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Abstract 

Role of the Autism-Associated Met Tyrosine Kinase Receptor in Cerebral Cortical 

Development: 

Jacob Smith, Doctor of Philosophy, 2014 

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

Anatomy and Neurobiology 

 

 I study the role of Met, the hepatocyte growth factor receptor, in the development 

of the cerebral cortex using a conditional mutant mouse line. This line expresses a kinase-

dead Met in the Emx1 lineage of the cerebral cortex and hippocampus. Loss of Met 

signaling in the Emx1 lineage leads to a number of anatomical changes in adult, but not 

juvenile mice, including increased size of the frontal cortex and corpus callosum. 

Expansion of the cortex in these mice appears to be due to an increase in cortical surface 

area, rather than thickness. Histological examination of the cortex in Met mutants 

revealed that the cortex is actually thinner at the level of the cortical barrel fields. 

Subsequent analysis of layer morphology showed that this decrease was mostly due to a 

reduction in the thickness of layer II/III, with no change in deep layer morphology. 

Furthermore, some cells expressing Cux1 - a marker of superficial layers - were found in 

ectopically deep layers in Met mutants, suggesting a possible mechanism for the 

reduction of layer II/III. These findings have prompted an examination of cortical 

progenitor proliferation by bromodeoxyuridine birth-dating. Results from these studies 

indicate that Met plays a role in regulating proliferation in cortical progenitors, and that 

this role may be temporally restricted.   
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Chapter 1: Introduction 

 

Met/MET is a tyrosine kinase receptor which binds the high-affinity ligand hepatocyte 

growth factor (HGF) (Naldini et al., 1991). Both Met and HGF are initially produced as 

single-chain pro-proteins, which are subsequently processed into their mature forms by 

proteolytic cleavage (Trusolino and Comoglio, 2002). In the case of HGF, this is 

accomplished by enzymes such as matriptase (Lee et al., 2000), HGF activator 

(Shimomura et al., 1995), tissue-type plasminogen activator (tPA, gene: Plat)(Mars et al., 

1993) or urokinase-type plasminogen activator (uPA, gene: Plau) (Naldini et al., 1992). 

The proteolytic activity of uPA is increased upon binding to its receptor (uPAR, 

gene:Plaur) (Ellis et al., 1991). Upon binding to HGF, Met auto-phosphorylates creating 

a multi-substrate docking site for a number of adaptor proteins (Fig. 1.1) (Ponzetto et al., 

1994). Downstream targets of HGF-Met signaling include PI3K, RAS, and PLCγ 

(Ponzetto et al., 1994). Potentially owing to this diverse array of downstream targets, Met 

signaling has been implicated in cellular processes as varied as proliferation, migration, 

survival, the formation of neuronal processes (Defrances et al., 1992; Hamanoue et al., 

1996a; Maina et al., 1997; Maina and Klein, 1999; Seeds et al., 1999; Caton et al., 2000; 

Powell et al., 2001b; Powell et al., 2003a; Gutierrez et al., 2004; Niimura et al., 2006; 

Martins et al., 2011). 
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Figure 1.1. Schematic diagram showing Met protein and downstream targets. 

The blue rectangles (P/P) represent the protein kinase domains, while the smaller pink 

shaded regions show the phosphorylated multifunctional docking site. In Met-Emx1 

mice, exon 16, in the kinase domain, is flanked by loxP sites. Cre recombination removes 

exon 16, which contains an ATP binding site crucial for kinase function. 
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Both Met and HGF are expressed in the developing brain in rodents (Jung et al., 1994; 

Honda et al., 1995; Achim et al., 1997; Powell et al., 2001b; Martins et al., 2007; Judson 

et al., 2009a; Bae et al., 2010; Martins et al., 2011) as well as primates (Yamada et al., 

1997; Judson et al., 2011). In mice, HGF and Met expression are detectable as early as 

E11.5. Expression of both HGF and Met is found in the cortical ventricular zone, and 

later in the cortical plate (Powell et al., 2001b). HGF is also expressed in the proliferative 

zone of the ganglionic eminence (Powell et al., 2001b). Met expression remains high 

from late embryonic through early postnatal development in the mouse (Powell et al., 

2003c; Judson et al., 2009a; Bae et al., 2010) and at the corresponding ages in primate 

(Judson et al., 2011). At late embryonic and early postnatal stages, Met transcript is also 

found in the amygdala, septum, and hippocampus (Judson et al., 2009a). Expression of 

both HGF and Met persists in the adult brain, albeit at reduced levels (Iyer et al., 1990; 

Jung et al., 1994; Honda et al., 1995; Achim et al., 1997; Judson et al., 2009a; Martins et 

al., 2011). HGF-Met signaling may therefore participate in multiple phases of 

neurodevelopment. Furthermore, HGF and Met expression are found in multiple areas 

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

 

1.1 Genetic association of Autism with the Met signaling pathway 

 

ASD is characterized by language and communication deficits as well as restricted 

interests and repetitive or stereotyped behaviors. Multiple neuroanatomical abnormalities 

have been observed in the brains of autistic patients (Bauman and Kemper, 1985; 
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Bauman, 1991; Sears et al., 1999b; Carper et al., 2002; Tsatsanis et al., 2003b; Schumann 

et al., 2004a; Amaral et al., 2008a). Genetics are thought to play a role in the etiology of 

ASDs, as they are highly heritable (Folstein and Rutter, 1977; Bailey et al., 1995; Comi 

et al., 1999; Folstein and Rosen-Sheidley, 2001b; Connors et al., 2005; Abrahams and 

Geschwind, 2008), although environmental influences could also play important roles 

(Connors et al., 2005; Croen et al., 2011). A number of genetic syndromes include 

autistic-like features or are associated with an increased risk of ASD, including Prader-

Willi (Veltman et al., 2005; Hogart et al., 2010), Fragile X (Brown et al., 1982; Bailey et 

al., 1998), and Rett syndromes (Mount et al., 2003), as well as tuberous sclerosis (Lewis 

et al., 2012a). While multiple genomic regions have been linked with autism risk, a 

particularly strong candidate is a region on chromosome 7q (IMGSAC, 1998), which 

contains putative autism susceptibility genes such as EN2, HOXA1, WNT2, and NrCAM 

(Petit et al., 1995; Ingram et al., 2000; Wassink et al., 2001; Hutcheson et al., 2004; 

Benayed et al., 2005; Persico and Bourgeron, 2006). Chromosome 7q also contains the 

MET gene, located at 7q31 (Dean et al., 1985), as well as HGF, located at 7q21.1 

(Fukuyama et al., 1991). Several MET variants have been shown to increase risk for 

ASDs (Campbell et al., 2006; Campbell et al., 2008; Campbell et al., 2009; Sousa et al., 

2009b; Thanseem et al., 2010a; Zhou et al., 2011). One single nucleotide polymorphism 

(SNP) in particular, rs1858830, has been found to be associated with the co-occurrence of 

autism with gastrointestinal conditions (Campbell et al., 2009). Another gene involved in 

HGF signaling, PLAUR (which encodes uPAR, and is found on chromosome 19q13) 

(Borglum et al., 1992), has also been associated with autism. The T allele of the PLAUR 

promoter variant rs344781 is associated with a 1.93 relative risk for ASD (Campbell et 
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al., 2008). While some studies examining MET association with autism have failed to 

replicate the association of individual SNPs (Sousa et al., 2009b), evidence for the 

association of the gene as a whole is strong, especially when combined with the 

association of related genes. 

 

In addition to genetic association, a number of MET variants have been shown to be 

functionally significant. The C allele of rs1858830 has been shown to reduce MET 

promoter activity (Campbell et al., 2006). MET protein levels are also reduced post-

mortem in temporal cortex from patients with autism compared to typically developing 

patients (Campbell et al., 2007a). A few MET variants have even been shown to have 

functional consequences at the level of behavior. The C allele of rs1858830 is also 

associated with social and communication scores on the ADI-R, ADOS, and SRS tests 

(Campbell et al., 2010). A more recent functional study showed that individuals 

homozygous for the C allele of rs1858830 have increased activity in the default mode 

network (DMN) when viewing emotional face stimuli, compared with those homozygous 

for the non-risk G allele, as well as reduced connectivity between the posterior cingulate 

cortex (PCC) and medial prefrontal cortex (MPFC) (Rudie et al., 2012). Furthermore, the 

effect of the C allele was more pronounced in individuals with a diagnosis of autism 

spectrum disorder. In individuals with ASD, a single copy of the risk allele was sufficient 

to reduce activity in response to face stimuli, while in typically developing subjects only 

those with two copies of the C allele showed significantly reduced activity (Rudie et al., 

2012). The C allele of rs2237717 and the G allele of rs42336 have also been associated 

with altered facial emotion perception (Lin et al., 2012), which is altered in ASD. Altered 
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Met signaling has also been shown to affect brain structure, particularly white matter. 

The rs1858830 C allele has been associated with decreased fractional anisotropy in white 

matter tracts of the temporal, parietal and occipital lobes, and has a greater effect in 

individuals with ASD (Rudie et al., 2012). 

 

Given the repeated association of MET with autism, and the potential association of other 

genes in the pathway, it is highly likely that dysregulation of HGF-MET signaling could 

contribute to the pathology of ASD, in at least a subset of affected individuals. That some 

effects of reduced Met signaling appear stronger in individuals with ASD as compared to 

typically developing populations could be due to interactions of the Met pathway with 

other risk alleles, which would be more common in those with ASD. While such 

interactions could play important roles in the etiology of ASD, they could also cloud the 

role played by Met itself. To examine the role of the Met pathway in the absence of 

alterations in other risk genes, it is necessary to examine animal models, where Met and 

other related genes can be manipulated in an otherwise genetically homogenous 

population. 

 

1.2 Mouse models with disruptions in the HGF-Met signaling pathway: 

1.2.1 Anatomical consequences of altered Met signaling 

 

While MET is well validated as a risk gene for autism (Campbell et al., 2006; Campbell 

et al., 2007b; Campbell et al., 2008; Sousa et al., 2009a; Lin et al., 2012), only a few 
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studies have examined the effects of loss of Met function in animals. This is likely due at 

least in part to the embryonic lethality of constitutive knockouts. Met function appears to 

be required for proper placental (Uehara et al., 1995) and liver development (Schmidt et 

al., 1995), and therefore global Met knockout mice die early during gestation. In order to 

avoid this, groups have used Cre-loxP recombination strategies to inactivate Met 

specifically in cells expressing Cre recombinase (Huh et al., 2004; Martins et al., 2007; 

Judson et al., 2009b; Martins and Powell, 2011). Mice in which exon 16 has been flanked 

by loxP sites allow the inactivation of Met in cells expressing Cre recombinase, as exon 

16 contains a critical ATP binding site within the intracellular tyrosine kinase domain 

(Huh et al., 2004). 

 

The Dlx5/6-Cre driver inactivates Met (Met-Dlx5/6 mice) in post-mitotic GABAergic 

neurons originating in the ganglionic eminence (GE). GABAergic neurons from the GE 

become the inhibitory interneurons of the cerebral cortex, hippocampus, amygdala, and 

striatum, as well as the medium spiny neurons of the striatum (Marin and Rubenstein, 

2003). The Met-Dlx5/6 mice show increased numbers of parvalbumin (PV) and 

somatostatin (SST) positive interneurons in the striatum, as well as a reduction in PV 

interneuron numbers in the sensorimotor and orbitofrontal cortex, but not in visual cortex 

(Martins et al, 2011). Furthermore, at more caudal levels of the striatum, a greater 

percentage of the population of PV positive interneurons was found in medial 

(associative), and fewer in lateral (sensorimotor) regions of the striatum than in control 

mice. Loss of Met function in embryonic interneurons therefore seems to affect the 
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migration of GABAergic interneurons both within the striatum and between the 

embryonic striatum and cortex.  

 

Hippocampal interneurons are also generated from the ganglionic eminence, and appear 

to be affected by loss of Met signaling. Fewer PV and calretinin (CR) positive 

interneurons were found in the CA3 region of the hippocampus in Met-Dlx5/6 mice than 

in controls. Mice in which Met was inactivated in the proliferative zones of the 

ganglionic eminence using a Six3-Cre driver (Met-Six3 mice) showed a similar loss of 

PV and CR cells in CA3, but further showed a loss of CR interneurons throughout the 

hippocampus, and an increase in PV interneurons in the dentate gyrus (Martins et al 

2007). Alterations in the number of interneurons in the hippocampus of Met-Dlx5/6 mice 

are likely due to a migration defect similar to that seen for cortical and striatal 

interneurons in these animals. Deficits in the Met-Six3 mice could also be due to changes 

in the specification of different subtypes of interneuron. It is unlikely that the deficit in 

Met-Six3 mice is due to decreased proliferation of interneurons, as a similar pattern of 

GABA staining found in the hippocampus (Martins et al., 2007). 

 

In order to examine the functions of Met in the developing cortex, a similar system has 

been employed using Cre recombinase expressed under the control of the Emx1 promoter 

to inactivate Met in excitatory neurons and glia of the cerebral cortex and hippocampus. 

Notably, this system does not directly ablate Met function in cortical GABAergic 

interneurons, which originate in the ganglionic eminence (Gorski et al., 2002a). Judson et 
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al. (Judson et al., 2009b) found that pyramidal neurons in layers II and III of the anterior 

cingulate cortex of Met-Emx1 mice showed significant alterations in dendritic arbor. Met-

Emx1 neurons showed reduced apical dendritic arbor length distal to the cell body, and 

increased basal dendritic arbor length proximal to the cell body. These differences appear 

to be primarily due to changes in branching complexity. Since the distal apical dendritic 

arbor of pyramidal neurons receives distinct synaptic inputs from the basal and proximal 

apical arbor (Spruston, 2008), this could result in changes in synaptic connectivity. No 

difference was found in the number of dendritic spines between Met-Emx1 and control 

mice, but an increase in the volume of spine heads was observed (Judson et al., 2010b). 

Interestingly, striatal medium spiny neurons (MSNs), were also found to show increases 

in both dendritic arbor length and spine head volume. Alterations in MSNs would suggest 

that loss of Met signaling in cortical pyramidal neurons may have effects on cells targeted 

by cortical efferents, as striatal MSNs are not targeted by the Emx1-Cre driver (Gorski et 

al., 2002a). As spine structure is closely related to function, and spines are the main target 

of glutamatergic synapses, alterations in spine head volume could produce changes in 

excitatory neurotransmission (Kasai et al., 2003). Indeed, alterations in excitatory 

neurotransmission have been shown in the cortex of Met-Emx1 mice. In the anterior 

cingulate cortex of Met-Emx1 mice, stimulation of layer II/III pyramidal neurons 

produced stronger excitatory post-synaptic potentials (EPSCs) in layer Vb corticostriatal 

projection neurons (Qiu et al., 2011a).  While changes in EPSC amplitude in this 

population could be due to either presynaptic or postsynaptic alterations, no difference 

was found in paired pulse ratios between Met-Emx1 mice and controls, suggesting that at 

least some presynaptic parameters (i.e. release probability) are unaltered by loss of Met 
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signaling. In contrast, no changes in EPSCs were found in corticopontine projection 

neurons after stimulation in layer II/III (Qiu et al., 2011a), further suggesting that the 

increased connection strength in corticostriatal neurons is likely due to post-synaptic 

mechanisms. 

 

Alterations in cortical connectivity in Met-Emx1 mice reflect some changes seen in ASD. 

Altered cortical connectivity is thought to play a role in the etiology of ASD (Courchesne 

and Pierce, 2005), including local hyperconnectivity (as demonstrated in Met-Emx1 mice) 

as well as long-range hypoconnectivity. That hyperconnectivity in the Met-Emx1 mice 

appears specific to corticostriatal projection neurons is significant, as both corticostriatal 

structural (Langen et al., 2012) and functional connectivity (Turner et al., 2006; Di 

Martino et al., 2011) have been shown to be altered in ASD. Furthermore, there is some 

evidence of an association between changes in striatal functional connectivity and 

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

 

Unlike Met
−/−

or Hgf
−/−

mice which die before embryonic day 12 (Bladt et al., 1995; 

Schmidt et al., 1995), Plaur
−/− 

mice live to adulthood (Dewerchin et al., 1996). These 

mice exhibit reduced HGF levels (Powell et al., 2001a; Bae et al., 2010), suggesting 

reduced HGF-Met signaling, and possible alterations to HGF mediated developmental 

processes. HGF has been reported to facilitate forebrain GABAergic interneuron 

migration (Powell et al., 2001a; Levitt et al., 2004). Several studies have found decreased 

numbers of GABAergic interneurons in the brains of Plaur
−/− 

mice (Powell et al., 2003c; 
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Eagleson et al., 2005; Bae et al., 2010; Bissonette et al., 2010). Fewer GABA positive 

cells were found in the cingulate and parietal cortex of Plaur
−/− 

mice than in WT mice 

(Powell et al., 2003). In a parallel study, Gad67
+
 cells were found to be decreased in the 

parietal cortex, as well as in the dentate gyrus and the CA1 region of the hippocampus 

(Eagleson et al., 2005). No change in either GABA or Gad67 staining was observed in 

occipital cortex (Powell et al., 2003c; Eagleson et al., 2005). Among GABAergic 

interneurons, PV expressing cells seem to be preferentially affected in Plaur
-/- 

mice. 

Decreases in PV
+
 interneurons have been noted in the frontal areas, including the anterior 

cingulate (Powell et al., 2003c) and orbital frontal cortex (OFC) (Bissonette et al., 2010), 

and parietal cortex, in particular in somatosensory areas (Powell et al., 2003c; Eagleson et 

al., 2005; Bae et al., 2010), as well as in the striatum (Bissonette et al., 2010). In the 

hippocampus, however, the PV
+
 population is unaffected, and there is a reduction in 

somatostatin
+ 

(SST
+
)
 
cells in the dentate gyrus and CA1(Eagleson et al., 2005). In the 

cases of the somatosensory and orbital frontal cortical regions and the striatum, 

overexpression of HGF in astrocytes restored the numbers of PV
+ 

interneurons (Bae et 

al., 2010; Bissonette et al., 2010), suggesting that the decrease in HGF levels seen in 

Plaur
-/- 

mice is responsible for the observed interneuron deficits. 

 

1.2.2 Behavioral consequences of altered HGF - Met signaling 

While cellular and physiological changes in mice with altered HGF-Met signaling are 

informative, they would not make for convincing animal models without accompanying 

behavioral alterations reflective of ASD symptoms. While not all of the mouse lines 

which have been examined have been extensively characterized, several show behavioral 
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phenotypes which suggest that altered HGF signaling could contribute to autistic-like 

behavior. 

 

Plaur
-/-

 mice show a number of behavioral alterations when compared to wild type (WT) 

littermates. Among these, Plaur
−/− 

mice have been shown to display increased anxiety-

like behaviors in the light-dark avoidance test and the elevated plus maze (Powell et al., 

2003c; Bae et al., 2010).  In addition to increased anxiety, Plaur
−/− 

mice have impaired 

cognitive flexibility as measured by reversal learning a process which has been shown to 

be dependent on the OFC (Bissonette et al., 2008; Bissonette et al., 2010; Bissonette and 

Powell, 2012). Plaur
−/−

 and WT animals both learn the rules similarly, but once the rules 

are reversed, the Plaur
−/−

 mice require more trials to master the task (Bissonette et al., 

2010). The Plaur
−/− 

mice exhibit abnormal electroencephalogram (EEG) activity and 

have spontaneous seizures, as well as an increased sensitivity to chemically induced 

seizures (Powell et al., 2003c). HGF supplementation rescues the seizures and anxiety 

behaviors seen in Plaur
−/− 

mice (Bae et al., 2010). Our recent findings indicate impaired 

social interactions and attentional processing in Plaur
-/-

 mice (Bissonette et al., 2014) and 

current studies are focused on assessing communication responses in the WT and Plaur
-/-

 

groups. 

 

Met-Dlx5/6 mice show no alterations in locomotor activity in the open field or in tests of 

anxiety-like behavior such as light-dark avoidance or the elevated plus maze (Martins and 

Powell, 2011).  Met-Dlx5/6 mice were also tested in the Morris water maze, which can be 
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used to test both spatial learning (mediated by the hippocampus) and procedural learning 

(mediated by the striatum) (Devan et al., 1996; Packard and Teather, 1997). In the water 

maze, Met-Dlx5/6 mice performed similarly to controls during a probe test, as well as 

during a reversal probe test where the hidden platform was moved to the opposite 

quadrant from where it was during training. Both tests are used to measure hippocampal-

dependent spatial learning (Devan et al., 1996; Vorhees and Williams, 2006). However, 

in a cued platform task, which is dependent on striatal function (Devan et al., 1996; 

Vorhees and Williams, 2006), Met-Dlx5/6 mice were slower to reach the platform than 

control mice. This suggests that despite abnormalities in the population of interneurons in 

both the hippocampus and striatum of Met-Dlx5/6 mice, hippocampal function remains 

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

 

Reversal learning was also affected in Met-Dlx5/6 mice (Martins and Powell, 2011), 

similarly to Plaur
−/−

 mice. Met-Dlx5/6 mice performed similarly to controls in learning 

the initial discrimination task, but required significantly longer to reach criterion during 

the reversal portion (Martins et al, 2011). That the mice acquire the initial discrimination 

normally suggests that they have no problem learning the task or discriminating between 

the cues, while their deficit in the reversal portion of the task suggests a lack of 

behavioral flexibility or a problem inhibiting the previously rewarded response.  A 

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

behavior which is frequently observed in autistic children (Turner, 1999).  
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1.3 Summary 

 

Mice with altered HGF-Met signaling show alterations in the interneuron populations of 

the frontal cortex, striatum, and hippocampus. While spatial learning (dependent on the 

hippocampus) appears normal in Met-Dlx5/6 and Plaur
−/− 

mice, Met-Dlx5/6 mice show 

deficits in procedural learning, and both strains are impaired on a reversal learning task. 

In Plaur
-/-

 mice, restoration of normal HGF levels via genetic intervention restores both 

interneuron numbers and normal behavior. Repetitive behaviors are frequently observed 

in ASD (Turner, 1999), and have been associated with diminished inhibitory control of 

prior responses (Mosconi et al., 2009), which depends on frontal-striatal circuits (Kelly et 

al., 2004; Rubia et al., 2007). Inhibition of previously-rewarded responses is a critical 

component of reversal learning, and this may be inhibited in Met-Dlx5/6 and Plaur
−/− 

mice (Bissonette et al., 2010; Martins et al., 2011). 

 

It would therefore appear as though the loss of GABAergic (and in particular PV
+
) 

interneurons in the frontal cortex and striatum could contribute to the behavioral 

alterations observed in Plaur
−/− 

mice, and possibly in Met-Dlx5/6 mice as well. For 

example, the OFC has been shown to be required for normal reversal learning (Bissonette 

et al, 2008), and both Plaur
−/− 

and Met-Dlx5/6 mice show both reduced numbers of PV
+ 

interneurons in the OFC and impaired reversal learning. Furthermore, supplementation of 

HGF levels in Plaur
−/− 

mice restores both PV cell number and reversal learning to normal 
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(Bissonette et al., 2010). While other causes cannot be ruled out, it would appear that the 

changes in interneuron numbers in the striatum and frontal cortex could lead to the 

behavioral changes seen in Plaur
−/− 

and Met-Dlx5/6 mice by altering cortical and striatal 

signaling. While cortico-striatal signaling has been shown to be altered in Met-Emx1 mice 

(Qiu et al., 2011b), further studies are needed to elucidate the effects of loss of Met 

signaling in excitatory neurons on behavior. 
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Chapter 2: Age dependent forebrain structural changes in mice 

deficient in the autism associated gene Met tyrosine kinase 

 

2.1 Introduction 

 

Autism spectrum disorder (ASD) is characterized by communication and social 

interaction impairments, as well as repetitive behaviors and narrow interests (APA, 

2000). Autisms are highly heritable (Folstein and Rosen-Sheidley, 2001a). Many single 

gene mutations, such as those underlying Fragile X (FMR1), Rett (MECP2) and tuberous 

sclerosis (TSC1 and TSC2), lead to autistic behaviors in a significant fraction of patients 

(Smalley et al., 1992; Bailey et al., 2001; Gutknecht, 2001; Percy, 2011; Lewis et al., 

2012b). While no single gene has been identified for idiopathic autism, multiple 

susceptibility factors are being identified (Anney et al., 2012; Griswold et al., 2012).  

ASDs show considerable variability in both symptoms and pathology, and it is possible 

that different genetic or environmental insults may underlie some of this variation 

(Abrahams and Geschwind, 2010; Stoltenberg et al., 2010; Hallmayer et al., 2011; 

Tassone et al., 2011; Williams and Casanova, 2011).  

 

Studies have shown alterations in brain size in ASD (Redcay and Courchesne, 2005; 

Amaral et al., 2008b; Stigler et al., 2011). Regions such as the frontal and temporal cortex 

(Carper et al., 2002; Hazlett et al., 2006a), hippocampus (Schumann et al., 2004b), and 

caudate (Sears et al., 1999a; Hollander et al., 2005) have been shown to be expanded in 

autism, while the thalamus is reduced (Tsatsanis et al., 2003a). Several studies have also 
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found increases in white matter volume in autistic patients, particularly in radiate white 

matter (Herbert et al., 2003; Herbert et al., 2004; Freitag et al., 2009). Notably, the 

alterations in brain size in ASD appear to be age-dependent, with increases in brain size 

being reported more consistently in very young patients, leveling off during childhood 

and adolescence, and possible increased volume in some brain structures into adulthood 

(Piven et al., 1995a; Aylward et al., 2002; Carper et al., 2002; Redcay and Courchesne, 

2005; Amaral et al., 2008b; Courchesne et al., 2011; Hazlett et al., 2011a; Duerden et al., 

2012). 

 

Met (also known as c-Met) is a receptor tyrosine kinase which binds the high-affinity 

ligand hepatocyte growth factor (HGF) (Naldini et al., 1991). Recently, decreased Met 

function has been found to increase the risk of developing autism spectrum disorders 

(Campbell et al., 2006; Sousa et al., 2009a; Thanseem et al., 2010b). Met is crucial during 

normal development (Birchmeier and Gherardi, 1998), and mediates cell survival, 

migration, proliferation, and the formation of neuronal processes (Maina et al., 1997; 

Powell et al., 2001a; Powell et al., 2003a; Gutierrez et al., 2004). Importantly, both Met 

and its ligand, HGF, are expressed in the brain during development (Honda et al., 1995; 

Achim et al., 1997; Powell et al., 2001a; Martins et al., 2007; Judson et al., 2009b; Bae et 

al., 2010; Martins and Powell, 2011). Met transcript expression is prominent in the 

cerebral cortex, hippocampus, and amygdala, while Met protein can also be detected in 

white matter tracts such as the corpus callosum (Judson et al., 2009b). Changes in Met 

signaling during development could therefore affect neuronal number as well as the 

complexity of the neuropil (Powell et al., 2003a; Martins et al., 2007; Bae et al., 2010; 
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Martins and Powell, 2011). Indeed, inactivation of Met in the cerebral cortex has been 

shown to alter the strength of local excitatory connections between layers II/III and V 

(Qiu et al., 2011a). Changes in Met function during development may therefore alter the 

structure or connectivity of cortical and subcortical structures, and ultimately impact their 

function. 

 

Despite progress in the understanding of the neurobiology of autism, and the role Met 

plays in neurodevelopment, it remains unclear how disruption of HGF-Met signaling 

could contribute to defects like those seen in ASD. Anatomical studies in humans likely 

reflect the effects of multiple different changes at the genetic level, as reflected in the 

considerable heterogeneity observed between studies. Furthermore, human studies have 

generally not attempted to correlate changes in brain structure to specific genetic 

variations. To this end, I have utilized a mouse line in which Met is inactivated 

specifically in the cerebral cortex and hippocampus using a Cre-loxP recombination 

strategy. This allows us to examine the effects of loss of Met function on a constant 

genetic background. Unlike global Met null mutants (Bladt et al., 1995), Met-Emx1 mice 

live to adulthood (Judson et al., 2009b), allowing us to examine brain structure during the 

postnatal and adult periods. Here I report long-term specific structural changes after 

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

2.2.1 Animals 

 

Animal care procedures are discussed in Appendix 1: Common methods 

2.2.2 MRI Imaging 

 

At postnatal day 30 (P30) or after P90 (adult), mice were transcardially perfused with 

0.9% saline followed by 4% buffered paraformaldehyde. The fixed brains were 

subsequently scanned via magnetic resonance imaging (MRI). All experiments were 

performed on a Bruker Biospec 7.0 Tesla 30 cm horizontal bore scanner equipped with a 

12 cm inner diameter gradient and a gradient strength of 400 mT/m using Paravision 5.0 

software. A Bruker 
1
H surface coil array was used as the receiver and a Bruker 72 mm 

linear-volume coil as the transmitter. Three-dimensional (3D) T2-weighted images were 

acquired using a rapid acquisition with relaxation enhancement (RARE) sequence 

(TEeff/TR = 60/1500 ms, rare factor 16 , number of averages 3) with a field of view of 

25.6 x 25.6 x 18 mm
3
 for a 100 μm

3
 spatial resolution. The total acquisition time for each 

sample was approximately 3 hours and 36 minutes.  

 

2.2.3 Area and volume estimation 

 

Post-imaging analysis for volume and area was performed using NIH ImageJ software 

(version 1.43u). Fig. 2.1 shows the boundaries of the regions of interest that were 
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measured in the coronal plane (Fig. 2.1 A-C), as well as in the mid-sagittal plane (Fig. 

1D). Measurements of the whole brain included all structures from the rostral extent of 

the cerebral cortex (bregma ~4.0 mm, (Paxinos and Franklin, 2001)) to the caudal 

brainstem-spinal cord juncture (bregma ~ 8.5mm). The area of the cerebral cortex was 

measured from pia to white matter, with boundaries defined rostrally by the emergence of 

the olfactory bulb, caudally by the plane in which the deep white matter (dorsal 

hippocampal commissure) was no longer visible, and ventrally by the rhinal sulcus, end 

of the CC, or level of the anterior commissure (from caudal to rostral). Measurements of 

the hippocampus include both the upper and lower leaves. The hippocampus is bordered 

dorsally and laterally by the corpus callosum (CC), lateral ventricles, or fimbria, and 

ventrally and medially by the thalamus, third ventricle, alveus hippocampus, brachium 

superior colliculus, or optic tract.  
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Figure 2.1 Schematics representing the areas included in measurements. The shaded 

areas show the areas which were measured for the cerebral cortex, hippocampus, 

striatum, thalamus and corpus callosum in coronal sections at bregma = +0.94mm (A) 

bregma = -1.36 mm (B) and bregma = -2.56 mm (C) and in a parasagittal section (D). Bar 

= 2 mm (A-C) and 2 mm (D). 
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Measurements of the striatum include the caudate and putamen. The boundaries of the 

striatum were defined medially by the lateral ventricles and internal capsule, laterally and 

dorsally by the external capsule, and ventrally by the anterior commissure. Measurements 

of the thalamus include both thalamic and hypothalamic nuclei. The boundaries of this 

region were defined laterally by the internal capsule and cerebral peduncle, dorsally by 

the hippocampus, and ventrally by the ventral surface of the brain. Measurements of the 

thalamus did not include the third ventricle or posterior commissure.  

 

2.2.4 Black-gold staining: 

 

Tissue sections were cut at 50µm on a Microm HM430 freezing slide microtome 

(Thermo scientific, Waltham, MA) and mounted on slides and allowed to dry overnight. 

Sections were then re-hydrated in distilled water for 2 minutes before being transferred to 

0.3% Black-Gold II solution in 0.9% saline at 65°C. After 12 minutes, slides were briefly 

removed every 2 minutes to check the progress of labeling until the desired degree of 

myelin staining was observed (typically ~18 minutes). After staining, slides were rinsed 

for 2 minutes in distilled water, then transfered to a 1% sodium thiosulfate solution for 3 

minutes. Slides were then rinsed three times for five minutes, dehydrated through graded 

ethanol, cleared in xylenes and cover-slipped with DPX mounting media. 
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2.2.5 Data analysis 

 

Four brains were imaged for each of the P30 control, P30 Met-Emx1, adult control, and 

adult Met-Emx1 groups. The images analyzed represent 100 μm thick sections, with a 

voxel size of 0.1 x 0.1 x 0.1 mm. With the exception of measurements of the whole brain, 

area measurements were taken separately for each hemisphere. 

 

The distributions of cross-sectional areas across different rostrocaudal levels were 

compared between control and Met-Emx1 mice at each age with Kolmogorov-Smirnov 

(K-S). For volume comparisons, measurements were made for the left and right 

hemispheres for each structure. The overall volume of each structure was compared using 

a two-way ANOVA in SigmaPlot12 (Systat Software, San Jose, CA) followed by a 

Bonferroni t-test as appropriate. Cortical thickness and surface area were compared 

between adult control and Met-Emx1 mice using a Student's t test. 

 

2.3 Results 

2.3.1 Alterations in gray-matter structures in adult, but not juvenile, Met-Emx1 mice 

 

Met was inactivated in the cerebral cortex and hippocampus by the selective removal of 

the intracellular signaling domain (encoded by exon 16) (Huh et al., 2004), using a Cre-

loxP recombination strategy with the Emx1-cre mouse driver (Gorski et al., 2002b). The 

Met-Emx1 mice were viable in agreement with previous reports (Judson et al., 2009b; 
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Judson et al., 2010a; Qiu et al., 2011a). Initial histological examination suggested altered 

cortical thickness (see Chapter 3) and prompted an MRI structural study of uncut fixed 

brains. 

 

2.3.2 Whole brain 

 

Total brain weight was measured for all groups (P30 control = 0.444 ± 0.01 g, P30 Met-

Emx1 = 0.421 ± 0.02 g, adult control = 0.411 ± 0.07, adult Met-Emx1 = 0.514 ± 0.06 g). 

Two-way ANOVA found no overall effect of genotype (F(1,15) = 2.548, p = 0.136) or 

age (F(1,15) = 1.395, p = 0.260). A genotype x age interaction was found (F(1,15) = 

6.082, p = 0.030), with a significant difference between P30 and adult Met-Emx1 brains 

(p = 0.024) and between adult control and adult Met-Emx1 brains (p = 0.014). These data 

suggest that while neither the Met allele nor age individually alter total brain weight, the 

combination contributes to an overall increased brain weight. 

 

The cross-sectional area of the entire brain was estimated. Cross sectional area of the 

whole brain was similar for control and Met-Emx1mice at P30 (Fig. 2.2 A, D = 0.0527, p 

= 0.514, K-S test). The cross-sectional area was increased in adult Met-Emx1 animals 

compared to control (Fig. 2.2 B, D = 0.2345, p < 0.001, K-S test). No significant effects 

of either genotype (F(1,15) = 3.031, p = 0.107) or age (F(1,15) = 2.395, p = 0.148, two-

way ANOVA) were found on total brain volume, although the interaction of genotype x 

age approached significance (F(1,15) = 4.418, p = 0.057). In control mice, whole brain 

volume did not change from P30 to adult, from 406.1 ± 13.4 mm
3
 to 391.5 ± 19.3 mm

3
 (p 
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= 0.702, Bonferroni t test). By contrast, a significant increase in volume was observed in 

the Met-Emx1 mice, from 396.6 ± 15.3 mm
3
 at P30 to 492.7 ± 44.6 mm

3 
in adults (p = 

0.024, Bonferroni t test). Similar to the total brain weight, the combination of the Met 

allele and age lead to increased brain volume in the adult Met-Emx1 mice.  
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Figure 2.2. Loss of Met function alters whole-brain cross-sectional area. The average 

cross sectional area of the brain is plotted versus estimated bregma level for P30 (A) and 

adult (B) animals. Data represent n = 4 brains per genotype and age, points represent the 

mean areas with the error bars signifying the SEM.  
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2.3.3 Cerebral cortex  

 

I initially focused on the cerebral cortex and hippocampus, the areas which were targeted 

by Emx1-Cre expression (Gorski et al., 2003). The brains from juvenile (P30) mice 

looked similar to Met-Emx1 mice when compared to control, whereas the cerebral cortex 

in the adult Met-Emx1 mouse appeared slightly larger overall (Fig. 2.3A-H). The 

distributions of areas were not significantly different for the juvenile control and Met-

Emx1 mice (Fig. 2.3I, D = 0.1076, p = 0.067, K-S test). Although in frontal regions 

(bregma levels > 2.5 mm), the areas in the Met-Emx1 mice were larger on average than in 

control mice. In the adult mice, the distributions of cerebral cortical areas were 

significantly different between control and Met-Emx1 mice (Fig 2.3J, D = 0.220, p < 

0.001, K-S test).  

 

Total cortical volume was estimated for control (96.98 ± 2.59 mm
3
) and Met-Emx1 mice 

(97.30 ± 3.48 mm
3
) at P30. In the adult mice, the total cortical volumes were 89.69 ± 

4.01 mm
3 

(control) and 98.06 ± 3.47 mm
3 

(Met-Emx1). There was a significant main 

effect of genotype (F(1,31) = 9.290, p = 0.006), but not of age (F(1,31) = 0.720, p = 

0.404), or hemisphere (F(1,31) = 0.133, p = 0.719, three-way ANOVA) on cortical 

volume. There was also a significant genotype x age interaction (F(1,31) = 9.671, p = 

0.005). The cortical volume data were in agreement with the cross-sectional area 

distributions. 
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Figure 2.3. Structural differences in the cerebral cortex of Met-Emx1 mice are age 

specific. (A-H) Representative MRI images at rostral (A-D, bregma = +1.04 mm) and 

caudal (E-H, bregma = -1.66 mm) levels. (I and J) The cross-sectional area of the cerebral 

cortex is plotted versus estimated bregma level for P30 (I) and adult (J) animals. The 

overall distributions of area are the same for control and Met-Emx1 mice at P30 (D = 

0.1029, p = 0.202, K-S test). Yet, the distributions are significantly different in control 

and Met-Emx1 mice at adulthood (D = 0.3251, p < 0.001, K-S test). Arrows denote the 

levels for which the rostral (gray arrows) or caudal (black arrows) images are shown. 

Data represent n = 4 brains per genotype and age, points represent the mean areas with 

the error bars signifying the SEM. 
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The comparison of the cross-sectional areas showed an in increase in the Met-Emx1 mice 

in the frontal and parietal cortical regions. The frontal cortical areas are associated with 

executive functions and emotional processing, which are altered in ASD. Therefore, I 

divided the dataset into rostral and caudal regions (at bregma = -1 mm), to specifically 

examine frontal areas. At P30, rostral and caudal volumes were similar between 

genotypes (control, rostral: 57.89 ± 2.42 mm
3
and caudal: 39.10 ± 4.40 mm

3
;
 
Met-Emx1, 

rostral: 62.88 ± 4.77 mm
3
 and caudal: 34.43 ± 4.33 mm

3
). In adult Met-Emx1 mice, the 

rostral half of cerebral cortex appeared larger than in control mice (control: 50.41 ± 4.03 

mm
3
, Met-Emx1: 63.06 ± 4.77 mm

3
), while the caudal half remains similar (control: 

39.28 ± 2.44 mm
3
, Met-Emx1: 34.99 ± 4.06 mm

3
). At rostral levels, there was no main 

effect of genotype (F(1,31) = 1.219, p = 0.281) or age (F(1,31) = 1.365, p = 0.254), but 

there was a significant genotype x age interaction effect (F(1,31) = 5.691, p = 0.025), 

again implying a combination of genotype and age leads to increased size. At caudal 

levels, I found no main effects of genotype (F(1,31) = 1.476, p = 0.236), age (F(1,31) = 

0.310, p = 0.580) or genotype x age interaction (F(1,31) = 0.01, p = 0.972). 

 

I next sought to determine which dimensions were expanded in the adult Met-Emx1 

cortex to account for the increase in volume. I first measured the thickness of the cortex 

from pia to white matter at the level of the barrel fields (bregma 0.34 mm to -1.96 mm) 

(Paxinos and Franklin, 2001). I found no significant difference in the thickness of the 

cortex at these levels in either the right (control: 1.15 ± 0.03 mm, Met-Emx1: 1.26 ± 0.06 

mm, p = 0.17, Student's t test) or left hemispheres (control: 1.17 ± 0.03 mm, Met-Emx1: 

1.24 ± 0.05 mm, p = 0.28, Student's t test). Next I measured the tangential length of the 
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cortical surface in each image, to determine the surface area of the cortex. The total 

surface area of the cortex is larger in Met-Emx1 mice (115.63 ± 5.52 mm
2
) than in 

controls (97.18 ± 3.47 mm
2
, p = 0.049, Student's t test). Lastly, I compared the 

rostrocaudal distance spanned by the cerebral cortex. This appeared to be slightly longer 

in adult Met-Emx1 mice (8.12 ± 0.13 mm) compared to adult control (7.70 ± 0.15 mm) , 

although this difference did not reach significnace (p = 0.09, Student's t test). No 

difference in rostrocaudal length was observed in P30 mice (control: 7.80 ± 0.10 mm; 

Met-Emx1: 7.53± 0.21 mm; p = 0.32, Student's t test). In summary, the cerebral cortex 

was larger in the adult Met-Emx1 mouse. This difference appears to be due to a 

tangential, but not radial, expansion of the cortex. There may also be a rostrocaudal 

expansion of the cortex in the Met-Emx1 mouse. 

 

To confirm our findings, I examined the brains of adult Met-Emx1 and control mice using 

basic histology. Indeed, an enlargement of the brain in Met-Emx1 mice was also evident 

in cresyl violet stained tissue. Like in our MRI images, this enlargement appeared most 

pronounced in frontal sections, particularly between bregma +1.7 and bregma +2.4 (Fig. 

2.4).  

  



 

31 
 

 

 

Figure 2.4. Expansion of the brain in Met-Emx1 mice. Representative images of cresyl 

violet stained coronal sections from adult Met-Emx1 or control mice. Sections are shown 

for adult control (top row) and Met-Emx1 (bottom row) mice between levels which in 

control mice correspond to bregma +2.34 (left) to bregma +0.74 (right) (Paxinos and 

Franklin, 2001). Note that an extra section is obtained in this anatomical range in Met-

Emx1 mice, suggesting a rostro-caudal expansion of the brain across this region. 
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2.3.4 Hippocampus 

 

 I measured the hippocampus, which also expresses Emx1-cre and may be affected by 

loss of Met signaling (Guo et al., 2000a; Gorski et al., 2002a). Lamination and subfields 

were grossly similar in all mice (Fig. 2.5A-H). Estimates of cross-sectional area showed 

no difference at P30 (Fig. 2.6AI, D = 0.1113, p = 0.426, K-S test), but a significant 

difference was found in the distribution of areas between adult control and Met-Emx1 

animals (Fig. 2.6B, D = 0.2560, p = 0.001, K-S test). This difference in the adult also 

translated to a difference in the total volume of the hippocampus (control: 13.67 ± 0.44 

mm
3
, Met-Emx1: 20.02 ± 2.94 mm

3
, p = 0.013, Bonferroni t test). I found no main effect 

of either genotype (F(1,31) = 2.950, p = 0.099), or age (F1,31) = 0.898, p = 0.353), but 

there was a significant age x genotype interaction effect (F(1,31) = 5.335, p = 0.030, 

ANOVA). Like the total brain and cerebral cortex analyses, the overall increase in 

hippocampal volume is due to the combination of small effects of genotype and age.
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Figure 2.5. Loss of Met function alters hippocampal area in adult mice. Met-Emx1 and 

control mice have similar hippocampal cross-sectional areas at P30 (D = 0.1399, p = 

0.321, K-S test). The distributions of areas are significantly different between adult Met-

Emx1 and control mice (D = 0.2594, p = 0.001, K-S test). Representative images at 

rostral (A-D, approximate bregma = -1.66) and caudal (E-H, approximate bregma = -

3.56) levels. Scale bar = 2 mm.
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Figure 2.6. Loss of Met signaling alters hippocampal area in adult mice. 

The average cross-sectional area of the hippocampus (upper and lower leaves) is plotted 

versus estimated bregma level for P30 (A) and adult (B) animals. Arrows denote the 

levels for which the rostral (gray arrows) or caudal (black arrows) images are shown. 

Data represent n = 4 brains per genotype and age, points represent the mean areas with 

the error bars signifying the SEM. 
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Frontal cortical regions project to the caudal portion of the hippocampus. When only the 

caudal portion (caudal to bregma < -2.50 mm) is considered, there was no main effect of 

genotype (F(1,31) = 0.561, p = 0.461) or age (F(1,31) = 4.208, p = 0.056), but there was a 

significant interaction between age and genotype (F(1,31) = 12.880, p = 0.001). In 

control mice, the caudal portion of the hippocampus had similar volumes at both P30 () 

and in adulthood (P30, 10.04 ± 1.46 mm
3
; Adult, 7.65 ± 1.04 mm

3
,
 
p = 0.38, Bonferroni t 

test). But in the Met-Emx1 mice the caudal portion of the hippocampus was significantly 

larger in adult, as compared to P30 mice (P30, 6.62 ± 1.17 mm
3
; Adult, 12.93 ± 2.29 

mm
3
; p = 0.029, Bonferroni t-test). For the rostral portion (bregma > -2.50) of the 

hippocampus, no significant effect of genotype (F(1,31) = 2.321, p = 0.141), age (F(1,31) 

= 0.758, p = 0.393), or any genotype x age interaction (F(1,31) = 0.523, p = 0.476) was 

found (P30 control, 6.67 ± 0.33 mm
3
; Adult control, 6.01 ± 0.65 mm

3
; P30 Met-Emx1, 

9.06 ± 2.7 mm
3
; Adult Met-Emx1, 7.08 ± 0.77 mm

3
). The increase in hippocampal 

volume therefore appears to be restricted to the caudal hippocampus. 

 

2.3.5 Striatum -  

 

The cross-sectional area of striatum of Met-Emx1 animals was found to be similar to 

control at P30 (Fig 2.7A, D = 0.0572, p = 0.984, K-S test). However, the distributions 

between genotypes were different in the adult (Fig. 2.7B, D = 0.2157, p = 0.002, K-S 

test). The total striatal volume was calculated, and at P30 control mice had a volume of 

16.60 ± 0.87 mm
3
 and Met-Emx1 mice had a volume of 16.44 ± 0.95 mm

3
. For adult 

mice, the volumes were 16.96 ± 0.57 mm
3 

for control mice and 21.95 ± 2.02 mm
3
 for 

Met-Emx1 mice. I found main effects of genotype (F(1,31) = 7.559, p = 0.011) and age 
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(F(1,31) = 11.172, p = 0.003), and a significant genotype x age interaction (F(1,31) = 

8.570, p = 0.011). Striatal volume was increased in adult Met-Emx1 mice relative to adult 

control mice (p = 0.002, Bonferroni t test) and P30 Met-Emx1 mice (p = 0.003, 

Bonferroni t test).  
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Figure 2.7. The striatum of adult Met-Emx1 mice is larger than the striatum of control 

mice.  

Average cross-sectional area of the striatum is plotted versus estimated bregma level for 

P30 (A) and adult (B) animals. Overall the distribution of area is significantly different in 

adult control and Met-Emx1 mice, but not between P30 control and Met-Emx1 mice. Data 

represent n = 4 brains per genotype and age, points represent the mean areas with the 

error bars signifying the SEM.  
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2.3.6 Thalamus  

 

I next measured the area of the thalamus, which followed a similar pattern to the other 

structures. No difference was observed at P30 between control and Met-Emx1 mice (Fig. 

2.8A, D = 0.2002, p = 0.056, K-S test), but a significant increase was found in the 

thalamus of adult Met-Emx1 compared to adult control mice (Fig.2.8B, D = 0.3960, p < 

0.001, K-S test). I also calculated the volume of the thalamus. At P30, thalamic volume is 

26.04 ± 1.79 mm
3
 in control mice and 24.86 ± 1.48 mm

3
 in Met-Emx1 mice. In the adult, 

the volume of the thalamus is 20.87 ± 3.34 mm
3
 in control mice and 29.41 ± 2.09 mm

3
 in 

Met-Emx1 mice. I found no main effect of genotype (F(1,31) = 3.256, p = 0.084) or age 

(F(1,31) = 0.025, p = 0.875). Yet, the genotype x age interaction (F(1,31) = 9.504, p = 

0.005) indicated a difference among the dataset. Post hoc analysis revealed that the 

thalamic volume of the adult Met-Emx1 mice was significantly different from adult 

control mice (p = 0.04, Bonferroni t test).  
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Figure 2.8. Loss of Met function alters thalamic area in adult mice. Average cross-

sectional area of the thalamus is plotted versus estimated bregma level for P30 (A) and 

adult (B) animals. Overall the distribution of area is significantly different in control and 

Met-Emx1 mice in adulthood (D = 0.3960, p < 0.001, K-S test), but not at P30 (D = 

0.2002, p = 0.056, K-S test). Data represent n = 4 brains per genotype and age, points 

represent the mean areas with the error bars signifying the SEM.  
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2.3.7 Altered white matter morphology in adult, but not juvenile, Met-Emx1 mice 

  

Met has previously been implicated in neurite extension, as well as axonal outgrowth and 

survival (Hamanoue et al., 1996b; Maina et al., 1997; Powell et al., 2003a) Therefore, I 

measured the thickness of the CC at the midline across the rostrocaudal extent, (bregma = 

+1.14 mm to -2.96 mm, Fig. 2.9 A-D). I found no difference between Met-Emx1 and 

control mice at P30 (Fig. 2.10A, D = 0.0723, p = 0.893, K-S test). However, adult Met-

Emx1 mice have a significantly thicker CC than control mice (Fig. 2.10B, D = 0.2239, p 

= 0.001, K-S test). The difference appears greatest towards the rostral end (bregma levels 

+0.1 to 1.0 mm) of the CC (Fig. 2.8B). For example, at bregma +0.74 mm, the thickness 

of the CC is 0.32 ± 0.03 mm in control mice and 0.54 mm ± 0.08 mm in Met-Emx1 mice, 

and, at bregma -1.06, the CC was and 0.20 ± 0.02 mm in control mice and 0.24 ± 0.04 

mm in Met-Emx1 mice.  
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Figure 2.9. The corpus callosum is expanded at rostral levels in adult Met-Emx1 mice. 

(A-D) Representative MRI images at approximate bregma = +0.94 mm (A, B) and -1.16 

mm (C, D) levels. Dotted line demonstrates the location of the thickness measurement. 
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Figure 2.10. The corpus callosum is expanded at rostral levels in adult Met-Emx1 mice. 

The average thickness of the corpus callosum at the midline is plotted versus estimated 

bregma level for P30 (A) animals and adult (B) mice. Arrows denote the level at which 

images are shown for rostral (gray) and caudal (black) levels. The distribution of 

thickness is significantly different in control and Met-Emx1 mice in adulthood (D = 

0.2239, p = 0.001, K-S test), but not at P30 (D = 0.0723, p = 0.893, K-S test). Data 

represent n = 4 brains per genotype, points represent the mean areas with the error bars 

signifying the SEM.
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I also examined white matter in the striatum, specifically the cortico-striatal fascicles, in 

adult mice. I found some indication that the size of these bundles is altered in Met-Emx1 

mice. The distribution of fascicle areas is altered in Met-Emx1 mice compared to controls 

(Figure 2.11, K-S test, D = 0.0853), with more large fascicles in Met-Emx1 mice (Fig. 

2.11C). I did not, however, find a difference in the number of cortico-striatal fascicles 

between control and Met-Emx1 mice (control, 479.7 ± 83.3; Met-Emx1, 410.3 ± 22.7; 

Student's t test, p = 0.505). 
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Figure 2.11. Loss of Met signaling alters corticostriatal fascicles.  

Representative images show black-gold myelin staining (red) along with cresyl violet 

nuclear stain (purple) in the dorsal striatum of control (A) and Met-Emx1 (B) mice. The 

distribution of fascicle sizes is shifted towards larger fascicles in Met-Emx1 mice relative 

to controls (C).  
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2.4 Discussion 

 

Our results demonstrate widespread alterations in forebrain structure in adult mice with 

impaired Met signaling. In the adult Met-Emx1 mice, I observed an expansion in the 

rostral pole, in frontal cortical areas, and an enlargement in the caudal hippocampal areas 

that connect to the frontal regions. The striatum and thalamus are expanded as well, but 

more evenly across the rostrocaudal extent. None of the differences between adult Met-

Emx1 and control mice were detected in juvenile (P30) mice. The differences observed in 

the adult mice support the idea of a progressive defect. 

 

The late postnatal nature of the enlargement of these brain areas could be due to 

continued growth in the Met-Emx1 mice, or a lack of normal pruning. The cerebral cortex 

and hippocampus are directly targeted by the Emx1-Cre driver (Gorski et al., 2002a), so 

alterations in those structures could be due to either increased cell numbers or size of 

neurons or glia (Groszer et al., 2001; Geisert et al., 2002), or increases in the size or 

number of axonal or dendritic processes. The expression pattern of the Emx1-Cre driver 

is largely uniform with regards to the rostrocaudal extent of the cerebral cortex (Gorski et 

al., 2003), excluding the possibility that the differential effects are due to driver 

expression. However, Met expression has been reported to be in a low rostral – high 

caudal pattern during the first postnatal month (Judson et al., 2009b). In another mutant 

mouse, the urokinase plasminogen activator receptor (Plaur) null, Met levels were 

reported to be selectively decreased in embryonic frontal and parietal cortical areas 
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leading to seizures and impaired cognition (Powell et al., 2003c; Bae et al., 2010; 

Bissonette et al., 2010), providing support that loss of Met has greatest consequences in 

frontal regions. Frontal and limbic structures continue to develop through adolescence. 

The larger frontal structures in the Met-Emx1 mice may represent the compensatory 

changes due to abnormal ontogeny of the frontal pole.  

 

Changes in the subcortical structures, the striatum and thalamus, are perhaps best 

explained by an increase in white matter volume, as reflected in the increased thickness 

of the CC, as well as by changes in the cortico-striatal bundles observed in our Black-

Gold staining. The CC is composed primarily of contralaterally projecting axons from 

cortical pyramidal neurons, both cortico-cortical and sub-cortical projections. An increase 

in the thickness of the CC could be caused by an increase in the number, size, or 

branching of axonal processes originating from affected cells, by increased myelination, 

or some combination of these factors. Both the striatum and thalamus exchange 

reciprocal connections with the cortex, including the frontal cortical areas which I found 

to be expanded in Met-Emx1 mice. Notably, the ventral hippocampus also has reciprocal 

connections with the frontal cortex (Fanselow and Dong, 2010). The ventral division of 

the hippocampus is found in more caudal sections where the hippocampus appears to be 

expanded in adult Met-Emx1 mice, raising the possibility that the change in hippocampal 

size may be due to altered cortical afferents rather than direct effects of loss of Met 

signaling in the hippocampus. 
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Changes in both white and gray matter volume have been detected in autistic humans. 

The brain is slightly smaller in individuals with ASD at birth and undergoes a period of 

early over-growth, leading to increased brain volume and head circumference within the 

first few years of life (Redcay and Courchesne, 2005; Courchesne et al., 2011). A study 

of autistic patients and controls from ages 18 months to 5 years found increased cortical 

volume, gray matter volume, and white matter volume in autistic patients, with no change 

in cortical thickness (Hazlett et al., 2011a). The authors therefore attributed the increase 

in cortical volume to increased surface area (volume ÷ thickness). After the initial period 

of overgrowth, the discrepancy in growth rate diminishes, and consequently brain volume 

and head circumference values approach those of typically developing children (Redcay 

and Courchesne, 2005). For example, an MRI study using individuals with a mean age 

near 10 years found no difference in total brain volume, nor in gray or white matter 

volume in autistic patients, although they did find an increase in cortical thickness at this 

age (Hardan et al., 2006). While most studies focus on childhood, some studies that 

included older children and adults report overall increases in brain size (Piven et al., 

1995a; Aylward et al., 1999), raising the possibility that such increases could persist into 

adulthood in some cases. The earliest time I examined in the mice was P30 which 

represents the juvenile, closer to the 10 year old children, and this presents a limitation 

that I do not have earlier structural data.  

 

Studies focusing on white matter structures using diffusion tensor imaging also found 

different changes in autistic patients depending on age. While one study on children 

between 1.8 and 3.3 years found increased fractional anisotropy in the genu and splenium 
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of the CC, as well as in portions of the internal and external capsules and the forceps 

minor (Ben Bashat et al., 2007), others in a slightly older population have found reduced 

fractional anisotropy values in the CC and frontal white matter tracts (Barnea-Goraly et 

al., 2004; Alexander et al., 2007). While some reports have shown decreases in CC size 

(Piven et al., 1997; Freitag et al., 2009), or no change in autistic subjects (Piven et al., 

1997; Herbert et al., 2004), others have found increased white matter volume in autistic 

individuals (Herbert et al., 2003; Herbert et al., 2004; Freitag et al., 2009). None of these 

studies were correlated with genetic information, and they likely represent a spectrum of 

diverse genetic and environmental factors leading to the ASD diagnosis. A more recent 

study found that individuals with the rs1858830 C allele, which is associated with 

increased risk for autism, have decreased fractional anisotropy values in several tracts in 

temporal, parietal, and occipital regions (Rudie et al., 2012). 

 

The structural changes I observed in the brains of adult Met-Emx1 mice may resemble 

some of those reported in patients with autism (Amaral et al., 2008b). While the cause in 

each case remains uncertain, alterations in white matter structures seem to make a 

contribution in both cases. Despite this similarity, the time course of the alterations is 

divergent between the two species. In addition to simple species differences, a few 

factors may contribute to this divergence. Most notably, the Met-Emx1 mice undergo 

what I believe to be a complete loss of the kinase activity of Met in the cells affected by 

the Emx1-cre driver, namely neurons and glia in the cerebral cortex and hippocampus. 

Changes in the striatum and thalamus are likely due to the cortical and hippocampal 

afferents to these regions. By contrast, the Met polymorphism associated with autism in 
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humans leads to decreased transcription of MET (Campbell et al., 2006), presumably 

affecting all brain areas which normally express MET. Since Met function is not 

completely ablated in the brains of humans with the polymorphism, there is the 

possibility that changes in the regulation of the pathway could eventually compensate for 

reduced transcription, as is found with MET in the cancer environment (Straussman et al., 

2012). Similarly, the complete loss of Met in our mouse model may lead to compensatory 

changes in HGF levels, or other related pathways, that do not occur after the partial 

reduction in Met signaling seen in humans.  Finally, our dataset relies on separate animals 

for each time point, and it was not a longitudinal study, and so conclusions regarding 

developmental trajectory are limited by group data. By pairing the imaging study with a 

single mutation and a defined phenotype, I was able to view the contribution of a single 

gene. The human situation is far more complex, yet multiple allelic variants may 

contribute to different stages of the ASD phenotype over the lifespan of the individual. 

Future studies will focus on the cellular and molecular underpinnings of the anatomical 

changes seen in these mice. 
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Chapter 3: Altered cortical lamination in mice deficient in Met 

tyrosine kinase 
 

3.1 Introduction  

 

The fifth edition of The Diagnostic and Statistical Manual of Mental Disorders (DSM V, 

American Psychiatric Association, 2013) lists two main categories of symptoms for ASD 

- deficits in social communication or interaction, and restricted or repetitive patterns of 

behavior. The previous edition, DSM IV, also included language deficits among the core 

symptoms (American Psychiatric Association, 2000). Autisms are highly heritable 

(Folstein and Rosen-Sheidley, 2001a). However, no single gene has been identified for 

idiopathic autism, and environmental factors are believed to play a role (Abrahams and 

Geschwind, 2010; Williams and Casanova, 2011). ASDs show considerable variability in 

both symptoms and pathology, and it is possible that different genetic or environmental 

insults may underlie some of this variation (Stoltenberg et al., 2010; Hallmayer et al., 

2011; Tassone et al., 2011).  

 

Numerous studies have examined anatomical alterations in the brains of patients with 

autism, focusing largely on areas thought to be involved in the functions most impacted 

by ASD, including the frontal lobe, superior temporal cortex, parietal cortex, 

orbitofrontal cortex, and amygdala (Carper et al., 2002; Hazlett et al., 2006b; Rojas et al., 

2006; Girgis et al., 2007; Amaral et al., 2008a). Changes in the structure of such areas 

would be expected to impact their function, and indeed studies have shown correlations 
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between the size of various cortical regions and social deficits (Rojas et al., 2006; Girgis 

et al., 2007) or repetitive behaviors (Rojas et al., 2006), which are core features of ASD. 

Other studies have found correlations between changes in white matter structure and 

ASD symptoms (Cheung et al., 2009; Gibbard et al., 2013). Taken together, these studies 

show that alterations in cortical structures can have profound behavioral effects, and are 

likely to contribute to ASD pathology. 

 

Met, the receptor for hepatocyte growth factor (HGF) has been linked with ASD by a 

number of genetic association studies (Campbell et al., 2006; Campbell et al., 2008; 

Campbell et al., 2009; Sousa et al., 2009a; Thanseem et al., 2010b). A number of MET 

polymorphisms have been associated with autism, or with autistic-like features in healthy 

subjects including rs1858830, rs38845, rs2237717, and rs42336 (Campbell et al., 2006; 

Sousa et al., 2009b; Thanseem et al., 2010a; Zhou et al., 2011; Lin et al., 2012). Of these 

variants, only a few have been characterized beyond their association with ASD. The 

rs2237717 and rs42336 single nucleotide polymorphisms (SNPs) are associated with 

altered facial emotion perception (Lin et al., 2012). The best characterized, however, is 

the SNP rs1858830. The rs1858830 allele is a common variant (0.523 allele frequency) 

located in the promoter region of MET, and the risk allele at this locus substantially 

reduces MET transcription (Campbell et al., 2006; Jackson et al., 2009). Furthermore, a 

recent study found that those with this risk allele show reduced deactivation of the default 

mode network (DMN) in response to emotional face stimuli, in addition to reduced 

connectivity between posterior cingulate cortex (PCC) and medial prefrontal cortex 

(mPFC), and reduced fractional anisotropy (FA) in the corpus callosum (Rudie et al., 
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2012). Despite this progress in understanding the role of MET in ASD risk, the high 

degree of heterogeneity among ASDs remains a complication to studies of patients with 

autism. For example, a single copy of the rs185883 C allele has different effects on 

typically developing individuals than on patients with autism, suggesting that other genes 

present in the ASD population modify the effect of the MET risk allele (Rudie et al., 

2012). I therefore sought to examine the effect of loss of Met signaling in an inbred 

mouse line, where genetic heterogeneity is more limited. 

 

Met is expressed throughout the cerebral cortex from early in development (Jung et al., 

1994; Powell et al., 2001b; Sun et al., 2002; Judson et al., 2009a). In Met-Emx1 mice, 

Met is inactivated in cells derived from the Emx1 lineage. Emx1 is expressed in the 

cerebral cortex from approximately E9.5 (Gorski et al., 2002a) and Cre recombination is 

observable from roughly E10.5 (Guo et al., 2000b). Excitatory neurons and glia, but not 

inhibitory neurons, are derived from the Emx1 lineage (Gorski et al., 2002a), and Met is 

therefore inactivated in these cells in Met-Emx1 mice. Previous work from our lab (Smith 

et al., 2012) has shown that adult mice in which Met has been rendered kinase-dead in the 

developing cerebral cortex and hippocampus (Met-Emx1 mice), have larger brains than 

control mice. Increased volume in the Met-Emx1 mice is particularly prominent in frontal 

cortical regions, which are involved in behaviors thought to be disrupted in ASDs 

(Mundy, 2003; Courchesne and Pierce, 2005). I also found that the corpus callosum (CC) 

was thicker at rostral levels in Met-Emx1 mice. In order to determine more specifically 

how the brain is expanded in Met-Emx1 mice, I examined cortical structure at the cellular 

level using histology and immunohistochemical staining.  
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3.2 Material and Methods  

 

3.2.1 Animals 

 

Animal care procedures are discussed in Appendix 1: Common Methods 

 

3.2.2 Immunohistochemistry and histology 

 

Brains from adult control or Met-Emx1 mice were processed for immunohistochemistry 

according to standard laboratory techniques, as described in appendix 1. The primary 

antibodies used were rabbit anti-Cux1 (1:100, Santa Cruz Biotechnology, Inc, Santa 

Cruz, CA), rat anti-Ctip2 (1:500, abcam), or mouse anti-Satb2 (1:500, abcam, 

Cambridge, MA), followed by appropriate secondary antibodies. DAPI staining was 

performed by incubating floating sections for 5 minutes in DAPI diluted 1:1000 in TBS, 

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

 

3.2.3 Cell counts and analysis 

 

For analysis of the distributions of Cux1-immunoreactive (Cux1
+
), Satb2

+
, or Ctip2

+
 

cells, the cerebral wall was divided into 100 µm bins. A 200 µm wide radial strip of 

somatosensory cortex was analyzed for each of 3 control brains and 3 Met-Emx1 brains. 

For total cell counts in the cerebral cortex, 3 control brains and 3 Met-Emx1 brains were 

analyzed using the Neurolucida system (MicroBrightField, Inc., Williston, VT, USA). 

Unbiased stereological cell counts were obtained from at least three sections spaced 400 
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μm apart from somatosensory cortex (from bregma level 1.10 mm extending caudally to 

−1.94 mm), prelimbic cortex (PL), or orbitofrontal cortex (OFC) (Paxinos and Franklin, 

2001) using the optical fractionator method. Volume was estimated using the Cavalieri 

method (Regeur and Pakkenberg, 1989). Statistical significance was determined for total 

counts from each region and for each antigenic marker using a Student's t-test analysis 

with a significance level of p < 0.05 in Microsoft Excel or SigmaPlot. Differences 

between distributions of cells were determined using the Kolmogorov-Smirnov test. 

 

3.3 Results 

 

3.3.1 Abnormal lamination in Met mutants 

 

I first sought to determine if lamination was affected by loss of Met function in the 

cerebral cortex by measuring the thicknesses of individual layers, using tissue stained 

with DAPI to visualize cell nuclei. I found that the cerebral cortex was significantly 

thinner in Met-Emx1 mice as compared to controls at the level of the somatosensory 

barrel field (Fig. 3.1A, B, control: 1226 ± 22 μm, Met-Emx1: 1118 ± 52 μm, p = 0.029, 

Student’s t test). This difference seemed to be accounted for primarily by a reduction of 

the thickness of layers II/III in Met-Emx1 mice (Fig. 3.1C. Student's t test, p = 0.024), 

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

suggests that superficial layers were preferentially affected in Met-Emx1 mice.  
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Figure 3.1. Reduced cortical thickness in Met-Emx1 mice.  

DAPI staining in control (A) and Met-Emx1 (B) mice was used to allow measurement of 

the thickness of each cortical layer (C). Layer II/III is thinner relative to total cortical 

thickness in Met-Emx1 mice compared to controls, while other layers are unaltered. Scale 

bar represents 200 µm.  
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Next I sought to determine if cell area was altered in Met-Emx1 mice. To do this, I 

measured cell body area in pyramidal neurons of layers III and V of the somatosensory 

cortex. I found no significant difference in the average area of pyramidal neurons in 

either layer III (Fig. 3.2 A,B; control, 106.8 ± 8.8 µm
2
; Met-Emx1, 123.2 ± 11.3 µm

2
; 

Student's t test, p = 0.317) or layer V (Fig. 3.2C,D; control, 141.6 ± 10.2 µm
2
; Met-Emx1, 

148.5 ± 3.8 µm
2
; Student's t test, p = 0.560). 

 

In addition to cell body area, I also measured the length of the apical dendritic arbor in 

layer 5 pyramidal neurons of the somatosensory and motor cortex. I used Scholl analysis 

to compare the distribution of the dendritic arbor by distance from the cell body. There 

was no overall difference in the total length of the dendritic arbor between Met-Emx1 and 

control mice (control, 383 ± 45 µm; Met-Emx1, 430 ± 65 µm; Student's t test, p = 0.547). 

There was, however, a change in the distribution of the dendritic arbor. A greater 

proportion of the total apical dendritic length is found close to the cell body in Met-Emx1 

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

ANOVA, genotype x radius interaction, F = 2.240, p = 0.002). I also found a slight, but 

significant increase in tortuosity in the apical dendrites of Met-Emx1 mice (Figure 3.3C; 

control 1.08 ± 0.01; Met-Emx1, 1.11 ± 0.01, Mann-Whitney rank sum test, p = 0.032) 
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Figure 3.2 Cell size is unaltered in Met-Emx1 mice. 

Representative images of cresyl violet stained sections from adult control and Met-Emx1 

mice are shown in layer III (A, B) or V (C, D) of somatosensory cortex. (E) shows a 

quantification of average cell size in control and Met-Emx1 mice for each layer. Scale bar 

in D represents 25µm  
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Figure 3.3 Altered dendritic morphology in Met-Emx1 mice. 

(A, B) show representative images of Golgi-stained pyramidal neurons from control (A) 

and Met-Emx1 (B) mice. Arrowheads in B indicate stereotypical kinks in the apical 

dendrite. (C) shows a quantification of tortuosity in control and Met-Emx1 cells. (D) 

shows the percentage of total dendritic arbor present in 10 µm radial bins centered on the 

cell body for control and Met-Emx1 cells. * indicates p < 0.05, Holm-Sidak post-hoc test.  
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Next I sought to confirm the alterations in laminar morphology by examining 

biochemical markers whose expression profiles are restricted to distinct cortical layers in 

adult mice. I examined Cut-like homeobox 1 (Cux1), a transcription factor expressed in 

layers II-IV (Nieto et al., 2004) as well as COUP-TF interacting protein 2 (Ctip2), which 

is expressed in layer V projection neurons (Arlotta et al., 2005) and Forkhead box P2 

(Foxp2), which marks layer VI (Ferland et al., 2003). These proteins were chosen to mark 

superficial (Cux1) and deep (Ctip2 and Foxp2) layer neurons, and to allow us to 

determine if these cells were distributed to the appropriate layers. Figure 3.4 shows a 

schematic representation of where each marker is expressed. 
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Figure 3.4 Schematic of layer marker staining in control and Met-Emx1 mice. 

Colored dots indicate neurons stained for each of the various markers used in this study, 

as indicated by the color code at the bottom. At left, the normal pattern of staining in S1 

is indicated through each cortical layer (marked in the center). Notably, Satb2 staining 

overlaps with Cux1 staining in superficial layers, while Satb2 and Ctip2 do not overlap. 

At right, the staining pattern observed in Met-Emx1 mice is shown. Notable changes 

include the reduction in thickness of layer II/III, and the presence of Cux1
+
 cells (green) 

in deep layers.  
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I found that the thickness of the Cux1
+
 layers (II-IV) in S1 was 295 ±16 μm in control 

and 264 ±12 μm in Met-Emx1 mice. As total thickness varied significantly between 

control and Met-Emx1 mice, I normalized layer II/III thickness to total cortical thickness. 

Layer II/III composed a significantly smaller percentage of the total cortical wall in Met-

Emx1 animals as compared to control (Fig. 3.4A,B, control: 37 ± 1%, Met-Emx1: 32.4 ± 

1% of cortical thickness, p = 0.029). I found that the thickness of the Ctip2
+
 layer (V) was 

227 ± 24 μm in control and 208 ±19 μm in Met-Emx1 mice. After normalizing for total 

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

control: 18 ± 1%, Met-Emx1: 19 ± 1% of cortical thickness, p = 0.379). I found that the 

thickness of the Foxp2
+
 layer (VI) was 291 ± 38 μm in control and 290 ± 37 μm in Met-

Emx1 mice. After normalizing for total cortical thickness, I found no change in the 

relative thickness of layer VI, as assessed by staining for Foxp2 (control: 32 ± 4%, Met-

Emx1: 30 ± 4% of cortical thickness, p = 0.77).  

 

While examining Cux1 immunoreactivity, I noticed an increase in the number of Cux1
+
 

cells in deep layers in Met-Emx1 mice (Fig. 3.5B, arrows). I therefore assessed the 

distribution of Cux1
+
 cells across the thickness of the cortex. I found that the distribution 

of Cux1
+
 cells differed between Met-Emx1 and control mice, with more Cux1

+
 cells in 

deep layers of S1 in Met-Emx1 animals (Fig. 3.5D, K-S test, D = 0.1478, p < 0.01). I 

again saw some indication of a change in the distribution of Cux1
+
 cells across the 

thickness of the cortex in OFC, although this change did not reach significance (Fig. 3.6, 
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K-S test, D = 0.0914, p = 0.099). I found no such change in the distribution of Ctip2
+
 

cells in either the somatosensory (Fig. 3.5, K-S test, D = 0.0695, p = 0.310) or prelimbic 

cortex (Fig. 3.7, K-S test, D = 0.0566, p = 0.539). 
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Figure 3.5. Superficial layer neurons distribute abnormally in Met-Emx1 mice.  

Representative images from adult control (A, E) and Met-Emx1 (B, F) mice are shown for 

Cux1 (A-C) and Ctip2 (E-G) stained tissue. Arrows in (B) indicate ectopic Cux1
+
 cells in 

deep layers. (C, G) show DAPI staining in control tissue for comparison. The distribution 

of Cux1
+
 (D) or Ctip2

+
 (H) cells by distance from pia is shown at right. Asterisks indicate 

p < 0.05. Scale bars in B and F represent 200 µm. 
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Figure 3.6. Loss of Met signaling does not alter the distribution of Cux1
+
 cells in OFC.  

Representative images showing Cux1 immunoreactivity in the OFC are shown for adult 

control (A) and Met-Emx1 (B) mice, along with nuclear staining (DAPI, C) in from a 

control mouse for reference. (D) shows a quantification of the number of Cux1
+
 cells by 

distance from pia in 100 µm bins. Scale bar in B represents 200 µm.  
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Figure 3.7. Loss of Met signaling does not impact deep layers in frontal cortex.  

Representative images from Ctip2 staining of prelimbic (PL) cortex are shown for adult 

control (A) and Met-Emx1 (B) mice. The bar graph in (C) shows the distribution of 

Ctip2
+
 cells through the cortex, in 100 µm bins by distance from pia. 
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Next I determined if the total numbers of cells expressing superficial or deep layer 

markers were altered in Met-Emx1 mice. I performed stereological cell counts of Cux1
+
 

or Ctip2
+ 

cells in the barrel field of the somatosensory cortex using the optical 

fractionator method. I found no difference in the total number of either Cux1
+
 (control: 

1.3 x 10
5
 ± 8.7 x 10

3
, Met-Emx1: 1.6 x 10

5
 ± 1.5 x 10

4
, p = 0.16) or Ctip2

+
 (control: 3.4 x 

10
4
 ± 3.9 x 10

3
, Met-Emx1: 2.8 x 10

4
 ± 1.8 x 10

3
, p = 0.25) cells between control and 

Met-Emx1 mice. As my previous findings indicated that the differences in brain size were 

greatest at rostral levels, I also performed stereological cell counts in frontal cortex 

(prelimbic for Ctip2 and Satb2, and orbitofrontal for Cux1, as Cux1 is not expressed in 

prelimbic cortex). I found no difference in the total number of Cux1
+
 cells in the OFC 

(control, 6.3 x 10
4
 ± 8.4 x 10

3
; Met-Emx1, 6.3 x 10

4
 ± 8.0 x 10

3
; Student's t-test, p = 

0.979). Neither did I find any difference in the number of Ctip2
+
 cells in prelimbic cortex 

(control, 3.5 x 10
4
 ± 3.5 x 10

3
; Met-Emx1, 3.8 x 10

4
 ± 2.8 x 10

3
; Student's t-test, p = 

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

number of superficial or deep layer neurons in adult mice. 

 

I have previously shown an increase in the thickness of the corpus callosum in adult Met-

Emx1 mice (Smith et al., 2012). As the majority of callosal projection neurons reside in 

superficial layers (Alcamo et al., 2008; Fame et al., 2011), I examined the cells that are 

immunoreactive for Satb2, a transcription factor expressed in callosal projection neurons 

(CPN) (Alcamo et al., 2008). I found no significant difference in the total number of 

Satb2
+
 cells in the somatosensory barrel field of adult Met-Emx1 mice relative to controls 
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(control: 1.1 x 10
5
 ± 1.2 x 10

4
 , Met-Emx1: 9.2 x 10

4
 ± 8.4 x 10

3
, Student's t test, p = 

0.25), nor did I see any difference in prelimbic cortex (control, 9.6 x 10
4
 ± 6.3 x10

3
; Met-

Emx1, 9.6 x 10
4
 ± 2.9 x 10

3
; Student's t-test, p = 0.716). Satb2

+
 CPN are normally 

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

2011). To determine if Satb2
+
 cells were distributed normally in the Met-Emx1 mice, I 

measured the distance of each cell in a 200 μm radial bin from pia. I found no change in 

the distribution of Satb2
+
 cells in either the somatosensory (K-S test, D = 0.0732, p = 

0.725) or prelimbic cortex (K-S test, D= 0.0210, p = 0.994). 
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Figure 3.8. The distribution of callosal projection neurons is altered in Met-Emx1 mice. 

Representative images from control (A, C, E, G) and Met-Emx1 (B, F) mice from 

somatosensory (A, B, C) and prelimbic (E, F, G) are shown. (C, G) show DAPI staining 

in control tissue for comparison. The distribution of Satb2
+
 cells by distance from pia is 

shown at right in (D) and (H). Scale bars in B and F represents 100 µm.  
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3.4 Discussion  

 

Cortical neurogenesis has long been known to proceed in an inside-out fashion, with deep 

layer neurons being born first and more superficial layers being born later and migrating 

past earlier-born cells on their way to their final positions (Angevine and Sidman, 1961; 

Rakic, 1972; Takahashi et al., 1999). The generation of cortical cell types further 

progresses from neurogenesis early during development to gliogenesis in late embryonic 

and postnatal stages (Qian et al., 2000; Sauvageot and Stiles, 2002). While the 

progression of cortical progenitors through different phases of neurogenesis and 

gliogenesis is to some degree intrinsic to the progenitors themselves (Qian et al., 2000), it 

can also be influenced by extrinsic cues such as growth factors (Menard et al., 2002; 

Sauvageot and Stiles, 2002) and cytokines (Bonni et al., 1997; Rajan and McKay, 1998). 

For example, increased β-catenin signaling promotes deep-layer cell fate, while reduced 

signaling promotes superficial layer fate (Mutch et al., 2010). 

 

Here, I have noted that Met-Emx1 mice have a thinner cerebral cortex (in somatosensory 

areas) in adulthood, and that superficial layers II/III account for much of this difference 

while deep layers are relatively unaffected. That this deficit is specific to superficial 

layers would seem to indicate a defect during later neurogenesis, when superficial layers 

are formed. Oddly, despite the changes in cortical thickness, I observed no change in the 

number of superficial layer neurons marked by Cux1, nor did I see a significant change in 

the number of deep layer neurons as marked by Ctip2 staining. While the majority of 

superficial layer neurons are marked by Cux1, a subset of superficial layer neurons do not 



 

70 
 

express this marker, including parvalbumin positive interneurons (Nieto et al., 2004). It is 

possible that changes in the Cux1 negative population of layer II/III may account for the 

reduction in thickness.  

 

I observed no significant changes in the size of pyramidal cell bodies, nor any change in 

the length of pyramidal cell dendritic arbor in Met-Emx1 mice compared to controls. 

Previous work from another lab has also shown that Met-Emx1 mice have a normal total 

dendritic arbor length, and reduced dendritic arbor distal to the cell body (Judson et al., 

2010b), in agreement with our results. The lack of any significant changes in cell size or 

total dendritic arbor in Met-Emx1 mice makes it unlikely that the changes I have observed 

in cortical volume or layer II/III thickness are due to changes in the size of individual 

pyramidal neurons. 

 

After neurons are generated, they must migrate to their proper place in the cortical 

column. HGF-Met signaling has previously been shown to promote neuronal migration, 

particularly in interneurons (Powell et al., 2001b; Garzotto et al., 2008), but also in 

cultured cortical neurons (Sun et al., 2002; Segarra et al., 2006) and cortical explant 

culture (Sun et al., 2002; Giacobini et al., 2007). It is possible that loss of Met signaling 

alters cortical structure by impairing the migration of newborn neurons to their final 

positions. While I did not find any changes in total cell number for any of the layer 

markers examined, I did note that some Cux1
+
 cells were located in abnormally deep 
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layers in Met-Emx1 mice, suggesting that this mis-localization could contribute to the 

reduction in the size of layer II/III.  

 

While not examined here, another possibility is that loss of Met signaling could alter 

laminar fate by influencing earlier fate choices between progenitor cell types. 

Specifically, transit amplifying cells known as intermediate progenitor cells (IPCs) are 

generated from radial glia and are thought to preferentially generate superficial layer 

neurons (Zimmer et al., 2004; Wu et al., 2005). Signaling molecules such as β-catenin 

have been shown to regulate INP population numbers (Mutch et al., 2010). Interestingly, 

HGF has been shown to induce β-catenin phosphorylation and nuclear localization in 

culture (Liou et al., 2002; Brembeck et al., 2004; David et al., 2008), and Met co-

precipitates with β-catenin from hippocampal neurons (David et al., 2008). Future 

experiments will therefore address the effects of loss of Met signaling on the population 

of INPs in the developing cortex.  

 

A further possibility which could explain the reduction in superficial layer thickness, as 

well as the ectopic Cux1
+
 cells, is a change in neuronal proliferation in mice lacking 

functional Met in the cerebral cortex. In order to determine if cell proliferation could be 

altered by loss of Met signaling, I examined BrdU labeling in the cortex after a series of 

injections representing times at which deep or superficial layers are born. These data are 

presented in chapter 4.  
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Chapter 4: Loss of Met signaling alters cell proliferation in the 

embryonic cerebral cortex. 
 

4.1 Introduction 

The size of the cerebral cortex is largely determined by the regulation of proliferation in 

cortical progenitors (Caviness et al., 1995; Chenn and Walsh, 2002). Proliferation in the 

cortex is influenced by a number of factors, including growth factor signaling (Vaccarino 

et al., 1999; Raballo et al., 2000; Rash et al., 2011; Tiberi et al., 2012; Rash et al., 2013). 

In addition to influencing the overall size of the cerebral cortex, the timing of cell 

divisions, differentiation, and cell cycle exit during neural proliferation have profound 

effects on the laminar structure of the cortex (Caviness et al., 1995; Takahashi et al., 

1999; Land and Monaghan, 2003; Roy et al., 2004; Mairet-Coello et al., 2012; Colasante 

et al., 2013). 

 

I have previously shown that loss of Met signaling in Met-Emx1 mice results in greater 

cerebral cortical volume in adult Met-Emx1 mice (Smith et al., 2012), as well as changes 

in layer morphology (see Chapter 3). HGF-Met signaling has been shown to promote 

proliferation in cultured cortical stem cells (Kokuzawa et al., 2003), accelerate the 

differentiation of sympathetic neurons (Maina et al., 1998), and promote neuronal 

differentiation of embryonic stem (ES) derived cells (Kato et al., 2004). I therefore 

sought to examine if loss of Met signaling in the cerebral cortex influences cell 

proliferation during the neurogenic period. In order to do this, I performed a series of 

injections of bromodeoxyuridine (BrdU) at specific time points during cortical 
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neurogenesis. BrdU is a thymidine analog which incorporates into the DNA of cell in S 

phase (Nowakowski et al., 1989), and can be detected by immunohistochemical staining 

in order to locate cells which originated from those which were dividing around the time 

of a BrdU injection. I subsequently assessed BrdU labeling in the primary somatosensory 

(S1) or prelimbic (PL) cortex at postnatal day 0 (P0), in order to determine if loss of Met 

signaling altered the number of cells born at each embryonic age. 

 

4. 2 Methods 

 

4.2.1 Animals 

 

Animal care procedures are described in Appendix 1: Common methods 

4.2.2 BrdU injections  

 

Met
fx
 dams were mated with Met

fx
/Emx1

Cre
 sires, and checked daily for the appearance of 

a vaginal plug. The date of observation of a plug was counted as embryonic day 0.5 

(E0.5). Dams were given a single intraperitoneal injection of 5-bromo-2'-deoxyuridine 

(BrdU, 50 mg/kg, Sigma Chemical Co, St. Louis, MO) on either E12.5, 14.5, or 16.5. For 

some experiments, pups were killed on postnatal day 0 (P0, the day of birth) and the 

brains were collected and submerged in 4% buffered paraformaldehyde and subsequently 

processed for immunohistochemistry. For co-localization experiments, P30 animals were 

transcardially perfused with 0.9% sterile saline and 4% buffered paraformaldehyde prior 

to collection of the brain. 
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4.2.3 Immunohistochemistry and histology 

 

Brains were processed for immunohistochemistry according to standard laboratory 

techniques, as described in Appendix 1. The primary antibodies used were rabbit anti-

Cux1 (1:100, Santa Cruz Biotechnology, Inc, Santa Cruz, CA), rabbit anti-Ctip2 (1:500, 

abcam), or rat anti-BrdU (1:1000, abcam), followed by appropriate secondary antibodies. 

 

4.2.4 Cell counts and analysis 

 

BrdU immunopositive cells found in a 200 µm wide radial strip of somatosensory or 

prelimbic cortex were counted, and their position relative to pia recorded, using the 

analyze particles tool in NIH ImageJ version 1.43. To compare counts at various levels of 

the cortex, BrdU
+
 cells were assigned to radial bins by their distance from pia, 

normalized to total cortical thickness for each sample. At least 3 control brains and 3 

Met-Emx1 brains were measured for each injection time.  

 

I counted three adjacent, non-overlapping strips within S1 (with the white matter side of 

the center sample window just lateral from the hippocampus or lateral ventricle) from 

three coronal sections spaced 400 µm apart, with the middle section corresponding to 

plate 6 of Jacobowitz and Abbott's Chemoarchitectonic Atlas of the Developing Mouse 

Brain (Jacobowitz and Abbott, 1998), containing the rostral end of the hippocampus. For 

PL, only one strip was counted, in order to avoid sampling from adjacent cortical areas 

such as anterior cingulate cortex. Measurements for PL were taken from two sections 
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spaced 400 µm apart corresponding to plates 3 and 4 (Jacobowitz and Abbott, 1998), 

rostral to the crossing of the corpus callosum and caudal to the level where the genu of 

the corpus callosum is no longer present in the sections. 

 

Statistical significance was determined for total counts across all bins using a Student's t-

test analysis in Microsoft Excel or SigmaPlot, or for individual bins using a Holm-Sidak 

multiple comparisons test. Differences between the distributions of BrdU
+
 cells across the 

cortex (by distance from pia) were determined using the Kolmogorov-Smirnov test. 
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Figure 4.1. Sampling levels for BrdU counts 

Representative images show nuclear fast red stained coronal sections from a P0 control 

brain at the levels from which measurements were taken of PL (A) and S1 (B-D), and 

correspond roughly to  plates 4 (A), 5 (B), 6, (C) and 7 (D) of Jacobowitz and Abbott's 

Chemoarchitectonic Atlas of the Developing Mouse Brain (Jacobowitz and Abbott, 

1998). 
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4.3 Results 

 

To determine if changes in layer morphology could be due to altered neuroprogenitor 

proliferation, I sought to determine if loss of Met signaling in the cerebral wall altered the 

number of cells born at various points during corticogenesis. During development, 

cortical layers are generated in an inside-out fashion, with early born cells populating 

deep layers, and later born cells forming progressively more superficial layers (Angevine 

and Sidman, 1961). I therefore examined BrdU staining in P0 Met-Emx1 and control 

mice after BrdU injections at E12.5, E14.5, and E16.5. The majority of cells born around 

E12.5 in mice populate layer VI, with some cells moving into layer V (Takahashi et al., 

1999). By E14.5, most of the deep layer cells have been generated and newborn cells 

begin to populate more superficial layers, beginning with layer IV. The gestational age 

E16.5 is nearing the tail end of the neurogenic period, and most cells born around this 

time will populate layers II and III (Takahashi et al., 1999). To determine if loss of Met 

function alters when cells are generated in the cortex, I counted the number of BrdU
+ 

cells in 200 µm wide strips of either S1 (plates 5-7 (Jacobowitz and Abbott, 1998)) or PL 

(plates 3-4 (Jacobowitz and Abbott, 1998)) cortex in P0 Met-Emx1 and control mice after 

injections at E12.5, E14.5, or E16.5. 
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4.3.1 BrdU incorporation: Somatosensory cortex 

 

After injections at E12.5, I first sought to determine if BrdU
+
 cell density differed among 

sampling locations within S1. I found that there was no effect of medio-lateral sampling 

area on BrdU
+
 cell density at P0 in either control (one-way ANOVA, F(2,23) = 0.132, p = 

0.876) or Met-Emx1 mice (one-way ANOVA, F(2,32) = 1.21, p = 0.313). I did, however, 

find a significant effect of rostro-caudal sampling location on BrdU cell density in both 

control (one-way ANOVA, F (2, 23) = 3.70, p = 0.042) and Met-Emx1 mice (one-way 

ANOVA, F (2, 32) = 5.034, p = 0.013), with higher densities at caudal levels (Holm-

Sidak test, p = 0.024), so here I consider each level separately. 

 

I found no significant difference in BrdU
+
 cell density at the level of plate 5, either across 

the overall thickness of the cortex (Fig. 4.1, control, 6.0 x 10
4
 ± 9.7 x 10

3
 cells/mm

3
 Met-

Emx1, 6.6 x 10
4
 ± 7.5 x 10

3 
cells/mm

3
; Student's t test, p = 0.607), or in individual bins 

(Holm-Sidak test, p > 0.05 for all bins).At the level of plate 6, however, I found a 

significant increase in BrdU
+
 cell density in Met-Emx1 mice compared to controls across 

the overall thickness of the cerebral cortex (Fig. 4.2., control, 3.6 x 10
4
 ± 5.9 x 10

3
 

cells/mm
3
; Met-Emx1, 6.6 x 10

4
 ± 6.5 x 10

3
 cells/mm

3
;
 
Student's t test, p = 0.004). I also 

found increases in BrdU
+
 cell density in numerous bins across the thickness of the 

cortical wall at this level, from 30-35% to 80-85% of the thickness of the cortex (Holm-

Sidak test, p < 0.05). At the level of plate 7, I again found a significant increase in BrdU
+
 

cell density in S1 after injections at E12.5 (Fig 4.3., control, 6.2 x 10
4
 ± 4.7 x 10

3 

cells/mm
3
; Met-Emx1, 9.9 x 10

4
 ± 1.1 x 10

4 
cells/mm

3
;
 
Holm-Sidak test, p = 0.019). I also 



 

79 
 

found increases in BrdU
+
 cell density in several more superficial bins, ranging from 20-

25% of cortical thickness to 45-50% (Holm-Sidak test, p < 0.05), although the increase 

was not as pronounced as at the level of plate 6.  
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Figure 4.2. Unaltered BrdU labeling at the level of plate 5 in somatosensory cortex of 

Met-Emx1 mice after BrdU injections at E12.5. 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E12.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm.  
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Figure 4.3. Increased BrdU cell density at the level of plate 6 in somatosensory cortex of 

Met-Emx1 mice after injections at E12.5. 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E12.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm. 
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Figure 4.4. Increased BrdU cell density at the level of plate 7 in the somatosensory 

cortex of Met-Emx1 mice after injections at E12.5 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E12.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm.  
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When I examined BrdU labeling in S1 after injections at E14.5, I saw no difference in 

BrdU labeling between different medio-lateral sampling locations within S1 within either 

control (one-way ANOVA, F (2, 38) = 0.042, p = 0.959) or Met-Emx1 (one-way 

ANOVA, F (2, 31) = 0.078, p = 0.925) mice. I therefore collapsed these measurements 

within each rostral-caudal level. While there were no significant differences between 

BrdU cell densities at different rostro-caudal levels in Met-Emx1 mice (one-way 

ANOVA, F (2, 31) = 2.169, p = 0.132), the difference in BrdU cell densities between 

levels in control animals approached significance (one-way ANOVA, F (2, 38) = 3.19, p 

= 0.053), so here I consider each level separately. 

 

No overall change in BrdU cell density was observed in Met-Emx1 mice at the level of 

plate 5 after injections at E14.5, (Fig. 4.4. control, 6.3 x 10
4
± 4.3 x 10

4
 cells/mm

3
; Met-

Emx1, 7.3 x 10
4
± 2.9 x 10

3
 cells/mm

3
; Student's t test, p = 0.074). I did, however, see a 

reduction in BrdU
+
 cell density in a few of the most superficial bins (0-5%, control 4.2 x 

10
4
 ± 6.1 x 10

3
 cells/mm

3
; Met-Emx1, 1.4 x 10

4
 ± 4.4 x 10

3
 cells/mm

3
;
 
Holm-Sidak test, p 

= 0.012; 5-10%, control, 8.4 x 10
4
 ± 6.8 x 10

3
 cells/mm

3
; Met-Emx1, 4.7 x 10

4
 ± 8.1 x 10

3
 

cells/mm
3
;
 
Holm-Sidak test, p < 0.001; 10-15%, control, 1.3 x10

5
 ± 3.4 x 10

3
 cells/mm

3
; 

Met-Emx1, 9.5 x0 10
4
 ± 1.0 x 10

4
 cells/mm

3
; Holm-Sidak test, p = 0.003). 
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Figure 4.5. Altered BrdU labeling at the level of plate 5 in the somatosensory cortex of 

Met-Emx1 mice after BrdU injections at E14.5. 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E14.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm.  

  



 

85 
 

At the level of plate 6, I found a significant decrease in overall BrdU cell density in Met-

Emx1 mice after injections at E14.5 (Fig. 4.5. control, 7.7 x 10
4
± 5.1 x 10

4
 cells/mm

3
; 

Met-Emx1, 5.8 x 10
4
± 4.3 x 10

5
 cells/mm

3
; Student's t test, p = 0.013). Decreases in 

BrdU
+
 cell density were found in the 5-10% (control, 7.7 x 10

4
 ± 1.0 x 10

4
 cells/mm

3
; 

Met-Emx1, 3.0 x 10
4
 ± 4.8 x 10

5
 cells/mm

3
;
 
Holm-Sidak test, p < 0.001), 15-20% 

(control, 1.0 x 10
5
 ± 8.6 x 10

3
 cells/mm

3
; Met-Emx1, 8.9 x 10

-5
 ± 1.0 x 10

4
 cells/mm

3
;
 

Holm-Sidak test, p = 0.040), and 95-100% (control, 6.6 x 10
4
 ± 1.0 x 10

4
 cells/mm

3
; Met-

Emx1, 5.0 x 10
4
 ± 8.9 x 10

5
 cells/mm

3
;
 
Holm-Sidak test, p = 0.003) bins. 

 

At the level of plate 7, the overall density of BrdU labeled cells was again lower in Met-

Emx1 mice, although this did not reach significance (Fig 4.6. control, 7.7 x 10
4 

± 3.2 x 

10
4
 cells/mm

3
; Met-Emx1, 6.4 x 10

4
± 6.3 x 10

5
 cells/mm

3
; Student's t test, p = 0.071). 

When I examined BrdU
+
 cell density in individual bins, I found substantial decreases in 

Met-Emx1 mice in the 10-15% (control, 1.4 x 10
5
 ± 1.7 x 10

4
 cells/mm

3
; Met-Emx1, 9.7 x 

10
4
 ± 7.3 x 10

5
 cells/mm

3
;
 
Holm-Sidak test, p < 0.001), 15-20% (control, 1.5 x 10

5
 ± 1.5 

x 10
4
 cells/mm

3
; Met-Emx1, 9.1 x 10

4
 ± 1.4 x 10

4
 cells/mm

3
;
 
Holm-Sidak test, p < 0.001), 

20-25% (control, 1.4 x 10
5
 ± 1.3 x 10

4
 cells/mm

3
; Met-Emx1, 7.7 x 10

4
 ± 1.3 x 10

4
 

cells/mm
3
; Holm-Sidak test, p < 0.001), and 25-30% (control, 9.3 x 10

4
 ± 7.8 x 10

3
 

cells/mm
3
; Met-Emx1, 6.6 x 10

4
 ± 1.1 x 10

4
 cells/mm

3
; Holm-Sidak test, p = 0.003) bins.  
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Figure 4.6. Reduced BrdU cell density at the level of plate 6 in the somatosensory cortex 

of Met-Emx1 mice after BrdU injections at E14.5. 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E14.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm.  
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Figure 4.7. Reduced BrdU cell density at the level of plate 7 in the somatosensory cortex 

of Met-Emx1 mice after BrdU injections at E14.5 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E14.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm.  
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After injections at E16.5, I again saw no effect of medial-lateral level on BrdU density in 

either control (p = 0.438) or Met-Emx1 (p = 0.196), and so I collapsed these 

measurements across each rostral-caudal level. I did see a difference in BrdU cell density 

across rostral-caudal levels in Met-Emx1 mice after injections at E16.5 (one-way 

ANOVA, F (2, 22) = 5.18, p = 0.015), with higher densities at the level of plate 7 

compared to plate 5 (Holm-Sidak, p = 0.013) 

 

At the level of plate 5, I found a significant decrease in the overall density of BrdU cells 

in S1 in Met-Emx1 mice relative to controls after injections at E16.5 (Fig. 4.7. Control, 

8.8 x 10
4
± 1.1 x 10

4
 cells/mm

3
; Met-Emx1, 4.8 x 10

4
± 5.2 x 10

3
 cells/mm

3
; Student's t 

test, p = 0.006). Specifically, significant reductions were observed in deepest bins, at 90-

95% (control, 1.4 x 10
5
 ± 5.2 x 10

4
 cells/mm

3
; Met-Emx1, 4.3 x10

4
 ± 5.9 x 10

3
 cells/mm

3
;
 

Holm-Sidak test, p < 0.001) and 95-100% (control, 2.0 x 10
5
 ± 6.2 x 10

4
 cells/mm

3
; Met-

Emx1, 7.0 x 10
4
 ± 1.2 x 10

3
 cells/mm

3
;
 
Holm-Sidak test, p < 0.001) of the thickness of the 

cortical wall.  
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Figure 4.8. Reduced BrdU cell density at the level of plate 5 in the somatosensory cortex 

of Met-Emx1 mice after BrdU injections at E16.5. 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E16.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm.  
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At the level of plate 6, I again found a significant decrease in the overall density of BrdU 

cells in S1 in Met-Emx1 mice relative to controls (Fig 4.8. control, 8.9 x 10
4 

± 1.1 x 10
4
 

cells/mm
3
; Met-Emx1, 6.0 x 10

4
± 5.8 x 10

3
 cells/mm

3
; Student's t test, p = 0.039). 

Reductions in BrdU cell density were found in both deep (90-95%; control, 1.2 x 10
5
 ± 

3.2 x 10
4
 cells/mm

3
; Met-Emx1, 5.8 x 10

4
 ± 1.2 x 10

4
 cells/mm

3
;
 
Holm-Sidak test, p < 

0.001; and 95-100%; control, 1.4 x 10
5
 ± 3.5 x 10

4
 cells/mm

3
; Met-Emx1, 1.0 x 10

5
 ± 1.9 

x 10
4
 cells/mm

3
;
 
Holm-Sidak test, p = 0.012) and superficial bins (10-15%; control, 1.4 x 

10
5
 ± 2.0 x 10

4
 cells/mm

3
; Met-Emx1, 7.6 x 10

4
 ± 2.0 x 10

4
 cells/mm

3
;
 
Holm-Sidak test, p 

< 0.001; and 15-20%; control, 1.0 x 10
5
 ± 1.5 x 10

4
 cells/mm

3
; Met-Emx1, 6.0 x 10

4
 ± 9.0 

x 10
3
 cells/mm

3
;
 
Holm-Sidak test, p = 0.018).  

 

The effect of loss of Met signaling on overall BrdU cell density was no longer significant 

at the level of plate 7 (Fig 4.9. Control, 8.3 x 10
4
± 1.1 x 10

4
 cells/mm

3
; Met-Emx1, 7.5 x 

10
4 

± 5.5 x 10
3
 cells/mm

3
; Student's t test, p = 0.577). At this level, I found a reduction in 

BrdU density in only one bin, between 90 and 95% of cortical thickness (control, 1.4 x 

10
5
 ± 5.6 x 10

4
 cells/mm

3
; Met-Emx1, 5.9 x 10

4
 ± 6.3 x 10

3
 cells/mm

3
;
 
Holm-Sidak test, p 

= 0.006). 
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Figure 4.9. Reduced BrdU cell density at the level of plate 6 in the somatosensory cortex 

of Met-Emx1 mice after BrdU injections at E16.5. 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E16.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm. 
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Figure 4.10. Reduced BrdU cell density at the level of plate 7 in the somatosensory 

cortex of Met-Emx1 mice after BrdU injections at E16.5. 

Representative images of P0 somatosensory cortex are shown for control (A) and Met-

Emx1 (B) mice after BrdU injections at E16.5. Quantifications of the density of BrdU 

labeled cells in radial bins each comprising 5% of the total cortical thickness are shown at 

right (C). * indicates p < 0.05 (Holm-Sidak test).Scale bar in B represents 50 µm.  
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4.3.2. BrdU incorporation: Prelimbic cortex 

 

Counts in PL were taken from a single 200 µm radial strip for each section, located 

medial to the genu of the corpus callosum, at the level of coronal plates 3-4 (Jacobowitz 

and Abbott, 1998). I found no difference in BrdU labeling between rostral-caudal levels 

within PL for either control or Met-Emx1 mice at any of the injection times examined 

(Student's t test, p > 0.05 in each case), so the two levels were combined for subsequent 

analysis. 

 

After injections at E12.5, I found an increase in the overall BrdU
+
 cell density in PL in 

Met-Emx1 mice relative to controls (Fig 4.10., control, 3.4 x 10
4
 ± 3.6 x10

3
 cells/mm

3
; 

Met-Emx1, 5.1 x 10
4
 ± 5.0 x 10

3
 cells/mm

3
; Student's t test, p = 0.033). There were also 

increases in BrdU cell density specifically within the 55-60% (control, 6.8 x 10
4
 ± 1.0 x 

10
4
 cells/mm

3
; Met-Emx1, 3.7 x10

4
 ± 7.7 x 10

3
 cells/mm

3
; Holm-Sidak test, p = 0.039), 

60-65% (control, 7.2 x 10
4
 ± 1.1 x 10

4
 cells/mm

3
; Met-Emx1, 3.6 x10

4
 ± 6.3 x 10

3
 

cells/mm
3
; Holm-Sidak test, p = 0.018), 70-75% (control, 7.8 x 10

4
 ± 1.0 x 10

4
 

cells/mm
3
; Met-Emx1, 4.7 x10

4
 ± 6.7 x 10

3
 cells/mm

3
; Holm-Sidak test, p = 0.040), and 

90-95% bins (control, 1.1 x 10
5
 ± 2.4 x 10

4
 cells/mm

3
; Met-Emx1, 6.5 x10

4
 ± 6.8 x 10

3
 

cells/mm
3
; Holm-Sidak test, p = 0.001). 
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 Figure 4.11. Altered BrdU labeling in prelimbic cortex of Met-Emx1 mice after BrdU 

injections at E12.5. 

Representative images of P0 prelimbic cortex are shown for control (A) and Met-Emx1 

(B) mice after BrdU injections at E12.5. Quantifications of the density of BrdU labeled 

cells in bins representing 5% of total cortical thickness are shown in (C). * indicates p < 

0.05 (Holm-Sidak test). Medial is to the left. Scale bar in (B) represents 50 µm.  
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After injections at E14.5, there was a substantial reduction in the overall density of BrdU
+
 

cells across PL in Met-Emx1 mice (Fig. 4.11., control, 9.7 x 10
4
 ± 6.0 x 10

3
 cells/mm

3
; 

Met-Emx1, 5.4 x 10
4
 ± 5.6 x10

3
 cells/mm

3
; Student's t test, p < 0.001). This effect 

appeared most pronounced in superficial layers. I saw a significant decrease in BrdU
+
 cell 

density in the 10-15% (control, 2.2 x 10
5
 ± 4.7 x 10

4
 cells/mm

3
; Met-Emx1, 1.1 x 10

5
 ± 

2.6 x10
4
 cells/mm

3
; Holm-Sidak test, p < 0.001) and 15-20% (control, 3.7 x 10

5
 ± 9.0 x 

10
4
 cells/mm

3
; Met-Emx1, 1.6 x 10

5
 ± 2.8 x10

4
 cells/mm

3
; Holm-Sidak test, p < 0.001) 

bins in Met-Emx1 mice. 

 

After injections at E16.5, I saw no change in the overall density of BrdU
+
 cells in PL in 

Met-Emx1 mice relative to controls (Fig 4.12., control, 3.6 x 10
4
 ± 8.1 x 10

3
; Met-Emx1, 

2.5 x 10
4
 ± 4.3 x10

3
, Student's t test, p = 0.249). I did, however, find significant decreases 

in BrdU
+
 cell density in the 10-15% (control, 5.0 x 10

4
 ± 1.4 x 10

3
 cells/mm

3
; Met-Emx1, 

2.2 x 10
4
 ± 7.7 x10

3
 cells/mm

3
; Holm-Sidak test, p = 0.031) and 95-100% (control, 1.1 x 

10
5
 ± 2.5 x 10

4
 cells/mm

3
; Met-Emx1, 6.7 x 10

4
 ± 1.5 x10

4
 cells/mm

3
; Holm-Sidak test, p 

= 0.003) bins. 
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Figure 4.12. Altered BrdU labeling in prelimbic cortex of Met-Emx1 mice after BrdU 

injections at E14.5. 

Representative images of P0 prelimbic cortex are shown for control (A) and Met-Emx1 

(B) mice after BrdU injections at E12.5. Quantifications of the density of BrdU labeled 

cells in bins representing 5% of total cortical thickness are shown in (C). * indicates p < 

0.05 (Holm-Sidak test). Medial is to the left. Scale bar in (B) represents 50 µm.  
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Figure 4.13. Altered BrdU labeling in prelimbic cortex of Met-Emx1 mice after BrdU 

injections at E16.5. 

Representative images of P0 prelimbic cortex are shown for control (A) and Met-Emx1 

(B) mice after BrdU injections at E12.5. Quantifications of the density of BrdU labeled 

cells in bins representing 5% of total cortical thickness are shown in (C). * indicates p < 

0.05 (Holm-Sidak test). Medial is to the left. Scale bar in (B) represents 50 µm.  
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I also compared changes in the total number of BrdU
+
 cells counted per radial strip for 

each rostro-caudal level and injection time. The pattern of changes is largely the same as 

for cell density, with the exceptions that changes in cell number in Met-Emx1 mice do not 

reach significance at the level of plate 6 after injections at E14.5 (Fig. 4.13., control, 

406.0 ± 23.6 cells; Met-Emx1, 339.6 ± 24.8 cells, Holm-Sidak test, p = 0.061) or E16.5 

(Fig. 4.13., control, 292.2 ± 33.8 cells; Met-Emx1, 203.0 ± 32.9 cells, Holm-Sidak test, p 

= 0.088). Significant differences were still found in S1 after injections at E12.5 at the 

levels of plate 6 (Fig. 4.13., control, 159.7 ± 23.0 cells; Met-Emx1, 267.8 ± 30.4 cells, 

Holm-Sidak test, p = 0.013) and plate 7 (Fig. 4.13., control, 230.5 ± 15.9 cells; Met-

Emx1, 338.9 ± 31.4 cells, Holm-Sidak test, p = 0.035), as well as at the level of plate 5 

after injections at E16.5 (Fig. 4.13., control, 294.9 ± 52.3 cells; Met-Emx1, 162.9 ± 22.7 

cells, Holm-Sidak test, p = 0.013). The same pattern of changes was also observed in PL, 

with significantly more BrdU
+
 cells in PL after injections at E12.5 (Fig. 4.13., control 

152.3 ± 12.1 cells; Met-Emx1, 229.0 ± 25.7 cells; Student's t test, p = 0.042) and fewer 

BrdU
+
 cells after injections at E14.5 (Fig. 4.13., control 352.6 ± 26.9 cells; Met-Emx1, 

216.40 ± 21.6 cells; Student's t test, p < 0.001). It does not appear that differences in the 

number or density of BrdU+ cells are due to differences in cortical thickness, as cortical 

thickness was not significantly different between control and Met-Emx1 mice at P0 at 

any of the levels examined (Fig. 4.15, two-way ANOVA, main effect of genotype F 

(1,34) = 1.194, p = 0.284; genotype x bregma, F(3,34) = 0.181, p = 0.909) 

  



 

99 
 

 

Figure 4.14. Estimated number of BrdU cells per radial strip counted for each injection 

time and region. 

Quantification of the total number of cells counted per radial strip after injections at 

E12.5 (A), E14.5 (B) and E16.5 (C) are shown for each rostro-caudal level of S1 

examined as well as for PL.  
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Figure 4.15. Cortical thickness is unaltered at P0. 

Quantification of cortical thickness at each level where BrdU density measurements were 

taken is shown for control and Met-Emx1 mice.  
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4.3.3 BrdU co-labeling 

 

My BrdU labeling suggests that loss of Met signaling in the cortex in Met-Emx1 mice 

results in increased proliferation during early neurogenesis, and decreased proliferation 

later in neurogenesis. However, I did not find either any increase in the number of deep 

layer neurons, as would be expected after increased cell birth at E12.5, nor did I find any 

decrease in the number of Cux1
+
 cells, as would be expected given decreased BrdU 

labeling after injections at E16.5. I did, however, find a number of Cux1
+
 cells residing in 

abnormally deep layers. This raises the possibility that some of the "extra" early 

generated cells in Met-Emx1 mice differentiate as superficial layer neurons, despite their 

earlier origin, and take up residence in deep layers, possibly because they are unable to 

migrate to their normal destinations when they are born prior to most other superficial 

layer cells. To address this possibility, I performed immunohistochemical co-staining for 

BrdU and Cux1 on P0 or P30 mice after BrdU injections at E12.5. I counted BrdU
+
 and 

Cux1
+
/BrdU

+
 cells in 200 µm wide strips of somatosensory cortex in the barrel field. In 

general I saw very few Cux1
+
/BrdU

+
 double positive cells (Fig. 4.3), and I did not see 

any significant change in the number of Cux1
+
/BrdU

+ 
double-positive cells in Met-Emx1 

mice as compared to control (control, 7.5 ± 2.7; Met-Emx1 5.1 ± 2.0; Student's t test, p = 

0.534). I also did not see any change in the fraction of BrdU
+
 cells which were also 

positive for Cux1 (control, 19.5 ± 3.4%; Met-Emx1 12.5 ± 2.8%; Student's t test, p = 

0.194). The lack of any significant number of double-labeled cells in the Met-Emx1 mice, 

along with the lack of change from control, suggests that the ectopic Cux1
+
 cells in Met-

Emx1 mice are not (primarily) born at E12.5. It is therefore unlikely that premature birth 

of these cells leads to their abnormally deep position in the cortex.  
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Figure 4.16. Ectopic Cux1
+
 cells are 

laregly not labeled by E12.5 BrdU 

injections. 

Representative images of the 

somatosensory cortex in P30 mice 

showing staining for Cux1 (red) and 

BrdU (green) after injections at E12.5 

from control (A) and Met-Emx1 (B) 

mice. Scale bar in (B) represents 100µm 
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4.4 Discussion 

 

I have previously shown that there is a specific reduction in the thickness of superficial 

cortical layers in Met-Emx1 mice. Previous studies have shown that the cortical layers are 

generated in an inside-out fashion, with deep layers born prior to superficial ones 

(Angevine and Sidman, 1961; Rakic, 1988; Takahashi et al., 1999). This suggests that 

there could be a change in the timing of neurogenesis, particularly later in the process 

when superficial layers are generated. I therefore examined cell birthdates in Met-Emx1 

mice by assessing cell birthdating with BrdU labeling at early (E12.5), middle (E14.5), or 

late (E16.5) time points during neurogenesis. 

 

In both PL and S1, I found increased overall BrdU
+
 cell density in Met-Emx1 mice after 

injections at E12.5, and decreased BrdU
+
 cell density after injections at E14.5. I also 

found decreased overall BrdU
+
 cell density in S1 after injections at E16.5. I also observed 

changes in BrdU
+
 cell density at specific levels through the cortical wall. After injections 

at E12.5, differences were primarily observed in middle layers, while changes observed 

after injections at E14.5 tended to be in superficial layers, and those seen after E16.5 

injections were in either very deep or superficial bins. Since cells born at E16 typically 

populate superficial layers, changes in cell density in the deepest bins may represent cells 

which are still migrating, as it is possible that not all of these cells have reached their 

final positions by the time the brains were collected at P0. That Met-Emx1 mice show an 

increase in cell birth early in neurogenesis is followed by decreased cell birth later on, at 

E14.5 and E16.5, suggests that the progenitor pool may become depleted in Met-Emx1 
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mice. Extra cells generated at E12.5 may be leaving the cell cycle to differentiate into 

neurons. Increased cell cycle exit early during neurogenesis would decrease the number 

of proliferative cells in the progenitor pool at later points in neurogenesis (Caviness et al., 

1995; Chenn and Walsh, 2002). Such an early over-production of neurons could help to 

explain the reduction in thickness of superficial layers. Interestingly, β-catenin, a 

component of the canonical WNT signaling pathway which has been shown to interact 

with Met (Hiscox and Jiang, 1999; Zeng et al., 2006), has been shown to influence the 

timing of neuronal differentiation in cortical progenitors (Chenn and Walsh, 2002; Mutch 

et al., 2010). It is therefore possible that loss of Met signal in cortical progenitors affects 

proliferation by altering signaling through β-catenin. 

 

While the overall pattern of changes between Met-Emx1 and control mice were similar 

between PL and S1, there were a few notable differences between the areas, and between 

different rostro-caudal levels within S1. While I saw reductions in BrdU
+
 cell density in 

Met-Emx1 mice after E16.5 injections at multiple levels (plates 5 and 6) within S1, I saw 

no effect of loss of Met signaling on overall BrdU cell density in PL after E16.5 

injections, although density was reduced in a few bins. Conversely, the alterations in the 

density of BrdU
+
 cells across the entire thickness of the cortex that were seen in PL were 

not found at all levels of S1 (plate 5 did not show increased density after E12.5 injections, 

and plate 7 showed only a marginal decrease after E14.5 injections). Of the different 

rostro-caudal levels examined within S1, only the middle, plate 6, showed significant 

effects of the loss of Met signaling on overall BrdU
+
 cell density after all three injection 

times. Plate 5 showed a reduction after E16.5 injections, and plate 7 showed an increase 
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after E12.5 injections. Plates 5 and 7 also showed some evidence of decreased BrdU
+
 cell 

density in Met-Emx1 mice after injections at E14.5 (Student's t test, p < 0.10). Thus the 

caudal level showed alterations in early-born cells, while the rostral level showed 

alterations in late-born cells. The divergence between PL and S1, and between different 

levels within S1, could be at least partially due to the different developmental time 

courses followed by these areas. Previous work has shown that cerebral cortical 

neurogenesis proceeds in a rostro-lateral to caudo-medial gradient (McSherry, 1984; 

McSherry and Smart, 1986; Takahashi et al., 1999). PL and S1 may therefore be at 

slightly different points in the process of neurogenesis at any given age. 

 

I have previously shown that superficial layer cells which express Cux1 distribute 

abnormally in the somatosensory cortex of Met-Emx1 mice. Furthermore, I found no 

change in the total number of Cux1
+
 cells in the somatosensory barrel field, despite the 

reduced thickness of layer II/III and the reduction in cell birth during later neurogenesis. 

Combined with the increase in BrdU labeled cells after injections at E12.5, this led me to 

hypothesize that these mis-localized cells could be born earlier than normal, though in 

normal numbers, and therefore fail to reach their typical destinations in superficial layers. 

To test this idea I examined colocalization of BrdU with Cux1 after BrdU injections at 

E12.5, when I found increased proliferation. I found few Cux1
+
/BrdU

+
 cells in either 

control or Met-Emx1 mice, consistent with the normal birth dates of superficial layer 

neurons. Furthermore, I found no change in the percentage of BrdU
+
 cells which co-

express Cux1, suggesting that the extra cells generated at E12.5 do not differentiate as 

superficial layer neurons. It remains possible that loss of Met signaling impairs the 
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migration of these neurons, particularly as HGF-Met signaling has been shown to 

promote neuronal migration (Powell et al., 2001b; Garzotto et al., 2008). 

 

My results suggest that the role of Met in cortical development may be time specific, 

particularly centered around early neurogenesis, when I found increased BrdU labeling. 

However, my data leave open the question of the specific cause underlying the increase 

in cells born at E12.5. HGF signaling has previously been implicated both in the 

regulation of cell proliferation as well as neuronal differentiation (Kokuzawa et al., 2003; 

Kato et al., 2004), and the promotion of either process could potentially explain the 

increase in labeling after injections at E12. These processes have opposite effects on 

cortical size, however. An increase in neuronal differentiation of progenitors at E12.5, 

and therefore their exit from the cell cycle, would lead to a depletion of the progenitor 

pool, and would likely contribute to a reduction of cortical size, particularly in superficial 

layers (which are reduced in Met-Emx1 mice). This would not, however, explain the 

increase in cortical volume observed in Met-Emx1 mice. An increase in proliferation, on 

the other hand, particularly an increase in symmetric divisions of progenitors, would be 

expected to increase cortical size, and could also be consistent with increased BrdU 

labeling early in neurogenesis, as an increase in the number of proliferating cells would 

be expected to generate increased numbers of daughter cells. However, this would not 

explain the reduction in BrdU labeling during late neurogenesis, nor the reduction in 

superficial layer thickness. More work is necessary in order to clarify the effects of HGF-

Met signaling on the mode of cortical progenitor divisions and Met's possible impact on 

cell fate. 
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Chapter 5- Altered social behavior in mice deficient in Met tyrosine 

kinase 

 

5.1 Introduction: 

 

ASD is characterized by social and communication deficits as well as narrowed interests 

and repetitive behaviors (Kanner, 1943; Folstein and Rosen-Sheidley, 2001b; Piven, 

2001). While ASD is well characterized in humans, experiments in humans are limited by 

the availability of subjects, as well as by what manipulations can be undertaken. Studies 

such as this one therefore frequently make use of animal models to examine the effects of 

genetic or environmental manipulations on behavior. 

 

I have shown that mice in which the Met tyrosine kinase is inactivated within the Emx1 

lineage of the cerebral cortex and hippocampus have larger than normal brains (Smith et 

al., 2012), and further that cortical lamination is altered in these mice, likely by changes 

in neuronal proliferation between E12.5 and E1.65. These anatomical changes have little 

meaning in the context of ASD risk, however, if they do not affect the mouse's behavior. 

To determine if mice lacking functional Met in the cerebral cortex demonstrate behavior 

reminiscent of human autism, I examined behavior in the open field, light-dark 

avoidance, and three-chamber social interaction tasks. 

 

The novel open field task is a paradigm used to asses overall activity levels in rodents 

(Walsh and Cummins, 1976). The open field is often used as a control to test for gross 

motor defects in mice which would prevent them from functioning adequately in other 
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tests which require the animal to move about an arena - such as the three-chamber social 

interaction test. The ratio of the time a mouse spends in the open center of the arena, 

relative to the area along the walls is also sometimes used as a measure of anxiety (Carola 

et al., 2002), as anxiolytic drugs often increase the proportion of time a mouse will spend 

in the center (Christmas and Maxwell, 1970; Simon et al., 1994; Rex et al., 1998; Kash et 

al., 1999; Choleris et al., 2001; Prut and Belzung, 2003).  

 

The light-dark preference test is based on the naturalistic conflict between the preference 

of mice for dark, enclosed areas and the urge to explore well-lit, open areas, which is 

necessary to find food (Crawley and Goodwin, 1980). An otherwise open field is divided 

into two chambers, one darkened and one lit. The light-dark preference test can be used 

to assess anxiety (Crawley and Goodwin, 1980; Crawley, 1981). Anxiolytic drugs, such 

as benzodiazepines, increase the amount of time mice spend in the lit area (Crawley and 

Goodwin, 1980; Crawley, 1981; Bourin and Hascoet, 2003), and as such increased time 

spent in the lit area is used to indicate decreased anxiety. While anxiety is not a feature of 

ASD itself, it is a prevalent co-morbidity among patients with autism (White et al., 2009). 

Studies have found co-morbid anxiety disorders in 42% (Simonoff et al., 2008) to 55% 

(de Bruin et al., 2007) of children with autism, suggesting that anxiety may pose a serious 

burden in the population of patients with autism. 

 

The three-chamber social interaction test was developed to assess mouse social behavior, 

with the idea that deficits in these behaviors could parallel the social deficits that, in part, 

define autism (Moy et al., 2004). The test measures the amount of time a test mouse 
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spends in a chamber containing either a novel social partner, as compared to an otherwise 

identical chamber with no mouse. Many mouse strains, such as C57BL/6, have been 

found to display a strong preference for the chamber containing the other mouse (Moy et 

al., 2004; Nadler et al., 2004). Mice which are thought to serve as models of ASD, such 

as the BTBR mouse line (McFarlane et al., 2008), or Shank3 mutant mice (Peca et al., 

2011), do not show this preference for a social partner. Social interaction deficits in these 

mouse lines are thought to parallel the human deficits seen in ASD, giving the test good 

face validity for screening mice for autistic-like behavior (Moy et al., 2004; Nadler et al., 

2004; McFarlane et al., 2008). I therefore sought to determine if social behavior was 

altered in Met-Emx1 mice. 

 

5.2 Methods: 

5.2.1. Animals and order of tests 

 

General animal care procedures are described in Appendix 1. All mice used in behavioral 

testing were adult (at least 90 day old) males. Mice were brought from their housing 

facility to the behavioral testing room and allowed to acclimate there for at least one hour 

prior to testing. 3 control, 7 Met-Emx1, and 3 heterozygous mice were tested. Tests were 

performed in order for each mouse, beginning with open field, followed by light-dark 

exploration, and then three-chamber social interaction test (one test per day). 
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5.2.2 Open field 

 

Activity in the open field was assessed as previously described (Martins et al., 2011) in a 

TruScan automated open field (Mouse Truscan Activity Arena; Coulbourn Inst., 

Allentown, PA). Mice were placed in the center of the arena and left to explore freely for 

10 min. Activity in the horizontal and vertical planes was measured by the number of 

beam breaks in each plane and converted to a distance measurement. Data was collected 

by TruScan 2.0 software, and analyzed in SigmaPlot 12.0 using a one-way ANOVA. 

 

5.2.3 Light-dark preference 

 

The light-dark preference test was conducted as previously described (Martins et al., 

2011), using the same Truscan apparatus as for the open field test, but with partition 

inserted to darken half of the field. A 4 x 4 cm opening in the partition allowed the mice 

to move between the dark and light halves of the field. Mice were placed in the center of 

the light half and allowed to explore the arena for 10 min. Data were again collected by 

TruScan 2.0 software and analyzed in SigmaPlot 12.0 using a one-way ANOVA. 

 

5.2.4 Three-chamber social interaction 

 

The three-chamber social interaction apparatus consisted of a 56 cm long, 40 cm wide, 20 

cm tall plexiglass box, divided into three chambers approximately 18 cm long with 10 x 6 

cm openings through which the mice could navigate between chambers (Moy et al., 

2004). These openings could be obstructed by sliding plexiglass dividers. On the day 
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prior to testing, mice were placed in the center chamber without dividers present and 

allowed to explore the empty apparatus for 5 min, without cages or the partner mouse 

present. Separately, the partner mice were habituated to the cages for 10 minutes. On the 

day of testing, the test mice were placed into the center chamber with the barriers in 

place, and either an empty cage or a cage containing a partner mouse in either side 

chamber. The barriers were then removed and the test mouse was allowed to explore the 

apparatus for 10 min before being removed. Sessions were filmed with a digital video 

camera (Sony DCR-HC40). Films were scored by marking which chamber the test mouse 

was in every 5 s. The mouse was considered to have entered a new chamber once the 

head and forelimbs passed the opening. Data were analyzed using a one-way ANOVA. 

 

5.3 Results 

5.3.1 Open field 

 

I found that adult male Met-Emx1 mice show largely normal behavior in the open field. 

Met-Emx1 mice moved a similar distance to control mice (Fig. 5.1A, control, 1434.4 ± 

132.6 cm; Het, 1789.4 ± 409.6; Met-Emx1, 1204.4 ± 105.9 cm; one-way ANOVA, F(2, 

20) = 1.38 , p = 0.275) at a similar velocity (Fig. 5.1D, control, 2.27 ± 0.219 cm/s; Het, 

2.75 ± 0.546 cm/s; Met-Emx1, 1.95 ± 0.144 cm/s; one-way ANOVA, F (2, 20) = 1.38, p 

= 0.277). Met-Emx1 mice spent a similar amount of time moving compared to controls 

(Fig. 5.1B, control, 479.3 ± 16.0 s; Het, 458.3 ± 29.1 s; Met-Emx1, 445.5 ± 10.5 s; one-

way ANOVA, F (2, 20) = 0.421, p = 0.662), and made a similar number of separate 

movements (Fig. 5.1C, control, 68.6 ± 5.0; Het, 72.8 ± 8.9; Met-Emx1, 88.0 ± 4.7; one-
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way ANOVA, F (2, 20) = 1.905, p = 0.178). Lastly, Met-Emx1 and heterozygous mice 

did not differ from controls on average distance per movement (Fig. 5.1E, control, 18.8 ± 

1.8 cm; Het, 22.5 ± 5.3; Met-Emx1 14.7 ± 1.6 cm; one-way ANOVA, F (2, 20) = 1.316, p 

= 0.293). These results suggest that either complete or partial loss of Met signaling does 

not impact overall activity levels in mice. 

 

However, there was an effect of genotype on center:margin ratio (control, 1.06 ± 0.25; 

Het, 0.39 ± 0.09; Met-Emx1, 1.06 ± 0.20; one-way ANOVA, F(2,20) = 5.231, p = 0.016), 

with heterozygous mice spending less of their time in the center of the arena than either 

control (Holm-Sidak, p = 0.047) or Met-Emx1 mice (Holm-Sidak, p 0 0.029). This would 

suggest that mice heterozygous for the Met mutation experience elevated levels of 

anxiety in the open field test.  
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Figure 5.1. Normal motor behavior and altered anxiety-like behavior in Met mutants in 

the open field. 

Quantification of the behavior of Met-Emx1 and control mice in the open field test is 

shown. Graphs represent (A) total distance traveled over the 10 minute test, (B) time 

spent mobile, (C) number of separate movements, (D) average velocity, (E) average 

distance per movement, and (F) ratio of time spent in the center of the arena to time spent 

around the margins. 
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5.3.2 Light-dark preference 

 

There were significant differences between genotypes in how much time they spent in 

either the light (control, 186.0 ± 13.2 s; Het, 332.3 ± 47.5 s; Met-Emx1, 294.1 ± 20.1 s; 

one-way ANOVA, F(2,10) = 6.14, p = 0.024) or dark (control 414 ± 13.2 s; Het, 267.7 ± 

47.5; Met-Emx1, 309 ± 20.1 s; one-way ANOVA, F(2,10) = 6.14, p = 0.024) halves of 

the arena. Specifically, Het mice spent more time in the light, and less in the dark side of 

the chamber compared to controls (Holm-Sidak test, p = 0.029). A similar change was 

seen in Met-Emx1 mice, but this did not reach significance (Holm-Sidak test, p = 0.053). 

I found no difference in the number of entries to the light side between Met-Emx1 and 

control mice (control, 14 ± 3; Het, 22 ± 3; Met-Emx1, 21 ± 6; one-way ANOVA, F(2,10) 

= 0.602, p = 0.571). These results suggest that mice with reduced Met signaling show 

reduced anxiety in the light-dark preference test. 

  



 

115 
 

 

Figure 5.2.Altered anxiety behavior in the light-dark exploration test in Met mutant mice. 

Quantifications are shown for the amount of time spent in the dark (A) and light (B) 

chambers, as well as for entries to the light side (C). No significant differences were 

found between Met-Emx1 and control mice, suggesting normal anxiety levels in Met-

Emx1 mice. 
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5.3.3 Three-chamber social interaction 

 

I found no significant difference between genotypes in the percentage of time spent in the 

social chamber (Control, 53.8 ± 2.4%; Het, 42.7 ± 2.5 %; Met-Emx1, 55.75 ± 4.8 % sec; 

one-way ANOVA,F (2, 12) = 1.745, p = 0.224), nor in the percentage of time spent in the 

non-social chamber (Control, 46.2 ± 2.4 %; Het, 57.3 ± 2.5 %; Met-Emx1, 44.2 ± 4.8 %; 

one-way ANOVA, F (2, 12) = 1.745, p = 0.224). This suggests that mice with reduced 

Met signaling do not show deficits in social behavior. 
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Figure 5.3. Social behavior in mice with reduced Met signaling. 

The amount of time spent in the social or non-social chamber, shown as a percentage of 

time spent outside of the starting middle chamber, are shown for control, homozygous 

Met-Emx1, and heterozygous mice. 
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5.4 Discussion 

I found that Met-Emx1 and heterozygous mice show normal locomotor behavior in the 

open field, suggesting that their behavior in the other tests won't be impacted by changes 

in their overall activity level. However, I did see a change in the amount of time that Het 

mice spent in the center of the open field. Het mice showed a significantly lower center-

to-margin ratio than either control or homozygous Met-Emx1 mice. This could indicate 

either increased anxiety in Het mice, or a decreased drive to explore the more exposed 

center. 

 

In contrast to my findings in the open field, I found an increase in the amount of time Het 

mice spent in the light side during the light-dark exploration test. In this test, there was a 

similar, though non-significant change in the homozygous Met-Emx1 mice. Although I 

found no significant differences in the number of entries to the light side between 

genotypes, my results from the light-dark exploration test would indicate that reduced 

Met signaling in the cortex leads to decreased anxiety. The conflict between this result 

and my findings in the open field raises the need for future studies to clarify the effect of 

reduced Met signaling in the cerebral cortex on anxiety behaviors. 

 

Numerous mouse models exist for autism, as well as related monogenic disorders such as 

Fragile X syndrome and Rett syndrome (Spencer et al., 2005; Gemelli et al., 2006; Moy 

and Nadler, 2008). While several studies have shown increased anxiety-like behaviors in 

models of ASD (Moy and Nadler, 2008), not all models, or studies, show the same level 
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of anxiety-like behaviors in "autistic" mice relative to controls (Mineur et al., 2002; 

Spencer et al., 2005; Jamain et al., 2008; Mines et al., 2010; Peca et al., 2011). Fmr1 

mutant mice show decreased anxiety-like behavior in the open field and light-dark tests 

(Spencer et al., 2005), and the elevated plus maze (Mineur et al., 2002), but increased 

anxiety during tests with a social component (Spencer et al., 2005; Mines et al., 2010). 

Shank3 mutants, on the other hand, display increased anxiety in the light-dark emergence 

and elevated zero maze tests, as well as repetitive grooming (Peca et al., 2011). And 

Neuroligin4 mutants show no significant changes in anxiety behavior (Jamain et al., 

2008). Notably, mice deficient in uPAR, another component of the HGF-Met signaling 

pathway, show increased anxiety-like behavior (Powell et al., 2003b). However, mice in 

which Met is inactivated in interneurons of the Dlx5/6 lineage show normal anxiety 

levels (Martins et al., 2011). Variation in the effects of different disease-associated 

mutations on anxiety in mice may be reflective of the variation in anxiety levels among 

patients with autism, and among different ASD sub-populations (White et al., 2009).  

 

While the changes in anxiety-like behaviors are inconsistent across animal models of 

autism, social interaction deficits are a consistent feature of these models (Spencer et al., 

2005; Jamain et al., 2008; Mines et al., 2010; Peca et al., 2011). Here, I have found no 

significant differences among genotypes in preference for the social over the non-social 

chamber. This may be due to our small sample size in this initial examination, and future 

studies will need to expand on our current sample. However, if true, this could indicate 

that loss of Met signaling in the cortex, in the absence of other genetic or environmental 

insults, is not sufficient to produce social deficits in mice. While this would diminish the 
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usefulness of the Met-Emx1 line as a model of autism per se, it does not limit their 

importance as a tool for determining how the developmental effects of reduced Met 

signaling could contribute to neuropathology. 

 

Notably, I saw the strongest behavioral effects of the conditional Met mutation in 

heterozygous mice. Previous studies examining autism risk genes have shown a role for 

gene dosage in risk for ASD (Durand et al., 2007; Toro et al., 2010). Heterozygous 

mutations can produce uneven expression of the affected gene across the brain, either due 

to mutation or epigenetic silencing of the remaining allele (Schanen, 2006; Toro et al., 

2010), or allelic exclusion, as has been observed for protocadherins (Esumi et al., 2005). 

Notably, the best characterized of the Met alleles conferring risk for autism in humans 

(rs1858830) is not a complete loss-of-function mutation, but rather reduces transcription 

of Met (Campbell et al., 2006). Furthermore, this risk allele has been found to have 

functional effects in heterozygous carriers (Rudie et al., 2012), showing that not all 

copies of the MET gene need be affected to influence behavior. More work is needed to 

clarify how partial loss of Met function could impact cerebral cortical development and 

structure. 
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Chapter 6: Conclusions and Significance 

 

6.1 Met association with ASD 

 

Met tyrosine kinase has been widely implicated in risk for ASDs by genetic association 

studies (Campbell et al., 2006; Campbell et al., 2008; Campbell et al., 2009; Sousa et al., 

2009b; Thanseem et al., 2010a; Zhou et al., 2011). But perhaps more importantly, autism-

associated variants of MET have also been shown to have functional significance. 

Perhaps the best characterized polymorphism, the rs1858830 SNP, is a G to C 

polymorphism in the 5' promoter region of MET. The C allele at this location reduces 

MET transcription in several cell lines (Campbell et al., 2006). The same allele has been 

associated with social and communication scores on the ADI-R, ADOS, and SRS tests 

(Campbell et al., 2010), and has been shown to reduce default mode network activity in 

response to emotional face stimuli (Rudie et al., 2012). Other MET polymorphisms have 

also been associated with altered facial emotion perception (Lin et al., 2012). Together, 

these findings suggest that impaired MET signaling contributes to some of the symptoms 

of ASD. In addition to the overall effect of the mutation, the effects of the rs1858830 risk 

allele appear stronger within subjects diagnosed with autism than in typically developing 

subjects (Rudie et al., 2012), suggesting an interaction with other risk genes in patients 

with ASD. 
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6.2 Structural alterations: grey matter 

 

Our findings suggest that loss of Met signaling in the cerebral cortex and hippocampus 

leads to brain overgrowth in adult mice. In the cerebral cortex, the increase in size 

appears to be due to increased surface area, rather than thickness, and is largely confined 

to rostral levels of the cortex. Indeed, our histological analysis suggests that the cortex is 

in fact thinner in Met-Emx1 mice in at least some cortical areas. This reduction is most 

pronounced in superficial layers II and III. These findings agree with recent work 

examining cortical thickness in typically developing patients with the rs1858830 C allele, 

which showed reduced cortical thickness in frontal and temporal cortical areas in patients 

with the risk allele (Hedrick et al., 2012). Increased cortical surface area has also been 

found in patients with idiopathic autism (Hazlett et al., 2011b; Doyle-Thomas et al., 

2013), and numerous studies have shown increased brain size in autism (Piven et al., 

1995b; Aylward et al., 2002; Hazlett et al., 2006b; Amaral et al., 2008a; Hazlett et al., 

2011b), including in frontal cortical areas (Ecker et al., 2012), where the change in Met-

Emx1 mice is most pronounced. 

 

6.3 Structural alterations: white matter 

 

While numerous studies have examined white matter structure in patients with autism, 

there is little agreement as to how white matter structure may be altered in ASD. While 

one study on children between 1.8 and 3.3 years found increased fractional anisotropy in 

the genu and splenium of the CC (Ben Bashat et al., 2007), others in a slightly older 
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population have found reduced fractional anisotropy values in the CC and frontal white 

matter tracts (Barnea-Goraly et al., 2004; Alexander et al., 2007). While some reports 

have shown decreases in CC size (Piven et al., 1997; Freitag et al., 2009), or no change in 

autistic subjects (Piven et al., 1997; Herbert et al., 2004), others have found increased 

white matter volume in autistic individuals (Herbert et al., 2003; Herbert et al., 2004; 

Freitag et al., 2009). None of these studies were correlated with genetic information, and 

they likely represent a spectrum of diverse genetic and environmental factors leading to 

the ASD diagnosis. However, the rs1858830 risk allele has been shown to lead to a dose-

dependent reduction in FA in white matter tracts of the temporal, parietal and occipital 

lobes.(Rudie et al., 2012), suggesting that impaired MET function likely contributes to 

disorganization of white matter tracts in those areas. This would also suggest that studies 

which found increases in FA in ASD could represent samples in which MET 

polymorphisms are less prevalent, with other genetic changes leading to most cases of 

ASD in those studies.  

 

My findings indicate that loss of Met signaling leads to an increase in the thickness of the 

CC at rostral levels in adult mice, suggesting increased white matter volume in Met-Emx1 

mice. This may help to explain increases in the size of brain areas which do not express 

Emx1, and therefore do not experience Cre recombination and loss of Met function in the 

Met-Emx1 line. The dorsal striatum, thalamus, and ventral hippocampus receive 

extensive input from the cerebral cortex, raising the possibility that changes in the size of 

these brain regions could be due to changes in axonal projections from the cortex. In the 
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striatum, I found that loss of Met signaling altered the size of the cortico-striatal bundles, 

leading to a shift towards larger fascicle sizes in Met-Emx1 mice.  

 

To try to determine if the increase the size of the CC was due to an increased number of 

callosal projection neurons in Met-Emx1 mice, I stained for the transcription factor Satb2, 

which marks callosal projection neurons and is involved in their specification (Alcamo et 

al., 2008). I did not find any change in the number of Satb2
+
 cells, either in S1 or in PL, 

suggesting that the increase in the size of the callosum is not due to an increase in the 

number of callosal projection neurons. It remains possible that changes in the caliber or 

branching of callosal projection neurons could account for the increase in the size of the 

CC. Alternatively, changes in the myelination of crossing fibers could lead to the increase 

in CC size. Future work could address these possibilities using electron microscopy to 

examine the size and myelination patterns of callosal projection neurons. Additionally, 

the branching patterns of callosal projection neurons could be examined using 

anterograde and retrograde tracers.  

 

6.4 Cell number and proliferation 

 

Oddly, the reduction in the thickness of layers II/III seen in our mice was not mirrored by 

a change in the number of cells expressing the superficial layer marker Cux1, in either the 

somatosensory barrel field (S1) or in OFC. Less surprisingly, I also saw no change in the 
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number of cells expressing the deep layer marker Ctip2, which labels sub-cerebral 

projection neurons.  

 

We did, however, note a change in the distribution of Cux1
+
 cells across the thickness of 

the cortex within cortical barrel field. I found an increase in the number of Cux1
+
 cells 

within abnormally deep layers (V-VI) in Met-Emx1 mice. While Cux1 is expressed in 

deeper layers in some cortical areas, this is not normally the case in the somatosensory 

barrel fields. There are several possible explanations for the presence of these ectopic 

"superficial" neurons in deep layers. One possibility is that loss of Met signaling causes a 

shift in area identity, such that areas where S1 is found in control mice instead 

differentiate as more lateral areas in which deep-layer Cux1
+
 cells are normally found. 

This is unlikely, as S1 was identified prior to taking cell counts using the presence of 

barrels, and measurements were confined to this area.  

 

A second possibility is that these ectopic cells are in some way mis-specified. My BrdU 

labeling studies show increased labeling at P0 after injections at E12.5, when deep layers 

are being born. This increase is evident particularly in layers somewhat more superficial 

than are normally populated at E12.5. I also found evidence of decreases in BrdU 

labeling after injections at E16.5 or E14.5, when superficial or middle layers are born. 

Particularly after injections at E14.5, the observed decreases in BrdU cell density were 

prominent in superficial bins. Despite the changes in the timing of cell generation, I saw 

no increase in Ctip2
+
 deep layer cells, nor a decrease in Cux1

+
 superficial layer neurons 
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in adult Met-Emx1 mice. This could be explained if the timing of layer generation is 

altered by loss of Met signaling. In particular, if some of the "extra" cells being generated 

at E12.5 were differentiating as superficial layer neurons, they could account for the 

normal overall number of Cux1 cells, as well as possibly explaining the ectopic Cux1 

cells in deep layers. As superficial layers have not yet formed early in development, 

"superficial" layer neurons generated at abnormally early times could become trapped in 

deeper layers. However, my data suggest that the ectopic Cux1
+
 cells do not originate 

from cells born at E12.5, as Met-Emx1 mice show no increase in co-localization between 

BrdU and Cux1 relative to controls after BrdU injections at E12.5. Both groups show 

very low levels of co-localization between Cux1 and BrdU, as is expected for control 

animals. A third possibility is that loss of Met signaling impairs neuronal migration, 

resulting in some superficial layer neurons being unable to reach their normal 

destinations. While I cannot confirm or refute this possibility, it would be consistent with 

prior work from our lab, showing that loss of Met function impairs migration of 

interneurons into the cortex from the ganglionic eminence (Martins et al., 2011). Future 

studies will need to examine the effect of loss of Met signaling on migration in excitatory 

neurons of the cortex 

 

6.5 Summary 

 

My findings indicate that loss of Met signaling in the cerebral cortex during development 

results in a larger brain. Specifically, Met-Emx1 mice have an expanded cortical surface 

area, but reduced cortical thickness. In addition to this alteration in gray matter volume, 
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Met-Emx1 mice have an expanded corpus callosum, along with larger cortico-striatal 

bundles, suggesting that an increase in white matter volume likely contributes to the 

change in brain size, particularly outside of the cortex and hippocampus - the areas 

targeted by the Emx1-Cre driver.  

 

The reduction in cortical thickness may be at least partially explained by a change in 

neuronal proliferation. I found more early-born cells in Met-Emx1 mice, and fewer later-

born cells, suggesting that the progenitor pool may become depleted in these animals. 

This could account both for the reduction in cortical thickness, as well as the specificity 

of this reduction for superficial layers. An increase in proliferation early during 

development is also consistent with the expansion of cortical surface area. Lastly, while I 

found normal numbers of both Cux1
+
 and Ctip2

+
 neurons in the cortex, I found that some 

cells which express the superficial layer marker Cux1 are found in abnormally deep 

layers in Met-Emx1 mice. It does not appear as though these cells are related to the early 

over-proliferation in Met-Emx1 mice, as they largely do not co-stain for BrdU after early 

BrdU injections. 

 

6.6 Future work 

 

While reduction or loss of Met function can lead to increased risk for ASD, as well as the 

host of neuroanatomical abnormalities seen in Met-Emx1 mice and in individuals with 

functional MET polymorphisms, fundamentally these changes are the result of the 
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disruption of the normal role of HGF-Met signaling in the developing cerebral cortex. 

The increase in the volume of the brain in Met-Emx1 mice, as well as the increase in 

proliferation I observed after BrdU injections at E12.5, suggest that HGF-Met signaling 

may play a role in restraining cell division - or possibly in restraining particular kinds of 

cell divisions. The early increase in BrdU labeling, followed by decreases at later 

injection times, suggests that the progenitor pool may become depleted in Met-Emx1 

mice. If this is the case, it would indicate that Met signaling contributes to the 

maintenance of the stem cell pool. This could be either by inhibiting neurogenic and 

other terminal cell divisions, or by favoring divisions which produce daughter progenitor 

cells. Future studies could address some of these possibilities. By combining BrdU 

labeling with markers of proliferating cells, such as Ki67, it would be possible to 

determine if the loss of Met signaling in Met-Emx1 mice lead to increased cell cycle exit 

early in neurogenesis. Co-staining for markers of differentiating neurons or different 

progenitor subtypes, along with BrdU, would also allow me to determine what kinds of 

cells are among those "extra" cells born at E12.5. 

 

More work is also needed in order to determine the origin of the increase in white matter 

I observed in Met-Emx1 mice. Tract tracing studies can give some indication of whether 

or not projections from the cerebral cortex are altered by loss of Met signaling, for 

example if more of the callosal projections are branching in Met-Emx1 mice. But 

ultimately, electron microscopic studies will be needed in order to determine if there are 

changes to axon caliber, fasciculation, or myelination within the corpus callosum. Lastly, 

future work is needed to clarify the effect of loss of Met signaling in the developing 
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cortex on behavior. While my data provide some indication that mice with reduced Met 

signaling show changes in anxiety-like behaviors, and raises the possibility that they may 

not show a social preference, few conclusions can be drawn from my small sample. 
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Appendix 1: Common Methods 

 

A.1 Animals 

 

Emx1-Cre
 
(K. Jones, University of Colorado) and Met-fx (S. Thorgeirsson, National 

Cancer Institute, NIH) mice were generous gifts from collaborators and backcrossed onto 

the C57BL/6
J
 line obtained from the Jackson Laboratory (Bar Harbor, ME). Mice used in 

these experiments were littermates resulting from matings between non-sibling 

heterozygotes (fx/+:Cre). All mice were genotyped via PCR using the following primer 

sets: Met-fx primers 5’-TTA GGC AAT GAG GTG TCC CAC-3’ and 5’-CCA GGT 

GGC TTC AAA TTC TAA GG- 3’ (380bp for the floxed allele and 300bp for wildtype); 

Emx1-Cre primers 5’-CAC CCT GTT ACG TAT AGC CG-3’ and 5’-GAG TCA TCC 

TTA GCG CCG TA-3’ (320bp) (Martins and Powell, 2011). 

 

A.2 Histology and Immunohistochemistry:  

 

Adult mice were transcardially perfused with 0.9% saline followed by 4% buffered 

paraformaldehyde. Brains were cut at 50µm on either a Leica vibratome VT1000S 

(Leica, Deerfield, IL) or a Microm HM430 freezing slide microtome (Thermo scientific, 

Waltham, MA) and processed for immunohistochemistry according to standard 

laboratory techniques (Martins and Powell, 2011).  

 



 

131 
 

Sections were rinsed twice in TBS to remove cryoprotectant, then incubated for five 

minutes in hydrogen peroxide (0.5% in TBS). For Ctip2 and Cux1 staining, sections were 

then subjected to heat-mediated antigen retrieval in 10mM sodium citrate buffer (pH 6.0). 

After boiling in the lab microwave for 1.5 - 2 minutes, the sections were left to incubate 

for 20 minutes in the hot buffer. For BrdU staining, sections were instead incubated for 

15 minutes in 2N HCl. No antigen retrieval step was used for Satb2 staining. After at 

least five washes, the pH of the wash buffer was checked, and if normal the sections were 

moved to blocking solution (5% lamb serum in TBS + 0.1% Triton X-100). Sections 

were incubated overnight with primary antibodies diluted in blocking solution (with 3%, 

rather than 5% serum): rabbit anti-Cux1 (1:100, Santa Cruz Biotechnology, Inc, Santa 

Cruz, CA), Rabbit anti-Ctip2 (1:500, abcam), or rat anti-BrdU (1:1000, abcam). Sections 

were washed and then incubated for 2h in secondary antibody (1:2000 dilution; Cy2 or 

Cy3-conjugated donkey anti-rabbit or anti-rat; Jackson ImmunoResearch Laboratory, 

West Grove, PA). For DAB (diaminobenzidine) staining, sections were washed five 

times in TBS and then incubated for 2h in biotinylated secondary antibody (Jackson 

ImmunoResearch Laboratory, West Grove, PA) diluted (1:2000) in TBS – 0.1% Triton 

X-100 (TBST). After brief washes, sections were placed in ABC solution (1:500; Vector 

Laboratories, Burlingame, CA) for 1h, rinsed, and placed in DAB solution (Sigma, 

D4418) with nickel enhancement for visualization. Sections were counterstained with 

DAPI (142 nM, Sigma) or nuclear fast red (Vector Laboratories, Burlingame, CA) to 

visualize cell nuclei and mounted onto slides. Images were obtained using a PowerPhase 

digital camera (Phase-one, Coppenhagen, Denmark) or Fluoview v.5.0 software as part of 
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a Confocal Olympus BX61 imaging system (Melville, NY). Images were saved as tiff 

files and processed in Photoshop CS2.  

 

Cresyl violet staining was performed as previously described (Bae et al., 2010). Sections 

were mounted on subbed slides and allowed to dry for a minimum of one hour. Slides 

were then incubated briefly in water, followed by five minutes in cresyl violet staining 

solution. Following staining, slides were incubated in 70% ethanol with acetic acid (3-4 

drops in 250mL ethanol) for 5 minutes, then dehydrated through graded ethanol, cleared 

in xylenes, and cover-slipped with DPX mounting medium. 
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