophobiaHB-GAM knockouts and wild type mice did not differ
significantly in the total amount of either sweet wat€iQ) = .279p = .736) or regular
water drunk 1 (10) = .750p = .470). As expected, a significant linear trend in the mean
amount of water drunk across trials was evidenced for both sweet w#8r30) =
60.66,p < .001) and regular watefF (3, 30) = 40.92p < .001). However, no genotype
by time interaction was found for either the amount of sweet watg, 30) = .129p =
942, Figure 12A) or regular watd¥ (3, 30) = .845p = .480, Figure 12B) drunk. These

data suggest similar adaptability to a novel flavor between the genotypes.
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Figure 12 Amount of sweet water (A) and regular water (B) drunk by HB-GAM
knockouts § = 7) and wild type micen(= 5) across a four hour period in the gustatory

neophobia paradigm.

Latency to Behave Across ParadigmBANOVAs were performed on latency to
behave measures across relevant paradigms in two cohorts. These andigatslian
effect of genotype in both cohorts, such that HB-GAM knockouts’ overall latency to
behave was significantly greater than that of wild type mice. In thec@reort (KOn =

11, WTn = 9), the overall effect of genotype on latency to behave was statistically
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significant = .004). The effect of genotype was significant for animals’ latency to the
cliff in the visual cliff paradigmg = .014), latency to exit the platform of the elevated
plus mazeg = .011), and latency to first groom in the open fig@ld (002), however, no
significant effect for genotype was found on animals’ latency to enter tkesidarof the
light-dark apparatugp(= .961), latency to first arm choice in the Y-mage(.368), or
latency to exit the center grid of the open field in the first tgad (591).

In the second cohort (K@= 11, WTn = 9), the overall effect of genotype on
latency to behave was also statistically significart (001). The effect of genotype was
marginally significant for latency to approach the cliff in the visué ghradigm p =
.091) and for latency to first arm choice in the Y-maze (090). However, no
significant effect of genotype was found on animals’ latency to enter thesidarof the
light-dark apparatugp(= .533) or on animals’ latency to feed in the novelty-suppressed
feeding paradigmp(= .744).

Discussion

Anxiety is commonly observed in the PDDs, and the possibility of heightened
anxiety in HB-GAM knockouts has been reported previously (Pavlov et al., 2002).
Therefore, these animals’ behavior was assessed in the elevated plusantuzelight-
dark apparatus, paradigms that are traditionally used to assess anxious behae®r in mi
(Crawley, 2000, 2008). In addition, because PDD-associated anxiety is often
accompanied by, and perhaps founded on, neophobia (DSM-IV-TR; 2000), HB-GAM
knockouts’ behavior in response to novel environments and novel stimuli was also

assessed.
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HB-GAM knockouts’ behavior in the elevated plus maze suggests increased
anxiety in these animals. Specifically, the knockouts spent significantly tinoe in the
closed arms of the maze and made significantly fewer entries into its operiiadmgs
consistent with those of Pavlov et al. (2002). Interestingly, however, HB-GAM
knockouts did not differ from their wild type counterparts in time spent in the dark side of
the light-dark apparatus, a finding inconsistent with increased anxiety and trasanim
performance in the elevated plus maze.

These paradigms have been validated as measures of rodent anxiety begause the
both present animals with a prototypical, naturalistic conflict between the desi
explore a novel environment and the aversion associated with brightly lit, open areas tha
might lead to exposure to predators (cf. Lister, 1987). However, the elevatedgzes
could be considered the more anxiety-provoking of the two paradigms because of
additional features that are anxiogenic for mice but lacking in the lightpdasakigm:
open arms that are also elevated and narrow (Crawley, 2000). Therefore, HB-GAM
knockouts’ increased anxiety in the elevated plus maze but not the light dark paradigm
might indicate that these animals indeed possess a capacity for heighmeiegd but
only in more intensely anxiety-provoking situations in which their innate desire
explore does not outweigh the aversive nature of the maze’s configuration.

This supposition is further supported by HB-GAM knockouts’ behavior on the
visual cliff, where these animals spent significantly more time on theptaof the
apparatus. The visual cliff paradigm is traditionally used to grosslgsaasémals’ visual
capability and depth perception, and failure to hesitate approaching the cliff padéar

before attempting to cross the cliff is considered reflective of decre@sel perceptual
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ability (Fox, 1965). Therefore, HB-GAM knockouts’ increased time spent on the
platform of the apparatus suggests that these animals possess visual pexioripyuat
least comparable to that of wild type mice, a conclusion supported by their simila
performance relative to wild type mice in the visually-cued version of theidMeater
maze when they were tested in that version first.

Indeed, the knockouts’ preference for the platform of the visual cliff appasatus i
more likely attributable to anxiety elicited by the elevated and open radttive
apparatus, which is similar to that of the open arms of the elevated plus maze that the
knockouts also demonstrated a strong tendency to avoid. Consistent with this inference,
HB-GAM knockouts demonstrated a significantly increased latency to apyptitoacliff
of the apparatus. The appearance of a cliff, as created by a clegtd3lerivering over a
deep chasm, likely represents a novel stimulus for mice. Given the appareneaiisenc
abnormal visual perception and the presence of anxious tendencies in HB-GAM
knockouts, it is plausible that these animals’ anxiety is elicited not onlyrbguarly
anxiogenic circumstances, e.g. elevated, open areas, but also by novel stitnag e
illusion of a cliff.

Interestingly, the knockouts’ behavior in the open field is consistent with
hypoactive anxiety (e.g. as indicated by freezing) stimulated by novékgeTanimals
demonstrated a significantly increased latency to exit the center sfjubesopen field
in their first but not second exposure to the paradigm. Consistent with this finding, the
knockouts made significantly fewer grid crossings than did wild type miteinfirst
but not second open field exposure. Normal mice prefer to hug the walls enclosing an

apparatus rather than remain in its open center in an attempt to avoid perceivesl danger
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associated with brightly lit, open areas, such as predators. Therefore,eddegascy to
exit the center of the open field could be considered an indicator of reduced anxiety
(Crawley, 2004, 2008). However, it is also possible that behavioral reticence sgdondar
anxiety could be responsible for the knockouts’ increased latency to exit tbe aitie
open field. Further, because the knockouts’ latency to exit the center of the oghen fiel
and total number of grid crossings, were comparable to that of wild type mice during
their second exposure to the paradigm, it is possible that this behavioral reticence
occurred in response to the novelty of the open field at the time of their firsuegpos
when the apparatus was unfamiliar. These data suggest that HB-GAM knocighits m
possess a contextual neophobia.

Further, HB-GAM knockouts demonstrated a significantly increased jatenc
groom in both trials in the open field. Grooming is traditionally considered an anxiety-
associated behavior when exhibited early during exposure to a behavioralparadig
(Dunn et al., 1981). However, a delay in onset of grooming following exposure to a novel
environment has also been characterized as hypoactivity secondary to dafedieyf (&
Tuohimaa, 2005). Given the anxiety-associated behavior exhibited by the knockouts in
the open field and other behavioral paradigms, the latter attribution seems more
supportable. Indeed, hypoactive anxiety might also explain HB-GAM knockouts’
increased latency to behave appropriately in the visual cliff and open field pasadig

HB-GAM knockouts’ comparable latency to make their first arm choice @aahm
time to choice of arm in the Y-maze as compared to wild type mice is seemingly
inconsistent with these findings. However, those data were collected in sithaanade

the number of consecutive arm choices considered sufficient for inclusion in data
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analysis. Excluding animals that made fewer consecutive arm choigksimave
increased the validity of analysis of animals’ capacity for peragwerand behavioral
reticence. However, this method removed from analysis those animals detmangiea
most behavioral hypoactivity. Interestingly, a significantly gneatenber of knockouts
were excluded because of failure to make the requisite number of consecutive ar
choices, suggesting an overall greater frequency of behavioral hypyag@erhaps
secondary to anxiety, in these animals.

Nevertheless, HB-GAM knockouts exhibited comparable latency to first arm
entry in the elevated plus maze and latency to the dark side of the light-darkw@egpparat
findings not indicative of behavioral hypoactivity. The elevated plus maze andl&dht-
apparatus provide animals with the opportunity to enter a dark, enclosed space, an
attractive choice for rodents (cf. Lister, 1987), and one consistent with the knockouts’
demonstrated anxiety. Therefore, HB-GAM knockouts’ behavioral reticenbese t
paradigms might have been negated by the opportunity to enter an environment they
perceived as safe. Indeed, a significantly increased latency to egbarepriately in the
knockouts was consistently observed in those paradigms offering no such safe
environment — the visual cliff and open field — and, more generally, the Y-maze.

HB-GAM knockouts did not demonstrate significantly increased latency to feed
in the novelty-suppressed feeding paradigm, nor did they differ significantlytfreim
wild type counterparts in the amount of novel, sweet water drunk in the gustatory
neophobia paradigm. The appetitive nature of these stimuli might have ameliorated the
knockouts’ behavioral reticence despite their inherent novelty. Such a conclusion is

consistent with the aforementioned notion that HB-GAM knockouts’ capacity for
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anxiety, despite being heightened relative to wild type mice in some pasadgy
capable of negation in moderately but not severely anxiogenic situations.

Overall, a phenotype including behavioral reticence in some novel circumstances
can be ascribed to HB-GAM knockouts given the significant effect of gencgypaled
by multivariate analyses across those two cohorts in which measuresnaf/lto behave
were taken. Indeed, most of the significant between-subjects effectsvia uradi
paradigms were preserved in these multivariate analyses.

HB-GAM knockouts did not differ significantly from their wild type counterparts
in the number of elevated plus maze arm entries or number of outer grid crossigs in t
open field. These findings provide further evidence that HB-GAM knockouts do not
possess impairments in locomotion or exploratory drive. Instead, these data support the
notion that HB-GAM knockouts’ increased latency to behave appropriately in some
paradigms is due to anxiety induced by either extremely anxiogenic feattines or
novelty inherent to those paradigms.

Anxiety and abnormal behavior in the face of novelty has been identified in other
potential animal models of the PDDs, such as rats exposed prenatally to VPAdE$uji
al., 2007), and botRten(Kwon et al., 2006) and CADPS2 knockouts (Sadakata et al.,
2007), in addition to neonatal rats with induced hypothyroidism, which interestisgly a
demonstrate an inability to adapt to changing environmental contingencies (Sadetmat
al., 2006) as do HB-GAM knockouts. Though an unequivocal understanding of the
physiological mechanisms underlying these phenotypic abnormalitigettasbe
reached, the presence of these features have been used to qualify theseaanimals

potential models of the PDDs.
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Physiological explanations for anxious and reticent behavior in HB-GAM
knockouts, whether or not in response to novelty, are limited. Previous researchssuggest
that disruption of midkine, a protein homologous to HB-GAM, is associated with
heightened anxiety in mice (Nakamura etl&98). Additional research corroborates the
suggestion that molecules such as HB-GAM are responsible for early develabment
processes that modulate the activity of neurobiological systems undddgmand
anxiety in addition to those considered responsible for learning and memoryb@g/etna
al., 1993; Stork et al., 1999).

Regardless of the underlying mechanism, the possibility of novelty-idduce
anxiety in HB-GAM knockouts is further supported by the presence of cognitidéyrig
and behavioral inflexibility in these animals, as perseveration and neophobic angiety
co-morbid in both human psychopathologies (DSM-IV-TR; 2000) and in putative animal
models of those pathologies (cf. Sadamatsu et al., 2006), facts that strongly suggest
phenotypic association between these features. Indeed, neophobia in the knockouts
complements the cognitive inflexibility these animals demonstrated in¢badgersion
of the Morris water maze in which they were tested and in the Y-maze becausé nor
performance in these paradigms requires the use of new behavioral and explorator
strategies.

Further assessment of anxiety-related behavior in HB-GAM knockouig usi
specific paradigms sensitive to novelty-induced anxiety might more fullyndieie
whether these animals’ heightened anxiety is based on, associated witcerbated by
novel contexts and stimuli. Such paradigms include the novel object test and conditioned

fear paradigms that might demonstrate enhanced contextual fear in the knéekputs
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van Gaalen & Steckler, 2000). Given their demonstrated cognitive rigidity, HB-GA
knockouts’ ability to learn and re-learn context-contingency pairings is algbynof
future investigation.

The current assessment of HB-GAM knockouts’ capacity for anxiety and
behavior in the face of novelty indicates that these animals possess andiety a
behavioral reticence in the presence of anxiogenic circumstances but noatioss
where a ready means of escape to a perceived safe environment or arvegpiettilus
is present. Further, because HB-GAM knockouts’ apparent anxiety seems touf@onis
extended exposure to some paradigms such as the open field suggests that their
behavioral reticence might be due to neophobia. These data, therefore, support additional
phenotypic behaviors associated with the PDDs in HB-GAM knockouts. Given this
further indication of a similarity in behavior between HB-GAM knockouts and humans
with PDDs, assessment of the social behavior of these animals was conduatied beca

impairments in social functioning are among the most prominent in the PDDs.
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CHAPTER 5. SPECIFIC AIM 3
Specific Aim 3 was to investigate the social behavior of HB-GAM knockouts.

Deficits in social functioning are among the most commonly observed in the
PDDs. These include the inability to infer or make attributions about the mextéa ot
others and deficits in the ability to form meaningful interpersonal relation@hglsmar
et al., 2005).

Social behavior has, therefore, been intensively studied in virtually all potential
animal models of the PDDs, and many such models have indeed been so classified on the
basis of the presence of social deficits. Many early primate studie8éelgevalier,

1996) reported social impairments following lesioning of the amygdala, but the#ess
failed to replicate other PDD-like features in these animals.

Later studies attempting to experimentally manipulate endogenous bioalseemic
in animals have reported social deficits as well as other PDD-likeatbaséics in such
animals. For example, BDV infection, a putative immunological cause of PDDs,
reportedly results in abnormal, reduced social interaction in addition to cerebellar
hypoplasia in neonatal rats (for review, see Lancaster et al., 2007). imilar
inappropriate or reduced social behavior has been reported in conjunction with an
additional PDD-like feature in experimental animals, such as those tregites w
neonatal block of gastrin-releasing peptide (with reduced novel object recogRitesti-
Torres et al., 2007) and those with experimentally depleted forebrain serotohin (wit
impulsive, aggressive, and repetitive behavior; Boylan et al., 2007).

A multitude of potential knockout animal models of the PDDs demonstrate social

impairment but no other PDD-like features, including mice deficierDidt (abnormal
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home cage social behavior, reduced cuddling and nest building; Lijam et al., 1997), the
vasopressin Vl1a receptor gene (abnormal social interaction; Egashlire?2607), and
oxytocin-promoting genes (social memory impairment; Ferguson et al., 2e@ed
vocalization during period of maternal and peer separation; Winslow 2080).

Interestingly, a number of other potential knockout animal models of the PDDs
demonstrate social deficits in addition to other anomalies reminiscent of theseeabs
in the PDDs. Among these d¢enknockouts, who demonstrate reductions in social
interaction, social preference, social learning, sexual behavior and masmaméGreer &
Wynshaw-Boris, 2006) in addition to exaggerated reactions to sensory stimuli,
heightened anxiety, decreased learning, seizures, and frontal macro¢gplaiyet al.,
2006). In some PDD-affected persoRggnmutations have been linked to macrocephaly
(Herman et al., 2007). Similarly, animals null fémr1, another gene shown to be
abnormal in some individuals with PDDs, show decreased preference for social novelt
and inappropriate social interaction along with cognitive rigidity, deficitear
conditioning, and seizures (for review, see Bernardet & Crusio, 2006). Similar social
deficits in conjunction with other PDD-like traits have been observed in CADPS2
knockout mice (with neophobia and cerebellar hypoplasia; Sadakata et al., 2007) as well
as in animals null for thMMIECP2gene, mutations of which are the putative cause of most
cases of Rett’s disorder (with repetitive movements and learning ingragnMoretti et
al., 2005).

In order to further establish the validity of HB-GAM knockouts as a potential
model of the PDDs, these animals were exposed to paradigms assessingebasials

shown to be abnormal in other potential models of these disorders. Specificallysanima
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were tested in the social interaction paradigm, which assesses the quatitytygand
appropriateness of social behavior, and in the social approach paradigm, whiaksassess
animals’ sociability, social memory, and preference for social novelty.
Specific Methods

Social Interactionln one of many variations on this basic parad{fpn review,
see File & Seth, 2003), animals were placed on an apparatus, colored black and without
delimiting walls, measuring 48 x 48 cm. The surface was divided into 25 grids, each
measuring 9.6 x 9.6 cm. Fifteen seconds prior to animals’ introduction to the apparatus, a
novel, wild type mouse was placed in the center of the apparatus. The test and novel
animals were allowed to freely explore the apparatus for five minutesadmber of
face to face and face to body contacts initiated by animals was recohgeumiber of
aggressive acts initiated and instances of cuddling (animals lying togletbely @and
non-aggressively) were also recorded, as was following behavior (considered
inappropriate behavior, and quantified by the number of grids across which one animal
followed the other). Test animals’ latency in seconds to initiate firsacowith the
novel animal was recorded in a subset of animals as a pilot measure. Because of
occasional difficulty in determining which of the two animals initiated amadéiading
to social contact or an aggressive exchange, only those observations that eedeoagr
by more than one experimenter were included in statistical analyses.

Social ApproachAs described by Moy et al. (2004), this apparatus consisted of
three chambers, each measuring 20 x 40.5 x 22 cm and separated by clear Plaksglas w
with small, closeable portals measuring 3.5 cm in diameter. Isottiability test

animals were placed in the center chamber and allowed to freely explasedtis of
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the apparatus for five minutes, during which access to the adjoining chambers was not
permitted. After this acclimation period, a novel wild type mouse (strangeas placed
in one of the two adjoining chambers. This placement was systematicaihatdte
between trials. The stranger was enclosed in a cylinder of wire meshnmgall cm
high and 10.5 cm in diameter with bars spaced 1 cm apart to permit nose contaat betwee
the test and novel animals. A small weight (10 g) was placed atop the meshraglinde
provide stability. The stranger had been habituated to the cylinder for five mumistes
to its introduction to the apparatus. An identical but empty wire mesh cylinder and
stabilizing weight were placed in the adjoining, empty chamber to balannewvbkiy of
the two chambers. The portals to the adjoining chambers were then opened and test
animals were allowed to freely explore the entire apparatus for 10 suifine amount
of time animals spent in, and the number of entries made into, the center, empty, and
stranger 1 chambers, respectively, was recorded. Normal animalgpacteeikto
demonstrate a preference for social interaction as evidenced by indiezsspent in
the stranger 1 chamber relative to the center and empty chambers.

Following this test of sociability, animals were briefly returned to dreer of the
apparatus and the portals to the adjoining chambers were closeddocitlenovelty
test At this time, a second novel wild type mouse (stranger 2), also enclosed in and
adequately acclimated to a wire mesh cylinder as previously dekonbe placed in the
previously empty chamber. Again, the portals to the adjoining chambers weeztapel
animals were given 10 minutes to freely explore the apparatus. In ordeeds asgnals’
preference for interaction with a new stranger over the stranger previogsgnted in

the sociability test housed in the opposite chamber, the amount of time animals spent in,
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and the number of entries made into, each chamber (that housing either stranger 1 or
stranger 2) was recorded, as was the amount of time animals spent in thehamterc
Consistent with rodents’ demonstrated preference for social novelty, normalaana
expected to spend more time in the chamber housing the more novel second stranger than
in the center chamber or the chamber housing the less novel first sttaragktition, the
number of entries made into the empty and novel animal chambers was recorded during
both phases of testing in the social approach paradigm as a measure of loconchotor a
exploratory behavior.
Results

Social InteractionHB-GAM knockouts and wild type mice did not differ
significantly in the number of face-to-face contatt8%) = .084p = .933, Figure 13A)
or face-to-body contacts (35) = .393p = .697, Figure 13B) initiated with the novel
animal. No cuddling, aggressive behavior, or inappropriate behavior (e.g. the tedt anim
climbing over the novel animal) was observed. Following behavior was observed in only
a very small number of animals (~ 20%) and, therefore, was not analyzed. Ovesall, t
data suggest similar quality and quantity of social interaction among HB-GAM
knockouts and wild type mice. Among the subset of aninmads?) for which latency to
first contact with the novel animal was recorded, HB-GAM knockouts did not require
significantly more time to initiate their first contact with the novel ahitman did wild-
type mice, though a statistical trend in the expected direction was fo(#)d=(1.95p =

.108, Figure 13C).
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Figure 13. Number of face-to-face contacts (A) and face-to-body contacts (B)eai by
HB-GAM knockouts ( = 18) and wild type micen(= 19), and the mean latency to
initiate first contact (C) for a subset of HB-GAM knockouts=(3) and wild type micen(

= 4), in the social interaction paradigm.

Social Approach: Sociability TedtiB-GAM knockouts spent significantly less
time in the stranger chamber({8) = 2.73p = .011, Figure 14A) than did wild type
mice, however, HB-GAM knockouts and wild type mice did not differ significantly in
time spent in the empty chambefZ1) = .233p = .819, Figure 14B). HB-GAM
knockouts spent significantly more time in the center chantl§@8) = 2.45p = .021,
Figure 14C). These data suggest that HB-GAM knockouts demonstrated thet greates
preference for the center chamber, to which they were acclimatedgtesting, at the

expense of time exploring the adjoining, novel chambers. HB-GAM knockouts ahd wil
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type mice did not differ significantly in total number of chamber entti€s3) = .707p

= .488, Figure 14D), suggesting similar locomotor and exploratory behavior between the

genotypes.
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Figure 14 Time spent in the stranger chamber (A), empty chamber (B), and center
chamber (C), and the total number of chamber entries made (D), during thelispciabi
test in the social approach paradigm by HB-GAM knockauts 11) and wild type mice

(n=9). Note that outliers were removed: total chamber entriesn(KQ0, WTn = 9).

Social Approach: Social Novelty TeliB-GAM knockouts and wild type mice
did not differ significantly in time spent in the stranger 1 chamiy@8) = 1.37p =
.188, Figure 15A) or in time spent in the center chanttf@8) = 1.40p = .183, Figure

15C). These data suggest increased exploration of the previously novel first stiadger
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the apparatus in general, by HB-GAM knockouts upon second exposure to the social
approach apparatus relative to first exposure. HB-GAM knockouts and wild type mice
did not differ significantly in amount of time spent in the stranger 2 cham{s)(=

1.88,p = .079, Figure 15B), though a statistical trend in the expected direction was found,
suggesting the possibility of reduced preference for social novelty in the knaodkButs

GAM knockouts and wild type mice did not differ significantly in total number of

chamber entried (18) = .035p = .973, Figure 15D), suggesting similar locomotor and

exploratory behavior between the genotypes.
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Figure 15 Time spent in the stranger 1 chamber (A), stranger 2 chamber (B), and center
chamber (C), and the total number of chamber entries made (D), during theneuelt}
test in the social approach paradigm by HB-GAM knockauts 11) and wild type mice

(n=9).
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Discussion

Because abnormalities in social behavior, such as decreased social rmethory
decreased preference for social novelty, are commonly associatetievl®Ds (DSM-
IV-TR; 2000), HB-GAM knockouts’ social behavior was assessed. Specifically, lahima
quality, quantity, and appropriateness of social behavior were assessed inghe soci
interaction paradigm, and animals’ sociability, social memory, and preéefensocial
novelty were assessed in the social approach paradigm.

HB-GAM knockouts and wild type mice did not differ significantly in those
behaviors assessed in the social interaction paradigm. The comparable numieetof fa
face and face to body contacts initiated by animals of both genotypes sulgetis
knockouts do not possess appreciable abnormalities in the frequency of behaviors
traditionally associated with social interaction and exploration of a novel acofspe
Similarly, the comparable absence of following and other inappropriate sduaalitwein
both the knockouts and wild type mice indicate that HB-GAM knockouts’ behavior in
this paradigm is consistent with the conventions of rodent social behavior.

Interestingly, however, the knockouts’ latency to initiate their first comdh a
novel conspecific in the social interaction paradigm was greater than that avitdeir
type counterparts, though this difference was only marginally signifientever,
animals’ latency to first social contact is not traditionally recorded snpgaradigm, and
so these data were recorded in only 16 percent of animals as a pilot measuse béca
HB-GAM knockouts’ increased latency to behave appropriately in some other behaviora
paradigms. Given this small sample size, even the knockouts’ marginallycsighif

increase in latency to first social contact is notable and suggests that sty with a
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larger sample might yield significant findings. Indeed, these dataasestent with HB-
GAM knockouts’ increased latency to act appropriately in those other novel paradigms,
such as the visual cliff, involving an open environment and/or novel stimuli.

Therefore, the knockouts’ increased latency to initiate social contact india s
interaction paradigm suggests that a novel conspecific was a stimulegestiffinovel
to induce behavioral reticence in these animals. Further, the knockouts’ sociabb&havi
this paradigm was otherwise comparable to that of wild type mice, suggéstinge
knockouts’ behavior might normalize upon extended exposure to novel environments and
novel conspecifics, findings also consistent with these animals’ behavior in other
paradigms like the open field.

Upon sociability testing in the social approach paradigm, which provides animals
a choice as to whether to engage in social interaction, HB-GAM knockouts spent
significantly less time in a chamber containing a novel conspecific than Ididyye
mice. These findings seem to imply a decreased preference for sariatiion in the
knockouts. However, HB-GAM knockouts spent significantly more time in the center
chamber, to which they had been acclimated prior to testing, but they spatrdtecally
comparable amount of time in the adjoining, empty chamber.

These data indicate that HB-GAM knockouts had the greatest preference for the
center chamber, a moderate preference comparable to that of wild type ntinee for
empty chamber, and the least preference for the chamber housing a noveliionspec
Perhaps not coincidentally, the knockouts’ chamber preferences were directly
proportional to the degree of novelty of each chamber. That is, acclimation to thre cente

chamber prior to testing made this chamber most familiar to the animalseif-tine
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empty chamber, though previously unexplored by the animals, more closelplegem
the familiar center chamber than the chamber containing a novel conspeitic
possessed the greatest novelty because of the presence of anotherasinagge
Therefore, HB-GAM knockouts’ activity during sociability testing in the aloapproach
paradigm might be more attributable to reticence in the presence of nibngltio a
decreased preference for social interaction.

Such a conclusion is supported by HB-GAM knockouts’ behavior during social
novelty testing in the social approach paradigm, which occurred immediatelyifag
sociability testing, a total of 15 minutes after test animals’ introductidmetagparatus.
During this test, HB-GAM knockouts and wild type mice did not differ significantly in
time spent in the center chamber or in time spent in the chamber housing the first novel
conspecific placed in the apparatus during the sociability test.

These findings support the notion that HB-GAM knockouts exhibited neophobic
tendencies in the social approach paradigm, as the first novel conspecific in thmgdjoi
chamber was no longer as novel during this second phase of testing in the paradigm.
Interestingly, HB-GAM knockouts spent less time in the chamber housing the second,
more novel conspecific than did their wild type counterparts, a difference that was
marginally significant. This finding is also consistent with the hypothkaisHB-GAM
knockouts’ behavior in the social approach paradigm was affected primarily by
behavioral reticence in the presence of novelty and not by reduced prefercsoadl
interactionper seor a social deficit such as reduced social memory.

Further, HB-GAM knockouts did not demonstrate impairments in locomotion or

general exploration in either portion of testing in the social approach pawsatg
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evidenced by a statistically comparable number of chamber entries mtme by

knockouts and their wild type counterparts. These data are consistent with the knockouts’
performance in other behavioral paradigms and contraindicate the attribution of
differences between the genotypes on social approach measures to mepéoratien

deficits.

Assessment of social behavior in HB-GAM knockouts indicated that these
animals do not demonstrate reduced frequency of normal social behavior, inappropriate
social behavior, or lack of preference for social interagtemse A plethora of other
possible animal models of the PDDs indeed exhibit these abnormalities, such as rat
infected with BDV (Lancaster et al., 2007), those treated with a neonatal blgaktah-
releasing peptide (Presti-Torres et al., 2007), and those with experimdetaéted
forebrain serotonin (Boylan et al., 2007) as well as animals nufitéor(Greer &
Wynshaw-Boris, 2006), themr1 gene(Bernardet & Crusio, 2006), CADPS2 (Sadakata
et al., 2007), and thdECP2gene (Moretti et al., 2005). However, the knockouts’
increased latency to first social contact in the social interaction paradigl their
reduced time spent in those chambers housing novel conspecifics in the social approach
paradigm, suggest behavioral reticence to engage in social contact andxgdoratien
when a conspecific is novel. Therefore, these data are suggestive of neophobia
manifested in the social domain. Again, neophobia has also been observed in a number of
potential animal models of the PDDs (e.g. Sadakata et al., 2007; Sadanahts206i6;
Tsujino et al., 2007).

The social approach paradigm (as created by Moy et al., 2004) is ideadly tsuit

assess in animals some of the social abnormalities associated with thesBEIDas
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reduced preference for social interaction and social novelty. Indeed, thHeappec@ach
paradigm was developed based on clinical observation of autistic children’s social
behavior (Dennis, 2005), which includes reticence to engage in social contact and anxiety
when presented with strangers (DSM-IV-TR; 2000). Therefore, the behavior of HB-

GAM knockouts in this paradigm might have some implications for the etiology of social
function abnormalities in the PDDs. That is, these data support the notion that some of
the social impairments observed in PDD-affected individuals might be secoadary t
neophobia.

Nevertheless, social behavior in HB-GAM knockouts requires further
examination. HB-GAM is strongly expressed in both limbic cortex and olfabtdb
(e.g. Amet et al., 2001), regions that play vital roles in neural circuits unagriyient
social behavior (e.g. Ricceri, Moles & Crawley, 2007). Therefore, the hypothasen
absence of HB-GAM throughout development and adulthood could lead to disruption of
normal social or affiliative behavior is worthy of further testing.

Such a hypothesis cannot be fully addressed with the data obtained in the social
interaction and social approach paradigms, despite their standard use as part of tes
batteries assessing social behavior in rodents (Crawley, 2000, 2004, 2008). For example
naturalistic social and affiliative behavior in rodents can be abnormal in trenpeesf
normal social behavior in standard social testing paradigms (Crawley, 2000, 2004;
Ricceri et al, 2007). Therefore, observation of abnormal social behavior in rodents is
arguably more feasible via assessment of naturalistic behavior ratheminzals’
responses to presented stimuli in experimental paradigms. For examplenasdex the

knockouts’ home cage behavior at various points during their development and adulthood
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might reveal abnormalities in social behavior not readily evidenced in lelegeally

valid paradigms. In addition, testing in social behavioral paradigms that are both
unobtrusive and ecologically valid, such as the visible burrow system (Arakawa,
Arakawa & Blanchard, 2007) could characterize the knockouts’ behavior in a naturalisti
social environment as well as their role in the social hierarchy of thabament.

Similarly, because rodents make extensive use of ultrasonic vocalizatisisf@u brief
review, see Ricceri et al., 2007) that might modulate social behavior acrasstg of
relationships, examination of UVs in HB-GAM knockouts might reveal abnoresalit

that could be associated with specific social impairments.

Indeed, qualitative data collected during these studies indicated that pups born to
HB-GAM knockout dams survived less frequently than did those born to wild type dams.
This finding is not attributable to pups’ failure to thrive because HB-GAM knockout
newborns survived in numbers comparable to that of their wild type counterparts when
cared for by their heterozygous mothers or cross-fostered to wild type Barther,
observations of defensive burying and avoidance of pups by knockout dams were made
repeatedly during the current studies. Therefore, quantitative examinbb@GAM
knockouts’ maternal care behavior, as well as their courtship and mating hadpits, mi
also yield illuminating data. Indeed, impaired sexual behavior and reducedhataare
have been identified in some possible animal models of the PDDs (e.g. Greer &
Wynshaw-Boris, 2006).

Existing data regarding the social behavior of HB-GAM knockouts indicate that
these animals do not differ from their wild type counterparts in the quality or tyuaiti

social interaction, nor do these animals exhibit a decreased preferenoadbr s
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interactionper se However, an increased latency and decreased desire to explore novel
conspecifics was evidenced in the knockouts, data that are further suggestive of
neophobia.

Though HB-GAM knockouts did not demonstrate some of the social deficits
commonly associated with the PDDs, e.g. reduced frequency of social ioteact
inappropriate social behavior, the neophobia these animals demonstrated when presented
with novel conspecifics is consistent with a behavioral phenotype similar to tieaveds
in humans with PDDs.

Because the PDD phenotype is characterized by neurobiological as well as
behavioral aberrations (for reviews, see DiCicco-Bloom et al., 2006; Polldader,
2004), and a valid animal model of a human disorder should manifest multiple
phenotypic features of the modeled disorder (Fisch, 2007), assessment of MB-GA
knockouts’ cerebral cortical microstructure was conducted to more fully dbsess

phenotypic similarity between these animals and humans with PDDs.



96

CHAPTER 6. SPECIFIC AIM 4
Specific Aim 4 was to examine the entorhinal cortical microstructure of HB-GAM
knockouts.

The general PDD phenotype is typified by neurobiological as well as beHaviora
irregularities. Larger overall brain size is widely observed in thodeRdDs during the
first four to five years of life (Redcay & Courchesne, 2005), but these incleasen as
affected children mature (Sparks et al., 2002). These data suggest that ther®DDs
associated with early pathological brain growth followed by an equally abharrest in
development (Redcay & Courchesne, 2005).

Early brain enlargement in the PDDs reflects increases in both the gray aad whi
matter of the cerebral cortex (Hazlett et al., 2005) and cerebellum (@suechbt al.,

2001). PDD-associated macrocephaly might also be due to the excessivelgusjmer
tightly packed cortical minicolumns of reduced width that have been observed in those
with PDDs (cf. Casanova et al., 2006).

Microscopic neural cellular abnormalities have also been identified in PDD-
affected individuals, including decreased cerebellar Purkinje cells, displthe
brainstem and olives, hippocampal deformation, cerebral cortical dysgenesis, and
misorientation of neocortical pyramidal neurons (for reviews, see DiBtmam et al.,
2006; Polleux & Lauder, 2004). These microstructural aberrations cannot fudlyraecc
for PDD-associated macrocephaly. Instead, macrocephaly in the PDDsiskalyrdue
to an increase in cortical neuron density and number, which has been observed in affected
individuals (Polleux & Lauder, 2004). Interestingly, HB-GAM knockouts possess a

similar neuronal hyperplasia in frontal and parietal cortices (Hienala, @002, 2004).
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The PDDs have also been associated with abnormally small neurons in the

cerebral cortex (Courchesne et al., 2001) and limbic structures (DiClioomEt al.,

2006), findings consistent with the presence of cortical hyperplasia buylaayehal

overall brain volume in affected individuals. The brains of adult HB-GAM knockout

mice are grossly normal in size (Amet et al., 2001), suggesting that tloalcoeuronal
hyperplasia they possess would be accompanied by abnormal reduction in neur@n size, a
in humans with PDDs.

Neuroanatomical assessment of proposed animal models of the PDDs is indeed
sensible given the large body of research associating these disatarswological
abnormalities. Some potential animal models of the PDDs display cerelypitgridsia
similar to that observed in affected individuals. Specifically, rodents edegith BDV
postnatally (Lancaster et al., 2007), those treated with VPA either pre-torgtally (cf.
Wagner et al., 2006), arith2 knockout mice (Kuemerle et al., 2007) have been
identified as potential PDD animal models because of these cerebellaal@som

However, potential animal models of PDDs that demonstrate both neurobiological
and behavioral phenotypic characteristics of these disorders are scarexeHonice
null for Pten mutations of which have been linked to PDD-associated macrocephaly in a
subset of affected individuals (Herman et al., 2007), demonstrate learningneipizsi
and heightened anxiety as well as frontal macrocephaly (Kwon et al., P0&G).
knockouts are uniqgue among animal models of the PDDs because they display both
neurobiological and behavioral features of these disorders. However, an animal should
ideally demonstrate multiple phenotypic features of a condition in order to have ful

construct validity as a model of that condition (Hau & Van Hoosier, 2004).
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HB-GAM knockouts indeed demonstrate both behavioral and cortical neuronal
abnormalities reminiscent of those observed in the PDDs. HB-GAM knockouts exhibit
grossly normal brain size (Amet et al., 2001) but increased neuronal densotytal &nd
parietal cortices (Hienola et.a2002, 2004), findings similar to those in adults with
PDDs (e.g. Courchesne et al., 2001; Courchesne & Pierce, 2005a). In an attempt to
further characterize the neural cellular phenotype of HB-GAM knockoutssassat of
these animals’ cerebral cortical microstructure, specificallysamal area, inter-neuronal
distance, and cortical thickness, was conducted. These assessments werectonthet
deep layers of the lateral entorhinal cortex because structural anomalfissarea that
correlate with behavioral impairments have been identified in those with PBXDs (f
review, see Salmond et,@005). In addition, this region maintains robust connectivity
with the amygdala (for brief review, see Hoistad & Barbas, 2008) and has been
implicated conceptually (e.g. Gray & McNaughton, 2000) and empiricallp (Ctiusens
& Herzog, 2000) as a contributor to rodent affective responses. Thereforetaatruc
analysis of the deep layers of the lateral entorhinal cortex was indmatbd increased
anxiety and neophobia demonstrated by HB-GAM knockouts.

Specific Methods

Animal SacrificesAnimals were deeply anesthetized and overdosed with chloral
hydrate-pentobarbital, transcardially exsanguinated with heparinizedis§d.9%)
saline, and perfusion fixed with 4% paraformaldehyde, first in low pH bufferatacet
100 ml) and then in high pH buffer (borate, 100 ml). After fixation, brains were removed

and placed in 30% sucrose in borate buffer for three to seven da$G.at 4
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Tissue Processindrollowing fixation and immersion in borate buffer, mouse
brains were frozen and sectioned aj8®on the coronal plane using a sliding
microtome. Frozen sections were stored at*2h cryoprotectant solution as in
Watson, Wiegand, Clogh & Hoffman (1986) until mounted on gelatin-coated slides and
stained with cresyl violet for evaluation of entorhinal cortical microstrect

Tissue AnalysiBrain sections were placed under an Olympus BX51 microscope,
and the Neurolucida image analysis software (version 8.001, MicroBrightfield
BioSciences, Williston, VT) was used to obtain neuronal area in squared mig®mete
layers IV and V of the lateral entorhinal cortex. Approximately 10 — 20 pseudo-rgndom
selected cells were measured per frame bilaterally (~ 20 — 40 celisipat)a

Assessment of inter-neuronal distance was made using Image J softaioagN
Institutes of Health, Bethesda, MD), and those images were used for quianitifafa
neuronal area. A standard number of neurons (approximately 20 per animal) met by
points on a stereology grid were randomly chosen for measurement. Inter-neuronal
distance was defined as the distance in micrometers between the centardunaly
chosen neuron to the center of its closest neighboring neuron in the same plane of focus.

To assess lateral entorhinal cortical thickness, three images per aaraal
acquired by a Diagnostic Instruments 320 video camera (Diagnostic Instaji&eerling
Heights, MI) attached to a Nikon microscope (Morell Instruments, Me)\Nl). Images
were transferred to a computer using Spot Digital Imaging softwaagriDstic
Instruments, Sterling Heights, MI) and analyzed using Image J softwatieral
Institutes of Health, Bethesda, MD). All measures were taken by expeeradlind to

animal genotype.
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Predictors of Cortical Thicknes®earson’s correlation coefficients were
calculated to assess the association between entorhinal cortical thickihéiss a
following variables: entorhinal cortical neuronal areas in layers IV andspgectively,
and entorhinal cortical inter-neuronal distance in layers IV and V, resgdgctive
addition, a multiple regression was used to determine these variables’ comt@ngthst
as predictors of entorhinal cortical thickness.

Results

Neuronal AreaFigure 16 shows representative photomicrographs of cells in
layers IV and V of the entorhinal cortex in an HB-GAM knockout and a wild type mouse.
Neuronal area in layer 1V of the entorhinal cortex was significantlylemalHB-GAM
knockouts than in wild type micé (16) = 3.519p = .003, Figure 17A). However,
neuronal area in layer V of the entorhinal cortex did not differ significantlydset the

genotypest((17) = .125p = .902, Figure 17B).
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Figure 16 Nissl-stained sections of layer IV (wild type mouse, A; HB-GAM knockout,

B) and layer V (wild type mouse, C; HB-GAM knockout, D) of entorhinal cortisalig.
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Figure 17.Neuronal area in layer IV (A) and layer V (B) of the entorhinal cortex in HB-

GAM knockouts § = 9) and wild type micen(= 10).
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Inter-neuronal Distancelnter-neuronal distance in layer IV of the entorhinal
cortex was significantly smaller in HB-GAM knockouts than in wild type mi¢&7) =
2.24,p = .038, Figure 18A). Similarly, inter-neuronal distance in layer V of the entorhinal
cortex was also significantly smaller in HB-GAM knockouts than in wild typ=ergi
(17) = 3.221p = .007, Figure 18B). These data suggest the presence of increased
neuronal packing density in layers IV and V of the entorhinal cortex in HB-GAM

knockouts.
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Figure 18 Inter-neuronal distance in layer IV (A) and layer V (B) of the entofhina
cortex in HB-GAM knockoutsn(= 9) and wild type micen(= 10). Y-axis values were

chosen based on the range of inter-neuronal distances observed.

Cortical ThicknessFigure 19 shows representative photomicrographs of
entorhinal cortex in an HB-GAM knockout and a wild type mouse. Entorhinal cortical
thickness did not differ significantly between the genotypés4) = 1.252p = .232,

Figure 19C).
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Figure 19.Nissl-stained sections of entorhinal cortical tissue from a wild type mélise (
and an HB-GAM knockout (B). Scale bar = 24®. Entorhinal cortical thickness (C) of

HB-GAM knockouts ( = 8) and wild type micen(= 8).

Predictors of Cortical Thicknes®earson's correlation coefficients indicated no
significant correlations between entorhinal cortical thickness and neureaahdayer
IV (r =.376,p = .151) and layer (= .298,p = .263) of the entorhinal cortex. However,
significant correlations were revealed between entorhinal cortical tlsslaral inter-
neuronal distance in layer IV € .732,p = .001) and layer Vr(= .706,p = .002) of the
entorhinal cortex. These data suggest that neuronal packing density was a stronger

contributor to entorhinal cortical thickness than was neuronal area.
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A multiple regression using the combination of neuronal area and inter-neuronal
distance in layers IV and V as predictors of entorhinal cortical thicknessigmificant
(r® = .823:F (4, 11) = 12.78p < .000), indicating that 82.3% of the variance in entorhinal
cortical thickness was accounted for by the combination of these factors. Thesttronge
predictors of entorhinal cortical thickness were inter-neuronal distancgemiNa(p =
.002) and layer V= .003), as suggested by bivariate correlations. Neuronal area in
layer IV was also a significant predictgr=£ .039) of entorhinal cortical thickness,
though neuronal area in layer V was rmot(.315).

Discussion

Microscopic neural cellular abnormalities are associated with the PfDDs
reviews, see DiCicco-Bloom et al., 2006; Polleux & Lauder, 2004; Salmond et al., 2005).
Further, abnormalities in specific structures, e.g. hypoplasia of thgdatay have been
linked to impairments in functions subserved by those structures, e.g. facedsapr
recognition (e.g. Nacewicz et al., 2006; Reiss et al., 1996).

Structural anomalies in the entorhinal cortex correlate with affectiuerbizgce
and affective processing deficits in PDD-affected individuals (foemevsee Salmond et
al., 2005). Similarly, this region has been implicated as a contributor to rodent affective
responses (e.g. Gray & McNaughton, 2000; Otto, Cousens & Herzog, 2000). Therefore,
assessment of entorhinal cortical microstructure in HB-GAM knockoutsevalicted
because of the anxious and neophobia-related behavior exhibited by these animals.

The current data indicate that HB-GAM knockouts possess a significant, mean
30% decrease in neuronal area and significantly decreased inter-neustaradedin

layer 1V of the entorhinal cortex as compared to their wild type countsriNg
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significant difference in layer V neuronal area was found between the gesotyp
However, layer V inter-neuronal distance was also significantly desiaa the
knockouts.

HB-GAM knockouts did not differ significantly from wild type mice in overall
entorhinal cortical thickness. However, a multiple regression indicated ldrgjea(~
82%) portion of the variance in entorhinal cortical thickness was accounted for by
neuronal area and inter-neuronal distance in layers IV and V. This result subgést
there might exist different but proportional neuronal area and inter-neulisteaice
irregularities in other layers of the HB-GAM knockouts’ entorhinal cortex orthiese
animals possess abnormalities in these layers exclusively. The findiampéaable
overall entorhinal cortical thickness between the knockouts and wild type mike mig
suggest the latter and indicate the presence of subtle, layer-specibnaletregularities
that are not detectable via gross measures of overall cortical morphology.

Collectively, these data are consistent with the observation of grossly normal
brain size (Amet et al., 2001) but increased neuronal density in the frontal andl parie
cortices of HB-GAM knockouts (Hienola et,&2002, 2004). Perhaps more interestingly,
decreased neuronal area and increased neuronal density have been observed in a number
of structures, including the frontal and entorhinal cortices, in those with RD@s (
Courchesne et al., 2001; Courchesne & Pierce, 2005a). In addition, the gray matter
density of rhinal structures has been positively correlated with ratirthe severity of
PDD symptoms, particularly those with an affective component (e.g. Salmond et al.,

2005).
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Indeed, in addition to playing a strong role in declarative memory (cf. Zola-
Morgan, Squire, Amaral & Suzuki, 1989) via its hippocampal connections (e.g. van
Groen, Miettinen & Kadish, 2003; Witter & Amaral, 1991), the entorhinal cortex might
participate in a number of affective processes. In primates, the entonitexi c
maintains reciprocal connections with the amygdala, which itself progetis t
orbitofrontal cortex (e.g. Hoistad & Barbas, 2008). In addition, the entorhinakcort
receives input from unimodal sensory cortices, polymodal sensory areas, and the
orbitofrontal cortex. This anatomical organization suggests multiple rolésefor
entorhinal cortex in modulation of emotional memory formation via its amygdalar and
hippocampal connections, affective labeling of stimuli via projections to and féedbac
from the amygdala, and modulation of behavioral responses to affective stimuli via
projections to the amygdala-orbitofrontal cortical duo (e.g. de Curtis & Pare, 2004,
Hoistad & Barbas, 2008; Meunier, Cirilli & Bachevalier, 2006).

Spatial learning impairments have been repeatedly demonstrated following
entorhinal cortex lesions in mice (Hardman et al., 1997), though these observations
constitute the virtual limit of available empirical data on the cognitive ahavoaral
effects of such lesions in these animals. Indeed, empirical data on the role of the
entorhinal cortex in affective processes in mice is limited to data intjcdisrupted
recognition of pup UVs in mouse mothers that is suggestive of impaired processing of
affectively relevant stimuli (Koch & Ehret, 1991).

Similarly, data obtained in primates suggests that entorhinal lesions result in
subtle alterations of behavioral responses to affectively salient stinallicing

decreased approach and increased defensive behaviors in response to affeciiively pos
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and neutral stimuli independent of memory impairment. Consequently, primates with
entorhinal lesions apparently tend to make negative evaluations of affectiué sii

general, overestimating the risk inherent to interacting with thesals(vreunier et al.,

2006). Disruption of rhinal areas’ modulation of hippocampus-amygdala interactions was
postulated as underlying this aberration based on the notion that the hippocampus inhibits
approach to affective stimuli by increasing the weight of affectimelyative information

during approach-avoidance conflicts (Gray & McNaughton, 2000). This idea is supported
by observations that anxiety-induced hyperalgesia is associated withirgitorh

hippocampal circuit activation in humans (Ploghaus et al., 2001).

The entorhinal cortex receives a variety of neural inputs underlying sensory
perception, memory, and affective states, and might therefore modulate thes&inputs
form a cognitive appraisal of the affective meaning of stimuli that, in turn, guide
behavioral responses to those stimuli. Therefore, decreased neuronal area-and inte
neuronal distance in layers IV and V of the entorhinal cortex in HB-GAM knockouts
might contribute to the heightened anxiety and neophobia exhibited by these animals

Cell assemblages comprised of undersized neurons might be less able to relay
signals across neural distances, resulting in disruptions in neural integnatiovotild
likely be associated with absent, delayed, and/or inappropriate behavioral essfgons
stimuli (Kana et al., 2006; Laughlin & Sejnowski, 2003). Similarly, disorderecaheur
cellular organization, which is associated with increased neuronal denigiht,also
lead to excessive local connectivity at the expense of long distance teoglmrectivity
(Courchesne & Pierce, 2005b). Given the suggested role of the entorhinal cortex in

rodent affective processes, the microscopic entorhinal abnormalitiesietntitHB-
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GAM knockouts might lead to disruption of neural processes that allow for appropriate
appraisals of, and behavioral responses to, affectively salient stimuli aaiibsis like
those experienced by these animals in novel behavioral paradigms.

Further, because the knockouts’ apparently anxiety-driven behavioral reticenc
appears to vanish upon extended exposure to some paradigms, these animals might need
more time to process novel stimuli and contexts, generate a cognitive dpifrtisae
inputs, and behave accordingly. Such increased processing time would indeed be needed
if relevant neural circuits were disrupted, which would be expected if the entorhinal
cortex were unable to engage in normal neural signal integration and traoemissi
Testing this hypothesis would require experimental manipulation of the entarbrtext
in mice to determine whether disruption of this area results in unusual behavior gmila
that observed in HB-GAM knockouts.

Regardless of the functional consequences of the microstructurallcortica
abnormalities observed in HB-GAM knockouts, investigation into the etiology of these
irregularities is advisable. Neurotrophic and neuroprotective roles for AB-kave
been proposed, both during development (Hienola et al., 2002, 2004, 2006) and in
pathological states (Marchionini et al., 2007; Mi et al., 2007). Reduced neuronal area in
layer IV of the entorhinal cortex in HB-GAM knockout brains might, therefofkeatea
loss of HB-GAM'’s trophic and/or protective effects.

In addition, HB-GAM is known to inhibit cellular proliferation, play a role in
radial migration of neural cells during development, and induce differentiation of FGF
responsive cells toward a neuronal phenotype (Hienola et al., 2004, 2006). Therefore,

neuronal packing density increases in HB-GAM knockout brains could conceivably be
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due to an increase in early cellular proliferation but a decrease in diid¢icenbf these

cells, resulting in larger numbers of hypotrophic neurons. Interestingly, hove

GAM knockouts have not been shown to possess an increased number of neurons in
frontal or parietal cortices, where their neuronal density increases den@bserved
(Hienola et al., 2004, 2006). These data suggest a more likely role for the loss of HB
GAM'’s pro-migratory effects in the abnormal neuronal organization obsamtee i
knockouts. Alternatively, increased neuronal density could result from a deficiagr de

in apoptosis (Polleux & Lauder, 2004), however, HB-GAM has not been shown to affect
apoptotic cell death (Hienola et al., 2004).

Compensatory neurogenesis and elevations of serotonin during development have
also been implicated as driving cortical hyperplasia in the PDDs (e.¢.&5Deneris,
2005). Interestingly, evidence indicating disturbance of those neurodevelopmental
processes in which HB-GAM plays a role have been reported in the brains of PDD-
affected individuals (e.g. Bailey et al., 1998; Courchesne et al., 2005a; Cour&hesne
Pierce, 2005). Considering the shared neurobiological phenotype of individuals with
PDDs and HB-GAM knockouts, these facts suggest future investigation into whether
compensatory neurogenic processes or early elevations of serotonin areiprissent
developing brains of HB-GAM knockouts.

Similarly, the disruptions in minicolumn structure, number, and density in PDD-
affected brains (e.g. Casanova et al., 2006) suggests that analysis of HB-GAM
knockouts’ cortical minicolumn morphology might reveal further evidence indicative
phenotypic similarity between these animals and individuals with PDDs. Incexdit

though a number of neural cellular abnormalities have been reported in affeatsd brai
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(for reviews, see Polleux & Lauder, 2004; DiCicco-Bloom et al., 2006), ceaebell
abnormalities are among the most consistently reported (e.g. Courehesn001;
Kaufmann et al., 2003), suggesting the importance of future examination of the
knockouts’ cerebellar microstructure. Further, because the PDDs are also cgmmonl
associated with accelerated and then decelerated brain growth in eadyglifieédcay &
Courchesne, 2005; Salmond et al., 2005; Sparks et al., 2002), study of HB-GAM
knockout brains at multiple points during pre- and post-natal development might also be
at once enlightening and further supportive of these animals’ validity as & ohdloe

PDDs.

Another commonly reported neurobiological feature of the PDDs is reduced or
abnormal activation of neural regions and lack of synchronic activation amomipssso
structures (e.g. Baron-Cohen et al., 1999; Zilbovicius et al., 2000). Functional
neuroimaging is becoming more feasible and more common in studies using small
animals (e.g. Obenaus & Jacobs, 2007). Therefore, functional imaging of WB-GA
knockout brains might help to more fully characterize these animals’ neurob@blogic
phenotype and further assess their similarity to PDD-affected individndeed, the
entorhinal neuronal abnormalities these animals possess suggest the fyossibili
disordered intra- and/or inter-connectivity of this structure. Functiongingaould
reveal evidence indicative of such abnormalities while illustrating disngtin neural
circuitry that might underlie the behavioral disturbances observed in thesesanimal

Analysis of HB-GAM knockouts’ entorhinal cortical microstructure résea
significantly decreased neuronal area and significantly decreasedent@nal distance

in entorhinal cortical layer IV, and no significant neuronal area abnornhaiity
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significantly decreased inter-neuronal distance in entorhinal codiged V. These data
are not surprising given the suggested developmental roles of HB-GAM, howeéwver, it
most likely the loss of HB-GAM'’s role in neural migration early in prehaéural
development to which the knockouts’ neuronal abnormalities should be attributed.
Nevertheless, these findings are also consistent with the frontal and parittal c
microstructural abnormalities reported previously in HB-GAM knockouts agttmi
serve to explain these animals’ anxious and neophobic behavior.

These data indicate that HB-GAM knockouts exhibit phenotypic traits similar t
individuals with PDDs in both the neuroanatomical and behavioral domains. Among the
plethora of proposed animal models of the PDDs, only a limited number share this
distinction (e.gPtenknockouts, Kwon et 312006; CADPS2 knockouts, Sadakata et al.,
2007). Further characterization of HB-GAM knockouts’ neuroanatomical phenotype was
accomplished via assessment of these animals’ cerebral vasculatghe af HB-

GAM'’s involvement in developmental angiogenesis (Christman et al., 2005;té&h e
1998) in addition to findings (e.g. Louissaint et al., 2002; Palmer et al., 2000) suggesting

that neuronal abnormalities might be preceded by anomalies of vascular development
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CHAPTER 7. SPECIFIC AIM 5
Specific Aim 5 was to examine the cerebral vasculature of HB-GAM knockouts.

Recent work (e.g. Louissaint et al., 2002; Palmer et al., 2000) has indicated that
vasculogenesis is developmentally coordinated with neurogenesis, a procedstigt is
disrupted in those with PDDs as evidenced by the microstructural neuroanatomica
abnormalities that have been consistently reported in these individuals/{fvgesee
DiCicco-Bloom et al., 2006; Polleux & Lauder, 2004). Though little dataseasto the
mechanism by which the synchronization of cerebral vascular and celluédopi@ment
is orchestrated, developmental vascularization is thought to occur until the neetabol
requirements of emerging neuronal populations are satisfied (Louissaint2€02;

Palmer et al., 2000).

Therefore, it is possible that neurodevelopmental disorders such as the PDDs are
manifestations of associated disruptions in vasculogenesis and neurogenesaps, pe
abnormalities in vascular development underlie the disordered neurobiological phenotype
of the PDDs. However, understanding of the vascular phenotype associated with the
PDDs is currently incomplete. Numerous neuroimaging studies (e.g. Boddaert &
Zilbovicius, 2002; Wilcox et al., 2002) indicate cerebral hypoperfusion in those with
PDDs, though this finding might represent the result of functional connectivity
abnormalities and resultant under-utilization of specific neural regions angnotaay
vascular abnormality. Several suspected pathogenic factors in the PDOsekave
associated with vascular abnormalities, including prenatal thalidomide egpasur
inhibition of developmental angiogenesis (Hallene et al., 2006), mutationstOKAL

gene with vascular malformations (Tischfield et al., 2005),Rtadgene mutations with
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developmental venous anomalies (Tan et al., 2007). In addition, enhanced oxidative
stress, which is associated with abnormal blood flow, has been reported in the PDDs
(Yao et al., 2006).

Despite the suggestion that aberrations in vascular development are associated
with the PDDs, significant vascular abnormalities have either not beenigatedtor not
demonstrated in potential animal models of these disorders (e.g. Tan et al., 2007).
However, convincing data exists to substantiate a link between neural structural
development and vasculogenesis, thereby suggesting the possibility that vadmitsr de
are indeed part of the neurobiological phenotype of the PDDs. In addition, HB<AM’
role in developmental angiogenesis (Christman et al., 2005; Yeh et al., 1998)dcouple
with findings of neuronal abnormalities in HB-GAM knockouts, further suggests
examination of these animals’ cerebral vasculature. Therefore, animebral
vasculature, specifically, vascular density and diameter, was egsedsontal and
temporal cortices. These areas were chosen for vascular assagseretite previous
finding of significant neuronal abnormalities in frontal cortex (Hienola.ef@0b4), and
the current data suggestive of temporal cortical abnormalities, in HB-@#dkout
brains.

Specific Methods

Animal SacrificesAnimals were anesthetized and sacrificed, and their brains
removed, as described earlier.

Immunocytochemistryvlouse brains were stained with alpha collagen-IV
(primary antibody: rabbit-anti-mouse alpha collagen-1V, 1:500, Chemicon, Tesmecul

CA,; secondary antibody: goat anti-rabbit, 1:500, R & D Systems, Minneapolis,dVIN) t
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visualize cerebral vasculature basement membranes as in Francio&@d4), using
the general immunostaining protocol described in Morse €1393). Stained sections
were then mounted on gelatin-coated slides, which were dehydrated via immersion i

ethyl alcohol and cover-slipped after subsequent immersion in xylenes.

Tissue AnalysisStereology to assess vascular perimeters was performed on alpha

collagen IV-stained brain sections after acquisition of three images pen peg animal
by a video camera (Diagnostic Instruments, Sterling Heights, Mihaiticio a Nikon
microscope (Morell Instruments, Melville, NY). Images were transfeto a computer
using Spot Digital Imaging software (Diagnostic Instruments, StgHieights, MI) and
analyzed using Image J software (National Institutes of Health, &h#ID).

Vascular density was assessed via point-count stereology, that is, de aceta
containing points in a grid pattern was superimposed on images captured fronVlayers
VI of the frontal cortex (primary motor cortex) and layers V — VI of the temmandaéx
(lateral entorhinal cortex). All points that fell on a vessel were countedulasiensity
was defined as the proportion of points falling on alpha collagen 1V-positive ssoss

all three images to the total number of points in the grid multiplied by three.

To assess blood vessel diameter, the same acetate was overlaid on those images

utilized for quantification of vascular density. A standard number of vessels
(approximately 20 — 30 per animal) met by points on the grid were randomly chosen for
measurement, which was performed using Image J software. All measuestaken by

experimenters blind to animal genotype.
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Results
Vascular DensityFigure 20 shows representative photomicrographs of
vasculature in layers V — VI of the entorhinal cortex in an HB-GAM knockout andda wil
type mouse. The density of frontal cortical vasculature did not differ sigmtiffca
between HB-GAM knockouts and wild type mi¢c€X1) = 1.46p = .173, Figure 21A).
Similarly, the density of temporal cortical vasculature did not differ Bogmtly between

the genotyped (11) = .386p = .707, Figure 21B).

Figure 2Q Alpha collagen IV-stained sections of frontal cortical tissue (wild type ejous
A; HB-GAM knockout, B) and temporal cortical tissue (wild type mouse, C; ABAG

knockout, D). Scale bar = 30n.
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Figure 21 Vascular density in frontal cortex (A) and temporal cortex (B) in HB-GAM

knockouts § = 5) and wild type micen(= 8).

Vascular DiameterThe diameter of frontal cortical blood vessels did not differ
significantly between HB-GAM knockouts and wild type mitél(l) = .350p = .733,
Figure 22A). Similarly, the diameter of temporal cortical blood vesselsatidiffer

significantly between the genotypegi1) = .760p = .463, Figure 22B).
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Figure 22 Vascular diameter in frontal cortex (A) and temporal cortex (B) in HB-GAM

knockouts § = 5) and wild type micen(= 8).
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Discussion

The apparent link between neural structural development and vasculogenesis (e.g.
Louissaint et al., 2002; Palmer et al., 2000) suggests the possibility that the PODs coul
be associated with vascular defects that either underlie or accompamytakestructural
abnormalities observed in these disorders. Given the similarity between the heurona
abnormalities observed in the brains of those with PDDs and HB-GAM knockouts, it is
possible that such irregularities in these animals are accompanied by vasouialies.
HB-GAM'’s known role in developmental angiogenesis (Christman et al., 2005; Yeh et
al., 1998) further warrants study of cerebral cortical vasculature in HB-@&@#ddkouts.
Therefore, animals’ frontal and temporal cortical vasculature veessad because of
indications of neuronal abnormalities in the frontal (Hienola et al., 2004) and temporal
(see Chapter 6) cortices of HB-GAM knockouts.

Measures of vascular density and diameter did not differ significantiyebat
HB-GAM knockouts and their wild type counterparts in either the frontal or teinpora
cortex. Similarly, no qualitative observations of gross vascular differeagesn blood
vessel tortuosity, between the genotypes were apparent. These data are somewha
unexpected given HB-GAM'’s role in developmental angiogenesis (Christmhn et a
2005; Yeh et al., 1998). However, the notion that some as yet unknown compensatory
mechanism aids in the preservation of vascular development in the absence of HB-GAM
is certainly feasible.

The finding of relatively normal cerebral vasculature in HB-GAM knockouts is
also noteworthy in the context of the apparent association between neurogedesis

vasculogenesis (e.g. Louissaint et al., 2002; Palmer et al., 2000). The condition of
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vasculature is thought to have a primary impact on progenitor cell proliferation and
neuronal differentiation in both developmental and pathological states (e.g.tleng e
2008). Therefore, the presence of normal cerebral cortical vasculature bas@tcre
neuronal packing density and decreased neuronal area in specific cortisatfaies
knockouts’ brains indicates that the latter irregularities are driven by surtatier
transitory vascular defects or are independent of the state of ceredmalvare.
Therefore, these data suggest that the neuronal abnormalities observe®AMHB
knockouts are more likely the result of the absence of HB-GAM'’s effect on radial
migration and cellular differentiation during development. Finally, furtxamination of
HB-GAM knockouts’ cerebral vasculature could be conducted in other neural regions,
particularly those in which neural abnormalities have been identified in the,RRDEN
as the cerebellum (Courchesne et2001).

The absence of cerebral vasculature irregularities in HB-GAM knockoeatsrbt
negate their phenotypic similarity to humans with PDDs. Cerebral hypomerfugs
been commonly reported in the PDDs (e.g. Boddaert & Zilbovicius, 2002; Wiladx et
2002), but these findings might reflect under-utilization of, or abnormal functional
connectivity among, neural regions rather than a primary vascular abnormality
Consistent with the lack of substantial empirical data demonstrating abn@scalature
in the PDDs, analysis of cerebral vasculature in potential animal modakssef t
disorders has either not been performed or not revealed vascular defects(eigalTa
2007). Analysis of cerebral cortical vasculature in HB-GAM knockouts, though not
suggestive of phenotypic vascular irregularities, might serve to limit tinéerof

possible explanations for the neuronal abnormalities seen in these animals anis$ sugges
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that these deviations are due to the loss of HB-GAM'’s role in radial migration and

differentiation of nascent neural cells.
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CHAPTER 8. GENERAL DISCUSSION

Previous, pilot studies of mice deficient in HB-GAM, a protein involved in a
variety of neurodevelopmental processes, suggested the presence of cagiuitye
anxiety, and motor impairment as well as cortical neuronal hyperplasiase animals.

The PDDs include these abnormalities and have a strong neurodevelopmental basis
Therefore, further characterization of the behavioral phenotype of HB-GAM knackout
was performed with an emphasis on features known to be abnormal in the PDDs but
capable of quantification in mice, that is, capacity for perseveration, paxidt

behavioral reticence, and social behavior. In addition, characterization of kndckouts
neuroanatomical phenotype focused on the microstructure of the lateral entorhexal cor
a region with anomalies that correlate with symptom severity in PDBtaffe

individuals, and on cerebral cortical vasculature because of the possible linkmetwe
neuronal development and vascular development.

The HB-GAM Knockout Phenotypessessment of the behavior and
neuroanatomy of HB-GAM knockouts indicated that these animals possess a phenotype
characterized by: (1) perseverative tendencies in the cognitive domaiandssted by
difficulty adapting to shifting contingencies and a failure to make vaxidlelxible
choices in favor of perseverative behavioral responses, but not by perseverative
tendencies in the motor domain, as suggested by the absence of motor stereotypy and
hyperactivity; (2) heightened anxiety in the presence of anxiogenic enviranmnt
offering a ready means of escape; (3) behavioral reticence in noveigmasavithout an
appetitive component that vanishes upon extended exposure, suggestive of contextual

neophobia; (4) social neophobia, as evidenced by reduced preference for interdltion wi
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a novel conspecific, without deficits in frequency or quality of social iniergq5)
decreased neuronal area and increased neuronal packing density in laperigimal
neuronal area but increased neuronal packing density in layer V, of the lateriaineht
cortex; and by (6) frontal and temporal cerebral cortical vasculature cainigp#o that of
wild type mice.

Validity of the HB-GAM Knockout Modélhe current studies attempted to
characterize the neuroanatomical and behavioral phenotype of HB-GAM knockouts
within the context of the hypothesis that these animals might serve as afoncdehe
of the anomalies associated with the PDDs. The relatively recent prtodifeoh
proposed animal models of human psychopathologies has necessitated much discussion
regarding the theoretical and practical processes by which these gdotedels are
validated. Validation of animal models of pathologies like the PDDs is most often
comprised of assessing three separable features of these potential thatislstheir (1)
face validity the extent to which a model is similar to the entity it is proposed to model;
(2) construct validity the extent to which features of the model and the modeled entity
have the same or similar etiology; and §8dictive validity the extent to which the
same treatment has a similar effect in the model and the modeled emtigv{Ew, see
van der Staay & Steckler, 2001).

The face validity of HB-GAM knockouts to serve as an animal model of the
behavioral features of the PDDs is bolstered by the cognitive perseverakisty aand
neophobia they exhibit upon testing. Further, the increased neuronal density and
decreased neuronal area present in some cerebral cortical regions of Koaitsidcain

supports their face validity as a model of those neurobiological featuresRDe



122

The apparent absence of motor stereotypy and hyperactivity in thesesaisimatl
consistent with a PDD-like phenotype. However, the significant heterogemeity i
symptom profile and severity observed among PDD-affected individuals migimidebo
animals with similar phenotypic traits. Indeed, the absence of repetititce behavior
does not by itself exclude diagnoses of PDDs in humans (DSM-IV-TR; 2000). Further
though HB-GAM knockouts lack abnormalities in the quality and quantity of social
interaction, these animals demonstrate a reduced preference for socigl pexeps
secondary to neophobia, qualities indeed reminiscent of the PDDs.

The construct validity of HB-GAM knockouts as a model of the PDDs is more
difficult to assess given the incomplete understanding of the etiology ofdisesders.
Though thePtn gene is located on chromosome 7q (Li et al., 1992), which has been
associated with PDD development in genetic linkage studies (Grice & Banxl2906),
the state of pleiotrophin in humans with PDDs has not been investigated.

Similarly, the lack of reliably effective treatments for PDD symowhether
pharmacological or behavioral, makes judgments as to the predictive valithgsef
animals as a PDD model equally difficult. However, investigation into whether the
abnormal phenotypic features demonstrated by HB-GAM knockouts can be reduced or
reversed via experimental interventions might suggest potential treatioreRRD-
affected individuals. Indeed, gradual activation of MEECP2gene in knockout mice
reportedly results in reduction of these animals’ phenotypic abnormalitigsetGl.,
2007). Therefore, future work might examine the effect of similar activati®tn in

HB-GAM knockouts.
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In addition, exposure to enriched environments has been linked to reversal of the
abnormal behavioral phenotype of rats treated prenatally with valproic acidlta res
attributed to enhanced neuro- and synaptogenesis and opportunities for animals to learn
associations between responses and environmental consequences (Schneider et al., 2006)
Accordingly, these mechanisms have been implicated in the efficacy of bahavior
therapeutic approaches designed to address PDD symptoms, especiatjyaatksocial
deficits, in humans (cf. Lovaas, 1987). Therefore, examining the effect ofigegnit
enrichment on HB-GAM knockouts’ heophobic tendencies might yield data that could
bolster their predictive validity as models of the PDDs.

HB-GAM knockouts demonstrate multiple phenotypic features, both neurological
and behavioral, associated with the PDDs. Many animal models of these disoveers ha
been proposed, but few (eRtenknockouts, Kwon et gl2006; CADPS2 knockoults,
Sadakata et al., 2007) have been empirically characterized as exhibittigdeniRIDD-
like irregularities of neuroanatomy and behavior. Therefore, the facktyalf HB-

GAM knockouts as a model of the PDDs demonstrated by the current studies urges
further study to elucidate the construct and predictive validities of these anamsa&rve
as such a model.

Limitations and Future Directiond’ he ambiguity regarding the construct validity
of these animals as a PDD model is not limited to HB-GAM knockouts, as a number of
cogent criticisms regarding animal models of human neurobehavioral disorders have bee
raised in response to the recent proliferation of potential animal models of these

disorders.
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Chief among issues relating to the validity of animal models of PDDs is that the

association between genotype and phenotype is often dubious. Counterfactual reasoning

dictates that phenotypic abnormalities in genetic knockouts result from a ldoek of t
deleted gene and, consequently, a lack of that gene’s products (Hernandezr& Blaze
2006). However, some (cf. Routtenberg, 1995) have argued that knockout animals are
essentially “reactionisms,” organisms wherein gene deletion andogethect deficiency
likely results in altered activation of other genes and their products. Indeed) tHBug
GAM is involved in a wide variety of processes vital to development of the nervous
system, animals null for HB-GAM, and animals null for its receptor, N-s\ardée.g.
Hienola et al., 2006), survive development into adulthood with grossly normal central
nervous system structure. This suggests activation of genetic compensatbanisias

in HB-GAM knockouts that might have implications for these animals’ phenotype.

That is, genetic compensatory mechanisms might contribute to abnormal
phenotypic features in knockout animals in general, and HB-GAM knockouts in
particular, or prevent expression of phenotypic traits that would otherwisefresuk
loss of a deleted gene’s products. Accordingly, genetic compensatorymsechaave
frequently been implicated in studies that have failed to demonstrate expected pibenoty
abnormalities following genetic manipulation in animals. For example, paktnat
blockade of gastrin-releasing peptide reportedly induces reduced socettioter
impaired inhibitory avoidance and novel object recognition in rats (Presti-Tedregs
2007), but others (e.g. Yamada, Wada & Wada, 2000) have reported increased social

interaction and intact memory in gastrin-releasing peptide knockout mice.
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The possibility of phenotypic effects differing as a function of the method by
which an endogenous biochemical, such as HB-GAM, is depleted should therefore be
investigated in any proposed genetic knockout model of the PDDs. Indeed, future
investigations might ascertain the presence of genetic compensatdrgmsans in HB-

GAM knockouts, and more precise developmental roles for HB-GAM as a result, by
assessing the phenotypic features of mature HB-GAM “knockdown” animals. Such a
approach might be invaluable in ascertaining whethenthizro absence of HB-GAM is
directly related to behavioral abnormalities by examining the behavibesé animals
both before and after depletion of HB-GAM.

Proposed animal models of the PDDs are in actuality attempting to mirror
developmental disorders that are likely polygenetic in origin. For that reasonhthoug
complex genetic compensatory mechanisms might yield mediatinggeahetations
that are difficult to identify, such mechanisms might also occur in the patrsgen¢he
PDDs (Hochgeschwender & Brennan, 1995). Consequently, knockout animals could be
considered ideal organisms in which to attempt the modeling of complex developmental
disorders. Therefore, study of possible compensatory mechanisms in HB-GAM
knockouts and other potential PDD models might reveal valuable information about these
mechanisms in humans and also support the construct validity of these proposed animal
models.

Indeed, the concept of parallelism between the biology underlying the behavior of
humans and other animals is critical to the argument that animals can be used to model
human neurodevelopmental disorders. However, the similarity of both biology and

behavior between humans and other animals has been questioned since the earliest
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recorded use of animals to study human diseases and disorders in the firstA&ntury
(Hau & Van Hooiser, 2004). The concept of Darwinian evolution dictates that such
similarities exist, and the presence of homologous genes in species of ygnyets
complexity, fromdrosophilato homo sapienshas been observed repeatedly (Tordjman
et al., 2007).

However, the effect of genetic manipulation is not always identical between
humans and other animals despite the presence of homologous genes among species. For
example, mutation in the hypoxanthine phosphoribosyltransferase (HPRT) gerge cause
the X-linked recessive disorder Lesch-Nyhan syndrome (LNS) in humassisLN
characterized by cognitive impairment, self-injurious behavior andatrieductions in
striatal dopamine, all of which are considered the result of excessive poocarad
excretion of purines secondary to the loss of HPRT (Sadock & Sadock, 2003).

Knockout animals deficient for HPRT, however, do not demonstrate a biological
or behavioral phenotype similar to LNS-affected individuals (Engle et al., 1986pit®
conservation of thelPRTgene and its function between humans and rodents, differences
exist in each species’ metabolic reaction to HPRT loss during developmesed,lodéy
when treated with an inhibitor of adenine phosphoribosyltransferase (APRT), the second
enzyme involved in the murine salvage pathway, did HPRT knockout mice manifest sel
injurious behavior (Wu & Melton, 1993). Similarly, though i@ gene is conserved
between mice and humans with an amino acid sequence homology of 99% (Rauvala &
Peng, 1997), the consequences of its absandeo might not be identical between these
species. Therefore, tipeima faciesimilarity between HB-GAM knockouts’

characteristics and some features of the PDDs must be considered caw®sabbuld
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all comparisons between PDD-affected individuals and animal models that sxhilat
abnormalities.

Indeed, despite the conservation of genes and behavior betwsenusculus
andhomo sapiengmany question whether these animals can truly serve as a model of
human neurobehavioral disorders, which are typified by abnormalities of complex
behavior and cognitive processes that are considered uniquely human. Thiscriticis
seems validated by the most accepted definition of a valid animal model of a human
disorder, that is, an animal that manifests all of the abnormalities asdogititeéhe
modeled disorder. Therefore, a valid animal model of the PDDs would manifest
neurobiological aberrations similar to those with PDDs as well as abnbesalithe
three principle domains affected by these disorders: social functioning, larajuage
communication, and behavioral repetroire (Fisch, 2007).

Though some doubt the ability of animals to manifest behavior and cognitive
processes that are analogous to humans’ even when broadly and liberally defimed, othe
acknowledge that an animal model of most any human disorder is by definition an
abstract, approximate, and reductive entity and need not mirror that disorder in
complexity but rather only in quality (Tordjman et al., 2007). Animal behavior with
conceptual analogy to that of humans can be measured, and interpreted within thite contex
of species-typical differences, in the domains of social behavior (cf. Moyeiadl
Magnuson & Crawley, 2006) and behavioral repetroire (as measured via cognitive and
behavioral flexibility, e.g. Bernardet & Crusio, 2006; Hagerman et al., 200&n&=su

et al., 2006).
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Nevertheless, modeling in animals deficits commonly ascribed to PDDeaffect
individuals, such as those in “theory of mind,” is difficult given that such process®s se
unique to humans. However, methods have been proposed to examine analogous
functions in mice, such as via measurement of an animal’s ability to locate nwd by
observing the strategy of a successful conspecific, or the social traimsnugfood
preference task, wherein normal animals choose a new flavor of food becausal of soc
interaction with a conspecific that has eaten food with that new flavor (Grak@e4,
2008).

Similarly, assessing the presence of PDD-like language deficitsnrakmni
presents obvious challenges. Ultrasonic vocalizations (UVs) represent affanmadent
communication across different relationships, including mother-pup dyads, in which
dams’ UVs accompany attention and care of pups and pups’ UVs urge maternal behavior,
and mating pairs, in which UVs of varying frequency serve specific purposésas
mate summoning. However, whether these vocalizations are primarily theofesul
physiological processes, such as coughs, sneezes, or attempts to maintastdsisner
they represent a form of communication with rudimentary linguistic presgig. Holy
& Guo, 2005) has been a matter of protracted debate.

Should the latter be possible, a valid rodent model of the PDDs would be
expected to demonstrate abnormalities in UV production, content, or timing of
expression, given the repetitive nonsense speech observed in some affectex childr
(Saddock & Saddock, 2003) and the contextually inappropriate speech and abnormal
tone, rhythm and prosody often seen in affected adolescents and adults (Rj&O6b6al

However, UVs have not been systematically investigated in proposed animal models of
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the PDDs (Ricceri et al2007), perhaps because the validity of abnormal ultrasonic
vocalization in rodents as a recapitulation of language impairments in humbarizDids
remains highly questionable. Nevertheless, investigation of UVs in any jpbtexaent
model of the PDDs, including HB-GAM knockouts, might yield data to explain, or at
least complement, observations of abnormal social behavior and maternal hasein t
animals and others with PDD-like characteristics.

Utility of Animal Models of the PDD3 he use of animals in the attempt to model
complex neurodevelopmental disorders characterized by abnormal behavior seems
contraindicated by the understandable skepticism and criticism surroundprgthiee,
as well as by the significant challenges inherent to identifying anirhalime with
conceptual analogy to humans’, designing paradigms that validly measure sucbrhehavi
and accurately interpreting findings in the context of interspeciesatitfes in biology
and behavior. However, considering the practical and ethical restrictions stigatiag
the etiology of the PDDs and possible treatments for these disorders in humanks, anima
models provide the best available alternative. Indeed, though the practice of using
animals to model these disorders is still in its proverbial infancy, somestsirg
animal models have already yielded data with obvious potential benefit for huntlans w
PDDs. For example, study of MECP2 knockout mice has already demonstrated the
benefits of gradual reactivation of tMECP2gene (Guy et al., 2007) and conditional
transgene-induced BDNF expression (Chang et al., 2006) in the rescue of thedg anim
abnormal neurobiological and behavioral phenotype, treatments that might evdrgually

applied to humans.
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Conclusion These studies sought to further characterize the neuroanatomical and
behavioral phenotype of mice deficient in HB-GAM within the context of the hygethes
that these animals might serve as an animal model of the PDDs. Behaviesahzsst
revealed that these animals exhibit cognitive inflexibility, heightenedgmednd both a
contextual and social neophobia. In addition, HB-GAM knockout brains possess cortical
neuronal packing density increases and cortical neuronal area decreaseslatdes
suggest that multiple abnormalities similar to those observed in individuals itk P
characterize the phenotype of HB-GAM knockouts. Therefore, these animalsomight
promising organism in which future investigations could examine possible etiotdgies
and treatments for these disorders. Indeed, with further study, HB-GAM knockighits m

add another piece to the proverbial puzzle of the PDDs.
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