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Abstract
The establishment of appropriate neural circuitry depends upon the coordination of multiple
developmental events across space and time. These events include proliferation, migration,
differentiation, and survival - all of which can be mediated by hepatocyte growth factor (HGF)
signaling through the Met receptor tyrosine kinase. We previously found a functional promoter
variant of the MET gene to be associated with autism spectrum disorder, suggesting that forebrain
circuits governing social and emotional function may be especially vulnerable to developmental
disruptions in HGF/Met signaling. However, little is known about the spatiotemporal distribution
of Met expression in the forebrain during the development of such circuits. To advance our
understanding of the neurodevelopmental influences of Met activation, we employed
complementary Western blotting, in situ hybridization and immunohistochemistry to
comprehensively map Met transcript and protein expression throughout perinatal and postnatal
development of the mouse forebrain. Our studies reveal complex and dynamic spatiotemporal
patterns of expression during this period. Spatially, Met transcript is localized primarily to specific
populations of projection neurons within the neocortex and in structures of the limbic system,
including the amygdala, hippocampus and septum. Met protein appears to be principally located in
axon tracts. Temporally, peak expression of transcript and protein occurs during the second
postnatal week. This period is characterized by extensive neurite outgrowth and synaptogenesis,
supporting a role for the receptor in these processes. Collectively, these data suggest that Met
signaling may be necessary for the appropriate wiring of forebrain circuits with particular
relevance to social and emotional dimensions of behavior.
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INTRODUCTION
The Met receptor tyrosine kinase is a pleiotropic, α,β-heterodimeric transmembrane protein
that was first discovered as a proto-oncogene (Cooper et al., 1984), and soon after found to
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be involved in a number of normal physiological processes. The Met receptor and its
endogenous ligand, hepatocyte growth factor (HGF), are expressed in the developing and
adult nervous systems, and signal to mediate multiple neurodevelopmental and
neurophysiological processes, including peripheral and central neuron survival (Hamanoue
et al., 1996; Zhang et al., 2000), migration (Powell et al., 2001; Giacobini et al., 2007;
Garzotto et al., 2008), axon guidance (Ebens et al., 1996; Caton et al., 2000; Powell et al.,
2003), dendritic arborization (Gutierrez et al., 2004; Lim and Walikonis, 2008), and synapse
maturation and activity (Akimoto et al., 2004; Tyndall and Walikonis, 2006; Tyndall et al.,
2007). Deficits in any of these processes can yield pathological alterations in brain
patterning and circuitry. It is of particular note, therefore, that the human orthologue, MET,
is located on chromosome 7q31, a region implicated in autism spectrum disorder (ASD)
(IMGSAC, 1998; Ashley-Koch et al., 1999; Barrett et al., 1999; Yonan et al., 2003), and a
large family-based genetic analysis determined that an allelic variant in the 5′ promoter
region of MET is associated with ASD, increasing risk approximately 2.25 fold (Campbell et
al., 2006). Furthermore, postmortem tissue analyses revealed an approximately two-fold
reduction in MET protein expression in the temporal neocortex of ASD subjects compared
to unaffected controls (Campbell et al., 2007).

Roles for Met in the development of the diencephalon and telencephalon have been
demonstrated in vitro. In the diencephalon, Met signaling is required for migration of
gonadotropin hormone-releasing hormone-1 neurons from the nasal placode to the
hypothalamus (Giacobini et al., 2007), and HGF has both growth-promoting and
chemoattractive influences on axons from thalamic explants (Powell et al., 2003). In the
telencephalon, Met disruption diminishes the elaboration of dendritic arbors in cortical
organotypic cultures (Gutierrez et al., 2004), while HGF enhances dendritic outgrowth and
excitatory synaptic development of dissociated hippocampal neurons (Tyndall and
Walikonis, 2006; Nakano et al., 2007; Tyndall et al., 2007; Lim and Walikonis, 2008), and
stimulates the motility of developing interneurons from basal forebrain explants (Powell et
al., 2001).

These in vitro studies illustrate the developmental capacities of Met, but the extent to which
they represent the neurodevelopmental roles of Met in vivo is unclear. To date, only two in
vivo studies have attempted to examine the consequences of direct Met signaling
manipulations in the context of mammalian forebrain development (Martins et al., 2007;
Ohya et al., 2007). To place the human genetic studies in perspective and to advance our
understanding of the putative neurodevelopmental influences of Met activation, we used
complementary Western blotting, in situ hybridization and immunohistochemical
approaches to comprehensively map Met transcript and protein expression throughout late
embryonic and postnatal development of the mouse forebrain (E17.5– P35). We also
examined protein expression patterns in mutant mice in which Met was conditionally deleted
from structures originating from the dorsal pallium. We show here that Met is expressed by
discrete subtypes of long-projecting neurons of the forebrain, particularly, though not
exclusively, of dorsal pallial origin, and that Met protein is enriched in the developing axons
of these cells. Moreover, we demonstrate that the peak of Met expression in these cell
populations coincides with principal periods of axon outgrowth and synaptogenesis,
supporting a functional role for Met signaling in the development of forebrain connectivity.

MATERIALS AND METHODS
Breeding and genotyping mice

C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).
Conditional Met mutant mice (Emx1cre/Metfx/fx) were generated by mating mice
homozygous for a Met allele, in which exon 16 is flanked by loxP sites (Huh et al., 2004)
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(Metfx/fx, courtesy of Dr. Snorri Thorgeirsson, NIH/Center for Cancer Research, Bethesda,
MD) to Emx1-cre mice (Gorski et al., 2002) (courtesy of Dr. Kevin Jones, University of
Colorado, Boulder, CO) that were also heterozygous for the floxed allele (Emx1cre/Metfx/+).
Both Metfx/fx and Emx1cre/Metfx/+ breeding lines were back-crossed onto the C57BL/6J

background for greater than 10 generations, and their progeny (i.e., Emx1cre/Metfx/fx and
littermate control mice), were genotyped via polymerase chain reaction (PCR). The PCR
primer sets were as follows: Emx1cre forward 5′-TTCGGCTATACGTAACAGGG-3′ and
reverse 5′-TGCATGCAACGAGTGATGAG-3′; Metfx forward 5′-
GCAACTGTCTTTTGATCCCTGC-3′ and reverse 5′-
TGTCCAGCAAAGTCCCATGATAG-3′. For the Emx1cre reaction, DNA samples are
submitted to an initial denaturation step of 5 minutes at 94°C, then 35 amplification cycles
[(denaturation: 94°C for 45 seconds), (annealing: 55°C for 30 seconds), (elongation: 72°C
for 1 minute)], and then a final elongation step of 5 minutes at 72°C. The expected PCR
product size is 350 bp. For the Metfx reaction, DNA samples are submitted to an initial
denaturation step of 5 minutes at 94°C, then 35 amplification cycles [(denaturation: 94°C for
45 seconds), (annealing: 60°C for 1 minute), (elongation: 72°C for 2 minutes)], and then a
final elongation step of 5 minutes at 72°C. The expected PCR product size is 500 bp for the
wild type Met allele and 580 bp for the Metfx allele.

A cross-sectional approach was employed to assess patterns of Met transcript and total Met
protein expression in the developing mouse forebrain. For each experimental methodology
described, forebrains from at least 3 mice from at least two independent litters were
analyzed at each developmental time point of interest. In the case of immunohistochemical
studies requiring comparisons of Emx1cre/Metfx/fx and littermates, at least 3 experimental
pairs from independent litters were analyzed per time point.

All research procedures using mice were approved by the Institutional Animal Care and Use
Committee at Vanderbilt University and conformed to NIH guide-lines. All efforts were
made to minimize animal suffering and to reduce the number of animals used.

In situ hybridization
In situ hybridization was performed as previously described (Campbell and Levitt, 2003),
with modification.

Two cDNA probe templates specific to the mouse Met gene were generated by RT-PCR: a
1,387 bp fragment corresponding to nucleotides 2665-4051 of NM_008591 and a 1,404 bp
fragment corresponding to nucleotides 37-1440 of NM_008591. Antisense and sense cRNA
probes were transcribed from these templates with incorporation of 35S-CTP.

Pregnant dams were deeply anesthetized with isofluorane, fetuses were harvested and the
dissected brain rapidly removed, frozen in isopentane, and stored at -80° C until
cryosectioning at 20 μm. Cryosections were thaw-mounted onto Superfrost Plus glass slides
(Fisher) and stored at -80°C.

Slide-mounted sections were postfixed in buffered 4% paraformaldehyde for 15 minutes,
washed in 0.1 M phosphate-buffered saline (PBS), pH 7.4, for 5 minutes, acetylated with
0.25% acetic anhydride in 0.1M triethanolamine-HCl/0.15 M NaCl with 0.16%HCl for 10
minutes, and washed in 2X standard saline citrate (SSC; 0.15 M NaCl, 0.015 M sodium
citrate) for 1 minute. Tissue was then dehydrated in graded alcohols (50%, 70%, 95%,
100%; 1 minute incubation each), delipidated in chloroform (two 5 minute incubations), and
incubated in 100% and 95% ethanol (1 minute each). Slides were dried at 37°C for at least 2
hours.
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Each slide was hybridized with 3 ng radiolabeled probe in 100 μl hybridization buffer (50%
formamide, 0.75 M NaCl, 20 mM 1,4-piperazine diethane sulfonic acid, 10 mM EDTA,
10% dextran sulfate, 5X Denhardt’s solution, 50 mM DTT, 0.2% sodium dodecyl sulfate,
100 μg/ml sonicated salmon sperm DNA, and 10 μg/ml yeast tRNA) per slide.
Hybridization was performed at 55°C for 16 hours in a humid chamber.

Following hybridization, coverslips were removed in 4X SSC plus 390mM 2-
mercaptoethanol and slides were incubated in this solution for 15 minutes at room
temperature followed by 4X SSC without 2-mercaptoethanol for 15 minutes at room
temperature. Sections were then treated with 1:1 formamide/buffer (0.6M NaCl, 40 mM Tris
base, 2 mM EDTA, 0.06% HCl) at 60°C for 30 minutes and washed in room temperature 2X
SSC for 5 minutes. Sections were then treated with 20ug/ml RNase A in 0.5 M NaCl, 10
mM Tris, pH 8.0, and 1 mM EDTA at 37°C for 30 minutes. The slides were then washed in
graded salt solutions (2X, 1X, and 0.5X SSC each for 5 minutes at room temperature, and
0.1X SSC at 65°C for 30 minutes). Slides were cooled to room temperature in 0.1X SSC for
5 minutes and dipped in 60% ethanol with 0.33 M ammonium acetate. Slides were dried at
37°C for 3-6 hours and exposed to X-ray film (Biomax MR; Eastman Kodak, Rochester,
NY) for 3-15 days. A subset of sections were prepared for emulsion dipping, following the
protocol noted in (Campbell and Levitt, 2003) and exposed for 3-6 days prior to
development.

Immunohistochemistry
The primary antibody used for Met immunohistochemical study was mouse anti-Met (Met,
B-2; sc-8057; lot No. C2807; Santa Cruz Biotechnology, Santa Cruz, CA; immunogen:
peptide corresponding to amino acids 1330-1379 of mouse Met (NCBI# NP 032617)). Using
immunoblotting methods, the antibody recognizes the recombinant Met protein (Santa
Cruz), and a minor band at 170 kD and a major band at 140 kD in brain tissue homogenates
(see below). These bands represent pre-processed and processed forms, respectively, of the
Met receptor. Only the pre-processed band was detected in homogenates prepared from
mouse neocortex in which the Met gene was deleted from the dorsal pallium (data not
shown). A mouse monoclonal antibody, 1G9, generated in the laboratory against adult
mouse hippocampal homogenates, cross-reacts specifically with phosphorylated
neurofilament-H (NF-H) (Pennypacker et al., 1991), and was used to stain developing
axons.

Postnatal mice were deeply anesthetized with sodium pentobarbital (60 mg/kg i.p.) prior to
transcardial perfusion with room temperature phosphate-buffered 4% paraformaldehyde (pH
7.3) containing 1.3% L-lysine and 0.24% sodium periodate. After postfixation overnight at
4°C, brains were cryoprotected via sequential 12-hour incubations in 10%, 20%, and 30%
sucrose in PBS, pH 7.5. Fetal brains were harvested and immersion-fixed overnight at 4°C
prior to cryoprotection.

Fetal and P0 fixed brains were frozen in embedding medium (Triangle Biomedical Sciences;
Durham, NC) over liquid nitrogen vapors and stored at -80°C until sectioned with a cryostat
at 20 μM. Sections were collected on gelatin-subbed slides and stored at -80°C until
processed. Fixed brains from P7 through P35 were frozen, cut at 40 μM with a sliding
microtome (Leica, Bannockburn, IL) and free-floating sections were stored in a
cryopreservative solution at -20°C until processed. One series of sections from selected
brains were stained with Cresyl Violet as previously described (Hockfield, 1993).

For Met immunohistochemical processing, both cryostat and free-floating sections were
rinsed in PBS and then incubated for 5 minutes in 0.5% H202 in PBS to quench endogenous
peroxidases. The sections were then rinsed in PBS before 25 min incubation in 0.1 M Tris-
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glycine (pH 7.4). Several more PBS rinses preceded a 1.5 hr incubation in unlabeled donkey
anti-mouse IgG (Fab; Jackson Immunoresearch, West Grove, PA) to block endogenous
mouse immunoglobulins. Sections were further blocked in several rinses of Blotto-T (4%
Carnation dried milk in PBS containing 0.2% Triton-X-100). Blocked sections were
incubated in primary mouse anti-Met antibody diluted 1:250 in Blotto-T. Cryosections were
incubated for 2-4 hours at room temperature; free-floating sections were incubated for 48-72
hours at 4°C. Following washes in Blotto-T, sections were incubated for 1 hour at room
temperature in 1:1000 biotin-SP-conjugated donkey anti-mouse IgG (Jackson
Immunoresearch) diluted in Blotto-T. Sections then were rinsed several times in PBS and
processed by the ABC Elite histochemical method (Vector, Burlingame, CA). Met-specific
antibody complexes were visualized by incubating the sections for 2-4 minutes at room
temperature in 0.5% 3′3′-diaminobenzidine (DAB) with 0.015% H202. The stained sections
were rinsed in PBS, and free-floating sections were mounted on gelatin coated slides.
Finally, sections were dehydrated with ethanol, cleared with xylene, and coverslipped in
DPX (Fisher, Pittsburgh, PA) for microscopic analysis. Phosphorylated NF-H staining was
performed using a similar immunohistochemical protocol for free-floating sections, but with
the following specific parameters: 1) The 1G9 primary antibody was diluted 1:200 in Blotto-
T, 2) biotin —SP-conjugated donkey anti-mouse IgM secondary antibodies were diluted
1:1,000 in Blotto-T, and 3) antigen/antibody complexes were visualized using standard ABC
reagents (Vector), followed by DAB histochemistry.

Western blotting
The following primary antibodies were used for Western blotting studies: rabbit anti-Met
(Met; # 07-283; lot No. 27208; Millipore (Upstate), Billerica, MA; immunogen: peptide
corresponding to amino acids 1361-1379 of mouse Met (NCBI# NP 032617)), mouse anti-
Met (Santa Cruz, sc-8057), mouse anti-alpha-tubulin loading control (alpha-tubulin, Ab-1; #
CP06; lot No. D16509-5; Oncogene Research Products, San Diego, CA; immunogen: native
chick brain microtubules), mouse anti-GAPDH loading control (GAPDH; #AM4300; lot
No. 08608176A; Ambion, Austin, TX; immunogen: purified rabbit muscle GAPDH).

Mice were deeply anesthetized with sodium pentobarbital (60 mg/kg i.p.) prior to
decapitation and brain removal. Harvested brains were immediately immersed in room
temperature Hanks’ balanced salt solution (Sigma, Saint Louis, MO). With the aid of an
MZ-6 stereozoom microscope (Leica), the cerebral cortex from each hemisphere was
divided evenly midway along the antero-posterior axis to generate two tissue samples. The
underlying striatum also was rapidly dissected before all samples were snap-frozen on liquid
nitrogen and stored at -80°C.

P0 through >P90 cortical and striatal samples were prepared by homogenizing frozen tissue
samples in a glass tissue homogenizer (Wheaton, Millville, NJ) with ice-cold
homogenization buffer (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.1%
SDS, 0.5% deoxycholate, 0.5mM DTT , 2 mM EDTA, pH 8.0, 2 mM EGTA, 0.2mM
PMSF) containing a protease inhibitor cocktail (Sigma), 50 mM activated Na3VO4, 100 nM
microcystin, and 0.5 nM cypermethrin. E16 tissue was sonicated briefly in the same buffer.
Tissue homogenates were cleared by a 16,000 × g centrifugation for 20 minutes at 4°C, and
protein concentrations of the supernatants were determined using the Dc protein assay (Bio-
Rad, Hercules, CA).

Protein samples (35 μg protein per lane) were fractionated by SDS-PAGE and transferred to
supported nitrocellulose membranes. The membranes were then blocked for 1 hr at room
temperature in Blotto (3% Carnation dried milk in PBS) before being incubated with
primary antibodies. Polyclonal rabbit anti-Met antibodies and alpha-tubulin antibodies were
diluted 1:2500 and 1:100,000, respectively, in Blotto containing 0.05% Tween-20.
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Monoclonal mouse anti-Met antibodies were diluted 1:500 in Blotto alone, and GAPDH
antibodies were diluted 1:200,000 in Blotto + 0.02% Tween-20. The membranes were then
rinsed repeatedly in PBS and incubated for 1.5 hr at room temperature with anti-rabbit and
anti-mouse horseradish peroxidase-conjugated secondary antibodies (Jackson
Immunoresearch). Following several more rinses in PBS, the membranes were reacted with
enhanced chemiluminescence reagents (GE/Amersham ECL) and detected with
autoradiography film (GE/Amersham hyperfilm). Autoradiographic films were imaged with
a high resolution scanner and subjected to densitometric quantification using IMAGE-J.

Digital illustrations
Microscopy was performed with the aid of an Axioplan II microscope (Zeiss, Jena,
Germany), and micrographs were acquired with a Zeiss AxioCam HRc camera (Zeiss) in
Axiovision 4.1 software (Zeiss). No image alteration other than re-sizing was performed.
Figures were prepared digitally in Microsoft Office Powerpoint 2003 (Microsoft
Incorporated, Redmond, WA).

RESULTS
Temporal patterns of Met expression during forebrain development

Met signaling has been implicated in vitro in diverse neurodevelopmental processes in the
forebrain, including cell migration (Powell et al., 2001; Giacobini et al., 2007; Garzotto et
al., 2008), neurite outgrowth (Powell et al., 2003; Gutierrez et al., 2004; Lim and Walikonis,
2008), and synaptogenesis (Madhavan and Peng, 2006; Tyndall and Walikonis, 2006;
Nakano et al., 2007), each of which occurs in vivo during well defined, though overlapping,
temporal windows. As a first step in identifying the neurodevelopmental processes for which
Met signaling may be most relevant in vivo, we utilized Western blotting to assess Met
receptor protein expression levels in three forebrain regions across development. Anterior
cortex, posterior cortex, and striatum exhibit strikingly similar temporal patterns of Met
expression (Fig. 1). Total Met protein levels in these regions are relatively low from peak to
late periods of neurogenesis (E16.5). There is a marked increase in expression levels during
the perinatal period (P0), corresponding to a time when most cortical and striatal neurons
have finished their migration and are actively extending both axonal and dendritic processes
(Parnavelas and Uylings, 1980; Miller and Peters, 1981; Miller, 1986; Tepper and Trent,
1993; Tepper et al., 1998). Met protein expression increases dramatically between P0 and P7
(Fig. 1), peaking at a period coincident with extensive neurite outgrowth and the onset of
synaptogenesis (Blue and Parnavelas, 1983; Micheva and Beaulieu, 1996; De Felipe et al.,
1997). This is followed by a gradual decrease in Met expression during the peak period of
synaptogenesis (Aghajanian and Bloom, 1967; Dyson and Jones, 1980; Blue and Parnavelas,
1983; Markus and Petit, 1987; Micheva and Beaulieu, 1996; De Felipe et al., 1997) (P14,
P21). Met levels continue to decrease through the onset of puberty (P35) to reach a low
baseline of expression in the adult (P90).

The Western blotting data are consistent with a hypothesized role in vivo for Met signaling
during multiple neurodevelopmental events, but especially neurite outgrowth and
synaptogenesis. To gain complementary, spatially-resolved data regarding Met receptor
expression, we undertook detailed in situ hybridization and immunohistochemistry studies.
We also present immunohistochemical mapping data using tissue from Emx1cre/Metfx/fx

mice, in which the targeted deletion preferentially ablates the processed, membrane-bound
form of the Met receptor from all cells arising from the dorsal pallium, including the
projection neurons of the cerebral cortex, hippocampus, and select amygdaloid nuclei, by
E10.5 (Gorski et al., 2002). Unlike constitutive Met knockout mice, which exhibit early
embryonic lethality (Bladt et al., 1995), Emx1cre/Metfx/fx mice are indistinguishable from
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wild type mice with regard to survival and reproductive capacity. Gross histological
analyses also show Emx1cre/Metfx/fx mice to have normal cortical lamination, cortical
thickness, and fiber tract development (Supplemental Fig. 1). Thus, this targeted deletion
provides an opportunity to 1) establish Met antibody specificity and 2) define more
accurately the cellular origin of Met expression in axons and neuropil elements. The results
of the in situ hybridization and immunohistochemical mapping studies are organized by
neuroanatomical region in two epochs: 1) during (E17.5-P16) and 2) after (P21-P35) the rise
and peak of Met expression in the forebrain. By convention, and to distinguish between
mRNA and protein products, we italicize when referring to the transcript (“Met”) and do not
italicize when referring to the protein (“Met”).

Expression of Met in developing projection neurons of the cerebral cortex (E17.5-P16)
We readily observed Met transcript to be present in the somites as well as the primordial
heart, kidney, and liver as early as E11.5. However, using the specific hybridization
conditions noted above, we did not reliably observe Met in the forebrain until E15, when
low levels in the cerebral cortex were first detected. Therefore, detailed Met expression
analyses prior to E15 are most relevant to the periphery and extra-forebrain regions of the
central nervous system, and thus, are beyond the focus of the present study. At all postnatal
ages examined, there was little, if any, Met detected in developing or mature fiber tracts. In
contrast, Met protein localization revealed dense staining of developing axons in forebrain
tracts (see below).

At birth, Western blot analysis reveals a more than three-fold increase in the total level of
Met protein in the posterior cortex compared to the anterior cortex (Fig. 2E). This finding is
corroborated by both in situ hybridization and immunohistochemical staining (Fig. 2A,C).
Thus, Met expression in the dorsal pallium exhibits a posterior (high) to anterior (low)
gradient, which is most evident in the cortical plate. Met is also expressed in the subplate,
but is relatively uniform throughout its posterior-anterior extent. Immunohistochemical
staining reveals that Met expression in the cortex is localized to more posterior white matter
tracts underlying the cortical plate (Fig. 2C). By P7, the posterior-anterior gradient of
cortical Met expression abates (Fig. 2B,D,E).

The radial distribution of Met expression in the cortex can be observed more clearly in the
coronal plane. At birth, there is an emerging bi-laminar pattern of labeling (Fig. 3A-C),
which becomes more evident by P7 (Fig. 3D-F). At the transcript level, Met expression is
most dense in layers II/III and in deeper layers V and VI, but essentially absent in layer IV
(Fig. 3D,E). Met protein is also expressed in a bilaminar pattern, with maximal signal in the
deepest portion of the cortex, where it appears to be localized to the coalescing fibers of
subcortically and cortico-cortically projecting axons from throughout the cortex (Fig. 3F).
The paucity of Met expression in layer IV is most evident in primary sensory cortices,
particularly the somatosensory barrel fields; this is not surprising given the low levels of Met
transcript in the dorsal thalamus (see below), and its absence in layer IV itself. Though the
bilaminar pattern of Met transcript expression remains similar at P14 compared to P7, Met
immunoreactivity at the later time point is substantially reduced (Fig. 3G-I).

Cortically Projecting Fiber Tracts (P0 – P16)
Immunohistochemical analysis during the first two weeks postnatal reveals Met protein
expression in several fiber tracts, including the corpus callosum, cingulum, anterior
commissure, internal capsule, and external capsule, which arise from cerebral cortical
neurons expressing Met transcript. The level of Met expression in these tracts is dynamic
over this period, as described below.
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Corpus Callosum—During the perinatal period, the corpus callosum exhibits intense Met
staining, though expression is limited in its rostro-caudal extent (Fig. 4A,B). At the most
anterior level, staining of callosal fibers is sparse, but increases in density posteriorly. At P7,
the corpus callosum exhibits dense staining throughout its rostro-caudal extent (Fig. 4C,D).
By P14, and even more evident at P16, Met immunoreactivity in this tract becomes less
(Fig. 4E-H), and an additional pattern is observed; Met immunoreactivity is present in more
dorsally situated axons at rostral levels (Fig. 4E,G), whereas stained fibers are localized
ventrally at more caudal levels (Fig. 4F,H). These staining patterns may reflect unique
patterns of maturation of distinct subpopulations of cortico-cortical projection neurons
during this time period.

Cingulum—Met immunoreactivity is observed in the cingulum during postnatal
development, particularly at P7 (Supplemental Fig. 2D). This tract contains corticothalamic
and thalamocortical projections that originate and terminate, respectively, in the cingulate
cortex, is a major pathway connecting the cingulate cortices and anterior thalamic nuclei to
parahippocampal structures, and carries interhemispherically projecting axons of neurons in
association cortices (White, 1959; Domesick, 1970; Mufson and Pandya, 1984; Shibata,
1993). Comparison of matched sections from wild type and Emx1cre/Metfx/fx conditional null
mice reveals an absence of cingulum staining in the mutant mice (Supplemental Fig. 2E),
indicating that cortical efferents, not afferents, express Met in this tract. This is consistent
with Met transcript expression in neurons of the cingulate cortex (Supplemental Fig. 2A-C),
and its absence in primary dorsal thalamic nuclei, throughout the same developmental
period. As observed in the corpus callosum, there is reduced Met immunostaining in the
cingulum at later ages (P16, Supplemental Fig. 2F).

Anterior Commissure—The anterior commissure and the neurons that give rise to its
axons exhibit substantial Met protein and transcript expression, respectively (Fig. 5). Met
immunohistochemical labeling is apparent in both the anterior and posterior limbs of the
anterior commissure, though staining is much more intense in the posterior limb, as
demonstrated in coronal sections (Fig. 5D-F). The heavily Met-expressing axons of the
posterior limb can be seen in horizontal sections coursing out of the posterior temporal
cortices (Supplemental Fig. 3A). Staining is much lighter in fibers of the anterior limb,
which emanate from the olfactory bulbs and anterior temporal cortices (Supplemental Fig.
3B) (Gurdjian, 1925;Brodal, 1948;Jouandet and Hartenstein, 1983). Comparison of anterior
commissure staining between wild type and Emx1cre/Metfx/fx mice confirms that the Met-
expressing axons are mostly of dorsal pallial origin (Fig. 5D’-F’). We note, however, the
presence of some residual Met-immunostained fibers in the P0 and P7 Emx1cre/Metfx/fx

posterior limb (Fig. 5D’). These fibers likely originate in the ventral endopiriform cortex, a
region in which Met is not deleted due to low rates of Emx1-driven Cre recombination
(Gorski et al., 2002).

Met staining in the anterior commissure is reduced dramatically by P16 (Fig. 5F), despite
continued transcript expression in the piriform cortex (Fig 5C). Little, if any, protein is
detected in the structure’s anterior limb, whereas low levels of expression persist in the
posterior limb. Comparison between staining patterns in the wild type and Emx1cre/Metfx/fx

tissue indicate that this residual expression in the posterior limb is authentic (Fig. 5F’).

Internal Capsule—From P0 through P7, Met protein expression is apparent in the
fasciculated fibers of the internal capsule (Fig. 6A,C). The virtual absence of Met
immunoreactivity in these fibers in Emx1cre/Metfx/fx mice at P0 and P7 (Fig. 6A’,C’),
together with very low Met expression in primary sensory and motor nuclei in the dorsal
thalamus, indicates that cortical efferents, rather than thalamocortical fibers, are labeled.
Futhermore, in wild type animals, Met staining in the cerebral peduncle is minimal (Fig.
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6B,D,G,H), suggesting that cortico-tectal, -bulbar and -spinal fibers contribute little to the
Met staining. Therefore, corticothalamic and corticostriatal projections seem to comprise the
greatest proportion of Met-immunoreactive axons in the internal capsule.

By P7, additional, moderately intense Met immunnostaining appears throughout the striatal
and dorsal thalamic neuropil (Fig. 6C), coinciding with active periods of axon branching and
collateralization of cortico-striatal and cortico-thalamic axons (Frassoni et al.,
1995;Nisenbaum et al., 1998;Sheth et al., 1998). This neuropil staining remains (albeit at
lower intensity) through P14 and P16 (Fig. 6E,F), although by this time the internal capsule
fibers are devoid of Met staining. At all ages, Met expression is absent in the neuropil of the
globus pallidus, consistent with the lack of Met transcript in the caudatoputamen, the
primary contributor of afferents to this structure (Preston et al., 1980;Chang et al.,
1981;Wilson and Phelan, 1982). Met-immunopositive fibers in the globus pallidus appear to
be corticofugal fibers of passage.

External Capsule—The external capsule is a conduit for axons projecting between
multiple cortical areas and the lateral, and other, subnuclei of the amygdaloid complex
(Brothers and Finch, 1985; Faulkner and Brown, 1999; Weisskopf and LeDoux, 1999;
Heinbockel and Pape, 2000; Szinyei et al., 2000). This tract contains fibers that are densely
stained for Met during the first two postnatal weeks (Supplemental Fig. 4). As expected,
there is a near-complete absence of Met expression in the external capsule in Emx1cre/
Metfx/fx mice (Supplemental Fig. 4A’). By P16, consistent with a decrease in Met expression
in both the cortex and amygdala, only low levels of Met staining are observed in the external
capsule (Supplemental Fig. 4B).

Expression of Met in developing projection neurons of the hippocampus (E18.5-P16)
In the hippocampus, Met transcript is expressed by pyramidal cells of the subiculum, CA1
and a subdomain of CA3 from birth through P14 (Fig. 7A-C). As in the cerebral cortex, Met
protein expression in hippocampal neurons is localized to long projection neurons. At P0
and P7, immunohistochemical staining of Met reveals intense labeling of axons in the alveus
and fimbria/fornix (Fig. 7D,E), which are comprised in part of the extrinsically projecting
axons of the hippocampus. Specifically, Met immunostaining is dense in the precommissural
and postcommissural divisions of the fornix (Fig. 7J,K), which project to the septum and
hypothalamus, respectively. The dorsal and ventral aspects of the hippocampal commissural
division of the fornix also express Met protein (Fig. 7I,J). All fornix divisions in the
Emx1cre/Metfx/fx mouse are devoid of Met protein (Fig. 7M,N,O), demonstrating that Met-
expressing axons in this fiber tract originate from dorsally derived hippocampal pyramidal
neurons, rather than from the various subcortical targets to which they are reciprocally
connected.

Throughout development, Met transcript is conspicuously absent in the dentate granule
neurons of the hippocampus (Fig. 7A-C). Consistent with this, axons projecting from these
cells to CA3 via the mossy fiber pathway are not Met-immunoreactive. In contrast, Met
immunolabeling is observed in the stratum moleculare of wild type (Fig. 7H), but not
Emx1cre/Metfx/fx, mice (Fig. 7L), mostly likely representing perforant path fibers originating
from layer II entorhinal cortex (Steward and Scoville, 1976; Dolorfo and Amaral, 1998; van
Groen et al., 2002). The lighter immunostaining observed in the strata radiatum and oriens
of CA1 and CA3 also is absent in Emx1cre/Metfx/fx mice (Fig. 7H,L), consistent with Met-
expression in the terminal fields of a subpopulation of bilaterally projecting CA3 neurons
(Gottlieb and Cowan, 1973; Swanson et al., 1978). We note, however, that this terminal
axon Met staining cannot be differentiated from staining in the apical and distal dendrites of
CA3, CA1, and subicular pyramidal neurons. Similar to the cerebral cortex, Met
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immunolabeling in the hippocampus and associated axon tracts is greatly reduced at P14 and
P16 (Fig. 7F,G).

Expression of Met in developing projection neurons of the septum (E18.5-P16)
Met transcript expression in the septum is robustly detected perinatally (Fig. 8A), with dense
labeling restricted to dorsolateral neurons and lighter labeling in the medial nucleus. This
pattern persists throughout the first two postnatal weeks (Fig. 8B,C). Met immunolabeling in
the dorsolateral septum is considerable, and the pattern of staining is equivalent in wild type
and Emx1cre/Metfx/fx mice. This suggests localization to cell bodies or terminating afferent
axons of a subpallial origin (Fig. 8H,L), but distinguishing between cell body and neuropil
localization is difficult at the light microscopic level. In contrast, axonal Met
immunoreactivity clearly predominates in the intermediate lateral and medial septal nuclei
(Fig. 8I). This staining is greatly reduced in the Emx1cre/Metfx/fx mouse (Fig. 8M), consistent
with a loss of Met-expressing septal afferents of a dorsal pallial origin. Axons of dorsally
derived hippocampal pyramidal neurons innervate both dorsal and intermediate lateral
nuclei, and, to a lesser extent, the medial septal nucleus (Swanson and Cowan, 1979;Staiger
and Nurnberger, 1991;Phelan et al., 1996), and a substantial proportion of these axons
express Met (Fig. 7). Therefore, Met-expressing hippocampal neurons may selectively target
specific septal nuclei.

Select septal efferents also express Met. For example, dorsolateral septum contributes a
robust intra-septal projection to the nucleus of the horizontal diagonal band (Swanson and
Cowan, 1979; Staiger and Nurnberger, 1991; Phelan et al., 1996), in which some terminal
fibers appear to be Met-immunopositive in wild type mice. A lack of Met transcript labeling
in the nucleus of the horizontal diagonal band, (see Fig. 8A,B,C) and a maintenance of Met-
immunostained axons in the nucleus of the diagonal band in the Emx1cre/Metfx/fx mouse
(Fig. 8M) are consistent with this observation. Neurons in the lateral and medial septal
nuclei contribute descending projections to the medial preoptic area of the hypothalamus
and ascending projections to the hippocampus, respectively (Swanson and Cowan, 1979;
Chiba and Murata, 1985; Risold and Swanson, 1997), but Met-expressing axons in these
regions are undetectable in Emx1cre/Metfx/fx mice (Figs. 8O and 7L). This suggests that the
fibers originate from projection neurons of the Emx1-expressing lineage, and not septal
neurons. Additionally, though septal neurons are known to contribute efferents to the
habenula via the stria medullaris, these cells predominantly reside in the septofimbrial and
triangular nuclei (Herkenham and Nauta, 1977; Swanson and Cowan, 1979; Kawaja et al.,
1990), where Met transcript is not detected (data not shown). Axons in the stria medullaris
are also devoid of Met protein expression in both wild type and Emx1cre/Metfx/fx mice (Fig.
8J,N).

Though some Met immunohistochemical signal is evident on afferent axons within the
medial and intermediate lateral nuclei of the septum at P14 and P16 (Fig. 8F,G), in contrast
to earlier ages (Fig. 8D,E), staining is difficult to distinguish from background. There is also
a concomitant reduction of Met staining on axons likely to be dorsolateral septal efferents to
the nucleus of the diagonal band (data not shown). This downregulation of axonal Met
expression mirrors that observed in both cerebral cortical and hippocampal projection
neurons after the second postnatal week.

Expression of Met in developing projection neurons of the amygdala (E18.5-P16)
Of the 13 commonly recognized nuclei within the amygdaloid complex (Aggleton, 2000), 5
express Met during postnatal development. From caudal to rostral, these are the posterior
cortical amygdala, basal amygdala, lateral amygdala, medial amygdala, and the nucleus of
the lateral olfactory tract. Met transcript is detected within these nuclei perinatally (Fig.
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9A,B,C), at P7 (Fig. 9D,E,F), and at P14 (Fig. 9G,H,I). During this same period, Met protein
expression is particularly dense in amygdalofugal axons of the stria terminalis.

At P7, there is intense Met immunostaining in the posterior cortical amygdaloid nucleus,
from which Met-immunostained axons appear to project anteriorly via the stria terminalis
(Canteras et al., 1992) (Fig. 10A,B). More rostrally, Met-expressing axons from the basal
amygdaloid nucleus appear to join the stria terminalis (Fig. 10C) as it courses into the
ventral forebrain to target the bed nucleus of the stria terminalis (Fig. 10E,F). Met-
expressing axons in more medial aspects of the stria terminalis emanate from the medial
amygdala (Fig. 10C), which contributes dense projections to the bed nucleus of the stria
terminalis (Canteras et al., 1995). Intensely labeled axons are also present within the
decussation of the stria terminalis, coursing beneath the precommissural fornix, directly
superior to the anterior commissure (Fig. 10F). Therefore, in addition to ipsilateral
projections, Met appears to be expressed on contralateral amygdalofugal projections to the
bed nucleus of the stria terminalis, which most likely arise from the posterior cortical
nucleus (Dong et al., 2001). The lateral amygdala, which contains Met-expressing neurons,
projects to prefrontal cortex, other amygdaloid nuclei, and the nucleus accumbens
(McDonald, 1991b; a; Aggleton, 2000). Of these, only the prefrontal cortex and posterior
cortical amygdaloid nucleus exhibit robust Met immunostaining, which is lost in Emx1cre/
Metfx/fx mice (Fig. 10A,A’, data not shown). However, because both of these regions
receive numerous afferents of dorsal pallial origin, it is not possible to trace the origin of
Met-expressing axons within these two regions to the lateral amygdala. Though likely, it is
not absolutely certain that Met is expressed on efferents of the lateral amygdala.

Based on recombination patterns in the Emx1-cre reporter mouse (Gorski et al., 2002), we
expected only those Met-positive axons originating from medial amygdaloid neurons to
remain immunoreactive in the stria terminalis of the Emx1cre/Metfx/fx mouse. Indeed, this
appears to be the case (Fig. 10A’-F’). Interestingly, immunohistochemical analysis in the
null mouse indicates that only a subpopulation of medial amygdaloid efferents express Met;
although the medial amygdala projects to both the bed nucleus of the stria terminalis and the
medial preoptic area of the hypothalamus (Canteras et al., 1995), only Met-stained axons in
the latter are ablated in the Emx1cre/Metfx/fx mouse, indicating that these axons arise from
neurons derived from the dorsal pallium rather than the medial amygdala (Fig. 8O).

At the most anterior extent of the amygdala, dense Met immunostaining is evident in the
nucleus of the lateral olfactory tract in both wild type (Fig. 10D) and Emx1cre/Metfx/fx mice
(Fig. 10D’). Thus, axonal staining in this nucleus likely arises from a non-Emx1-cre
expressing subcortical or intra-amygdaloid region. Considering the data from anterograde
labeling studies (Santiago and Shammah-Lagnado, 2004), and reported minor potential for
Emx1-cre-mediated recombination within the nucleus of the lateral olfactory tract (Gorski et
al., 2002), the staining pattern is consistent with the nucleus of the lateral olfactory tract
receiving Met-immunoreactive input primarily from its contralateral counterpart.

Consistent with other forebrain areas, there is a significant decrease in Met expression in the
amygdaloid complex after P7. Specifically, Met immunostaining is reduced between P14-16
in the stria terminalis (Supplemental Fig. 5E,F) and various targets of amygdaloid
projections, including the bed nucleus of the stria terminalis (Supplemental Fig. 5G,H), the
nucleus of the lateral olfactory tract (Supplemental Fig. 5C,D), and the posterior cortical
amydaloid nucleus (Supplemental Fig. 5A,B).

Expression of Met in developing projection neurons of the diencephalon (P0-P16)
Met mRNA expression is evident in the thalamic reticular nucleus, but no other dorsal
thalamic nuclei, at P7 (Fig. 11A) and P14 (Fig. 11B). However, Met protein is expressed in
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the neuropil in several thalamic nuclei, including the reticular, dorsolateral, ventrolateral,
and anterior thalamic nuclei. In most regions, this immunostaining is virtually absent in the
Emx1cre/Metfx/fx mouse (Fig. 11D), indicating corticofugal projections as the primary source
of Met labeling. In contrast, Met immunostaining is equivalent in the anterior thalamic
nucleus in wild type and Emx1cre/Metfx/fx mice (Fig. 11E,F), particularly in its anteroventral
division, and appears to be localized to axons. Continued expression of Met in these
processes in the Emx1cre/Metfx/fx mouse is somewhat unexpected, considering that Met is
dramatically downregulated in Emx1cre/Metfx/fx cingulate cortical neurons, which send
projections to the anterior nucleus of the thalamus (Supplemental Fig. 2D,E). However, the
mammillary nuclei of the posteromedial hypothalamus also contribute a major population of
afferents to this structure via the mamillothalamic tract, which, along with the
mammillotegmental tract, heavily express Met protein (Fig. 12A,B). Moreover, Met
immunoreactivity is present in the anteroventral, but not the anterodorsal subnuclei of the
anterior thalamus (Fig. 11E,F), consistent with the selective patterns of innervation within
this nucleus by the medial mammillary nuclei (Guillery, 1957;Cruce, 1975;Watanabe and
Kawana, 1980;Seki and Zyo, 1984). The medial mammillary nuclei themselves receive
prominent input from subicular projection neurons at the septal pole of the hippocampus
(Swanson and Cowan, 1977;Allen and Hopkins, 1989;Gonzalo-Ruiz et al., 1992). These
fibers course via the postcommissural division of the fornix to terminate specifically within
the medial mammillary nuclei, and are Met-immunopositive in wild type (Fig. 12C), but not
Emx1cre/Metfx/fx, mice (Fig. 12D). The dense axonal staining observed in the ventral
tuberomammillary nucleus (Fig. 12C) may be contributed by projection neurons in
infralimbic cortex, ventral CA1 or the subiculum (Ericson et al., 1991;Canteras and
Swanson, 1992;Cenquizca and Swanson, 2006).

In the anterior hypothalamus, there is no Met expression in the anterodorsal or medial
preoptic nuclei at any stage of postnatal development, but Met immunoreactivity is observed
in a sparse, but notable, population of axons in both regions (Figs. 8K and 12E). This
staining is ablated in the Emx1cre/Metfx/fx mouse (Figs. 8O and 12F). While the data do not
definitively elucidate the sources of these Met-expressing fibers, likely candidates include
CA1 and subicular pyramidal cells at the ventral pole of the hippocampus (Canteras and
Swanson, 1992;Kishi et al., 2000;Cenquizca and Swanson, 2006). An intranuclear source for
these stained axons is unlikely, as we do not detect Met mRNA in the anterodorsal nucleus
or medial preoptic nucleus.

In the habenula, Met transcript and protein are expressed by projection neurons. In situ
hybridization analysis from E18.5 to P14 reveals modest Met transcript expression of the
medial, but not the lateral, nucleus (Fig. 13A,B). Over this period, the fasciculus retroflexus
axons coursing between the habenula and interpeduncular nucleus (Akagi and Powell, 1968;
Herkenham and Nauta, 1977) are also Met-immunoreactive (Fig. 13C,E). Light axonal
staining in the habenular commissure is also observed (Fig. 13C). Consistent with the
subpallial origin of the medial habenula, comparable levels of Met protein are observed in
the fasciculus retroflexus, habenular commissure, and interpeduncular nucleus of the wild
type and Emx1cre/Metfx/fx mice throughout postnatal development (Fig. 13D,F). In general,
decreased axonal Met staining is observed throughout the diencephalon soon after the end of
the second postnatal week (Supplemental Fig. 6), mirroring the decline in other forebrain
regions. A notable exception, however, is the relative preservation of Met staining in the
fasciculus retroflexus and interpeduncular nucleus (Supplemental Fig. 6C,D).

Expression of Met (P21 – P35)
It is clear from in situ hybridization analysis that, after P21, Met transcript continues to be
expressed in the forebrain, though at reduced intensity (Fig. 14A). Even more dramatic
reductions in immunohistochemical staining are observed at these later postnatal ages, as
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demonstrated by a relative lack of differential staining in wild type and Emx1cre/Metfx/fx

mice (Fig. 14B). This contrasts with the observation that Met protein is detected by Western
blot analysis in wild type but not Emx1cre/Metfx/fx cortex (Fig. 14C), suggesting that the
reduction in detectable Met protein expression in tissue sections at P21 may be due to
technical limitations. For example, subcellular redistribution of Met may reduce local
protein concentration to levels beneath the threshold for immunohistochemical detection.

DISCUSSION
The data in the present study provide a comprehensive map of Met receptor mRNA and
protein labeling in the developing mouse forebrain, revealing a surprisingly restricted
pattern of expression in functionally related circuits. The in situ hybridization data are
consistent with, but significantly extend, findings from previous mapping studies (Jung et
al., 1994; Thewke and Seeds, 1999). Previous studies reporting Met immunohistochemistry
in the forebrain have had a limited neuroanatomical and developmental scope (Thewke and
Seeds, 1999; Korhonen et al., 2000; Sun et al., 2002; Ohya et al., 2007), and the antibody
reagents used yielded suboptimal and nonspecific labeling in our hands. We employed a
novel immunohistochemical approach to localize Met receptor protein, providing
compelling evidence that Met is expressed in specific developing axonal projections that
reach select terminal regions in the forebrain. Furthermore, our Met immunohistochemical
analyses in the Emx1cre/Metfx/fx conditional knockout mouse provide an opportunity to
attribute sources of Met labeling within a specific forebrain region as pallial or subpallial in
origin.

Our complementary expression mapping tools allowed us to determine that Met receptor
expression during forebrain development is restricted mainly to specific populations of
projection neurons within the cortex and some classically defined limbic system components
(Table 1). Moreover, Met protein is localized primarily to the axons of these cells during
peak periods of axon growth and synapse formation, consistent with a putative role for Met
in regulating these functions. These data suggest that circuitry underlying socio-emotional
processing may be selectively vulnerable to disrupted Met signaling or expression during
development. This is consistent with data demonstrating that a MET allelic variant increases
risk for ASD, a disorder with core disruptions in social behavior (Campbell et al., 2006).

Restricted cell types express Met in the developing forebrain
The present study identifies specific subsets of projection neurons expressing Met transcript
and provides evidence that these developing neurons traffic Met protein predominantly to
their axonal compartments. This is consistent with the reported growth-promoting and
attractive nature of HGF/Met signaling on axons in the spinal cord and thalamus in vitro
(Ebens et al., 1996; Powell et al., 2003). However, here we demonstrate in vivo that the peak
of axonal Met expression occurs after the initial establishment of fiber pathways, suggesting
that Met may play a preferential role in collateralization and terminal field growth, rather
than axon guidance - a distinction that was previously unappreciated. This hypothesis is
further supported by the appearance of Met immunoreactivity in the striatal and thalamic
neuropil during periods of robust corticostriatal and corticothalamic axon collateralization
(Frassoni et al., 1995; Nisenbaum et al., 1998; Sheth et al., 1998).

The general subsidence of Met protein expression in forebrain axons after the end of the
second postnatal week coincides with a transition from axon outgrowth and elaboration to
pruning and arbor refinement in most murine forebrain circuits (Stanfield et al., 1982;
Stanfield et al., 1987; Gomez-Di Cesare et al., 1997; Portera-Cailliau et al., 2005). In the
corpus callosum and stria terminalis, however, Met expression persists later and is detected
through P21. This may reflect, relative to other axon tracts, more protracted periods of
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development, which, for the corpus callosum, have been determined by measurements of
myelination (Jacobson, 1963; Tanaka et al., 2003; Vincze et al., 2008).

Though we found Met to be expressed predominantly by axons of projection neurons during
forebrain development, our data do not preclude this receptor from being expressed at lower
levels within dendrites and postsynaptic compartments, and even by other neuronal cell
types. For example, though Met mRNA was not evident at any time in the ganglionic
eminence and maturing striatum, Met protein labeling is seen on interneurons in explant
cultures from the ganglionic eminence (Powell et al., 2001). Additionally, cultured dorsal
thalamic neurons respond to HGF (Powell et al., 2003), indicating that either in vitro
conditions may induce Met expression on neurons that normally do not express the
transcript and protein during development, or the receptor is expressed below the limits of
detection on certain cell types in vivo.

At the subcellular level, a shift to a predominantly synaptic localization after P14 may result
in a more evenly distributed Met receptor population throughout the neuropil, which would
be less readily detected by immunohistochemistry than axon fascicles and tracts, where
protein levels are more concentrated. This may explain why, at P21, differential
immunohistochemical labeling between wild type and Emx1cre/Metfx/fx mice remains
observable only in a subset of axon tracts despite large differences in cortical Met protein
expression detected at the biochemical level. This interpretation is consistent with
electrophysiological, biochemical and immuno-electron microscopy studies in the
hippocampus that indicate Met to be present and functional at excitatory synapses in mature
animals (Akimoto et al., 2004; Tyndall and Walikonis, 2006). Furthermore, there is
emerging evidence that Met plays a developmental role in synaptic organization, as recent in
vitro studies have demonstrated that HGF/Met signaling results in the enhanced expression
and clustering of synaptic components (Madhavan and Peng, 2006; Tyndall and Walikonis,
2006; Nakano et al., 2007).

By adolescence and into adulthood, Met protein expression is low throughout the forebrain.
Despite this dramatic down-regulation, however, patterns of transcript expression remain
similar across early and late postnatal development, suggesting that the same populations of
forebrain projection neurons express Met even during late developmental periods. This may
reflect additional roles for Met in response to stress. For instance, Met is dramatically
upregulated in cortical and hippocampal axons in adult animals with genetically
compromised astrocytic populations (Su et al., 2007). HGF and Met are also upregulated in
the cerebral cortex subsequent to a transient ischemic insult, though it is not known if Met
protein levels specifically increase in cortical axons in this case (Honda et al., 1995).

In addition, there are reports of Met expression by non-neuronal cells of the CNS, including
astrocytes, oligodendrocytes and microglia. Many of these studies report expression by these
glial subtypes in vitro (Machide et al., 2000; Yan and Rivkees, 2002) or in injury or disease
states (Lalive et al., 2005; Kitamura et al., 2007; Shimamura et al., 2007), which may induce
or enhance expression of the transcript and protein. In a developmental context, Ohya and
colleagues report that striatal oligodendrocyte precursor cells (OPCs) express Met in vivo
and respond to intrastriatal injections of HGF by remaining in a proliferative, immature
state, delaying myelination (Ohya et al., 2007). However, we do not observe Met mRNA in
cell bodies within either the gray matter or fiber tracts of the developing striatum, suggesting
that the reported effects of HGF on OPC maturation may be axonally derived. While we
cannot eliminate the possibility of Met expression by non-neuronal cells in the striatum and
other forebrain regions, the patterns of labeling are not consistent with such expression
during forebrain development.
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Limbic system correlates of Met expression
While analysis of the spatio-temporal dynamics of Met expression provides insight into its
cellular roles during development, analysis at the neural systems level lends insight into
potential roles for Met signaling in the development of specific forebrain circuits. Patterns of
Met expression overlap remarkably with classically defined limbic structures and their
interconnecting fiber pathways (Broca, 1878; Papez, 1937; MacLean, 1955). It seems likely,
therefore, that this receptor may be particularly important to the establishment of circuits
that mediate social and emotional information processing. In the cortex, Met is expressed in
multiple areas that have roles in processing limbic information, including the cingulate,
prefrontal, orbitofrontal, temporal, and sensory association cortices. Additionally, Met is
expressed in limbic structures involved in learning and memory, including the hippocampal
formation and the mammillary bodies of the hypothalamus. Finally, Met is expressed in
amygdaloid subnuclei, which attach emotional valence to the processes of learning and
memory (Davis and Whalen, 2001; Phelps and LeDoux, 2005), and the septum, which has
roles in emotional regulation and the control of impulses (Gray and McNaughton, 1982;
Menard and Treit, 1999).

Substantial Met expression is also present in axon pathways interconnecting principal limbic
circuit nodes. For example, Met is expressed heavily in the cingulum, fornix,
mammillothalamic tract, and internal capsule, all considered to be classic limbic pathways
(Broca, 1878; Papez, 1937; MacLean, 1955). Additionally, Met expression is observed in
the anterior commissure, which transmits information between temporal cortical areas, and
tracts connecting the amygdala to other forebrain areas including the external capsule and
the stria terminalis. Temporally, expression of Met in these fibers coincides with the period
of maximal axonal outgrowth and collateralization, suggesting that Met is involved in these
processes, and, therefore, in the development of limbic connections. As a corollary, aberrant
Met signaling would likely result in deficient formation and subsequent function of these
circuits. This is consistent with the first reported association of MET with a human, brain-
based disorder, ASD (Campbell et al., 2006).

A role for Met in neurodevelopmental and neuropsychiatric disorders
Given the prevalence of Met in the forebrain structures discussed above, we hypothesize that
this protein, or elements of its signaling pathway, may play a role in the etiology and/or
pathophysiology of neurodevelopmental and psychiatric disorders with socio-emotional
valence. Three lines of evidence support this hypothesis. First, MET, the human homolog of
Met, has been identified as an ASD susceptibility gene (Campbell et al., 2006). Second,
MET protein expression is reduced in the superior temporal gyrus of individuals with autism
(Campbell et al., 2007), whereas transcripts encoding other proteins in the MET signaling
pathway are increased significantly. Third, an analysis of MET pathway genes reveals an
association of an allelic variant of PLAUR with ASD (Campbell et al., 2008). PLAUR
encodes the urokinase plasminogen activator receptor, which enhances HGF activation and
signaling (Pepper et al., 1992; Mars et al., 1993).

At a cellular level, too, our findings suggest that disruption of MET may underlie or
contribute to the pathophysiology of neuropsychiatric disorders. It has been suggested that
many disorders, including ASD and schizophrenia, result from aberrant formation of
neuronal connections during development (Rubenstein and Merzenich, 2003; Frith, 2004;
Courchesne and Pierce, 2005; Geschwind and Levitt, 2007; Connors et al., 2008). The
timing of expression, and the cellular compartmentalization of Met expression in the mouse
suggests that the protein may have a larger than previously appreciated role in establishing
and facilitating the maturation of appropriate connections. Consequently, errant Met
signaling is likely to result in disruption of normal patterns of connectivity in the forebrain.
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Disrupted Met signaling could result from alterations in the regulation, timing, or levels of
receptor expression. Ongoing analysis of the Emx1cre/Metfx/fx mouse and other models of
disrupted Met signaling will help to elucidate the roles of Met in developing forebrain
connectivity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Western blotting analysis of Met protein expression during forebrain development in wild
type mice. The temporal profile of Met expression is strikingly similar regardless of the
forebrain region assayed: protein levels are relatively low embryonically (E16), but increase
dramatically during perinatal development (P0) to reach a peak at P7. Levels remain high
through the second postnatal week (P14), but decline dramatically thereafter (P21) to
relatively low levels in the adolescent (P35) and adult (>P90). Note that peak periods of Met
expression overlap with principal periods of neurite outgrowth and synaptogenesis in the
mouse forebrain. Samples from each forebrain region were probed on separate blots and
optimal film exposure times were independently determined.
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Fig. 2.
A transient tangential gradient of Met transcript and protein expression in the early postnatal
neocortex. In situ hybridization analysis of Met in sagittal sections of wild type forebrain
reveals a strong posterior (high) - anterior (low) gradient of signal in the neocortex, which is
present at E18.5 (A), but normalizes by P7 (B). DIC photomicrographs of Met
immunoreactivity in wild type sagittal sections show increased axonal labeling (arrows) in
the posterior neocortex at E17.5 (C), but distributed axonal (arrows) and neuropil labeling
throughout the anteroposterior extent by P7 (D). Semiquantitative Western blotting confirms
the protein gradient revealed by immunohistochemistry; Met protein levels are found on
average to be approximately three-fold greater in posterior versus anterior neocortex at P0
but not P7 (E). Error bars in E represent reflect standard error of the mean, N = 3 in each
group. Scale bar = 925μm for A, 1.75mm for B, 550 μm for C and 1.1 mm for D.
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Fig. 3.
Laminar patterning of Met transcript and protein expression in the neocortex. A, D, G:
Autoradiographic images of Met transcript in coronal sections from wild type mice, scanned
from film. B, E, H: DIC photomicrographs of coronal sections from wild type mice after
processing for autoradiography and emulsion-dipping. C, F, I: DIC photomicrographs of
Met immunoreactivity in coronal sections from wild type mice. At birth, low levels of Met
transcript (A,B) and protein (C) are present throughout the extent of the neocortex, but a bi-
laminar pattern of expression is emerging. By P7 (D,E,F), laminar patterning is apparent,
with a distinct absence of Met signal in layer IV. This pattern of transcript expression is
maintained at P14 (G,H), but immunohistochemical signal is reduced at this age (I). Scale
bar = 1.55mm for A,D,G; 275μm for B,C,F,I; 550μm for E,H.
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Fig. 4.
Met protein expression in the corpus callosum. DIC photomicrographs show Met
immunoreactivity in coronal sections from wild type mice. At P0 (A, B), Met
immunoreactivity is observed in the caudal portion of the corpus callosum, but not in the
rostral region. By P7 (C, D), Met expression is intense throughout the rostro-caudal extent
of the tract. Expression remains high, but gradually declines at P14 (E,F) and P16 (G,H).
Note that at P14 and P16, Met immunoreactivity is enriched in dorsally situated axons at
rostral levels (arrows) and ventrally situated axons at caudal levels (arrowheads). Scale bar =
275μm for all panels.
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Fig. 5.
Met transcript and protein expression in the piriform cortex and anterior commissure. A-C:
Autoradiographic images of piriform cortex at E18.5, P7, and P14 show Met transcript
expression. DIC photomicrographs show Met immunoreactivity in coronal sections from
wild type (D,E,F) and Emx1cre/Metfx/fx (D’, E’, F’) mice. In the wild type sections, Met is
expressed in both the anterior and posterior limbs of the commissure, though the staining is
more intense in the posterior limb. Met immunoreactivity is largely depleted in both limbs in
the Emx1cre/Metfx/fx sections, owing to their dorsal pallial origin. We note residual staining
in the P0 and P7 posterior limb (D’,E’), likely due to a contribution from fibers originating
in the ventral endopiriform cortex in which Emx1-mediated Cre recombination rates are
low. Scale bar = 825μm for A-C; 275μm for D-F and D’-F’.
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Fig. 6.
DIC photomicrographs illustrate Met immunohistochemistry in the internal capsule and
cerebral peduncle in coronal sections from wild type and Emx1cre/Metfx/fx mice. Staining of
internal capsule fibers is apparent in P0 and P7 wild type mice (A,C) but essentially absent
in matched sections from Emx1cre/Metfx/fx mice (A’,C’). At P7, note the increase in Met
immunoreactivity in the underlying striatal neuropil but the absence of such staining in the
globus pallidus. By P14 (E) and P16 (F), the internal capsule fibers are nearly devoid of Met
staining, but there is remaining immunoreactivity in the striatal neuropil. The paucity of Met
labeling in the cerebral peduncle at all ages examined (P0, B; P7, D; P14, G; P16, H)
suggests that cortico-tectal, -bulbar, and -spinal fibers contribute minimally to the Met
immunoreactivity in the internal capsule. (Scale bar = 410μm for A,A’,B,C,C’,D; 550μm for
E-H.
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Fig. 7.
Met transcript and protein expression in the hippocampus. A-C: Autoradiographic images of
Met transcript in coronal sections from wild type mice, scanned from film. At all ages,
autoradiographic signal is observed in the stratum pyramidale of the subiculum, CA1, and a
subregion of CA3. Signal is absent in the dentate gyrus (DG). D-O: DIC photomicrographs
of Met immunoreactivity in coronal sections from wild type (D-K) and Emx1cre/Metfx/fx (L-
O) mice. D and E: DIC images of Met immunoreactivity from wild type mice show robust
staining of the alveus and fimbria/fornix at P0 (D) and P7 (E), indicating that efferent axons
of hippocampal pyramidal cells express Met. This staining decreases at later ages (P14, F;
P16, G). Light staining in the strata oriens and radiatum and heavier staining in the stratum
moleculare is observed in wild type (H), but not Emx1cre/Metfx/fx (L), mice at P7. Heavy
Met staining is present in the dorsal hippocampal commissure (I), ventral hippocampal
commissure (J), precommissural fornix (J), and postcommissural fornix (K). This staining
is completely absent in corresponding axon tracts in the Emx1cre/Metfx/fx mouse (M, N, and
O). Scale bar = 1mm for A-C; 275 μm for D-O.
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Fig. 8.
Met transcript and protein expression in the septum in coronal sections from wild type and
Emx1cre/Metfx/fx mice. A-C: In situ hybridization analysis of Met in wild type septum across
perinatal (E18.5, A) and early postnatal development (P7, B; P14, C). At all ages,
autoradiographic signal is observed specifically in dorsolateral and medial subnuclei. D-G:
DIC photomicrographs of Met immunoreactivity from wild type mice show labeling
throughout the septum (outlined regions) at P0 (D) and P7 (E), which is decreased by P14
(F) and hardly detectable above background levels at P16 (G). At P7, all Met staining of the
dorsolateral septum (H) and partial staining of the nucleus of the diagonal band (I) of wild
type mice is preserved in Emx1cre/Metfx/fx mice (L and M). Stained afferents in the medial
and intermediate septal nuclei (I) and the anteromedial hypothalamus (K) of wild type mice
are absent in Emx1cre/Metfx/fx mice (M and O) at P7, indicating a dorsal pallial rather than
septal origin for these fibers. Septo-habenular axons do not express Met as evidenced by a
lack of staining in the stria medullaris in both wild type (J) and Emx1cre/Metfx/fx (N) mice at
P7. Scale bar = 1.35mm for A-C; 550 μm for D-O.
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Fig. 9.
In situ hybridization analysis of Met in the rostro-caudal extent of the amygdala during
development. Autoradiographic images of E18.5 coronal sections show signal in the
posterior cortical amygdala (A), the lateral, basal, and medial amygdala (B), and the nucleus
of the lateral olfactory tract at the most rostral extent of the structure (C). Signal is observed
in these same amygdaloid nuclei at both P7 (D, E, and F) and P14 (G, H, and I). Scale bar =
925μm for all panels.
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Fig. 10.
DIC photomicrographs illustrate Met immunohistochemistry in coronal sections through the
caudo-rostral extent of the amygdala and stria terminalis (st) in wild type (A, B, C, D, E, F)
and Emx1cre/Metfx/fx (A’, B’, C’, D’, E’, F’) mice at P7. Met-expressing neurons in the
posterior cortical amygdala (A) project labeled axons anteriorly in the st (B). More
anteriorly, Met-expressing axons from the basal and medial amygdala (MeA) join the
vertical limb of the st, course over the internal capsule (C, upper panel D, and E), and
terminate in the ipsilateral bed nucleus of the stria terminalis (BST) and the contralateral
BST via decussation at the midline (dashed line) (F). In Emx1cre/Metfx/fx mice, Met staining
persists in a subset of st axons that originate from the MeA (arrows in C’, D’, E’, and F’).
Met staining is also present in the nucleus of the lateral olfactory tract in the rostral extent of
the amygdala in both wild type and Emx1cre/Metfx/fx mice (lower panel D and D’). Scale bar
= 550 μm for all panels.
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Fig. 11.
Met transcript and protein expression in the thalamus in coronal sections from wild type and
Emx1cre/Metfx/fx mice. A and B: In situ hybridization analysis of Met in wild type thalamus
at P7 (A) and P14 (B). Autoradiographic signal is detected specifically in the thalamic
reticular nucleus (Rt) at these ages. DIC images of Met immunoreactivity at P7 show that
neuropil staining in the Rt and dorsolateral and ventrolateral thalamic nuclei in wild type
mice (C) is greatly reduced in corresponding regions of Emx1cre/Metfx/fx mice (D).
Conversely, neuropil staining in specific anterior thalamic nuclei is equivalent in wild type
(E) and Emx1cre/Metfx/fx (F) mice. Scale bar = 900μm for A,B; 550 μm for C, D, E, and F.
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Fig. 12.
DIC photomicrographs illustrate Met immunoreactivity in coronal sections of the
hypothalamus and associated axon tracts in wild type (A, C, and E) and Emx1cre/Metfx/fx (B,
D, and F) mice at P7. Intense Met staining in the mammillothalamic and
mammillotegmental tracts of wild type mice (A) is maintained at equivalent levels in
Emx1cre/Metfx/fx mice (D). Notable Met staining on afferents within specific mammillary
nuclei (C) and the medial preoptic nucleus (E) in wild type mice is absent in Emx1cre/
Metfx/fx mice (D and F), indicating a dorsal pallial origin for these fibers. Scale bar = 550 μm
for A, B, C, and D; 275 μm for E and F.
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Fig. 13.
Met transcript and protein expression in the epithalamus in coronal sections from wild type
and Emx1cre/Metfx/fx mice. A and B: In situ hybridization analysis of Met in wild type
habenula at P7 and P14. Autoradiographic signal at both ages is specific to the medial but
not the lateral habenula. DIC photomicrographs of Met immunoreactivity show equivalent,
dense staining of axons in the habenular commissure and fasciculus retroflexus (fr) in wild
type (C) and Emx1cre/Metfx/fx (D) mice at P7. Levels of axon staining also are equal within
target areas of the fr, such as the interpeduncular nucleus, in wild type (E) and Emx1cre/
Metfx/fx (F) mice at this age. Scale bar = 1.9mm for A,B; 275 μm for C, D, E and F.

Judson et al. Page 35

J Comp Neurol. Author manuscript; available in PMC 2010 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 14.
Analysis of Met transcript and protein expression in the developing mouse forebrain at P21
and P35. A: In situ hybridization analysis of Met in coronal sections from wild type mice at
P21 and P35 shows equivalent patterns of expression to those observed in early postnatal
development (P0 – P14). B: DIC photomicrographs of coronal sections from wild type (left)
and Emx1cre/Metrx/fx (right) mice demonstrate that at P21 (shown here) and later, no
differences in Met immunoreactivity are observed. C: Western blot analysis of total Met
protein in P21 wild type and Emx1cre/Metfx/fx mice. Levels of Met in wild type mice (1,3,5)
remain much higher than those in null mice (2,4,6) despite a lack of immunohistochemical
staining as shown in B. Scale bar = 1.3 mm for both panels in A; 1.1 mm for both panels in
B.
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TABLE 1

SUMMARY OF FOREBRAIN MET EXPRESSION

Brain region or tract Met mRNA
expression

Met protein
expression

Neocortex layer II-III yes yes

Neocortex layer IV nd nd

Neocortex layer V-VI yes yes

Hippocampus -- Subiculum yes yes

Hippocampus -- CA1 yes yes

Hippocampus -- CA3 yes yes

Hippocampus -- Dentate gyrus nd nd

Caudatoputamen nd yes

Globus pallidus nd yes (fibers of
passage)

Septum - Dorsolateral yes yes

Septum - Medial yes yes

Septum - Intermediate nd yes

Septum - Ventrolateral nd yes

Amygdala — NLOT yes yes

Amygdala — Medial yes yes

Amygdala — Lateral yes yes

Amygdala — Basal yes yes

Amygdala — Posterior cortical yes yes

Amygdala - Other nd yes

Thalamus - Reticular nucleus yes yes

Thalamus - Anterodorsal nucleus nd nd

Thalamus - Anteroventral nd yes

Thalamus - Dorsolateral nd yes

Thalamus - Ventrolateral nd yes

Hypothalamus - MPO nd yes

Hypothalamus - Mammillary bodies;
lateral

nd nd

Hypothalamus — Mamillary bodies; medial na yes

Epithalamus — Medial habenula yes yes

Epithalamus — Lateral habenula nd nd

Corpus callosum nd yes

Cingulum nd yes

Anterior commissure nd yes

Internal capsule - Thalamocortical nd nd

Internal capsule - Corticothalamic nd yes

Internal capsule - Corticostriatal nd yes

Internal capsule - Corticobulbar nd yes (minimal)

Internal capsule - Corticospinal nd yes (minimal)

Internal capsule - Corticopontine nd yes (minimal)
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Brain region or tract Met mRNA
expression

Met protein
expression

External capsule nd yes

Precommissural fornix nd yes

Postcommissural fornix nd yes

Dorsal hippocampal commissure nd yes

Ventral hippocampal commissure nd yes

Mammillothalamic tract nd yes

Mammillotegmental tract nd yes

Stria terminalis nd yes

Stra medularis nd yes

Fasciculus retroflexus nd yes

nd = not detected

na = not analyzed

J Comp Neurol. Author manuscript; available in PMC 2010 April 10.


