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Abstract

Met encodes a receptor tyrosine kinase (MET) that is expressed during development

and regulates cortical synapse maturation. Conditional deletion ofMet in the nervous

system during embryonic development leads to deficits in adult contextual fear learn-

ing, a medial prefrontal cortex (mPFC)-dependent cognitive task. MET also regulates

the timing of critical period plasticity for ocular dominance in primary visual cortex

(V1). However, the underlying circuitry responsible remains unknown. Therefore, this

study determines the broad expression patterns of MET throughout postnatal devel-

opment in mPFC and V1 projection neurons (PNs), providing insight into similarities

and differences in the neuronal subtypes and temporal patterns of MET expression

between cortical areas. Using a transgenic mouse line that expresses green fluores-

cent protein (GFP) in Met+ neurons, immunofluorescence and confocal microscopy

were performed to visualize MET-GFP+ cell bodies and PN subclass-specific protein

markers. Analyses reveal that the MET expression is highly enriched in infragranular

layers of mPFC, but in supragranular layers of V1. Interestingly, temporal regulation

of the percentage of MET+ neurons across development not only differs between

cortical regions but also is distinct between lamina within a cortical region. Further,

MET is expressed predominantly in the subcerebral PN subclass in mPFC, but the

intratelencephalic PN subclass in V1. The data suggest that MET signaling influences

the development of distinct circuits in mPFC and V1 that underlie subcerebral and

intracortical functional deficits followingMet deletion, respectively.
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1 INTRODUCTION

The cerebral cortex comprises diverse cell types and circuits required

to subserve higher-order brain processes. This diversity arises dur-

ing development, when molecular expression of cortical neurons

becomesheterogeneousandchangesover time tomeetdevelopmental

demands, including those related to experience-dependentmaturation

of circuits (Bruno et al., 2009; Dantzker & Callaway, 1998; Trevino

et al., 2021; Zhong et al., 2018). This occurs before entering a more

stable state in adulthood. Despite its complexity, great strides have

been made in understanding the development of cortical heterogene-

ity. For cortical projection neurons (PNs), heterogeneity has been

studied broadly, in the context of areal patterning (Bhaduri et al., 2021;

C. H. Chen et al., 2011; Levitt et al., 1997) and lamina identity within

a cortical area (R. Luo et al., 2011; Molinard-Chenu et al., 2020; Qian

et al., 2020), as well as more specifically, at the level of a cell subclass—

definedbybroadneuronal projection differenceswithin a cortical layer

(Gerfen et al., 2018; Hatanaka et al., 2016; Kassai et al., 2008; Kast

& Levitt, 2019; Molyneaux et al., 2007; Tsyporin et al., 2021)—and,

most recently, at the level of a cell type, which further refines sub-

class identity based on RNA composition (Z. Zhang et al., 2021; E. J.

Kim et al., 2020; C. Luo et al., 2017; Zeisel et al., 2015). These efforts

have led to a greater understanding of the molecular heterogeneity of

mature PNs. Currently, however, there is amore limited understanding

of the generalizability of neuronal cell types identified in one cortical

region at one stage of development to other cortical regions and devel-

opmental timepoints. Identification of molecules exhibiting discrete

temporal and spatial patterns in the developing cortex will narrow this

knowledge gap.

The c-MET receptor tyrosine kinase (MET) is expressed transiently

in cortical PNs during the peak period of synaptogenesis, with greatly

reduced expression during adolescence (K. Chen et al., 2021; Eagleson

et al., 2016; Judson et al., 2009). Selective deletion ofMet in cells that

arise from the dorsal pallium results in precocious electrophysiological

and molecular maturation of excitatory synapses. In contrast, extend-

ing cortical Met expression past its normal temporal decline results in

synapses remaining in a more immature state (K. Chen et al., 2021; Ma

et al., 2022). Thus, the timing of the downregulation of MET expres-

sion modulates the timing of synapse maturation and stabilization,

with functional consequences at the circuit and behavioral level. For

example, the critical period for ocular dominance in the primary visual

cortex (V1) is closedprematurely or opened later bydeletingor extend-

ing Met expression, respectively (K. Chen et al., 2021). Disruption of

the temporal regulation of MET also impacts medial prefrontal cortex

(mPFC)-mediated functions, including social cognition (Ma et al., 2022)

and contextual fearmemory (Heun-Johnson & Levitt, 2017; Thompson

& Levitt, 2015; Xia et al., 2021). Notably, while deficits in contextual

fear memory are apparent in adults when Met expression is reduced

or eliminated developmentally from all neural cells (Heun-Johnson &

Levitt, 2017; Thompson & Levitt, 2015) or from cells arising from the

dorsal pallium (Xia et al., 2021), there is no effect on the onset of

expression of contextual fear memory in weanling mice (unpublished

data). Therefore, while MET expression is involved in appropriate

emergence of visual circuit patterning, the receptor appears to be nec-

essary for long-term cognitive capabilities in adults, perhaps reflecting

differences in the specific circuits expressingMET in V1 andmPFC.

The identity of PNs contributing to MET-expressing circuits in V1

and mPFC is not known, although recent studies in mice provide

insight. For example, in granular V1, visual experience drives cell-type

differentiation of PNs in layers 2/3, but not infragranular layer 5 or

6 (Cheng et al., 2022), suggesting experience-driven critical periods

may involve supragranular plasticity,while neurons in infragranular lay-

ers are stable at the molecular level before eye opening. In contrast,

social deficits in autism mouse models are driven by abnormalities

in layer 5 subcortical (SC) PNs in granular mPFC (Brumback et al.,

2018). Similarly, cognitive flexibility is driven by activity of infragran-

ular PNs but not supragranular intratelencephalic (IT) PNs (Nakayama

et al., 2018; Spellman et al., 2021). These data indicate that, although

MET is expressed in all cerebral cortical areas (Judson et al., 2009),

there may be regional differences in the specific populations that

express the receptor. Thus far, detailed analyses have focused on pri-

mary somatosensory cortex (S1), in which MET is enriched in ITPNs.

In this region, MET is also expressed in a smaller subset of SCPNs but

is excluded from nearly all granule neurons and corticothalamic (CT)

PNs (Kast et al., 2019). Whether the expression patterns of MET in

S1 are recapitulated in V1 and mPFC remain unknown. The develop-

mental contributions of MET signaling, as well as the different roles of

ITPNs and SCPNs in V1 and mPFC, however, raise questions regard-

ing the specificity of MET-expressing PN phenotypes across cortical

regions. Here, experiments were designed to determine the develop-

mental expression patterns of MET in mPFC and V1 PNs, providing

greater insight into (1) the timingandchangesover timeofMETexpres-

sion by cortical PNs during development and (2) the similarities and

differences in temporal and spatial MET expression inmPFC and V1.

2 MATERIALS AND METHODS

2.1 Animals

A MetEGFP BAC transgenic mouse line was rederived from the Met-

EGFPBacterial Artificial Chromosome (BX139), obtained from the

GENSAT repository at Rockefeller University (RRID:SCR_002721), on

an FVB background, as previously described in Kamitakahara et al.

(2017) and Kast et al. (2019). Multiplex in situ hybridization in the

brainstem raphe and neocortex has validated that the expression of

green fluorescent protein (GFP) recapitulates endogenous Met tran-

script expression in founder lines (Kamitakahara et al., 2017;Kast et al.,

2017; Kast et al., 2019). Founder mice were then backcrossed with

C57BL/6Jmice (The Jackson Laboratory, RRID:IMSR_JAX:000664) for

at least 10 generations. Backcrossed female and male mice homozy-

gous for the Met-EGFP transgene were bred in our facility to produce

the homozygous MetGFP pups used in this study. MetGFP mice express

EGFP under the control of theMet promoter, which permits visualiza-

tion of cell bodies that express MET. Mice were housed on ventilated

racks with a 13:11 h light:dark cycle (lights on at 06:00 h, lights off
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at 19:00 h) at 22◦C with ad libitum access to water and a standard

chow diet (PicoLab Rodent Diet 20, #5053, St. Louis, MO). Animal care

and procedures were in accordance with the guidelines set forth by

the Children’s Hospital Los Angeles Institutional Animal Care and Use

Committee.

2.2 Immunofluorescence staining

Brain tissue for immunofluorescence staining was collected at several

ages betweenpostnatal day (P) 2 andP35 frommale and femaleMetGFP

mice. Mice used at P2 were anesthetized by cold exposure followed

by acute decapitation. Brains were then dissected at room tempera-

ture in 0.1Mphosphate-buffered saline (PBS) and immersed in fixative

(4% paraformaldehyde [Sigma, St. Louis, MO] in PBS, pH 7.4) at 4◦C

for 12–18 h. Mice used on or after P4 were deeply anesthetized by

intraperitoneal injection of ketamine:xylazine (100 mg/kg:10 mg/kg,

Henry Schein,Melville, NY). Animalswere then transcardially perfused

with fixative, followed by immediate dissection and immersion of the

brain in fixative at 4◦C for 2 h. Following post-fixation, brains of all ages

were cryoprotected by sequential incubation in 10%, 20%, and 30%

sucrose in PBS, embedded in Tissue-Tek® Optimal Cutting Tempera-

ture Compound (VWR, Radnor, PA), frozen over liquid nitrogen vapors,

and stored at −80◦C until cryosectioning. Coronal sections (20 µm)

were collectedat−20◦Candmountedonto superfrost plusmicroscope

slides (VWR,Radnor, PA) in a series of five. Slideswere stored at−80◦C

until immunofluorescence staining. For immunostaining, slides were

defrosted at room temperature for 10min, dried at 60◦C for 15min in a

hybridizationoven, andwashed inPBSat roomtemperature for 10min.

Sections were blocked and permeabilized at room temperature for

1 h in PBS containing 5% Normal Donkey Serum (Jackson ImmunoRe-

search, West Grove, PA) and 0.3% Triton X-100 (Sigma, St. Louis,

MO), then incubated overnight at room temperature in one or more

primary antibody diluted in 0.1%TritonX-100 in PBS. Primary antibod-

ies (characterizations below) used were chicken antigreen fluorescent

protein (GFP;AbcamCat#ab13970,RRID:AB_300798), rat anti-CTIP2

(Abcam Cat# ab18465, RRID:AB_2064130), rabbit anti-NeuN (Milli-

pore Cat# ABN78, RRID:AB_10807945), mouse anti-SATB2 (Abcam

Cat # ab51502, RRID:AB_882455), rabbit anti-DARPP-32 (Cell Signal-

ing Technology Cat# 2306; RRID:AB_823479), and rabbit anti-PCP4

(J Morgan Laboratory, St. Jude’s). Sections were washed five times for

5min each at room temperature with 0.2% Tween-20 (Sigma, St. Louis,

MO) in PBS, then incubated at room temperature for 1 h in diluted

Alexa Fluor ® F(ab′)2 conjugated secondary antibodies (1:500; Abcam)

in 0.1% Triton X-100 in PBS and protected from light, hereon. Sec-

tions were washed three times for 5 min each with 0.2% Tween-20 in

PBS. Sections were then incubated in DAPI (1:15,000; ThermoFisher

Scientific Cat# D1306) diluted in PBS for 8 min, followed by two

washes in PBS for 5 min each. Sections were embedded with a cov-

erslip using ProLong Gold antifade mountant (ThermoFisher Scientific

Cat# P36930), and the mounting media cured for at least 24 h before

acquiring images using confocal microscopy.

2.3 Antibody characterization

The chicken anti-GFP polyclonal antibody (Abcam, Cat# ab13970,

used at 1:500) immunogen is a recombinant full-length protein, cor-

responding to GFP. Samples from transgenic mice expressing GFP

analyzed by Western blot using this antibody exhibit a single 25 kDa

band (manufacturer’s datasheet). Immunofluorescence staining with

the antibody recapitulates endogenous Met transcript in the MetGFP

line (Kamitakahara et al., 2017; Kast et al., 2017; Kast et al., 2019).

The rat anti-CTIP2 [25B6] monoclonal antibody (Abcam, Cat#

ab18465, used at 1:500) immunogen is a recombinant fragment corre-

sponding to human CTIP2with a GTS fusion. The antibody detects two

bands representing CTIP2 at about 120 kDa and is highly expressed

in brain and in malignant T-cell lines derived from patients with adult

T-cell leukemia/lymphoma (manufacturer’s datasheet). The antibody

stained cell nuclei in infragranular layers of mouse cortex in a pattern

that is identical with previous reports of CTIP2 expression (Arlotta

et al., 2005).

The rabbit anti-NeuN polyclonal antibody (Millipore, Cat# ABN78,

used at 1:500) immunogen is a GST-tagged recombinant fragment

corresponding to first 97 amino acids from the N-terminal region

of murine NeuN. The antibody detects bands ∼48/42 kDa. Unchar-

acterized bands may be observed in some lysates (manufacturer’s

datasheet). NeuN is a neuronal marker (Dent et al., 2010).

The mouse anti-SATB2 [SATBA4B10]–C-terminal monoclonal anti-

body (Abcam, Cat # ab51502, used at 1:100) immunogen is a recom-

binant fragment corresponding to human SATB2 (C terminal). The

antibody detects a single band at 82 kDa (manufacturer’s datasheet).

The rabbit anti-DARPP-32 monoclonal antibody (Cell Signaling

Technology, Cat# 2306, used at 1:250) is produced by immunizing ani-

mals with a synthetic peptide corresponding to residues surrounding

Glu160 of humanDARPP-32 (manufacturer’s datasheet).

The antiserum to PCP4 (PEP-19) (J Morgan Laboratory, St. Jude’s,

used at 1:3000) immunogen is a 13 a.a. peptide of PCP4 VAIQSQFRK-

FQKK (Ziai et al., 1988). The specificity of detection for these antibod-

ies has also been confirmed by colocalization of ISH signals (Watakabe

et al., 2012).

2.4 Imaging and analyses

Two cortical regions, mPFC (corresponding to areas 24a, 25, and 32

in Paxinos & Franklin, 2019) and V1 (corresponding to V1 in Paxinos

& Franklin, 2019), were analyzed. For qualitative analyses, the images

of mPFC or V1 were acquired on a Zeiss LSM 700 inverted confocal

microscope using a 10×/0.45 Plan-APOCHROMAT or a Leica STEL-

LARIS 5: 10×/0.40 HC PL APO CS2, respectively. For quantitative

analyses, the images of mPFC were acquired on a Zeiss LSM 700

inverted confocalmicroscopeusing a20×/0.8NAPlan-APOCHROMAT

objective lens, using refractive index correction, and images of V1were

acquired on a Leica STELLARIS 5 inverted confocal microscope using a

20×/.75 air lens. Images were collected at 2 µm z-stacks through the
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entire thickness of the section at 1AU (Zeiss: 0.313 × 0.313 × 2 µm;

Leica: 0.757 × 0.757 × 2 µm). Three brain sections, at least 100 µm

apart and corresponding to rostral, middle, and caudal mPFC or V1,

were imaged and counted per animal. Some brains were used for

mPFC and V1 analyses, while other brains were used for only one

brain region. For each analysis, no more than two mice of the same

sex from a single litter were used. Further, at least three litters and

approximately equal numbers of males and females are represented

in each analysis to minimize potential litter and sex effects. Criteria

for an immunolabeled cell, for which a positive profile included the

fluorescent signal representing the marker of interest and a DAPI+

nucleus, were established by two researchers and validated through

independent counts to confirm inter-rater reliability. Manual counts of

immunolabeled cell bodies in discrete cortical layers were then per-

formed using the “cell counter” plugin in FIJI software version 2.3.0

(https://fiji.sc/, RRID:SCR_002285). First, images were cropped to the

layer of interest, based onDAPI and CTIP2 immunostaining. The thick-

ness of each cortical layer crop varied based on the depth of the layer

to capture the full thickness, while the width of the cortical crop was

held consistent in each brain region (mPFC: 321 µm; V1: 861 µm)

The number of cells immunolabeled with MET-GFP or with a specific

marker, as well as the number of cells immunolabeled with MET-GFP

and themarker, were counted for each section. The percentage of cola-

beled cells was determined for each section, and percentages for the

three sections were averaged to obtain one value per animal (per brain

region).

2.5 Statistical analysis

Data were statistically analyzed and graphed using Graph-

Pad PRISM software version 9.1.2 (http://www.graphpad.com/,

RRID:SCR_002798) and then figures of the graphs were created using

Microsoft PowerPoint version 16.63, with the exception of the graphi-

cal abstract, which was created with BioRender (http://biorender.com,

RRID:SCR_018361). Mean ± standard error of the mean is reported

in the text, with individual values and sample sizes reported in the

figure legends. For each analysis, sample size was determined to

obtain at least 80% power with α = .05 (SPH Analytics, statistical

power calculator using average values). D’Agostino and Pearson

normality test, when n ≥ 8, or Shapiro Wilk normality test, when

n < 8, was used to determine normal distribution for each data set.

For data with normal distributions, two-tailed unpaired t-test (test

statistic: t), ordinary one-way ANOVA (equal standard deviation; test

statistic: F), or Welch’s ANOVA (not equal standard deviation; test

statistic:W) were used to determine statistically significant differences

in percentage of colocalization between ages. For the ANOVAs, if the

omnibus test detected a significant difference, a post hoc Tukey’s

multiple comparisons test (ordinary one-way ANOVA) or Dunnett’s

T3 multiple comparisons test (Welch’s ANOVA) was performed to

determine the ages at which differences occurred. For data without

normal distributions, the Kruskal-Wallis test (test statistic: H) was

performed to determine statistically significant differences in per-

TABLE 1 Post hoc analyses ofMET-GFP+ neurons in layer 5mPFC

Tukey’s multiple

comparisons test Adjusted p value

P2 vs. P7 .1953

P2 vs. P12 <.0001

P2 vs. P15 <.0001

P2 vs. P21 <.0001

P2 vs. P35 <.0001

P7 vs. P12 <.0001

P7 vs. P15 <.0001

P7 vs. P21 <.0001

P7 vs. P35 <.0001

P12 vs. P15 .9934

P12 vs. P21 .7223

P12 vs. P35 .0881

P15 vs. P21 .3821

P15 vs. P35 .0262

P21 vs. P35 .6572

centage of colocalization between ages. If the omnibus test detected a

significant difference, a post hocDunn’smultiple comparisons test was

performed to determine at which ages the differences occurred.

3 RESULTS

The MetGFP transgenic mouse line was used to the profile GFP-

expressing (MET-GFP+) neurons in the medial prefrontal cortex

(mPFC) and primary visual cortex (V1) across early postnatal devel-

opment. There are two patterns of MET-GFP+ expression that are

described: spatial, related to enrichment differences in laminar loca-

tion, and temporal, related to changes in the percentage of neurons

that expressMET-GFP over developmental time. In mPFC,MET-GFP+

neurons are largely restricted to layers 5 and 6 (Figure 1a). Quanti-

tative analysis reveals no significant effect of age on the percentage

of layer 5 MET-GFP+ neurons, defined by coexpression with NeuN,

with approximately one-fifth double-labeled across the first 5 postna-

talweeks (F=1.8263;p= .1457; P2: 13.84±0.82%;P7: 20.87±1.25%;

P12: 19.23 ± 1.62%; P15: 18.29 ± 2.90%; P21: 18.50 ± 4.15%; P35:

17.20 ± 1.32%; Figure 1b). This contrasts with layer 6, in which there

is a significant effect of age on the percentage of neurons express-

ing MET-GFP over the same time period (F = 52.7200; p < .0001;

Figure 1c). Post hoc analyses demonstrate a significant reduction in

the percentage of neurons expressing MET-GFP after the first post-

natal week. Specifically, the mean percentage at P2 (57.40 ± 2.59%)

and P7 (49.83 ± 2.07%) is significantly different from those at P12

(26.57 ± 1.91%), P15 (28.49 ± 3.68%), P21 (21.88 ± 1.10%), and

P35 (17.12 ± 2.14%), as are those between P15 and P35; all other

comparisons are not significantly different (Table 1). In comparison to

mPFC, the laminar distribution of MET-GFP+ neurons is substantially

https://fiji.sc/
http://www.graphpad.com/
http://biorender.com
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F IGURE 1 The spatial and temporal expression ofMET-GFP inmPFC andV1 neurons across developmental ages. (a) Representative images at
P2 (left panel) and P35 (right panel) ofMET-GFP (green) expression inmPFC, with CTIP2 (magenta) as marker for infragranular layers 5 and 6.
Boundaries of layers 2/3, 5, and 6 are denoted. (b) Representative images at P2 (left panel) and P35 (middle panel) ofMET-GFP (green) and NeuN
(red) overlayed expressions in layer 5mPFC. Arrows denote examples of colocalization between andMET-GFP andNeuN. Quantification of the
percentage of layer 5mPFC neurons that expressMET-GFP at developmental ages between P2 and P35 (right panel) (n= 5 for each age). There is
no significant effect of age, analyzed by ordinary one-way ANOVA. (c) Representative images at P2 (left panel) and P35 (middle panel) ofMET-GFP

(Continues)
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F IGURE 1 (Continued)

(green) andNeuN (red) overlayed expression in layer 6mPFC. Arrows denote examples of colocalization betweenNeuN andMET-GFP.
Quantification of the percentage of layer 6mPFC neurons that expressMET-GFP at developmental ages between P2 and P35 (right panel). n= 5
for P2, P7, P21, and P35, n= 4 for P12 and P15. “*” indicates p≤ .05, ‘****’ indicates p< .0001, analyzed by ordinary one-way ANOVA followed by
Tukey’s multiple comparisons test. (d) Representative images at P7 (left panel) and P21 (right panel) ofMET-GFP (green) expression in V1, with
CTIP2 (magenta) asmarker for infragranular layers 5 and 6. Boundaries of layers 2/3, 5, and 6 are denoted. (e) Representative images at P7 (top left
panel) and P21 (bottom left panel) ofMET-GFP (green) andNeuN (red) overlayed expressions in layers 2/3 V1. Arrows denote examples of
colocalization between andMET-GFP andNeuN. Quantification of the percentage of layer 2/3 V1 neurons that expressMET-GFP at
developmental ages between P7 and P21 (right panel). n= 7 for each age. There is no significant difference between ages, analyzed by unpaired t
test. (f) Representative images at P7 (top left panel) and P21 (bottom left panel) ofMET-GFP (green) andNeuN (red) overlayed expressions in layer
5 V1. Arrows denote examples of colocalization between andMET-GFP andNeuN. Quantification of the percentage of layer 5 V1 neurons that
expressMET-GFP at developmental ages between P4 and P21 (right panel). n= 6 for P4, n= 7 for P7 and P21. “*” indicates p≤ .05, analyzed by
Kruskal-Wallis test followed byDunn’s multiple comparisons test. (g) Representative images at P7 (top left panel) and P21 (bottom left panel) of
MET-GFP (green) andNeuN (red) overlayed expressions in layer 6 V1. Arrows denote examples of colocalization between andMET-GFP and
NeuN. Quantification of the percentage of layer 6 V1 neurons that expressMET-GFP at developmental ages between P4 and P21 (right panel).
n= 6 for each age. “*” indicates p≤ .05, analyzed byWelch’s ANOVA test followed by Dunnett’s T3multiple comparisons test. All scale
bars= 50 µm. The brightness and contrast of each channel were increased globally in images for visualization purposes

TABLE 2 Post hoc analyses ofMET-GFP+ neurons in layer 5 V1

Dunn’s multiple

comparisons test Adjusted p value

P4 vs. P7 .0209

P4 vs. P21 .0791

P7 vs. P21 >.9999

TABLE 3 Post hoc analyses ofMET-GFP+ neurons in layer 6 V1

Dunnett’s T3multiple comparisons test Adjusted p value

P4 vs. P7 .9928

P4 vs. P21 .0248

P7 vs. P21 .2999

different in V1. Most notably, in addition to the infragranular layers,

MET-GFP+ neurons are abundant in layers 2/3 (Figure 1d), similar to

previous findings in primary somatosensory cortex (Kast et al., 2019).

The high packing density of neurons in relatively immature layers 2/3

at P4 precluded quantitative analysis at that age, but analyses at later

ages revealed no significant difference in the percentage ofMET-GFP+

neurons at P7 and P21 (t= 1.8817; p= .0843; P7: 18.10± 2.51%; P21:

25.50 ± 3.02%; Figure 1e). Further, the temporal pattern of changes

in the percentage of MET-GFP+ neurons in layers 5 and 6 are dis-

tinct from that in mPFC. Specifically, in V1 layer 5, there is a significant

effect of age on the percentage of neurons that express MET-GFP

(H = 8.1109; p = .0112; Figure 1f), driven by a decrease over the first

postnatal week (p = .0209; P4: 15.95 ± 8.61%; P7: 7.25 ± 1.02%);

there is no significant difference between P4 or P7 and P21 (P21:

7.77 ± 1.24%; Table 2). There also is a significant effect of age in layer

6 (W = 7.7554; p = .0148; Figure 1g), driven by a decrease between

P4 (13.33 ± 0.85%) and P21 (9.96 ± 0.29%); P7 (12.91 ± 1.59%) does

not differ significantly from either P4 or P21 (Table 3). Collectively, the

data suggest there are divergent laminar patterns of MET expression

in mPFC and V1 neurons, as well as distinct differences in the stability

of expression over time.

In the cerebral cortex, the MET expression is enriched in excita-

tory projection neurons (PNs; Eagleson et al., 2011; Judson et al.,

2009). In layer 5, two broad subclasses of PNs, long-range subcere-

bral PNs (SCPNs) and intratelencephalic PNs (ITPNs), can be identified

using molecular markers (Woodworth et al., 2012). The SCPN sub-

class broadly includes PNs that project subcortically to target regions

including midbrain, brain stem, and spinal cord, while the ITPN sub-

class broadly includes PNs that project to cortical targets (Harris &

Shepherd, 2015).Wenext determined if the divergent patterns ofMET

expression in infragranular layers of mPFC and V1 are reflected by

differential coexpression of MET with CTIP2, which is involved in the

development of SCPNs (Arlotta et al., 2005), or with SATB2, which

enables neurons to project cortically (ITPNs) through repression of

Ctip2 (Alcamo et al., 2008). First, we determined the proportion of

CTIP2+ (Figure 2a,b) or SATB2+ (Figure 2c,d) layer 5 neurons that

expressMET-GFP in each region. InmPFC, there is no significant effect

of age on the percentage of CTIP2+ neurons that express MET-GFP

(F = 0.5279; p = .5982; Figure 2e). Specifically, approximately 20% of

CTIP2+ neurons express MET-GFP across the three ages examined

(P7: 19.97 ± 1.31%; P15: 22.43 ± 2.48%; P21: 19.91 ± 1.63%). In

V1, however, MET-GFP is almost completely absent from the CTIP2+

population at P7 (1.28 ± 0.32%). Further, there is a significant effect

of age on the percentage of CTIP2+ neurons that express MET-GFP

(F = 4.4144; p = .0192; Figure 2f), with post hoc analyses demonstrat-

ing a significant increase at P15 (5.82± 2.60%) and P21 (6.79± 1.09%)

compared to P7; the percentage of V1 CTIP2 neurons that express

MET-GFP at P12 (4.68 ± 0.70%) is not statistically different from any

other age analyzed (Table 4). In mPFC, similar to the CTIP2+ popula-

tion, there is no significant effect of age on the percentage of SATB2+

neurons that express MET-GFP (F = 0.5994; p = .5592; Figure 2g),

with approximately 10% of SATB2+ neurons expressing MET-GFP at

the three ages examined (P7: 12.60 ± 0.86%; P15: 11.51 ± 2.06%;

P21: 9.87 ± 0.87%). A similar percentage of SATB2+ neurons express

MET-GFP in V1, again with no significant effect of age (F = 0.4538;

p = .7182; P7: 10.57 ± 1.54%; P12: 9.96 ± 0.96%; P15: 9.56 ± 1.73%;

P21: 8.40 ± 1.17%; Figure 2h). Together, these data suggest that less

than one quarter of the total layer 5 CTIP2+ and SATB2+ population of
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F IGURE 2 Colocalization analyses ofMET-GFPwith CTIP2 and SATB2 in layer 5mPFC and V1 across developmental ages. (a) Representative
images at P7 (left) and P21 (right) ofMET-GFP (green) and CTIP2 (magenta) overlayed expressions in layer 5mPFC. Arrows denote examples of
colocalization betweenMET-GFP and CTIP2. (b) Representative images at P7 (top) and P21 (bottom) ofMET-GFP (green) and CTIP2 (magenta)
overlayed expressions in layer 5 V1. Arrows denote examples of colocalization betweenMET-GFP and CTIP2. (c) Representative images at P7

(Continues)
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F IGURE 2 (Continued)

(left) and P21 (right) ofMET-GFP (green) and SATB2 (yellow) overlayed expressions in layer 5mPFC. Arrows denote examples of colocalization
betweenMET-GFP and SATB2. (d) Representative images at P7 (top) and P21 (bottom) ofMET-GFP (green) and SATB2 (yellow) overlayed
expressions in layer 5 V1. Arrows denote examples of colocalization betweenMET-GFP and SATB2. (e) Quantification of the percentage of layer 5
mPFCCTIP2+ neurons that co-expressMET-GFP at P7, P15, and P21. n= 8 for P7, n= 9 for P15, n= 5 for P21. There is no significant effect of age,
analyzed by an ordinary one-way ANOVA. (f) Quantification of the percentage of layer 5 V1 CTIP2+ neurons that co-expressMET-GFP at P7, P12,
P15, and P21. n= 5 for each age. “*” indicates p≤ .05, analyzed by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (g)
Quantification of the percentage of layer 5mPFC SATB2+ neurons that co-expressMET-GFP at P7, P15, and P21. n= 8 for P7, n= 9 for P15, n= 5
for P21. There is no significant effect of age, analyzed by an ordinary one-way ANOVA. (h) Quantification of the percentage of layer 5 V1 SATB2+

neurons that co-expressMET-GFP at P7, P12, P15, and P21. n= 5 for each age. There is no significant effect of age, analyzed by an ordinary
one-way ANOVA. (i) Quantification of the percentage of layer 5mPFCMET-GFP+ neurons that co-express CTIP2 at P7, P15, and P21. n= 8 for P7,
n= 9 for P15, n= 5 for P21. There is no significant difference between ages, analyzed by an ordinary one-way ANOVA followed by Tukey’s multiple
comparisons test. (j) Quantification of the percentage of layer 5 V1MET-GFP+ neurons that co-express CTIP2 at P7, P12, P15, and P21. n= 5 for
each age. “**” indicates p< .01, analyzed by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (k) Quantification of the
percentage of layer 5mPFCMET-GFP+ neurons that co-express SATB2 at P7, P15, and P21. n= 8 for P7, n= 9 for P15, n= 5 for P21. “**” indicates
p< .01, analyzed by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (l) Quantification of the percentage of layer 5mPFC
MET-GFP+ neurons that co-express SATB2 at P7, P12, P15, and P21. n= 5 for each age. There is no significant effect of age, analyzed by an
ordinary one-way ANOVA. All scale bars= 50 µm. The brightness and contrast of each channel were increased globally in images for visualization
purposes

TABLE 4 Post hoc analyses of CTIP2+ neurons that co-express
MET-GFP in layer 5 V1

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P12 .3818

P7 vs. P15 .0161

P7 vs. P21 .0719

P12 vs. P15 .3138

P12 vs. P21 .7396

P15 vs. P21 .8675

TABLE 5 Post hoc analyses ofMET-GFP+ neurons that co-express
CTIP2 in layer 5mPFC

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P15 .1155

P7 vs. P21 .0654

P15 vs. P21 .8086

neurons expressMET inmPFCandV1, consistentwithMETexpression

in less than one quarter of the total neurons in layer 5 of these regions

(Figure 1b,f).

Next, we determined the percentage of the total population of layer

5 MET-GFP+ neurons that express CTIP2 or SATB2. In mPFC, there

is a significant effect of age on the percentage of MET-GFP+ neu-

rons expressing CTIP2 (F = 3.5450; p = .0492; Figure 2i). Post hoc

analyses reveal no significant difference between individual ages, with

approximately 90%ofMET-GFP+ neurons expressing CTIP2 over time

(P7: 94.72± 0.57%; P15: 91.06± 1.28%; P21: 89.81± 2.32%; Table 5).

In V1, there is also a significant effect of age on the percentage ofMET-

GFP+ neurons that express CTIP2 in layer 5 (F = 7.3029; p = .0027;

Figure 2j). In contrast to mPFC, however, few MET-GFP+ neurons

express CTIP2 at P7 (9.13 ± 2.58%). Post hoc analyses demonstrate a

significant increase in MET-GFP+ neurons that express CTIP2 at P15

TABLE 6 Post hoc analyses ofMET-GFP+ neurons that co-express
CTIP2 in layer 5 V1

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P12 .1480

P7 vs. P15 .0061

P7 vs. P21 .0039

P12 vs. P15 .3798

P12 vs. P21 .2804

P15 vs. P21 .9963

TABLE 7 Post hoc analyses ofMET-GFP+ neurons that co-express
SATB2 in layer 5mPFC

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P15 .0944

P7 vs. P21 .0032

P15 vs. P21 .1476

(47.51 ± 9.76%) and P21 (49.61 ± 7.04%) compared to P7, such that

approximately half of MET-GFP+ neurons also express CTIP2 by the

end of the second postnatal week; there is no significant difference

between P12 (31.33 ± 14.22%) and any other age analyzed (Table 6).

In mPFC, there is a significant age effect on the percentage of MET+

neurons that express SATB2 (F = 7.4194; p = .0042; Figure 2k), with

post hoc analyses demonstrating a significant decrease between P7

(61.01 ± 6.18%) and P21 (19.38 ± 3.83%); P15 (40.40 ± 7.94%) is

not significantly different than P7 or P21 (Table 7). In contrast, in

V1 MET-GFP+ neurons expressing SATB2 are abundant in layer 5,

with approximately 90% of theMET-GFP+ neurons expressing SATB2,

and there is no significant effect of age (F = 1.8300; p = .1823;

P7: 92.92 ± 2.46%; P12: 96.82 ± 1.86%; P15: 87.58 ± 3.31%; P21:

91.07 ± 3.45%; Figure 2l). Together, these data suggest that the
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TABLE 8 Post hoc analyses ofMET-GFP+ neurons that are
CTIP2+; SATB2+ in layer 5mPFC

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P15 .0525

P7 vs. P21 .0019

P15 vs. P21 .1515

TABLE 9 Post hoc analyses ofMET-GFP+ neurons that are
CTIP2+(SATB2−) in layer 5mPFC

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P15 .0999

P7 vs. P21 .0040

P15 vs. P21 .1683

majority of MET-expressing layer 5 neurons are molecularly distinct

between cortical regions, expressing CTIP2 inmPFC but SATB2 in V1.

In the previous analyses, over 100% of the MET-GFP+ popula-

tion were accounted for at each age when considering MET-GFP

co-expression with either CTIP2 or SATB2, alone, indicating there is

a population of MET-GFP neurons that co-expresses both CTIP2 and

SATB2. In this context, while initial reports indicated that CTIP2 and

SATB2 are expressed in largely nonoverlapping populations of SCPNs

and ITPNs, respectively, via repression mechanisms (Alcamo et al.,

2008; Baranek et al., 2012; Britanova et al., 2008; B. Chen et al., 2008),

more recent studies have demonstrated coexpression of SATB2 and

CTIP2 in subpopulations of excitatory PNs (Harb et al., 2016; Leone

et al., 2015; Lickiss et al., 2012; Paolino et al., 2020). These studies fur-

ther showed that a double-labeled cell represents either a SCPN or an

ITPN, rather than aPN that sends collaterals to both targets.We there-

fore performed a more nuanced analysis of the molecular phenotype

of layer 5 MET-GFP+ neurons, in which a CTIP2+; SATB2+ cell repre-

sents either an SCPNor ITPN,CTIP2+(SATB2−) cells represent SCPNs,

and SATB2+(CTIP2−) cells represent ITPNs, in mPFC (Figure 3a) and

V1 (Figure 3b). In mPFC at P7, approximately 55% of MET-GFP+

neurons are CTIP2+; SATB2+, 40% are CTIP2+(SATB2−), and 5% are

SATB2+(CTIP2−). There are significant effects of age for the percent-

age of MET-GFP+ neurons that are CTIP2+; SATB2 + (F = 8.5190;

p = .0023; Figure 3c) or CTIP2+(SATB2−) (F = 7.0515; p = .0051;

Figure 3d). Post hoc analyses demonstrate a significant decrease in

CTIP2+; SATB2+ MET-GFP+ neurons between P7 (56.62 ± 6.00%)

and P21 (13.06 ± 2.75%; Table 8) that is paralleled by a significant

increase in the percentage of CTIP2+(SATB2−) MET-GFP+ neurons

between P7 (38.10 ± 6.07%) and P21 (76.76 ± 3.76%; Table 9).

For both populations, the percentage of MET-GFP+ neurons at P15

(CTIP2+; SATB2+: 33.58 ± 7.98%; CTIP2+(SATB2−): 57.48 ± 7.45%)

is not significantly different from P7 or P21 (Tables 8 and 9). There

is no significant effect of age on the percentage of MET-GFP+ neu-

rons expressing SATB2+(CTIP2−) in mPFC (F = 1.4951; p = .2494;

P7: 4.39 ± 0.71%; P15: 6.82 ± 1.05%; P21: 6.32 ± 1.77%; Figure 3e).

The percentage of MET-GFP+ neurons in mPFC is stable across the

TABLE 10 Post hoc analyses of CTIP2+ neurons that co-express
SATB2 in layer 5mPFC

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P12 .1108

P7 vs. P15 .0215

P7 vs. P21 .0070

P12 vs. P15 .8250

P12 vs. P21 .5068

P15 vs. P21 .9431

TABLE 11 Post hoc analyses ofMET-GFP+ neurons that are
CTIP2+; SATB2+ in layer 5 V1

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P12 .2443

P7 vs. P15 .0095

P7 vs. P21 .0064

P12 vs. P15 .3383

P12 vs. P21 .2550

P15 vs. P21 .9973

second and third postnatal week (Figure 1b). These findings indi-

cate that over this time period, at least 75% of the layer 5 MET

population in mPFC represent the SCPN subclass, with the majority

initially coexpressing CTIP2 and SATB2, but subsequently downregu-

lating SATB2. In contrast, less than 10% of the MET-GFP+ population

is the ITPN subclass, with the remaining approximately 15% that con-

tinue to coexpress both CTIP2 and SATB2 representing either class.

Notably, age-dependent coexpression of SATB2 andCTIP2 in theMET-

GFP+ subset of neurons follows a near identical pattern to all layer

5 mPFC neurons. Specifically, there is a significant effect of age on

the percentage of CTIP2+ neurons that express SATB2, independent

of MET-GFP, (F = 9.2545; p = .0016; Figure 3f), with post hoc analy-

ses demonstrating a significant difference between P7 (59.77± 4.62%)

and P21 (23.84 ± 3.64%), and between P15 (49.02 ± 6.09%) and

P21; all other comparisons are not significantly different (Table 10).

Together, these findings indicate that the downregulation of SATB2 in

the MET+ SCPN subpopulation is similar to that in the whole SCPN

population. The pattern of CTIP2+; SATB2+ in V1 layer 5 is strikingly

different from that in mPFC. At P7, less than 10% of MET-GFP+ neu-

rons are CTIP2+; SATB2+, few are CTIP2+(SATB2−), and almost 90%

areSATB2+(CTIP2−). There is a significant effect of ageon thepercent-

age of MET-GFP+ neurons expressing CTIP2 and SATB2 (F = 5.7723;

p = .0071; Figure 3g). Post hoc analyses demonstrate a significant

increase between P7 (6.18± 2.22%) and P15 (38.40± 10.05%), and P7

and P21 (43.86 ± 6.97%), with all other comparisons not significantly

different (Table 11). There is no significant effect of age on the per-

centage ofMET-GFP+ neurons that are CTIP2+(SATB2−) (H= 3.5917;

p = .3091; P7: 2.95 ± 1.21%; P12: 1.35 ± 0.97%; P15: 9.11 ± 4.54%;

P21: 5.76 ± 2.48%; Figure 3h). There also is an effect of age on
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F IGURE 3 Colocalization analyses ofMET-GFP+ neurons that co-express CTIP2 and/or SATB2 in layer 5mPFC and V1 across developmental
ages. (a) Representative images at P7 (left panel) and P21 (right panel) ofMET-GFP (green), CTIP2 (magenta), and SATB2 (yellow) overlayed
expressions in layer 5mPFC.White arrows denote examples of colocalization betweenMET-GFP, CTIP2, and SATB2.Magenta arrows denote
examples ofMET-GFP+; CTIP2+(SATB2−) neurons. Yellow arrows denote examples ofMET-GFP+; SATB2+(CTIP2−) neurons. (b) Representative
images at P7 (top panel) and P21 (bottom panel) ofMET-GFP (green), CTIP2 (magenta), and SATB2 (yellow) overlayed expressions in layer 5 V1.
White arrows denote examples of colocalization betweenMET-GFP, CTIP2, and SATB2.Magenta arrows denote examples ofMET-GFP+;
CTIP2+(SATB2−) neurons. Yellow arrows denote examples ofMET-GFP+; SATB2+(CTIP2−) neurons. (c) Quantification of the percentage of layer
5mPFCMET-GFP+ neurons that co-express both CTIP2 and SATB2 at P7, P15, and P21. n= 8 for P7, n= 9 for P15, n= 5 for P21. “**” indicates
p< .01, analyzed by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (d) Quantification of the percentage of layer 5mPFC
MET-GFP+ neurons that are CTIP2+(SATB2−) at P7, P15, and P21. n= 8 for P7, n= 9 for P15, n= 5 for P21. ‘**’ indicates p< .01, analyzed by
ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (e) Quantification of the percentage of layer 5mPFCMET-GFP+

neurons that are SATB2+(CTIP2−) at P7, P15, and P21. n= 8 for P7, n= 9 for P15, n= 5 for P21. There is no significant effect of age, analyzed by
ordinary one-way ANOVA. (f) Quantification of the percentage of layer 5mPFCCTIP2+ neurons that express SATB2 at P7, P15, and P21. n= 8 for
P7, n= 9 for P15, n= 5 for P21. “*” indicates p≤ .05, “**” indicates p< .01, analyzed by ordinary one-way ANOVA followed by Tukey’s multiple
comparisons test. (g) Quantification of the percentage of layer 5 V1MET-GFP+ neurons that co-express both CTIP2 and SATB2 at P7, P12, P15,
and P21. n= 5 for each age. “*” indicates p≤ .05, “**” indicates p< .01, analyzed by ordinary one-way ANOVA followed by Tukey’s multiple

(Continues)
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F IGURE 3 (Continued)

comparisons test. (h) Quantification of the percentage of layer 5 V1MET-GFP+ neurons that are CTIP2+(SATB2−) at P7, P12, P15, and P21. n= 5
for each age. There is no significant effect of age, analyzed by Kruskal-Wallis test. (i) Quantification of the percentage of layer 5 V1MET-GFP+

neurons that are SATB2+(CTIP2−) at P7, P12, P15, and P21. n= 5 for each age. “**” indicates p< .01, analyzed by ordinary one-way ANOVA
followed by Tukey’s multiple comparisons test. (j) Quantification of the percentage of layer 5 V1 SATB2+ neurons that express CTIP2 at P7, P12,
P15, and P21. n= 5 for each age. There is no significant effect of age, analyzed by ordinary one-way ANOVA. All scale bars= 50 µm. The brightness
and contrast of each channel were increased globally in images for visualization purposes

TABLE 12 Post hoc analyses ofMET-GFP+ neurons that are
SATB2+(CTIP2−) in layer 5 V1

Tukey’s multiple comparisons test Adjusted p value

P2 vs. P9 <.0001

P2 vs. P15 <.0001

P9 vs. P15 .9977

the percentage of SATB2+(CTIP2−) MET-GFP+ neurons (F = 6.5618;

p = .0042; Figure 3i). Post hoc analyses reveal that, paralleling the

increase in the percentage of CTIP2+; SATB2+ MET-GFP+ layer 5 V1

neurons (Figure 3g), there is a significant decrease in the percentage of

SATB2+(CTIP2−)MET-GFP+ neuronsbetweenP7 (86.74±2.78%) and

P15 (38.40± 10.05%), and P7 and P21 (47.21± 7.51%); all other com-

parisons are not significantly different (P12: 66.84 ± 7.09%; Table 12).

As in mPFC, the percentage ofMET-GFP+ neurons is stable across the

second and third postnatal week in V1 (Figure 1f). The data indicate,

however, that, in contrast tomPFC, over 85% of the layer 5MET-GFP+

population in V1 is the ITPN subclass. This ITPN population initially

expresses SATB2, but not CTIP2, and then upregulates CTIP2 across

the second and third postnatal weeks. In contrast, less than 10% of

the MET-GFP+ population in this layer is the SCPN subclass, with the

remaining approximately 5% that expresses both subclass markers at

P7 representing either ITPNs or SCPNs. We note that, independent

of MET-GFP, there is no significant effect of age on the percentage

of the V1 SATB2 layer 5 population that also express CTIP2 at these

ages (F = 0.4250; p = .7377; P7: 31.79 ± 2.03%; P12: 34.76 ± 3.54%;

P15: 37.18% ± 11.95%; P21: 32.46% ± 3.34%; Figure 3j), suggesting

that there is a bias towards the suppression of CTIP2 in theMET-GFP+

subpopulation of ITPNs early postnatally.

We next focused on determining the phenotype of MET-GFP+

neurons in layer 6, which contains two major PN subclasses—

corticothalamic (CT) and IT (Woodworth et al., 2012). In mPFC,

DARPP-32 serves as a marker of CTPNs (Ouimet, 1991). There is a

significant age effect on the percentage of MET-GFP+ neurons that

express DARPP-32 (F = 25.0550; p < .0001; Figure 4a,b). Post hoc

analyses demonstrate a significant increase in this percentagebetween

P7 (29.30 ± 1.85%) and P9 (P9: 57.33 ± 2.45%), and P7 and P15

(57.62± 4.25%); there is no significant difference between P9 and P15

(Table 13). This increase is paralleled by a decrease in the percentage of

MET-GFP+ neurons in layer 6 mPFC over the same period (Figure 1c),

suggesting that as the percentage of MET-GFP+ neurons decrease,

those that continue expressing MET are most likely in the CTPN sub-

class. There also is an age effect on the percentage of DARPP-32

neurons that co-express MET-GFP in layer 6 mPFC (F = 26.2137;

TABLE 13 Post hoc analyses ofMET-GFP+ neurons that
co-express DARPP-32 in layer 6mPFC

Tukey’s multiple comparisons test Adjusted p value

P2 vs. P9 .0003

P2 vs. P15 <.0001

P9 vs. P15 .2045

TABLE 14 Post hoc analyses of DARPP-32+ neurons that
co-expressMET-GFP in layer 6mPFC

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P12 .1876

P7 vs. P15 .0010

P7 vs. P21 .0005

P12 vs. P15 .0674

P12 vs. P21 .0377

P15 vs. P21 .9900

p < .0001; Figure 4c). Post hoc comparisons reveal at P2, over 60% of

DARPP-32 neurons co-express MET (64.76 ± 2.99), which decreases

significantly to approximately 40% by P9 (43.23± 2.76); all other com-

parisons are not significant (P15: 35.90±2.97; Table 14). These results,

together with the finding that the percentage of MET-GFP neurons

decreases after P7 (Figure 1c), suggest thatMET is expressed in a large

population of CTPNs in the first postnatal week, and as the percent-

ageofMET-GFPneuronsdecreases, the total populationofCTPNs that

co-expressMET also decreases.

DARPP-32 is not a validated marker of CTPNs in V1 and its devel-

opmental expression patterns have not been mapped in this region.

We observed low expression of DARPP-32 at P7 and widespread

expression across all cortical layers at P21 (data not shown), indicating

that in V1, DARPP-32 is not a selective marker of CTPNs. Therefore,

PCP4, a previously validated marker of CTPNs in primary sensory

areas (Watakabe et al., 2012), was used to identify this population,

as reported previously in S1 cortex (Kast et al., 2019). In V1, there

is little overlap of MET-GFP and PCP4 at any age examined, demon-

strating that MET is largely excluded from CTPNs (Figure 4d). Rather,

at P7 the majority of MET-GFP+ layer 6 neurons in V1 are ITPNs,

expressing SATB2+(CTIP2−) (77.46 ± 3.02%; Figure 4e,f). There is,

however, a significant age effect on the percentage of MET-GFP+ neu-

rons expressing SATB2 alone (F = 11.7631; p = .0003; Figure 4f), with

post hoc analyses demonstrating a significant decrease between P7

and P15 (P15: 42.85 ± 3.42%), P7 and P21 (P21: 40.67 ± 5.93%), and
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F IGURE 4 Colocalization analysis ofMET-GFPwith layer 6 projection neuronmarkers, in mPFC and V1 across developmental ages. (a)
Representative images at P2 (left panel) and P15 (right panel) ofMET-GFP (green) andDARPP-32 (blue) overlayed expressions in layer 6mPFC.
Arrows denote examples of colocalization betweenMET-GFP andDARPP-32. (b) Quantification of the percentage of layer 6mPFCMET-GFP+

neurons that co-express DARPP-32 at P2, P9, and P15. n= 6 for P2 and P9, n= 7 for P15. “****” indicates p< .0001, analyzed by ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test. (c) Quantification of the percentage of layer 6mPFCDARPP-32+ neurons that co-express
MET-GFP at P2, P9, and P15. n= 6 for P2 and P9, n= 7 for P15. “***” indicates p< .001, “****” indicates p< .0001, analyzed by ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test. (d) Representative images at P7 (top panel) and P15 (bottom panel) ofMET-GFP (green)
and PCP4 (blue) overlayed expressions in layer 6 V1. (e) Representative images at P7 (top panel) and P21 (bottom panel) ofMET-GFP (green),
CTIP2 (magenta), and SATB2 (yellow) overlayed expressions in layer 6 V1.White arrows denote examples of colocalization betweenMET-GFP,
CTIP2, and SATB2.Magenta arrows denote examples ofMET-GFP+; CTIP2+(SATB2−) neurons. (f) Quantification of the percentage of layer 6 V1
MET-GFP+ neurons that are SATB2+(CTIP2−) at P7, P12, P15, and P21. n= 5 for each age. “*” indicates p≤ .05, “***” indicates p< .001, analyzed
by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (g) Quantification of the percentage of layer 6 V1MET-GFP+ neurons
that co-express both CTIP2 and SATB2 at P7, P12, P15, and P21. n= 5 for each age. “*” indicates p≤ .05, “***” indicates p< .001, analyzed by
ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. (h) Quantification of the percentage of layer 6 V1 SATB2+ neurons that
express CTIP2 at P7, P12, P15, and P21. n= 5 for each age. “*” indicates p≤ .05, analyzed by ordinary one-wayANOVA followed by Tukey’smultiple
comparisons test. All scale bars= 50 µm. The brightness and contrast of each channel were increased globally in images for visualization purposes.
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TABLE 15 Post hoc analyses ofMET-GFP+ neurons that are
SATB2+(CTIP2−) in layer 6 V1

Tukey’s multiple

comparisons test Adjusted p value

P7 vs. P12 .1384

P7 vs. P15 .0008

P7 vs. P21 .0003

P12 vs. P15 .0780

P12 vs. P21 .0255

P15 vs. P21 .9365

TABLE 16 Post hoc analyses ofMET-GFP+ neurons that are
CTIP2+; SATB2− in layer 6 V1

Tukey’s multiple comparisons test Adjusted p value

P7 vs. P15 .3127

P7 vs. P21 .0011

P15 vs. P21 .0168

TABLE 17 Post hoc analyses of SATB2+ neurons that co-express
CTIP2 in layer 6 V1

Tukey’s multiple

comparisons test Adjusted p value

P7 vs. P12 .7764

P7 vs. P15 .0330

P7 vs. P21 .0149

P12 vs. P15 .1887

P12 vs. P21 .0946

P15 vs. P21 .9777

P12 (62.23 ± 6.85%) and P21; all other comparisons are not signifi-

cantly different (Table 15). Given the stable expression of MET-GFP+

neurons in layer 6 V1 across these ages (Figure 1g), we next deter-

mined whether the decline in MET-GFP+ neurons expressing SATB2

alone reflected an increase in those co-expressing CTIP2 and SATB2.

Indeed, there is a significant effect of age on percentage of MET-GFP+

neurons that are CTIP2+; SATB2+ (F= 12.9124; p= .0002; Figure 4g),

withpost hoc analysesdemonstrating a significant increase in themean

percentage between P7 (19.18 ± 2.58%) and P15 (51.60 ± 3.39%),

P7 and P21 (55.42 ± 4.98%), and P12 (34.34 ± 6.60%) and P21; all

other comparisons were not significantly different (Table 16). A simi-

lar pattern is observed when considering the entire layer 6 V1 SATB2

population, for which there is a significant effect of age on the percent-

age of SATB2 neurons that co-express CTIP2 (F = 5.5736; p = .0082;

Figure 4h). Post hoc analyses demonstrate a significant increase in this

measure between P7 (35.88± 2.60%) and P15 (59.67± 3.48%), and P7

and P21 (62.75 ± 4.56%), with all other comparisons not statistically

significant (P12: 43.27 ± 8.94%; Table 17). Together, these data indi-

cate that the MET neurons in layer 6 of V1 are predominantly ITPNs

and that the increasing co-expression of CTIP2 in the MET population

is consistent for the entire ITPN population.

4 DISCUSSION

The present study determined specific temporal and spatial pat-

terns of MET expression—a protein that is present transiently during

development and modulates the timing of cerebral cortical synapse

development and maturation by cortical PNs. Here, we examined dur-

ing postnatal development two architecturally distinct cortical regions,

agranular, association mPFC, and granular primary sensory V1. The

analyses revealed discrete temporal, laminar, and PN subclass-specific

patterns in mPFC and V1. First, in mPFC, MET is expressed in layers

5 and 6, with very limited expression in layer 2/3 neurons. In con-

trast, in V1, similar to findings reported in S1 (Kast et al., 2019), MET

is enriched in layers 2/3, expressed in different PN subclasses in lay-

ers 5 and 6, and nearly absent from layer 4 neurons. Second, in mPFC,

the percentage of MET+ neurons is stable across the first 5 postna-

tal weeks in layer 5, but declines after the first week in layer 6. In V1,

MET expression is stable in layers 2/3 between P7 and P21, declines

modestly in the first postnatal week in layer 5, and declines by P21

in layer 6. The data reveal differences in the temporal regulation of

METbetween the two cortical areas, and at amorediscrete level, layer-

specific temporal regulation within a given cortical area. Finally, there

is an enrichment of MET expression in ITPNs in V1, similar to that

reported previously in S1 (Kast et al., 2019). Both primary sensory neo-

cortical areas contrastwithmPFC, inwhichMET is expressed primarily

in SCPNs, including CTPNs. Given the role of MET signaling as a mod-

ulator of synapse development and maturation, the data indicate that

the receptor operates within discrete circuits for each cortical region.

Previous studies using Western blot analyses indicated that MET

protein levels in mouse cortex peak in the second postnatal week

(Eagleson et al., 2016; Judson et al., 2009). These analyses included

whole cortex and as such do not reflect potential region or layer-

specific differences in expression across time. Further, the detection of

theMETprotein is a combination of the receptor synthesized locally by

PNs in the cerebral cortex as well as the receptor expressed in projec-

tions from different sources (e.g., hippocampus), in which MET protein

is trafficked down the axon to presynaptic terminals. Finally, West-

ern blot analyses do not discriminate between a general reduction in

quantity of protein expressed across all MET-expressing neurons and

a reduction in the number of MET-expressing neurons over time. As

such, the current analyses add key complementary spatial information,

demonstrating region- and layer-specific trajectories ofMET+ neurons

in the cortexduringpostnatal development.Given thatdownregulation

of MET acts as a modulator for the timing of synapse maturation and

stabilization, the present findings pose interesting questions. Future

studieswill need to addresswhether sustainedMETexpression in layer

5 mPFC and layers 2/3 V1 are indicative of a more prolonged mat-

uration process for the synapses of these PNs compared to those in

which MET is turned off earlier in postnatal development. It also will

be important to identify comparable proteins that regulate synapse
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maturation in PNs that do not express MET during development. The

demonstration of substantial differences in spatial, specifically inter-

laminar and between cortical regions, and temporal expression of

MET suggests that there are distinctmolecular regulatorymechanisms

upstream ofMet.

Among the most striking findings of the current study is the dif-

ference in MET-expressing cortical PN subclasses between mPFC

and V1. This may reflect differences in function and circuit orga-

nization between the two regions. mPFC, an agranular association

cortex involved in social communication and executive functions, can

be considered a hub that communicates with many other cortical and

subcortical regions, issuing top-down control of behaviors and learning

(Q. Anastasiades & Carter, 2021; Reinert et al., 2021; Zarr & Brown,

2016; Zhang et al., 2021). Neurons in infragranular, but not supra-

granular, layers of mPFC have been implicated in cognitive flexibility

(Nakayama et al., 2018). SCPNs in mPFC are involved in active behav-

ioral states (Warden et al., 2012), decision-making behavior for goals

that involve both reward and punishment (C. K. Kim et al., 2017), and

social-spatial learning (Murugan et al., 2017). Additionally, there are

abnormalities specific to SCPNs in animal models of autism, and these

neurons affect social behavior (Brumback et al., 2018). In contrast, V1

is a granular sensory cortex, with a major input from the lateral genic-

ulate nucleus (LGN) in the thalamus. The LGN relays visual information

directly from the retina to layer 4 of V1, in which visual information,

such as static versus moving objects, orientation, and pattern recogni-

tion, are processed and further relayed toother brain regions (Glickfeld

et al., 2013; Mazade & Alonso, 2017; Resulaj, 2021). Projections from

V1 to subcortical structures are involved in oculomotor reflex-driven

functions, such as optokinetic nystagmus (Liu et al., 2016), and visually-

evoked innate behaviors (Liang et al., 2015). Projections from V1 to

cortical structures are involved in relaying information for further

visual processing, such as motion direction discrimination (Marques

et al., 2018), contour detection and discrimination (van Kerkoerle et

a1., 2018), and spatial attention (Tiesinga & Buia, 2009). ITPNs in V1

have also been shown to process coincidental multisensory events

(Knöpfel et al., 2019) and enhance neural selectivity to learn visual

discrimination tasks (Poort et al., 2015). As aforementioned, MET is

predominantly expressed in infragranular layers of mPFC and, more

specifically, in SCPNs, including CTPNs, rather than ITPNs, reflecting

a role in mPFC circuits that connect outside of the cortex. In V1, MET

expression in supragranular ITPNs and in predominantly infragranular

ITPNs, rather than in SCPNs or CTPNs, indicate that in primary sen-

sory cortices, MET functions mainly in neurons that connect to other

cortical regions. Based on the known roles of SCPNs in mPFC and

ITPNs in V1, this suggests that MET expression is enriched in develop-

ing circuits that are involved in higher-order functions. We note that

in both mPFC and V1, there was a minor population of layer 5 neu-

rons that remained dual-labeled with CTIP2 and SATB2, so their PN

subclass remained ambiguous; however, this did not change the over-

all conclusions. Future detailed tracing studies will determine specific

connectivity maps ofMET+ mPFC and V1 neurons.

Maturation and refinement of V1 are affected by and result in

numerous developmental processes that occur postnatally in mice:

retinotopy occurs by P8 (Cang et al., 2005), eye-opening around P14,

orientation selection around theperiodof eye-opening, independent of

visual stimulus (Rochefort et al., 2011), and the critical period for ocu-

lar dominance between P19 and P32 (Gordon & Stryker, 1996). With

the abundant expression of MET in supragranular layers 2/3 remain-

ing unchanged fromP7 to P21, it can first be inferred that eye-opening,

and subsequent visual information reaching V1, does not influence the

percentage of neurons expressing MET. Further, MET modulates the

timing of the critical period for ocular dominance (K. Chen et al., 2021).

Thus, the sustainedMETexpression until P21 in layers 2/3may suggest

that MET+ neurons in these layers modulate the timing of the critical

period, rather than the infragranularMET+ neurons, inwhichdownreg-

ulation occurs earlier postnatally. This is supported by a recent report

demonstrating visual experience-driven maturation in layers 2/3, but

not layer 5 or 6 (Cheng et al., 2022). Conversely, the temporal regula-

tion of infragranular MET expression may play a role in developmental

processes that occur prior to the critical period. Nevertheless, follow-

up studies are needed to test the layer-specific contributions ofMET in

V1 developmental processes.

It is notable that MET is predominantly expressed in a particular

PN subclass in each region, but not in all neurons of that PN subclass.

Expression of MET within only a subpopulation of the PN subclass

may allow for asynchrony of synapse maturation, even within neurons

projecting to the same brain region.While differences in timing ofmat-

uration of circuits subserving different functions has been reported

(Hensch, 2004; Huttenlocher &Dabholkar, 1997;Moyer & Zuo, 2018),

at a finer level, differences in timing of maturation of synapses within

circuits involved in the same function may also be advantageous. For

example, critical period plasticity represents a time when circuits have

maximum opportunity to undergo experience-based modification, but

this is at the expense of the brain being in a more vulnerable state

(Hensch, 2003; Nelson & Gabard-Durnam, 2020). Closure of critical

periods allow the brain to function in a more stable, resilient state. We

speculate that if the timing of closure of a critical period of plasticity

was completely uniform for all circuits that underlie a specific function,

this could lead to greater vulnerability, for which an insult may affect

each circuit equally. Mechanisms that allow for differential timing of

maturation of circuits for a given function would provide opportu-

nities for select circuits to stabilize, while others remain in a more

plastic state, leading to further optimization. Therefore, the expres-

sion ofMETwithin subpopulations of PN subclasses may contribute to

differential timing of maturation.

While this study focused on one synapse-enriched receptor, it

underscores the dynamic process of development, during which many

molecular and structural changes are occurring. The temporal features

of our study emphasize the need to model neurodevelopmental dis-

orders that include developmental phenotypes to capture biological

mechanisms associated with transient processes of maturation that

may be disrupted during development. Even developmental studies

using single-cell sequencing may not capture the spatial and temporal

dynamics of genes and proteins of interest due to limitations in spa-

tial resolution and the practical limitations of sampling a large number

of developmental timepoints. Lastly, while the cortex, as a whole, has
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properties and functions that are unique compared to subcortical brain

structures, cortical regions are heterogeneous, such that findings in

one region do not necessarily translate to other regions. Continuing

to compare and contrast the development of different cortical regions

will provide greater understanding of the emergence and maturation

of specific functions and their underlyingmolecular contributions.
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