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ABSTRACT 

Normal development of cortical circuits, including experience-dependent cortical maturation and 

plasticity, requires precise temporal regulation of gene expression and molecular signaling.  Such 

regulation, and the concomitant impact on plasticity and critical periods, is hypothesized to be 

disrupted in neurodevelopmental disorders. A protein that may serve such a function is the MET 

receptor tyrosine kinase, which is tightly regulated developmentally in rodents and primates, and 

exhibits reduced cortical expression in autism spectrum disorder and Rett Syndrome. We found 

that the peak of MET expression in developing mouse cortex coincides with the heightened 

period of synaptogenesis, but is precipitously down-regulated prior to extensive synapse pruning 

and certain peak periods of cortical plasticity. These results reflect a potential on-off regulatory 

synaptic mechanism for specific glutamatergic cortical circuits in which MET is enriched. In 

order to address the functional significance of the ‘off’ component of the proposed mechanism, 

we created a controllable transgenic mouse line that sustains cortical MET signaling. Continued 

MET expression in cortical excitatory neurons disrupted synaptic protein profiles, altered 

neuronal morphology, and impaired visual cortex circuit maturation and connectivity. 

Remarkably, sustained MET signaling eliminates monocular deprivation-induced ocular 

dominance plasticity during the normal cortical critical period; while ablating MET signaling 

leads to early closure of critical period plasticity. The results demonstrate a novel mechanism in 

which temporal regulation of a pleiotropic signaling protein underlies cortical circuit maturation 

and timing of cortical critical period, features that may be disrupted in neurodevelopmental 

disorders.  

KEYWORDS: Gene expression, neurodevelopmental disorders, cortical circuits, molecular 

mechanisms, electrophysiology, critical period plasticity 
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INTRODUCTION 

Dysregulated synapse development and cortical circuit function is a hallmark pathology of many 

neurodevelopmental and neuropsychiatric disorders, including autism spectrum disorders (ASD) 

(1, 2). The human MET gene, which encodes a receptor tyrosine kinase, MET, has emerged as a 

neurodevelopmental component that influences circuit function in rodents and primates. The 

human rs1858830 ‘C’ allele in MET promoter reduces gene transcription by 50% (3). 

Consistently, MET protein levels are reduced by approximately 50% in postmortem temporal 

cortical tissue from individuals with ASD (4, 5) and nearly absent in individuals with Rett 

Syndrome (6). Human neuroimaging also demonstrates that the ‘C’ allele modulates both 

functional and structural cortical connectivity in typically developing individuals and people 

with ASD, with a greater impact on the latter individuals (7).   

These observations have led to investigations determining the developmental mechanisms 

through which MET confers phenotypic risk. In primates and mice, MET is expressed in 

subpopulations of cortical neurons for limited periods of time during development, peaking 

during synaptogenesis and exhibiting dramatic reductions during synapse stabilization and 

pruning (8, 9). This occurs in specific circuits, as MET expression is enriched in 

intratelencephalic cortico-cortical neurons (in layers 2-3 and 6), and corticostriatal neurons (in 

layer 5) (10). The early period of high expression coincides with heightened neuronal structural 

changes including rapid neurite growth, synapse formation and elimination (11). The potential 

role of MET in mediating synapse maturation and plasticity has been investigated in the 

developing mouse hippocampus (12), in which expression is temporally regulated. Enhanced or 
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reduced MET signaling in single developing hippocampal CA1 neurons leads to opposing 

changes of dendritic spine size and density, and time course of maturation (13).  

In all species examined thus far, the neurobiological timeframe of MET expression in the 

neocortex is highly conserved. One outstanding question is whether the time-delimited signaling, 

particular its transient nature, is functionally critical for circuit development. We hypothesized 

that timely termination of MET signaling is a highly regulated event that facilitates further 

cortical circuit development. Towards addressing this hypothesis, we created a controllable 

transgenic mouse line, in which the Met transgene can be turned on to extend signaling duration 

after the endogenous Met gene is switched off.  Here, investigation of this model, combined with 

experiments in the cortical Met conditional knockout mice (cKO), reveals that extension or 

elimination of Met signaling results in robust and distinct alterations in synaptic molecular 

constituents, neuronal morphology, intracortical circuit maturation and connectivity, and perhaps 

most remarkable, the timing of visual cortex critical period plasticity. These findings have 

implications for understanding developmental and phenotypic heterogeneity, in which disturbing 

a single pleiotropic disease risk gene may be responsible for diverse phenotypic outcomes.
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MATERIALS AND METHODS 

Animals 

C57Bl/6J mice were purchased from The Jackson Laboratories. The forebrain-specific conditional mutant 

mice (cKO, Metfx/fx; emx1cre) were generated as noted previously (8, 13), by breeding homozygous female 

Metfx/fx mice to hemizygote Metfx/+ male mice with an emx1Cre knock-in allele (14). An approximately 

equal number of male and female mice were used in this study. Generation of the controllable transgenic 

mouse line for sustained/over-expression of Met is described in Supplemental materials. To determine 

number of mice used, power analysis was conducted using an R script that takes pre-specified effect size, 

expected variations, and type I and II errors as input arguments. Mice of desired genotypes are assigned to 

experimental groups randomly using a random number generator in MATLAB. Where applicable, mice 

IDs and data are coded during experiments and analyses so that the experimenters are blinded to 

genotypes and grouping. All experimental procedures using mice conforms to NIH guidelines and are 

approved by the Institutional Animal Care and Use Committee of the University of Arizona.  

Western blot and biochemical analyses 

A standard Western blot protocol was employed to quantify protein levels with specific antibodies (15). 

For pups less than P14, we dissected out the tissue from desired forebrain regions. For mice older than 

P14, coronal brain slices (350µm thickness) were first made, followed by collection of region-specific 

tissue punches. Tissues were sonicated in cell lysis buffer containing proteinase inhibitor cocktail (1:50, 

Sigma P8340). Protein concentration was assessed using a micro-BCA (ThermoFisher) assay. 10µg tissue 

samples were separated on 4-15% SDS-polyacrylamide gels, incubated with specific primary and 

secondary antibodies (Supplemental Materials). Signals were developed using an enhanced 

chemiluminescence method, captured by ECL Hyperfilm, and quantified using ImageJ.  

Whole cell patch clamp recording 
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Coronal slices containing the visual cortex were used for recording, as described previously (16, 17) 

(Supplemental Materials). Slices were made in ice-cold ACSF (saturated with 95% O2 and 5% CO2; 

containing in mM, 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, and 10 glucose), 

visualized under a 4X objective to allow anatomical identification of the binocular region of the primary 

visual cortex (bV1). L5 neurons at least 50 µm below the slice surface were selected for whole cell 

recordings under a 60X objective (NA = 0.9). Neuronal responses were collected using a MultiClamp 

700B amplifier, low-pass filtered at 1kHz (current signals) or 10kHz (voltage signals) and digitized at 20 

kHz using a Digidata 1440A interface (Molecular Devices). To record excitatory postsynaptic currents 

(mEPSCs), slices were perfused with D-AP5 (50µM) and tetrodotoxin (TTX, 1µM, Tocris-Cookson). The 

electrode internal solution contained (in mM): 130 K-gluconate, 4 KCl, 2 NaCl, 10 HEPES, 4 ATP-Mg, 

0.3 GTP-Na, 1 EGTA and 14 phosphocreatine (pH 7.2, 295 mOsm). To measure inhibitory postsynaptic 

currents (mIPSCs), CNQX (10µM) and TTX were added to the perfusate, and the electrode internal 

solution contained (in mM): 125 KCl, 2.8 NaCl, 2 MgCl2, 2 Mg2+-ATP, 0.3 Na3GTP, 10 HEPES, 1 

EGTA and 10 phosphocreatine (pH 7.25, ~300 mOsm). To obtain stimulus-evoked synaptic responses, a 

bipolar stimulating electrode (FHC) was placed in layer 2/3 of the bV1, and evoked monosynaptic 

responses were obtained while L5 pyramidal neurons were voltage clamped at -70 mV (AMPAR-

mediated synaptic currents) or + 40 mV (AMPAR+NMDAR) with a Cs+-based internal solution 

(contains in mM, 125 Cs-gluconate, 5 TEA-Cl, 10 HEPES, 2.5 CsCl, 8 NaCl, 5 QX314-HCl, 4 Mg2+-

ATP, 0.3 Na3GTP, 1 EGTA and 10 phosphocreatine, pH 7.25). The morphology of recorded neuron was 

revealed by including 0.25% biocytin in the electrode internal solution, followed by avidin-A488, and 

Neurolucida and Imaris reconstruction of dendritic arbors and spines, respectively (Supplemental 

Materials).  

Laser scanning photostimulation (LSPS) for cortical circuit mapping 

Mice were sacrificed at P25-32, during the VC critical period (18). Slices were perfused in modified 

ACSF (4 mM Ca2+, 4 mM Mg2+), with 0.2 mM MNI-caged glutamate and 5μM R-CPP at RT. Pyramidal 
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shaped L2/3 neurons were identified under DIC optics and were selected for whole cell recording. LSPS 

mapping combined with glutamate uncaging were performed with a 4× objective lens (NA 0.16; 

Olympus) and 20 mW, 1-ms UV laser (355 nm; DPSS Lasers) pulses. Digital images were registered 

using a CCD camera (Retiga 2000DC, QImaging) unto which a 16 x 16 stimulation grids with 75-μm 

spacing were overlaid. Electrophysiological signals were amplified with a Multiclamp 700B amplifier and 

acquired using BNC-6259 data acquisition boards (National Instruments, Austin, TX). Signals were 

digitized and acquired at 10 kHz. Data acquisition and analysis were controlled by Ephus software, and a 

collection of MATLAB scripts (19).  

Visual cortex critical period plasticity 

Single-unit recording combined with monocular deprivation were used to probe developmental cortical 

plasticity, according to our previous reports (16, 20). Mice from P22-P48 were used at the start of 

monocular deprivation (MD). Briefly, mice underwent MD surgery by suturing shut the right eyelid for 4-

5 days at designated ages. The eyelid was then re-opened, and single unit recording in the anatomically 

defined bV1 (18) was made immediately after eye re-open. Recordings were performed with Epoxylite-

coated tungsten microelectrodes (FHC) with tip resistance of 5–10 MΩ, an amplifier (model 1600; A-M 

Systems), and digitizer (Micro 1401; Cambridge Electronic Design) under light isoflurane (0.5%) 

anesthesia.  The visual stimulus was generated on an LED monitor using custom MATLAB scripts, and 

the Psychtoolbox 3.0 package. Responses were evoked with 0.1 cycle per degree (cpd), 95% contrast 

sinusoidal drifting gratings presented at twelve equal-spaced orientations. Spike responses were sorted 

offline with Spike2 software (Cambridge Electronics Design, UK). The orientation with the highest 

spiking frequency was considered the preferred orientation and was used for analysis. Recorded units 

were classified into OD categories according to the seven-category scheme of Hubel and Wiesel (18, 21). 

The number of units in each category was summed for each mouse, and the CBI was calculated according 

to the following formula: CBI = [(n1 − n7) + (2/3)(n2 − n6) + (1/3)(n3 − n5) + N]/2N, where N is the 
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total number of units and nx is the number of units with OD scores of x (18). Group comparisons for CBI 

were performed using the non-parametric Mann-Whitney’s test. 

Statistical analysis 

Quantitative results were expressed as mean ± s.e.m. (standard error of the mean). Data were processed 

using Image J, Adobe Creative Cloud, Microsoft Excel, MATLAB and GraphPad Prism 8.0. To test 

normality and equal variance, Shapiro–Wilk test and F test were used. Student t test or one-way/two-way 

analysis of variations (ANOVA) was used when data passed normality and equal variance tests. Potential 

data outliers were identified as those that differ at least three standard deviations from the mean and 

excluded from analysis. For dendritic arborization/Sholl analysis, a two-way ANOVA was used to assess 

group effects. Pearson's χ2 test was used to compare the categorical dendritic spine data.  For non-

normally distributed data, non-parametric Mann–Whitney U tests were performed to compare two groups. 

The Kolmogorov-Smirnov (K-S) test was used to compare cumulative distribution of mEPSC amplitudes. 

p < 0.05 was considered statistically significant for all tests. 

 

RESULTS 

Precise temporal regulation of MET protein expression across multiple cortical domains 

In the mouse neocortex, MET expression is highest during the first two weeks, followed by a 

sharp down-regulation of expression and abated signaling prior to weaning (8, 22). To address 

whether there are brain region-specific differences in the timing of MET expression 

developmentally, Western blot was performed at multiple time points from postnatal day (P) 0 to 

P42 in the visual cortex (VC) (Fig. 1a).  Quantitative analysis reveals that MET expression is 

highest during the first two weeks in VC, followed by a rapid down regulation by three weeks. 

MET expression in the prefrontal cortex (PFC) and hippocampus (HPC) follows a similar 
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temporal pattern (Suppl. Fig. 1a); except that both peak expression and down-regulation occurred 

earlier postnatally in the HPC CA1. These data are consistent with immunohistochemistry 

staining (Suppl. Fig. 1b – PFC). In acutely prepared PFC brain slices from P7-9 mice, 

application of hepatocyte growth factor (HGF), the only known ligand for MET receptor tyrosine 

kinase activation (23), induces rapid activation of MET, as revealed by an increase in 

phosphorylated MET (pY1234/1235) (24) (Suppl. Fig. 1c). Lastly, in cultured primary neurons 

prepared from embryonic mice hippocampus (E17), a similar temporal pattern of MET 

expression is preserved (Suppl. Fig. 1d). These data suggest temporally-regulated MET 

expression is a conserved, cell-autonomous, and intrinsic mechanism across cerebral cortical 

regions, consistent with a functionally significant role in cortical circuit development. 

Creation and validation of a controllable Met transgenic mouse line 

To determine the functional significance of time-delimited MET expression, we designed 

experiments to address the consequences of extending the normal time period of expression 

genetically (Fig. 1b). A controllable Met transgenic mouse line was engineered (Metctg+, see 

Suppl. Materials), which, when crossed to a CaMKII-tTA line (25), is expected to express MET 

in cortical excitatory neurons (25, 26). In the transgene construct, Met cDNA (NM_00851) was 

cloned in frame with a Myc-FLAG tag, and its expression was driven by the tetracycline 

response element (TRE) promoter. By design, transgene expression should be temporally 

controlled by administration of doxycycline (DOX)-containing chow. 

One of the Metctg functions as designed. When bred to CaMKII-tTA line (tTA+), the double 

mutants (ctg+:tTA+) can be identified by PCR (*, Fig. 1c). When ctg+:tTA+ mice were fed with 

regular chow without DOX (Fig. 1d), the tagged (FLAG) transgene product was readily 

detectable as a 140kd band in both PFC and HPC tissues at P22, which is devoid in the littermate 
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control mice (ctg-;tTA-). In contrast, the band was not detected in the liver of ctg+:tTA+ mice, 

consistent with brain-specific expression. As a positive control, MET was also detected as a 170, 

140kD double band in HEK293T cells transfected with the Met transgenic construct (pTRE-

Tight-cMet-Myc-FLAG). Following detection of the FLAG tag, the blot was stripped and re-

probed for total MET protein (both endogenous and transgenic). On average, there was a marked 

increase in MET protein (normalized to GAPDH) (Fig. 1d. n = 3, for both PFC and HPC). These 

data demonstrate that Met transgene is abundantly expressed in the absence of DOX and 

transcribed to produce a receptor protein.  

We next ascertained whether Metctg can be controlled by DOX (Fig. 1e). The transgene was not 

detected at P7 in ctg+:tTA+ mice, likely due to the lack of CaMKII promotor activity at this age 

(25). By P16, transgene expression (Myc tag) was robust. Switching to DOX-chow for 5 d 

completely turned off the transgene when detected at P21. Removal of DOX thereafter for one 

week leads to re-expression of MET at P28. Transgene expression leads to dramatically 

increased MET phosphorylation (pY1234/1235) (> 5 fold increase) and increased total MET 

levels. The increased MET protein levels were additionally verified by increased 

immunostaining in the PFC and VC regions (Fig. 1f). Together, these data show that the 

approach used here to regulate transgene expression is effective in inducing controllable and 

sustained MET signaling beyond normal time windows of expression. In the following 

experiments, when crossed to the tTA line, these mice/dam were fed DOX-containing chow until 

P14, and then switched to DOX-free chow to turn on Met transgene expression. Unless otherwise 

stated, this strategy for controlled over-expression of MET is hereafter designated as Metcoe.   

Sustained MET signaling alters synapse-enriched molecules in the developing visual cortex 
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Previous studies showed that Met cKO in the hippocampus results in altered biochemical 

composition of synaptic glutamate receptors, which correlated with an earlier maturation profile 

of the CA1 synapse (13). We asked whether Metcoe, following endogenous MET signaling 

abatement, alters expression of synapse-enriched proteins. Using the strategy noted above, 

switching at P14 from DOX chow to regular chow enabled Metcoe in cortical excitatory neurons. 

Tissue punches were obtained from primary visual cortex (V1) and subjected to Western blot 

analyses of a panel of synapse-enriched proteins, glutamate receptors, and intracellular signaling 

proteins that are engaged by MET receptor activation and participate in the regulation of 

neuronal growth and signaling (27). We found a statistically significant reduction in GluA1, 

GluN2A, vGlut1, and Homer1 protein levels, whereas GluN2B was significantly increased (Fig. 

2a). In comparison, other proteins, including inhibitory synapse marker vGAT and gephyrin, 

pan-neuronal marker neuN, presynaptic molecule synapsin I, excitatory synaptic protein 

CaMKIIα were not altered (Fig. 2b).  

We also found an increased activation of small GTPases associated with Metcoe, as indicated by 

elevated levels of GTP-bound cdc42 and rac1, both of which are known to regulate neuronal 

growth and spine morphogenesis (28-30) (Fig. 2c). These biochemical experiments also 

identified that the downstream effectors of the small GTPase pathway are activated, as indicated 

by increased PAK1/2 activation through phosphorylation (T423/402), activation of LIMK1 (p-

T508), and increased phosphorylation of cofilin (p-S3) (Fig. 2c).  This analysis was replicated in 

4-6 separate litters, with statistically confirmed changes (Fig. 2e-g). The decreased GluA1 and 

vGlut1 levels were further confirmed using IHC labeling and confocal imaging in the VC of P25 

mice, noted as reduced IHC signal intensity (Fig. 2d, n =4). Together, these data demonstrate that 

eliminating the normal time-delimited down-regulation of MET by inducing expression of Metcoe 
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results in less mature biochemical status of synapses, at a time when specific protein expression 

changes normally reflect more mature functional synapses. 

Sustained MET signaling suppresses visual circuit maturation and function 

To test the hypothesis that extending MET expression beyond the normal signaling period results 

in the maintenance of less mature excitatory synapses, functional measures of developing VC 

circuits were conducted. ctg+:tTA+ mice were fed with DOX chow until P14, and then switched 

to regular DOX free chow to induce Metcoe in cortical excitatory neurons (Fig. 3a). Littermate 

control mice (ctg-:tTA+ or ctg-:tTA-) underwent the same treatment. We first recorded miniature 

mEPSCs in layer (L) 5 pyramidal neurons with soma located in the anatomically defined 

binocular (bV1) region (16, 31) in P25 coronal tissue slices. Cumulative plots of mEPSC 

amplitude were constructed from > 4000 mEPSCs amplitude measurements for ctg+:tTA+ (n = 

13 cells / 6 mice) and control groups (n = 11 cells, 6 mice) (Fig. 3b). K-S tests on the cumulative 

distribution showed a statistically significant reduction (p < 0.001) of mEPSC amplitude 

distribution in ctg+:tTA+ mice with approximately 2 weeks of MET over-expression. In 

addition, there was a statistically significant increase in mEPSC frequency. We next tested 

whether Metcoe affects inhibitory synaptic transmission by measuring mIPSCs in the same 

slice/animal. No significant differences were found in either mIPSC amplitudes (> 2500 events, 

9 – 11 cells, 6 mice/group) or mIPSC event frequency (Fig. 3b).  

To determine whether there are changes in basic biophysical properties of L5 pyramidal neurons 

in Metcoe mice, a range of active and passive membrane properties were measured (Suppl. Fig. 

2). There were no changes in membrane input resistance, soma capacitance, resting membrane 

potential (RMP), action potential (AP) threshold, rheobase current (minimum current injection 

that elicits AP), and current-action potential frequency relationships. These data indicate Metcoe 
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does not affect VC L5 neuron membrane biophysical properties, including their intrinsic 

excitability. 

We next conducted additional measurements related to synapse maturation and function. Whole 

cell responses from VC L5 pyramidal neurons were recorded in response to electric stimulation 

of L2/3 neurons (Fig. 3c). Only recordings exhibiting monosynaptic responses were included for 

analyses. Quantification of AMPA/NMDA receptor current ratio (A:N) for L5 pyramidal 

neurons from P25-28 mice revealed a dramatically reduced A:N ratio of Metcoe neurons (0.91 ± 

0.09) compared to control neurons (1.34 ± 0.09) (Fig. 3c). Maturation of cortical circuits is 

reflected by increased GluN2B to GluN2A subunit switching (32, 33). We measured the 

pharmacologically isolated NMDA receptor current (in the presence of 20 µM CNQX) 

sensitivity to ifenprodil (3 µM) to estimate GluN2B subunit contribution to the NMDA current. 

The proportion of ifenprodil-induced reduction of charge transfer in Metcoe L5 neurons were 

significantly larger (48.4 ± 3.1%), compared with that from control L5 neurons (37.4 ± 3.1%) 

(Fig. 3d). These data indicate that Metcoe leads to relatively less AMPA receptor synaptic content 

and relatively more activation of NMDA receptors, particularly GluN2B-containing receptors.  

Developmental VC maturation is also reflected by a reduction of silent synapses, which only 

contain NMDA receptors, but are capable of recruiting AMPA as a result of activity-dependent 

maturation (34). We quantified the proportion of silent synapses of the L2/3 to L5 circuit using a 

minimum stimulation protocol (Suppl. Fig. 3a-c) (35, 36). Neurons were first clamped at RMP (-

65mV), and a minimum stimulus that elicited mixed responses and failures was adopted. Next 

neurons were voltage clamped at +40mV to collect additional successive trials (Suppl. Fig. 3a). 

Failure rates at -65mV were significantly greater in Metcoe neurons (50.3 ± 3.2%) than rates of 

control neurons (31.2 ± 3.1%) (Suppl. Fig. 3c). In addition, the percent difference of failure rates 
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at these two potentials was significantly greater in Metcoe neurons (23.1 ± 2.0) compared to that 

from control neurons (13.4 ± 3.1) (Suppl. Fig. 3d). These data suggest that the normally sharp 

decrease in MET signaling by weaning in VC excitatory neurons is required for intralaminar 

synaptic maturation during the subsequent experience-dependent period of visual development. 

Sustained MET signaling alters VC neuronal morphology 

The altered spontaneous and evoked synaptic responses onto VC L5 pyramidal neurons suggest 

altered VC function. We asked whether Metcoe leads to structural alterations that would be 

consistent with altered maturation due to extended expression of MET. We filled L5 bV1 

neurons with biocytin-containing internal recording solution and revealed neuronal morphology 

with avidin–Alexa 488 (Fig. 3e). Morphometric measures, including Sholl analysis (37), were 

obtained following neuron dendritic arbor reconstruction in three dimensions. In addition, Z 

stack confocal images were collected from apical dendrites of L5 pyramidal neurons in order to 

perform quantitation of spine morphometric parameters (see Methods). We found no significant 

change of neuronal dendritic arborization patterns in L5 neurons with Metcoe (Fig. 3f) (p > 0.05 

for the group effect, two-way ANOVA). In contrast, analysis of the 3-D reconstructed dendritic 

spines from the apical dendrites of L5 neurons (Fig. 3g) revealed that Metcoe leads to increased 

dendritic spine density, increased spine length, and decreased spine head volume (Fig. 3h-j). The 

pooled spines (Fig. 3k, n = 532 spines/9 cells/5 mice) were classified into four main categories 

based on their geometry (38, 39). Further analysis revealed that compared with control neurons 

from littermates, Metcoe resulted in a significant decrease of the proportion of mature 

‘mushroom’ type of spines (χ2 = 17.6, p < 0.0001). This morphology change is indicative of 

immature morphology (40).  
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The observed alteration of mEPSC/mIPSC and spine phenotypes were not specific to VC L5 

neurons, as L2/3 pyramidal neurons show a similar change in mEPSC amplitude and frequency, 

and a dendritic spine phenotype (Suppl. Fig. 4).  These morphological findings on different VC 

excitatory neurons are consistent with the altered, immature spontaneous and synaptic responses 

associated with Metcoe, and lend further support to the hypothesis that normal down-regulation of 

MET is required for VC synapse development.  

Disrupted visual cortex circuit connectivity by sustained MET expression   

Next, we asked whether time-delimited signaling of MET is required for proper VC circuit 

connectivity. We used LSPS mapping (15, 19, 41) to probe synaptic connectivity made onto 

L2/3 pyramidal neurons in bV1 (17, 31). Metcoe and control mice were sacrificed at P25-32, 

during the VC critical period for binocular plasticity (18). L2/3 neurons were voltage clamped at 

-70mV (close to resting membrane potential), and UV laser pulses (1-ms, 20mW) were directed 

to a 16x16 location (with 75 µm spacing) spanning the entire VC cortical depth (Fig. 4a). Whole 

cell responses were acquired at each stimulus location, the amplitudes of which were used to 

construct a synaptic input map (Fig. 4b, c). After collecting LSPS maps from multiple neurons in 

each group, averaged maps revealed that L4 provides the strongest inputs to L2/3 pyramidal 

neurons in both groups (Fig. 4c). This is in agreement with the conserved laminar connectivity 

patterns in VC (42, 43). Further analysis of the averaged input maps show that Metcoe neurons 

receive statistically significantly altered synaptic inputs compared to control neurons (Fig. 4d, p 

< 001 for main genotype effect, two-way ANOVA). Strikingly, inputs from combined L4 

locations were most significantly reduced (Fig. 4e). Surprisingly, the Metcoe L2/3 neurons receive 

significantly more inputs from non-L4 sources (Fig. 4f). These data indicate that sustained MET 
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signaling in VC disrupts several features of intracortical connectivity, particularly input strength 

and connectivity topology.  

Visual cortex critical period plasticity is impaired with sustained MET signaling 

The changes in synapse maturation and intralaminar connectivity raised an important question 

regarding functional implications of atypical overexpression of MET. Plasticity and maturation 

of developing cortical circuitry are instructed by sensory experiences, which is extensively 

documented in the VC (44). Ocular dominance (OD) plasticity is a time-honored cortical 

plasticity paradigm, in which occluding vision to one eye during the critical period (P19-32 in 

the mouse (18, 45)) permanently degrades responsiveness to that eye in the VC. In addition to 

altered inhibitory mechanisms (46-48), OD plasticity is known to involve local circuit 

reorganization and spine remodeling (49, 50). Based on the spine phenotypes, altered synaptic 

activity and connectivity, and our recent finding of disrupted timing of synaptic plasticity in 

hippocampus circuits in Met conditional knockout (cKO) mice (51), we hypothesized that VC 

circuit plasticity may be affected by disrupted timing of MET signaling. We adopted single unit 

recording in bV1 combined with a defined visual stimulus (Suppl. Fig. 5) to measure OD 

plasticity by calculating a contralateral bias index (CBI) (16, 20).   

We first investigated the effects of Metcoe on MD-induced OD plasticity. In the continued 

presence of DOX-chow (no Metcoe), ctg+:tTA+ mice show normal OD plasticity when MD was 

initiated at P27-28 and lasted for 4-5 days, compared with non-deprived (ND) littermates of the 

same genotype [Fig. 5a, median (range) CBI scores, MD, 0.53 (0.49 - 0.58), n = 8 mice; ND, 

0.64 (0.59-0.68), n = 8 mice. Mann-Whitney test]. In comparison, with removal of DOX at P14 

to allow Metcoe, the MD protocol resulted in the elimination of OD plasticity during the normal 
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critical period, illustrated by the lack of change in the CBI scores [Fig. 5b, median (range) of the 

CBI scores, MD, 0.64 (0.56-0.70), n = 9 mice; ND, 0.67 (0.61-0.71), n = 8 mice. p = 0.26].  

Based on the temporal coincidence of endogenous MET down-regulation and the opening of the 

VC critical period (Fig. 1), and the absence of OD plasticity with sustained MET signaling, we 

next tested whether turning off Metcoe at a time that is well beyond the normal critical period 

(P40) would restore OD plasticity in bV1. ctg+:tTA+ mice were kept on DOX chow until P14, 

then switched to DOX-free chow to allow Metcoe. DOX-chow then was reintroduced on P40 to 

suppress ectopic MET expression. MD was conducted at P42-43 for 4-5 d, followed by OD 

plasticity testing/single unit recording at P47-8 (Fig. 5c). Non-visual deprived littermates of same 

genotype served as controls. As hypothesized, OD plasticity similar to that observed during the 

normal critical period (Fig. 5a) was evident at this late developmental stage [Fig. 5c, median 

(range) of the CBI scores, MD, 0.50 (0.39 - 0.61), n = 7 mice; ND, 0.65 (0.59 - 0.73), n = 8 

mice]. To further validate that the reinstated OD plasticity is not a spurious effect of a 

dysregulated transgene approach, we conducted an additional experiment using ctg+:tTA+ mice 

that were kept on DOX-containing chow throughout the experiments (i.e., no Metcoe). As 

predicted, MD at P42-43 does not alter the CBI scores compared with the ND mice [Fig. 5d, 

median (range) of the CBI scores, MD, 0.65 (0.51 - 0.73), n = 8 mice; ND, 0.64 (0.55 - 0.72), n = 

7 mice]. 

Based on these data indicating that sustained MET signaling impairs VC OD plasticity, which 

can be restored by terminating sustained MET expression even beyond the normal the critical 

period, we asked whether eliminating MET signaling may also impact the timing of OD 

plasticity. The Met conditional knockout (cKO) (Metf/f;emx1cre) prematurely eliminates MET 

signaling in developing excitatory cortical neurons (8, 13). Analyses of wild type (Metf/f or 
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Metf/+, no cre) littermates reveals normal MD-induced OD plasticity during the critical period 

(P27-30) [Fig. 5e, CBI score: MD, 0.47 (0.38 - 0.57), n = 7 mice; ND, 0.66 (0.61-0.72), n = 9 

mice. p = 0.002, Mann-Whitney U test]. Strikingly, in cKO mice, MD-induced OD plasticity was 

absent [Fig. 5e, CBI scores: MD, 0.62 (0.58 - 0.70); n = 7 mice; ND, 0.69 (0.61-0.71), n = 8 

mice]. This suggests that in the absence of MET signaling, critical period plasticity may not 

develop, or alternatively, closes earlier. We therefore performed experiments in cKO and 

littermate controls 5 d earlier, producing MD at P22-25. Control mice exhibited prominent OD 

plasticity [Fig. 5f, CBI score: MD, 0.52 (0.46 - 0.57), n = 8 mice; ND, 0.67 (0.64 - 0.72), n = 6 

mice. p = 0.0007]. In cKO mice, statistically significant OD plasticity exists as well [Fig. 5f. CBI 

score: MD, 0.56 (0.49 - 0.62), n = 6 mice; ND, 0.65 (0.62 - 0.69), n = 7 mice. p = 0.002]. Thus, 

the cKO mice exhibit OD plasticity, but compared to WT mice, the critical period is abbreviated 

and ends prematurely. These data, combined with the findings from Metcoe mice, suggest that 

controlling the timing of MET signaling bi-directionally regulates the development of VC critical 

period plasticity.  
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DISCUSSION 

The current study demonstrates that the temporally regulated expression of the MET receptor 

tyrosine kinase can regulate cortical circuit development and critical period plasticity in the 

primary visual cortex. These findings have implications for understanding the role of genetic 

variation that may not be causal for neurodevelopmental disorders (NDDs), but nonetheless may 

contribute significantly to disease phenotypes. Data presented here support the hypothesis that 

such regulation has pronounced effects on the maturation timing of developing neural circuits 

and experience-dependent circuit plasticity. MET is not a GWAS-significant gene causal for 

ASD, yet the combination of the 5’ functional promoter allele (3) and other factors (52, 53) that 

cause dysregulation during synaptic maturation and plasticity may contribute to polygenic risk 

factors that influence the extent to which disorder-related phenotypes are manifested. We suggest 

that this may be one way of influencing the well-established clinical heterogeneity of NDDs, 

even in syndromic and rare single gene cases. The fact that MET gene and protein expression is 

reduced in two NDDs (ASD and Rett syndrome) (5, 6) raises the possibility that in those 

individuals with the largest expression changes, altered MET signaling contributes to brain 

circuit pathophysiology.  

Using several experimental paradigms, we present evidence concerning key aspects of cortical 

circuit development that are broadly shaped by MET. We have previously shown that in MET-

expressing developing hippocampal circuits, ablating MET signaling leads to profound changes 

of dendritic spine synapses, both structurally and functionally, and results in early maturation of 

the Schaffer collateral - CA1 synapse. In addition, we recently reported that in forebrain-specific 

Met cKO mice, the developing hippocampus CA1 synapses showed an enhanced long-term 

potentiation (LTP) and long-term depression (LTD) at early developmental stages (P12-14), 
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whereas both LTP and LTD were reduced when mice reach young adulthood (P56-70) (51). 

These finding are consistent with the recent findings that Met cKO mice show altered responses 

to early life stress (54), and deficits in contextual fear learning (55). These studies, however, did 

not address directly the functional significance of down-regulation of MET and cessation of 

signaling. To gain insight into this issue, a controllable transgenic mouse line was created, 

utilizing a ‘tet-off’ strategy (56). Breeding this mouse line with CaMKII-tTA (25) mouse allows 

Met transgene expression and sustained signaling in cortical excitatory neurons that can be 

exquisitely controlled by DOX feeding. The data presented here demonstrate that sustained MET 

signaling in excitatory neurons leads to extensive changes in the expression of key proteins 

involved in synaptic and circuit development, most notably altered expression of glutamate 

receptors and persistent activation of small GTPase pathways in the developing VC. Extending 

the duration of MET signaling also resulted in striking anatomical and functional changes of VC 

excitatory neurons in both L5 and L2/3, including smaller, immature, and supernumerary spines, 

which likely reflects a delay in synapse maturation. These structural and functional alterations 

are associated with disrupted topology of intralaminar VC connectivity, resolved here by LSPS 

circuit mapping.  

We found that sustained or premature termination of MET signaling bi-directionally controls 

synaptic plasticity and the timing of the VC critical period, as measured by monocular 

deprivation-induced OD plasticity. The results demonstrate that termination of MET signaling is 

an essential component of critical period plasticity. Previous studies have shown that VC 

plasticity is associated with multiple mechanisms involving altered PV neuron-mediated 

inhibition (47, 57, 58), equilibrium of AMPA receptors (59), reorganization of intracortical 

connectivity (31), and dendritic spine pruning (49, 50). Given that MET is expressed in specific 
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subtypes of L2/3 and 5/6 excitatory neurons (10), and not in cortical inhibitory neurons (60), data 

presented here show that sustained expression of MET is sufficient to eliminate developmental 

OD plasticity, suggesting a novel mechanism independent of local inhibitory influences (31). At 

a molecular level, we posit that this mechanism may involve altered dendritic spine structural 

plasticity, as continued MET signaling leads to sustained cofilin inhibition (Fig. 2). Another key 

discovery here was the ability to induce an ectopic period of heightened OD plasticity when the 

Met transgene was turned off at P40, a time when normal VC critical period is closed. Together 

with the observation of the dramatic down-regulation of MET protein just before the onset of the 

OD critical period in VC at 2-3 weeks age (18) (Fig. 1), these data suggest that termination of 

MET signaling is likely a conserved mechanism that facilitates opening of cortical critical period 

plasticity. Further supporting this hypothesis is the early closure of the critical period of OD 

plasticity when MET signaling was ablated in cortical excitatory neurons in the cKO mice. These 

findings are particularly significant considering the reports of altered sensory processing and 

critical period plasticity in Fragile X syndrome and Rett syndrome mouse models (61, 62). 

There are several technical caveats regarding the reported studies. One issue in utilizing this 

transgenic approach is that expression levels of MET cannot be precisely controlled. 

Nonetheless, the extended duration of MET signaling is an important experimental manipulation 

to understand mechanistically the link between normal downregulation and neurodevelopmental 

outcomes. To our knowledge such overexpression strategy has not been reported for studying a 

gene whose expression is altered in neurodevelopmental disorders. Another issue is that although 

extended MET expression is driven in excitatory cortical neurons, our recent study (10) reported 

that only specific neuron subtypes dynamically express MET, particularly cortico-cortical 

neurons. While recognizing this weakness, concerns are mitigated due to the precise temporal 
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control of Met transgene in the developing forebrain, the selective study of cellular and circuit 

phenotypes in excitatory neurons, the finding that Metctg engages relevant signaling pathways 

(e.g. pY1234/1235, small GTPases, p-cofilin) and reproduces similar cellular phenotypes as in 

single CA1 neuron manipulations (13), and the OD plasticity data resulting from the 

complementary studies that extended or eliminated Met transgene expression.    

In summary, the results of these experiments provide new insights regarding mechanisms for 

controlling synapse maturation and plasticity at a circuit level in the developing neocortex. The 

role of MET receptor tyrosine kinase in cortical circuit development and the expression of 

critical period plasticity is linked to its time-delimited nature of signaling. These data suggest 

that MET during forebrain development may have broader implications for the development of 

synaptic plasticity, learning and memory, sensory perception, and adaptive behaviors, all of 

which may contribute to neuropathological changes in NDDs.   
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FIGURES and LEGENDS 

Fig. 1. Creation and validation of a controllable Met transgenic mouse line to achieve sustained 

MET expression and signaling. a. MET protein expression was probed using Western blot across 

P0-42 in the visual cortex. GAPDH signal in the same blot was used to normalize MET signal. 

Quantification from three independent experiments were shown. Signal intensity was expressed 

as fold change compared to P3-5 levels. Shaded patches indicated s.e.m. b. Schematic illustration 

on the design of a controllable Met transgenic (Metctg) approach. c. Genotyping of double 

transgenic mice (*, ctg+;tTA+) by PCR.. d. When ctg+;tTA+ dam/litter were fed with DOX-free 

chow, transgene product (FLAG-tag) was detected at P22, no expression of Metctg was found in 

littermate controls (ctg-;tTA-). * 140-kD transgenic MET protein. No Metctg expression was 

found in the liver. Transfection of HEK293T cells with Metctg construct cDNA yields double 

bands (140, 170kD). The same blot was stripped and re-probed for MET, and GAPDH loading 

control proteins. e. Control of Metctg expression by DOX. No transgene was detected at P7. 
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However, by P16 Metctg expression was abundant in the absence of DOX. Switching to DOX 

chow for 5 d completely turned off Metctg, after which adding back DOX-free chow for 7 d 

turned on Metctg. f. Increased MET IHC signal was observed in both PFC and VC with Metctg, 

indicating increased MET protein expression in these brain regions. 
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Fig. 2. Sustained expression of MET disrupts synapse proteins and neuronal growth 

mechanisms. a. VC proteins were harvested at P25-28 in ctg+;tTA+ mice with sustained Metctg 

from P14 and control littermates. Representative blots showed decreased GluA1, GluN2A and 

increased GluB2B proteins. b. Among many synaptic proteins detected, sustained Metctg 

decreased Homer1 and vGlut1. c. Metctg leads to persistent activation of small GTPases cdc42 

and rac1, and enhanced phosphorylation of PAK1/2 (T423/402), LIMK1 (T508), and cofilin (Ser 

3). d. Decreased GluA1 and vGlut1 levels were verified using immunohistochemistry staining 

and confocal imaging. e-g. Quantification of Western blot (a-d) protein band intensity from 4-6 
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independent experiments. * p < 0.05, ** p < 0.01 (increase); # p < 0.05, ## p < 0.01 (decrease).  

cdc42-GTP, rac1-GTP and p-cofilin were normalized to cdc42, rac1 and cofilin, respectively, 

and expressed as percent of control levels. 
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Fig. 3. Sustained MET expression disrupts VC L5 excitatory neuron structure and function. a. 

Experimental design. Ctg+:tTA+ mice and littermate controls (Ctrl, ctg-:tTA+ or ctg-:tTA-) were 

kept on DOX chow until P14, followed by recording in VC brain slices at P25-28. b. Metcoe L5 

pyramidal neurons show decreased mEPSC amplitude (p < 0.001, K-S test), and increased 

mEPSC frequency (p < 0.01). In contrast, no change of mIPSC amplitude or frequency (n.s., p > 

0.05 for both). c. Quantification of A:N ratio of synaptic responses in L5 neurons. A significant 

reduction of A:N ratio was found in Metcoe (t15 = 3.05, ** p < 0.01). d. Ifenprodil sensitive 

current was also significantly increased in Metcoe neurons (t15 = 2.45, * p < 0.05). e. Dendritic 

morphology of L5 neurons in anatomically defined bV1 were revealed by biocytin labeling. f. 

Sholl analysis of dendritic length distribution as a function of distance from soma. No significant 



33 
 

difference was observed for genotype effects (p = 0.47, two-way ANOVA, n = 8 cells/5 mice, 

shaded patches, s.e.m.). g. Representative of three-dimension reconstruction of apical dendritic 

spines. h-j. Metcoe leads to increased spine density (h, t19 = 3.37, ** p < 0.01), increased spine 

length (i. Ctrl, n = 179 spines/5 mice; METcoe, n = 150 spines/5 mice. K-S test, *** p < 0.001), 

reduced spine head volume (j. Ctrl, n = 133 spines/4 mice; METcoe, n = 186 spines/4 mice. ** p 

< 0.01. Man-Whitney U test). k. Percentage distribution of different categorical spine 

classifications. * p < 0.05, Chi-square test for the categorical spine counts and total spine 

numbers. 
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Fig. 4. Metcoe leads to altered intracortical connectivity in the bV1. a. Illustration of VC slice 

preparation. A 16x16 LSPS mapping grid overlaid on DIC image (* denotes the glutamate 

uncaging locations), while L2/3 pyramidal neurons were voltage clamped at -70mV.  b. 

Representative matrices of LSPS mapping traces from a control L5 pyramidal neuron, and a 

Metcoe L5 neuron. Triangle indicates soma position. c. Averaged color map from control (8 

neurons/6 mice) and Metcoe (8 neurons/7 mice) mice. The EPSC amplitudes from center eight 

columns (boxed region) were averaged across the rows for each map, and pooled responses 

(mean ± s.e.m.) were plotted to the right. d. Synaptic inputs onto L2/3 neurons binned according 

to stimulus locations. Sidak’s post hoc multiple comparison test revealed significantly reduced 

inputs from L4 (* p < 0.05).  e. Averaged synaptic inputs from binned cortical layers. 

Significantly reduced L4 inputs were observed in Metcoe neurons (averaged L4 inputs: control, 

19.1 ± 2.8 pA; Metcoe, 14.1 ± 1.6 pA. * p < 0.05, Sidak’s multiple comparison test). f. L5 Metcoe 

neurons show significantly increased inputs from non-L4 sources (t14 = 3.94, p < 0.01. ** p< 

0.01). 
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Fig. 5. Sustaining or eliminating MET signaling in developing forebrain alters the timing of VC 

critical period plasticity. a. Normal MD-induced critical period plasticity was observed when 

Metcoe was suppressed by DOX, as MD induced significantly reduced CBI (p < 0.001). b. Metcoe 

from P14 eliminates critical period plasticity, measured at P32-33 as CBI by single unit 

recording. c. Extending MET signaling from P14-P40, followed by adding DOX to suppress 

MET signaling at P40, results in an ectopic period of heightened plasticity (p = 0.0008). d. 

Continued suppression of Metctg does not change the OD plasticity measured at P42, during 

which normal critical period is closed. e. Conditional Met knockout in forebrain excitatory 

neuron eliminates critical period plasticity when measured at P27-P30, during which control 

littermate exhibits normal plasticity. f. MD-induced OD plasticity in cKO mice exists at an 

earlier stage (P22-25). Each data point represents a mouse. 



SUPPLEMENTARY MATERIALS 

 

 

 

Time-delimited signaling of MET receptor tyrosine kinase regulates cortical circuit 
development and critical period plasticity 

 

 

Ke Chen, Xiaokuang Ma, ..., Pat Levitt, Shenfeng Qiu 

 

 

Shenfeng Qiu  sqiu@email.arizona.edu 

Pat Levitt  plevitt@med.usc.edu 

  

mailto:sqiu@email.arizona.edu
mailto:plevitt@med.usc.edu


MATERIALS AND METHODS 

Animals 

C57Bl/6J (wild type) mice were purchased from The Jackson Laboratories. These mice were used for 

quantification of cortical developmental expression of synaptic proteins. The forebrain-specific 

conditional mutant mice (cKO, Metfx/fx; emx1cre) were generated as noted previously (1, 2), breeding 

homozygous female Metfx/fx mice to hemizygote Metfx/+ male mice that also contain the emx1Cre knock-in 

allele (3). This produces the experimental cKO mice, and their littermate controls (Metfx/fx or Metfx/+; no 

cre). Male and female mice were used in this study, with evident differences in multiple measures. Both 

Metfx/fx (provided by Dr. Snorri Thorgeirsson, NIH/Center for Cancer Research, Bethesda, MD) and 

emx1Cre (Dr. Kevin Jones, University of Colorado, Boulder, CO) breeding lines were maintained on the 

C57Bl/6 background. All experimental procedure using mice conforms to NIH guidelines and are 

approved by the Institutional Animal Care and Use Committee of the University of Arizona.  

To generate the controllable transgenic mouse line for sustained/over-expression of MET protein, a Met 

cDNA construct was tagged on the C-terminus with Myc-FLAG epitopes, and cloned into the pTRE-

Tight vector (Clontech). The coding sequence was inserted downstream to a tetracycline response element 

(TRE) in a ‘tet-off’ configuration (4), and was used to generate a controllable transgenic MET line 

(Metctg) on a C57Bl6/J background. This transgenic line was crossed to the CaMKII-tTA line (5) to obtain 

the conditional over-expressor mice (Metcoe) in forebrain regions of dorsal pallial origin. Metctg:tTA 

breeders were fed with doxycycline-containing chow (DOX, 625 mg/kg, Harlan Laboratories), with 

Metcoe initiated by switching to regular DOX-free chow. Alternatively, Metctg:tTA breeders/litters on 

regular chow were switched to DOX-chow to turn off the transgene at specific times postnatally. 

Offspring from cKO breeding were genotyped by polymerase chain reaction (PCR) as described 

previously (1, 6). To amplify the Metctg transgene, the following pair of primers were used: (forward, 5’-

GCCTATATAAGCAGAGCTCGT-3’; reverse, 5’-CGGTCTTGAATTCGGATACCTT-3’). This yields a 

transgene amplicon of 344 bp.  



Western blot and biochemical analyses 

A standard Western blot protocol was employed to quantify protein levels with specific antibodies (7). 

For pups less than P14, we used fine tweezers to dissect out the tissue from desired forebrain regions 

(prefrontal cortex - PFC, hippocampus CA1 - HPC, and primary visual cortex-VC). For mice older than 

P14, coronal brain slices (350µm thickness) were first made, followed by collection of region-specific 

tissue punches. Dissected/punched tissues were sonicated in NP40 cell lysis buffer (FNN0021, 

ThermoFisher Scientific) containing proteinase inhibitor cocktail (1:50, Sigma P8340) and 1 mM PMSF. 

Protein concentration was assessed using a micro-BCA (ThermoFisher) assay. 10µg tissue samples were 

mixed with equal volume of 2x Laemmli loading buffer, boiled for 5 min, and separated by 4-15% SDS-

polyacrylamide gels. Gel separated samples were transferred to PVDF membranes (Immobilon-P, 

Millipore), incubated with primaries antibodies overnight. The membranes were then washed three times 

in 0.01M PBS-T, followed by HRP-conjugated species-specific secondary antibodies for 2-3 h at RT. 

Signals were further developed using an enhanced chemiluminescence method (SignalFire, Cell Signaling 

Technology) and captured by ECL Hyperfilm (Amersham Biosciences). Protein band intensity was 

digitized using a film scanner (Epson V850), and quantified using ImageJ. All protein band signals were 

background subtracted, normalized to the GAPDH signals in the same blot. For proteins analyzed from 

cultured primary hippocampal neurons, a standard protocol for growing hippocampal neurons in vitro was 

also performed to analyze specific protein expression (8).  

The following antibodies were used: from Millipore, GluA2/3 (07-598), GluN1 (05-432), GluA1 

(AB1504), vGlut1 (ABN1647), vGAT (AB5062), synGAP1 (06-900), PSD95 (MAB1598), neuN 

(MAB377B); cdc42 (ABN1646), rac1 (05-389); from Santa Cruz Biotechnology, MET (sc-8507); from 

Cell Signaling Technology, pMET (Y1234/1235) (#3077), GAPDH (#5174), FLAG (#8146), Myc 

(#2278), GluN2A (#4205), GluN2B (#14544), synapsin I (#5297), gephyrin (14304), p-

PAK1/2(T423/402) (#2601), CaMKIIα (#3357), p-LIMK(T508) (#3841), p-cofilin(S3) (#3313), cofilin 

(#5175); from Sigma-Aldrich, homer 1 (ABN37). Antibodies were diluted at 1:2000 except for MET 



(1:500) and GAPDH (1:100,000). To quantify activated (GTP-bound) cdc42 and rac1, a small GTPases 

activation assay kit (Millipore, Cat# 17-441) was used according to manufacturer’s instructions. 

Immunohistochemistry 

Mice were deeply anesthetized with isoflurane and transcardially perfused with 0.01M PBS (pH 7.4) 

followed by 4% PFA (buffered with 0.1M PBS). Brains were post-fixed in 4% PFA/PBS overnight. Free-

floating 40μm sections were cut on a sliding microtome (Leica SM2000R) and collected in PBS 

containing 0.05% sodium azide (Sigma-Aldrich). Coronal sections containing visual cortex were blocked 

in 5% normal goat serum diluted with PBS and 0.2% Triton-X (antibody dilution solution) for 2 h, 

followed by incubation in antibody dilution solution containing GluA1 or vGluT1 for 24 h. After 

extensive washing in 0.01M PBS, the sections were incubated with Alexa 555-conjugated secondary 

goat-hosted antibodies (Invitrogen, A-21428, 1:250 dilution) for 4 h. The sections were mounted on slides 

using VectaShield mounting medium (H-1200, with DAPI). Confocal images were acquired using a Zeiss 

710 laser scanning microscope, with the laser intensity, photomultiplier tube voltage, and other 

parameters kept constant across experiments. For MET-immunostaining in floating section, MET primary 

antibody (1:250, sc-8057) was applied for 24 h, followed by HRP-conjugated goat anti-mouse IgG 

overnight. Diaminobenzidine was used for colorimetric detection of MET immunolabeling. All samples 

were coded to ensure blinded morphometric analyses regarding genotype. 

Whole cell patch clamp recording 

Mice were sacrificed at designated ages, coronal slices containing the visual cortex were used for 

recording, using a slightly modified protocol described previously (9, 10). Slices were made in ice-cold 

ACSF (saturated with 95% O2 and 5% CO2; containing in mM, 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 

CaCl2, 1 MgCl2, 1.25 NaH2PO4, and 10 glucose), and incubated at 34 °C for 30 min before being kept at 

RT. Slices were then switched to a patch clamp recording chamber that was circulated with ACSF driven 

by a peristaltic pump. Slice were visualized under a 4X objective (Olympus UPlanApo, NA= 0.16) to 



allow anatomical identification of the binocular region of the primary visual cortex (bV1). L5 neurons (at 

least 50µm below the slice surface, to minimize truncation of dendritic structure and connectivity) were 

then selected for whole cell recordings under a 60X objective (NA = 0.9) with IR illumination and 

differential interference contrast optics (Olympus BX-51WI).  

Neuronal responses were collected using a MultiClamp 700B amplifier (Molecular Devices, Forster City, 

CA), low-pass filtered at 1kHz (current signals) or 10kHz (voltage signals) and digitized at 20 kHz using 

a Digidata 1440A interface controlled by pClamp 10.2 (Molecular Devices). Series resistance (Rs, < 25 

MΩ) was constantly monitored and neurons with >15% variations in Rs were excluded for analyses. In 

experiments in which mEPSCs were recorded, slices were perfused with D-AP5 (50µM, Tocris-Cookson) 

and tetrodotoxin (TTX, 1µM, Tocris-Cookson).  The electrode internal solution contained (in mM): 130 

K-gluconate, 4 KCl, 2 NaCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, 1 EGTA and 14 phosphocreatine 

(pH 7.2, 295 mOsm). When miniature inhibitory postsynaptic currents (mIPSCs) were measured, CNQX 

(10µM) and TTX were added to the perfusate, and the electrode internal solution contained (in mM): 125 

KCl, 2.8 NaCl, 2 MgCl2, 2 Mg2+-ATP, 0.3 Na3GTP, 10 HEPES, 1 EGTA and 10 phosphocreatine 

(pH 7.25, ~300 mOsm).  

To obtain stimulus-evoked synaptic responses, a bipolar stimulating electrode (FHC) was placed in layer 

2/3 of the bV1, and evoked monosynaptic responses were obtained while L5 pyramidal neurons were 

voltage clamped at -70 mV (AMPAR-mediated synaptic currents) or + 40 mV (AMPAR+NMDAR) with 

a Cs+-based internal solution (contains in mM, 125 Cs-gluconate, 5 TEA-Cl, 10 HEPES, 2.5 CsCl, 8 

NaCl, 5 QX314-HCl, 4 Mg2+-ATP, 0.3 Na3GTP, 1 EGTA and 10 phosphocreatine, pH 7.25). To quantify 

the AMPA/NMDA receptor current ratio (A:N), the AMPA component of the EPSC was measured using 

the peak of EPSC amplitude, and the NMDA component was measured as the amplitude at 75 ms after 

EPSC onset(11). To measure ifenprodil sensitivity, NMDAR current were obtained at +40mV in the 

presence of CNQX (20uM), then recorded following bath application of 3µM ifenprodil (12). Ifenprodil 

(GluN2B)-sensitive current was quantified by measuring the reduction of the charge transfer. 



To estimate the proportion of silent synapse, a minimum stimulation protocol was used, essentially as 

reported previously (2, 13). Neurons were voltage clamped (Cs-based internal solution) at -70mV, and the 

stimulus intensity was gradually increased from zero to elicit a mixed success and failure of synaptic 

transmission. The neurons were then voltage clamped at +40 mV without changing the stimulus intensity 

and successive trials were recorded. Based on response amplitude at each potential, a percent of failure 

rate was calculated, which is correlated with proportion of silent synapses (13).   

Neuron morphology reconstruction 

Analysis of neuronal morphology in brain slices was performed as described previously (2, 14). Briefly, a 

K+-based internal solution containing 0.25% biocytin was included in the patch electrode. After the 

recording session, neurons were filled with biocytin for 10 min under current clamp mode (500pA 

injection). The slices were fixed in 4% PFA overnight, blocked in 1% BSA in PBS, permeabilized with 

0.2% Triton X-100 in 0.01M PBS, and incubated with avidin-alexa 488 for 24 h to reveal neuronal 

morphology. Slices were coded to blind genotype prior to morphometric analyses. The dendritic arbors of 

bV1 neurons (L4 and L5) were traced using Neurolucida (MicroBrightField, Williston, VT) to register 

morphometrical parameters in three dimensions. Cell soma, primary, secondary dendrite number and 

dendritic length in the basal and apical compartments were quantified. Sholl analysis (15) was performed 

to quantify dendritic arbor, dendritic length, and number of intersections (i.e. complexity). Between one 

and three cells were reconstructed per slice, and at least five slices from four mice were reconstructed. For 

dendritic spine analyses, confocal Z-stack imaging of spines were collected from dendritic segments 

(apical branches 200-350 µm from soma). Spine images were collected with a 63× objectives (Zeiss Plan-

Apochromat, NA 1.4). Dendritic spine density and head volume were quantified using confocal Z-stacks 

(512×512 pixels with 4× digital zoom and 0.2 µm Z resolution). Imaris software (V8.02, Bitplane, South 

Windsor, CT) was used to reconstruct the 3D spine images and further categorical analyses (classification 

into ‘filopodia’, ‘mushroom’, ‘stubby’, ‘long thin’ subtypes), similar to that reported previously (14).  

LSPS cortical circuit mapping 



To investigate how sustained MET signaling may affect the functional connectivity in bV1, laser 

scanning photostimulation (LSPS) combined with glutamate uncaging (16, 17) was used to map synaptic 

connectivity made onto the L2/3 pyramidal neurons. Experimental Metctg::tTA mice were fed with DOX 

chow until P14, then switched to DOX free chow thereafter. Control mice were genotype matched 

littermates and fed with DOX throughout experiments. Mice were sacrificed at P25-32, during the VC 

critical period (18). Slices were perfused in modified ACSF (4mM Ca2+, 4mM Mg2+), with 0.2mM MNI-

caged glutamate and 5μM R-CPP at RT. Pyramidal shaped L2/3 neurons were identified under DIC optics 

and were selected for whole cell recording. LSPS mapping was performed in a customized recording 

chamber mounted on a motorized stage (MPC-78, Sutter Instruments). To minimize truncation of 

neuronal processes and preserve local connectivity, only neurons with a soma at least 50 μm below the 

slice surface were selected for recording.  

LSPS mapping were performed with a 4× objective lens (NA 0.16; Olympus) and 20 mW, 1-ms UV laser 

(355 nm; DPSS Lasers) pulses. Digital images were registered using a CCD camera (Retiga 2000DC, 

QImaging) unto which a 16*16 stimulation grids with 75μm spacing were overlaid. Electrophysiological 

signals were amplified with a Multiclamp 700B amplifier and acquired using BNC-6259 data acquisition 

boards (National Instruments, Austin, TX). In some experiments, excitation profiles for L4 neurons were 

collected to assess their excitability (7, 16), during which loose-seal recordings were made from these 

neurons in current-clamp mode. The spike-generating sites for recorded L4 neurons were mapped using 

an 8 × 8 stimulus grid with 50 μm spacing. Signals were digitized and acquired at 10 kHz. Data 

acquisition and analysis were controlled by Ephus software, and a collection of MATLAB scripts (17). 

Neuronal responses to laser uncaging were analyzed offline using the mapAnalysis GUI in the Ephus 

package and custom MATLAB scripts. 

Visual cortex critical period plasticity 

Single-unit recording combined with monocular deprivation was used to probe developmental cortical 

plasticity. Recording methods were adapted from our previously published studies and were performed 



blinded to mouse genotype (9, 19). Mice from P22-P48 were used at the start of monocular deprivation 

(MD). Briefly, mice underwent MD surgery by suturing shut the right eyelid for 4-5 days at designated 

ages. The eyelid was then re-opened, and single unit recording in the anatomically defined bV1 (18) was 

made immediately after eye re-open. The mouse was placed in a customized stereotaxic device and head-

fixed by a pair of ear bar, a craniotomy was made over the left visual cortex (centered on ~2.6 mm lateral 

to midline; +0.2 mm from lambda), agar was applied to enhance recording stability and prevent 

desiccation. The corneas were protected thereafter by frequent application of silicon oil. Body 

temperature was maintained at 37°C by a heating pad (Fine Science Tools). Recordings were performed 

with Epoxylite-coated tungsten microelectrodes (FHC) with tip resistance of 5–10 MΩ, an amplifier 

(model 1600; A-M Systems), and digitizer (micro 1401; Cambridge Electronic Design) under light 

isoflurane (0.5%) anesthesia. Fine linear movement of a microelectrode was achieved using a hydraulic 

manipulator (MO-10, Narishige). Signals were amplified with a 1000x gain setting, band-passed at 0.1Hz 

-5 kHz and digitized at 20 kHz.  

Single unit responses from three to eight cells separated by >50 μm in depth were recorded during each 

electrode penetration, and three to four penetrations spaced at least 200 μm apart across the bV1 region 

were made for each mouse. The visual stimulus was generated on an LED monitor using custom 

MATLAB scripts and the Psychtoolbox 3.0 package, and sequentially applied to the left and right eye. 

Responses were evoked with 0.1 cycle per degree (cpd), 95% contrast sinusoidal drifting gratings 

presented at twelve equal-spaced orientations. Gratings were presented for 2 s during a 4 s trial. A blank 

stimulus was included during which no grating was presented. Each of these orientation stimuli was 

presented three times in random order. Spike responses were sorted offline with Spike2 software 

(Cambridge Electronics Design). For each unit, spikes were summed for each orientation, and firing 

frequency was blank-subtracted. The orientation with the highest spiking frequency was considered the 

preferred orientation and was used for analysis. All cells included for analyses exhibited at least 50% 

greater firing at the preferred orientation compared with the blank.   



Recorded units were classified into OD categories according to the seven category scheme of Hubel and 

Wiesel (18, 20). To assign each unit, for stimuli applied to each eye, the number of spikes for the blank 

stimulus was subtracted from the number of spikes to preferred orientation. The responses to the 

contralateral eye (CE) and ipsilateral eye (IE) were computed as (IE − CE)/(IE + CE)(9). This scalar was 

then binned into OD categories 1–7: − 1 to −0.75 = 1, −0.75 to −0.45 = 2, −0.45 to −0.15 = 3, −0.15 to 

0.15 = 4, 0.15 to 0.45 = 5, 0.45 to 0.75 = 6, and 0.75 to 1 = 7. Next, contralateral bias index (CBI) was 

calculated. The number of units in each category was summed for each mouse, and the CBI was 

calculated according to the following formula: CBI = [(n1 − n7) + (2/3)(n2 − n6) + (1/3)(n3 − n5) + 

N]/2N, where N is the total number of units and nx is the number of units with OD scores of x (18). 

Group comparisons for CBI were performed using the non-parametric Mann-Whitney’s test. 

Statistical analysis 

Quantitative results were expressed as mean ± s.e.m. (standard error of the mean). Data were processed 

using ImageJ, Adobe Creative Cloud, Microsoft Excel, MATLAB and GraphPad Prism 7.0. To test 

normality and equal variance assumptions, Shapiro–Wilk test and F test were used. Student t test or one-

way/two-way analysis of variations (ANOVA) was used when data passed normality and equal variance 

tests. Potential data outliers were identified as those that differ at least three standard deviations from the 

mean and excluded from analysis. For dendritic arborization/Sholl analysis, a two-way ANOVA was used 

to assess group effects. Pearson's χ2 test was used to compare the categorical dendritic spine data.  For 

non-normally distributed data, non-parametric Mann–Whitney U tests were performed to compare two 

groups. Kolmogorov-Smirnov (K-S) test was used to compare cumulative distribution of mEPSC 

amplitudes. p < 0.05 was considered statistically significant for all tests. 
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Supplemental Fig. 1. Transient MET protein expression across forebrain domains. a. MET 

protein expression was quantified using Western blot across P0-42 in the prefrontal cortex 

(PFC), and the hippocampus (HPC). GAPDH signal in the same blot was used to normalize 

MET signal. Quantification from three independent experiments were plotted above the blot 

signals. Signal intensity was expressed as fold change compared to P3-5 levels. Shaded patches 

indicated s.e.m. Note earlier expression and downregulation of MET in the developing HPC 

compared to PFC. b. IHC labeling reveals stronger MET protein signals at P7, and 

downregulation at P21 in PFC. c. Application of hepatocyte growth factor (HGF) to these three 

forebrain structures induces MET signaling, measured by increased phosphorylation 

(pY1234/1235). d. The transient MET expression pattern is conserved in cultured primary 

hippocampal neurons.   

 



 

 

Supplemental Fig. 2. Metcoe does not affect bV1 L5 neuron membrane properties and 

excitability. No significant difference was observed in membrane input resistance (Rin, a), 

membrane capacitance (b), current injection-AP frequency relationship (c), resting membrane 

potential (RMP, d), rheobase current (e), AP threshold (f) and AP width (g). 

  



 

 

Supplemental Fig. 3. Sustained MET expression in the developing VC L5 neurons leads to 

increased number of silent synapses. a. Experimental paradigm. b. Synaptic responses at L2/3 > 

L5 synapses in response to minimum stimulation. Amplitude of 200 consecutive responses were 

plotted, with ten consecutive trial traces displayed above the plot. c. Plot of differences in failure 

rates at two different holding potentials. Metcoe neurons has significantly higher failure rate at -65 

mV (t14 = 2.46, * p < 0.05). d. Larger differences in failure rates between the two holding 

potentials was observed in Metcoe neurons (t14 = 2.69, * p < 0.05). 

  



 

Supplemental Figure 4. Functional and structural alterations in METcoe L2/3 neurons in 

primary VC binocular region. a. Sample traces of whole cell patch clamp recording of mEPSCs. 

Average of all extracted mEPSCs from a 1-min epoch from control and METcoe neurons were 

overlaid for comparison. b. Cumulative distribution of mEPSC amplitude. mEPSCs obtained 

from METcoe neuron show significantly smaller amplitude (*** p < 0.001) and increased 

frequency (** p< 0.01). c. Sample whole cell mIPSC currents from control and METcoe neurons. 

d. No change of mIPSC amplitude distribution or frequency (n.s., non-significant). e. Sample 

photomicrograph showing L2/3 pyramidal neuron morphology. f. Sholl analysis of dendritic 

length. No significant difference in overall length distribution (F(1,234) = 3.13, p > 0.05). g. 

Representative dendritic segments used spine morphometric analysis. Maximum intensity 

projection images from Z stacks and 3D reconstructed spine images were shown. h. METcoe 

significantly increased spine density (t19 = 2.85, * p = 0.0102). i. METcoe significantly decreased 

spine head volume (** p = 0.002. Mann-Whitney test).  

  



 

 

 

Supplemental Fig. 5. Investigating monocular deprivation induced OD plasticity using single 

unit recording. a. Experimental setup and paradigm. The right eyelid is suture-shut for 4-5 d, and 

single unit recording was conducted in the left bV1 region while defined visual stimuli (moving 

gratings in 12 orientations) were presented. b. Sample traces of drifting grating from a preferred 

orientation, spike waveform responses, time stamps of spike responses are plotted. c. Sample 

orientation tuning responses in one representative bV1 L4 neuron to different orientations of 

visual stimuli.  
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