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Abstract

The molecular regulation of the temporal dynamics of circuit maturation is a key contributor to the emergence of normal
structure-function relations. Developmental control of cortical MET receptor tyrosine kinase, expressed early postnatally in
subpopulations of excitatory neurons, has a pronounced impact on the timing of glutamatergic synapse maturation and
critical period plasticity. Here, we show that using a controllable overexpression (cto-Met) transgenic mouse, extending the
duration of MET signaling after endogenous Met is switched off leads to altered molecular constitution of synaptic proteins,
persistent activation of small GTPases Cdc42 and Racl, and sustained inhibitory phosphorylation of cofilin. These
molecular changes are accompanied by an increase in the density of immature dendritic spines, impaired cortical circuit
maturation of prefrontal cortex layer 5 projection neurons, and altered laminar excitatory connectivity. Two photon in vivo
imaging of dendritic spines reveals that cto-Met enhances de novo spine formation while inhibiting spine elimination.
Extending MET signaling for two weeks in developing cortical circuits leads to pronounced repetitive activity and impaired
social interactions in adult mice. Collectively, our data revealed that temporally controlled MET signaling as a critical
mechanism for controlling cortical circuit development and emergence of normal behavior.

Key words: autism, circuit connectivity, cortical circuits, molecular mechanisms, neurodevelopmental disorders, plasticity,
synapses
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Introduction

Formation of proper synaptic connectivity during cortical circuit
development that leads to normal functions requires regulated
neuronal growth, balanced excitatory and inhibitory synapse
production and elimination, and properly timed maturation and
plasticity (Tau and Peterson 2010; Jabaudon 2017; Reh et al. 2020).
Molecular signaling mediated through receptor tyrosine kinases
profoundly shapes these processes (Lemmon and Schlessinger
2010; Park and Poo 2013). Disruption of these processes is a hall-
mark pathology of many neurodevelopmental and neuropsychi-
atric disorders, including autism spectrum disorder (ASD) (Levitt
and Campbell 2009; Penzes et al. 2011; Guang et al. 2018; Bagni
and Zukin 2019; Sullivan and Geschwind 2019).

The human MET gene, which encodes a receptor tyrosine
kinase, was identified initially in a family-based genetic study as
a high-confidence ASD risk gene (Campbell et al. 2006), based on
the rs1858830 “C” allele in the proximal promoter. The allele also
reduces gene transcription by ~50%. While subsequent large-
scale studies indicate that the receptor is not causal for ASD
(Campbell et al. 2006; Lambert et al. 2014; Eagleson et al. 2017),
MET expression is reduced by approximately 50% in postmortem
neocortex from ASD patients (Campbell et al. 2007; Aldinger et al.
2015) and is nearly absent in Rett syndrome (Aldinger et al. 2015;
Aldinger et al. 2020). Remarkably, while not an ASD causal gene,
human functional neuroimaging studies show that the “C” allele
is highly correlated with altered cortical functional connectivity
(Rudie et al. 2012). Numerous neurodevelopmental studies have
demonstrated that MET mediates pleiotropic signaling in the
developing neocortex and hippocampus, by engaging multiple
intracellular molecular pathways that collectively regulate exci-
tatory pyramidal neuron dendritic arborization, spine morphol-
ogy, excitatory synapse maturation, and cortical plasticity (Qiu
et al. 2014; Eagleson et al. 2016; Peng et al. 2016; Xie et al. 2016;
Eagleson et al. 2017).

In primate and mouse neocortices, MET is primarily
expressed in excitatory neurons during late prenatal and early
postnatal development but is precipitously downregulated prior
to circuit maturation (Judson et al. 2009; Judson et al. 2011,
Eagleson et al. 2016). This early expression coincides with
periods of heightened structural changes including neurite
growth and spine morphogenesis but precedes the milestones
of functional synapse maturation and experience-dependent
refinement of connectivity (Hensch 2005; Fox et al. 2010; Kast
and Levitt 2019). The conserved temporal feature of regulated
MET signaling, irrespective of species, cortical regions, and
cell types (Judson et al. 2009; Judson et al. 2011), is indicative
of conserved developmental functions. We hypothesized that
timely termination of MET signaling is a critical molecular shift
that is necessary for subsequent cortical circuit development
and typical behaviors. Utilizing a novel controllable Met
overexpression mouse line (cto-Met), we have recently shown
that extending MET signaling in the visual cortex alters
dendritic and spine structure, synaptic activity, and the timing
of critical period plasticity (Chen et al. 2020). Yet there remains
a limited understanding of the implications of regulated
or disrupted timing of developmental signaling onset and
offset.

Here, we report that extending MET signaling duration
results in profound changes in morphology of prefrontal cortex
projection neurons, synaptic function, and intracortical circuit
connectivity. These aberrant MET signaling-induced changes
were accompanied by increased activation of small GTPases

Cdc42 and Rac1, persistent inhibition of cofilin, increased de novo
dendritic spine production, and reduced elimination during the
postnatal period of developing cortical circuits. Interestingly,
extending the duration of MET signaling for just two weeks
leads to persistent behavioral disturbances in adult mice. Our
data suggest that temporally controlled MET signaling serves as
a novel mechanism for controlling the maturation timing and
functional readout of cortical circuits.

Materials and Methods
Animals

The development of the controllable transgenic Met mouse line
for sustained/overexpression of MET protein was reported pre-
viously (Chen et al. 2020). Briefly, a Met cDNA (NM_008591)
construct was tagged on the C-terminus with Myc-FLAG epitope
and cloned into the pTRE-Tight vector (Clontech) downstream to
a tetracycline response element (TRE) in a “tet-off” configuration
(Gossen and Bujard 1992). The transgenic MET line (TRE-MET)
was crossed to CaMKII-tTA mice (Mayford et al. 1996) to obtain
the controllable transgenic overexpression mice for MET (cto-
Met) in dorsal pallial excitatory neurons. This allows artificial
control of the Met transgene expression through doxycycline-
containing chow (DOX, 625 mg/kg, Harlan Laboratories); cto-Met
is suppressed by DOX chow but can be turned on after switching
to DOX-free chow (Chen et al. 2020). cto-MET mice have a normal
gestational period and no statistically significant difference in
size as same-sex littermate controls.

The forebrain-specific conditional mutant mice (cKO, Met™/;
emx1®) was described previously (Judson et al. 2009; Qiu et al.
2014), by breeding homozygous female Met™® mice to hemizy-
gote Met™* male mice with an emx1°* knock-in allele (Gorski
et al. 2002). Mutant mice were genotyped by polymerase chain
reaction (PCR) as described previously (Judson et al. 2009; Judson
et al. 2011). Mice IDs and data were coded so that the experi-
menters were blinded to genotypes and grouping. An approx-
imately equal number of male and female mice were used in
this study. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of the University
of Arizona.

Western Blot and Biochemical Analyses

Microdissected prefrontal (pre- and infralimbic) and hip-
pocampus (CA1) tissues were homogenized in cold NP40 cell
lysis buffer (FNNO0021, Fisher Scientific) supplemented with
proteinase inhibitor cocktail (PIC, 1:50, Sigma P8340) and 1 mM
phenylmethylsulfonyl fluoride (PMSF). To obtain synaptosome
fractions, PFC tissues were manually homogenized in cold buffer
(containing 4 mM HEPES, 320 mM sucrose, and 1:50 PIC). The
homogenates were centrifuged at 1500 x g for 10 min. The
supernatant was collected and further centrifuged at 16000
x g for 20 min to yield a crude synaptosome pellet. Protein
content for the whole tissue homogenate and synaptosome was
quantified using a micro-BCA assay. Samples were mixed with
equal amount of 2 x Laemmli loading buffer and boiled for 5 min
and then separated by 4-15% gradient SDS polyacrylamide gels
(Bio-Rad). The proteins were transferred to PVDF membranes
(Immobilon-P, Millipore), blocked with 5% nonfat dry milk, and
incubated with primary antibodies overnight at 4 °C, followed
by incubation with HRP-conjugated secondary antibodies
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(Promega) for 2 h at RT. In some experiments in which both
phosphorylated and total proteins were to be probed, a stripping
buffer was used to remove the membrane signal to allow
repeated detection with a different antibody. To measure
the GTP-bound, activated Rac1/Cdc42, we used a Racl/Cdc42
activation assay kit (Millipore, 17-441). The kit utilizes a
glutathione-s-transferase fused with the p21-binding domain
of p21-activated protein kinase PAK1. The fusion protein only
binds to GTP-bound, activated form of Cdc42 or Racl. The final
dilution of antibodies was between 1:1000 and 1:2000. Protein
signals were developed using chemiluminescence (SignalFire,
Cell Signaling Technology) and captured on ECL Hyperfilm
(Amersham).

The following antibodies were used: from Santa Cruz
Biotechnology, anti-MET (sc-8057); from Millipore/Chemicon,
rabbit anti-GluAl (AB5849); from Cell Signaling Technology,
rabbit anti-GluN2A (#4205), rabbit anti-GluN2B (#14544), rabbit
anti-GAPDH (#5174), rabbit anti-cofilin (#5175), rabbit anti-
PAK1 (#2602), rabbit anti-p-PAK1/2 (T423/402, #2601), rabbit
anti-LIMK1 (#3842), rabbit anti-phospho-cofilin (Ser3) (#3313),
rabbit anti-Myc (71D10) (#2278). The final dilution of antibod-
ies was between 1:1000 and 1:2000. The optical density of
immunoreactive bands was quantified by densitometry using
FIJI/Image].

Retrobeads Labeling of PFC Corticostriatal Neurons

To enable comparison of the same projection neuron type
between groups, fluorescent latex microspheres (“retrobeads”,
Lumafluor) were used to label contralaterally projecting
corticostriatal (CSt) neurons in prefrontal cortex (Qiu et al. 2011).
Mice were anesthetized and stereotaxically injected with 50 nL
red retrobeads into the left dorsolateral striatum (coordinates:
relative to bregma: 0.0 mm posterior, 2.0 mm lateral, 2.5 mm
ventral). The injection glass pipette was held in place for 10 min
before withdrawing slowly from the injection site. In all cases,
animals received injections >24 h before being sacrificed for
brain slice preparation.

Whole-Cell Patch-Clamp Recording in Brain Slices

Mice were euthanized with 3-5% isoflurane. To enhance brain
slice viability, intracardiac perfusion was performed using ice-
cold choline solution (contains in mM: 110 choline chloride, 25
NaHCOs, 2.5 KCl, 1.25 NaH,POg4, 0.5 CaCly, 7 MgS04, 11.6 sodium
ascorbate, 25 D-glucose, and 3.1 sodium pyruvate, saturated with
95% 0,/5% CO3). Mice were decapitated and brains were quickly
dissected. Parasagittal prefrontal slices (300 pum thick) at the
anterior frontal level were made in ice-cold choline solution
using a vibratome (VT-1200S, Leica). Slices were immersed in
artificial cerebrospinal fluid (ACSF, contains in mM: 126 NacCl,
2.5 KCl, 26 NaHCO3, 2 CaCly, 2 MgCl,, 1.25 NaH,PO,, and 10 d-
glucose; saturated with 95% 0,/5% CO;) for 30 min at 35 °C and
then maintained at RT (24 °C) until recording.

Slices were visualized under a 4x objective to allow iden-
tification of PFC laminar landmarks. L5 neurons with soma at
least 50 um below the slice surface were selected for whole-
cell recordings under a 60x water immersion objective (Olym-
pus, NA=0.9). Spontaneous neuronal responses were amplified
using a MultiClamp 700B amplifier, low-pass filtered at 1 kHz
(current signals) or 10 kHz (voltage signals) and digitized at
20 kHz using a Digidata 1440A interface (Molecular Devices, San
Jose, CA). Miniature excitatory postsynaptic currents (mEPSCs)
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were recorded from beads+ CSt L5 neurons at Vygq=—70 mV,
in the presence of TTX (1 M) and D-AP5 (50 uM). The elec-
trode 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). Inhibitory postsynap-
tic currents (mIPSCs) were measured at Vg =—70 mV with
an internal solution that contains symmetrical [Cl-] and with
CNQX (10 uM) and TTX (1 uM) added to the perfusate. The
electrode internal solution for mIPSC recordings contained (in
mM): 125 KCl, 2.8 NaCl, 2 MgCl,, 2 Mg?t-ATP, 0.3 NazGTP, 10
HEPES, 1 EGTA, and 10 phosphocreatine (pH 7.25, ~300 mOsm).
To record stimulus-evoked L2/3 > L5 synaptic responses, evoked
monosynaptic responses were obtained, while L5 CS 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-C, 10 HEPES, 2.5 CsCl, 8 NaCl, 5 QX314-HCl, 4 Mg?"-ATP,
0.3 Na3GTP, 1 EGTA, and 10 phosphocreatine, pH 7.25). A bipolar
stimulating electrode (FHC) was placed in L23 of the PFC, and a
stimulus isolator (Iso-flex, A.M.P.I) was used to deliver a bipolar
electrical stimulus.

Laser Scanning Photostimulation for Cortical Circuit
Mapping

Laser-scanning photostimulation (LSPS) mapping was per-
formed as described previously (Suter et al. 2010; Qiu et al. 2011).
Mice were sacrificed at P35-40. PFC slices were transferred to the
recording chamber of a custom-built LSPS rig and were perfused
in a modified ACSF that contains 0.2 mM MNI-caged glutamate
(Tocris), 4 mM CaCl2,4 mM MgCl2, and 5 uM CPP (Tocris). Beads+
L5 CSt neurons were patched clamped with a K-gluconate
internal solution (see above). LSPS mapping was performed
at 24 °C. Neuronal membrane properties were measured by a
series of 5 mV hyperpolarizing voltage steps. Intrinsic properties
were measured in current-clamp mode immediately before
mapping, by presenting families of 1-s current steps (100-500
PA in 50 pA increments). Frequency-current relationships were
first calculated based on the numbers of APs per current step.
LSPS/glutamate uncaging was performed with a 4x 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 2000 DC, QImaging). A 16 x 16 stimulation grids
with 100-um spacing were registered onto the slice images.
Electrophysiological signals were amplified with a MultiClamp
700B amplifier and acquired using BNC-6259 data acquisition
boards (National Instruments). We used Ephus software (Suter
et al. 2010) to control data acquisition and MATLAB routines for
offline analysis.

Neuronal Morphology

Neurolucida (MicroBrightField) and Imaris (V8.02, Bitplane) were
used to reconstruct dendritic arbors and spines, respectively, of
L5 neurons. Beads+ CSt neurons in live slices were filled with
0.25% biocytin using a patch-clamp electrode. Neurons were
injected with 500 pA current for 10 min to facilitate diffusion
of biocytin. The slices were then fixed in 4% PFA overnight,
blocked in 1% BSA in PBS, permeabilized with 0.2% Triton X-100
in 0.01 M PBS, and incubated with avidin-alexa 488 for 24 h to
reveal neuronal morphology.

Dendritic arbors of L5 CSt neurons were traced using Neu-
rolucida and were registered in three dimensions. Sholl analysis
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(Sholl 1953) was performed to quantify dendritic arbor, dendritic
length, and number of intersections using Neurolucida Explorer.
Between one and four cells were reconstructed per slice, and at
least five mice per group were included for analyses. To quantify
dendritic spine morphology, confocal Z-stack images of spines
were collected from secondary apical dendritic branches that are
200450 um from soma. Z-stacks (512 x 512 pixels, Z=0.2 pum)
were collected with a 63x objectives (Zeiss Plan Apochromat,
NA 1.4), using a 4x digital zoom. Imaris software was used
to reconstruct the 3D spine images. The spines were further
categorized as “filopodia,” “mushroom,” “stubby,” and “long thin”
subtypes based on predefined features (Imaris MATLAB mod-
ule), as reported previously (Peng et al. 2016).

Two-Photon Dendritic Spine Imaging

Cto-Met mice were crossed to the Thyl-GFP line (Feng et al.
2000), and mutant mice (TRE-Met:tTA:Thyl-GFP) were used for
imaging. Control mice were littermates that did not contain
the TRE-Met transgene. Mice were imaged longitudinally, first
at P25 and then P32. Mice initially underwent a thinned skull
surgery, similar to that described previously (Grutzendler et
al. 2002; Fu et al. 2012; Ma et al. 2020). The skull over pri-
mary visual cortex (V1) was exposed based on the anatomically
defined coordinates (Stephany et al. 2014). A high-speed drill
(Osada) was used to reduce the skull thickness by ~50%, while
cooled sterile saline was applied to the skull intermittently
to mitigate mechanical or excessive heat damage to the den-
dritic segments. A micro—-dental blade was used to gently reduce
the skull thickness to ~30-40 um. We fixed a plastic liquid
retention ring to aid the imaging using the water immersion
objective. Mouse head was mounted on a customized small
stereotaxic equipment connected to a custom-built miniatur-
ized isoflurane mask, which allows free adjustment of head
angles. Anesthesia during imaging was maintained by 1-1.5%
isoflurane while mouse body temperature was maintained by
a heating pad (Fine Science Tools). Mice were placed under
a two-photon microscope (Olympus FV-MPS, “Apollo” system)
and imaged with a 25x water immersion objective (NA 1.05,
Olympus). A two-photon laser (Mai Tai DeepSee, 690-1300 nm,
Spectra-Physics) was tuned to 920 nm, and <50 mW laser power
was pumped during imaging to reduce phototoxicity and bleach-
ing.

Upon identifying a spiny L5 neuron dendritic segment, we
first registered its location by taking a full field of view image
that was centered on the spiny segment. Blood vessels served
as the landmark to relocate this dendritic segment during
the second imaging session. For each segment, a region of
interest (ROI) centered on the dendritic segment was outlined,
and a Z-stack of images was acquired using the galvanometer
scanner with a digital zoom 4.0 x and a step size of 0.5 um.
The imaging depth was ~150-300um from the pia surface.
To quantify spine dynamics during the 1-week period, the
first imaging session was conducted right after preparation
of thinned skull at P25. After the first imaging session, the
scalp was closed and the mouse was returned to the cage. The
thinned skull was reconditioned for the second imaging session
at P32.

To analyze spine dynamics, FIJl/Image] was used to open the
Z-stack images collected at both imaging sessions. Single image
slices that were severely distorted by respiratory motion arti-
facts were discarded. The smaller motion artifacts for the rest
of images were corrected using moco plugin (Dubbs et al. 2016).

A two-dimensional MIP projection image containing dendritic
segments of interest was used to quantify spines. Any pixels that
were not directly connected to the dendritic segment of interest
(i.e., from other dendrites or coursing axons) were masked using
Adobe Photoshop (Adobe systems). Because prolonged imaging
may deteriorate the spines and lead to dendritic blebbing, we
limited data collection to 1-3 segments from each mouse. Den-
dritic spines were defined as protrusions with a length that
is at least 50% thickness of the adjoining dendritic shaft and
were further verified by browsing through the Z-stacks. Spine
formation and elimination rates across the 1-week period were
calculated at each age after spines were manually identified and
were normalized to the length of the segment. The total number
of dendritic segments used to calculate spine formation/elimi-
nation rate was pooled from at least seven animals (male and
female) of each genotype.

Behavioral Analyses

Open field test

Open field test (OF) was used to assess basal locomotor activity
and behavioral reactivity to a novel environment. Mice were
placed in an open field enclosure (45 x 45 cm?) and habituated
for 10 min. A video-tracking system (EthoVision XT, Noldus
Technologies, Leesburg, VA) was adopted to record activity
for 10 min after habituation. Total distance and percent of
time spent in the center of arena (22.5x22.5 cm?) were
quantified.

Elevated plus maze test

The elevated plus maze (EPM) test was used to evaluate anxiety-
like behavior in mice by using their innate preference for dark
and enclosed spaces. The EPM apparatus was elevated four feet
from the ground and consisted of four runways (9 in x 2.5 in
rectangle) arranged perpendicularly, two of which were enclosed
with 5-inch high walls (close arm) and two of which were open
(open arm). The amount of time spent in the open arms and
number of open arm entry were used as measurements of
anxiety-like behavior. Activity was recorded by the EthoVision
video-tracking system during the 5-min session.

Repetitive Behaviors

During the morning in reduced ambient red light, mice in their
home cages (containing fresh bedding) were monitored during a
30-min period for repetitive behaviors, including digging, jump-
ing, and grooming. Digging was defined as the coordinated use
of two fore limbs or hind legs to move out bedding materials.
Jumping was defined as hind leg rearing at the corner/side of the
cage, with jumps so that the two hind legs are simultaneously
off the ground. Grooming was defined as licking body parts, or
repeated stroking/scratching of the head, face, or body with the
two forelimbs. For the marble-burying task, the test cage bottom
was covered with ~5 cm deep layer of bedding. A mouse was
habituated to the cage for 10 min and then returned to the home
cage. Twenty 15-mm-diameter glass marbles were placed on top
of the bedding of the test cagein a4 x 5 arrangement. The mouse
was returned to the test cage and the number of marbles buried
(>50% of marble surface covered by bedding material) in 20 min
was recorded.

Three-Chamber Social Interaction Test
The three-chamber social interaction test (Silverman et al. 2010;
Won et al. 2012; Rein et al. 2020) was used to assess sociability
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and social novelty. The assay consisted of three phases. Animals
were habituated in the three-chamber apparatus for 10 min on
each of two days before testing. During phase 1 on the test day, a
small wire cup that contained an oval-shaped object made from
black foil was placed in left and right side of the apparatus. The
mouse was placed in the center area and was allowed to explore
the environment freely for 10 min. During phase 2, the mouse
was gently guided to the center chamber and two side entrances
from the center chamber were blocked. An inanimate object
(nonsocial, NS) and an unfamiliar mouse (Socl) were placed
in different wire cups. The two entrances were then opened
to allow the mouse to explore both arms freely for 10 min. In
phase 3, the test mouse was gently guided to the center chamber.
The two wire cups now each contained a novel stranger (Soc2)
and the now-familiar mouse (Soc1l). The test mouse was again
allowed to explore and interact with both mice for 10 min. Social
interaction was defined as each instance in which test mouse
sniffed the objects/strangers, or oriented its nose toward and
moved into the interaction zone (within 5 cm) of the wired cups.
EthoVision XT 14.0 was used to measure time spent in each
chamber and visualize the movement tracks and speed. We used
the social preference index (SPI) in addition to time spent in each
chamber, which is defined by the numerical difference between
times spent exploring the test targets divided by total time spent
exploring both targets.

Statistical Analyses

Data were processed using Image ], Microsoft Excel, MATLAB,
GraphPad Prism 8.0, and Adobe Creative Cloud. Quantitative
results were expressed as mean=+s.e.m. Sex as a biological
variable was addressed by first analyzing sex-disaggregated data
and visualized separately on the graph where applicable. In all
analyses, we did not observe a significant effect of sex, as such
data from male and female were pooled for analysis. Shapiro-
Wilk test and F test were used to test normality and equal vari-
ance. For normally distributed and equal variance data, Student
t test or one-way/two-way analysis of variations (with optional
post hoc Sidak’s multiple comparison test/MCT) was used. For
nonnormally distributed data, nonparametric Mann-Whitney U
tests were performed. Potential data outliers (at least three stan-
dard deviations from the mean) were excluded from analysis.
For dendritic arborization/Sholl analysis, a two-way ANOVA was
used to assess group effects. Kolmogorov-Smirnov (K-S) test was
employed to compare cumulative distribution of mEPSC/mIPSC
amplitudes. P <0.05 was considered statistically significant for
all tests.

Results

Temporal Control of MET Signaling in Cortical Circuits
through Transgene Overexpression

We have previously shown that MET signaling in developing
cortical circuits is under tight temporal regulation (Eagleson
et al. 2016; Chen et al. 2020). Although there exists a regional
and cell type specificity in the temporal regulation, in general,
MET expression is strongest during the first two to three weeks
in multiple cortical regions including the prefrontal cortex (PFC),
hippocampus (HPC), and primary visual cortex (VC). Invariably,
compared with expression levels during the first postnatal week,
MET protein and signaling is precipitously downregulated by
postnatal day (PD) 21 in all cortical regions (Chen et al. 2020).
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In this study, to ascertain the functional significance of the
signaling downregulation, we used a controllable Met transgenic
mouse line (TRE-MET) (Chen et al. 2020) (see Materials and
Methods) crossed to the CaMKII-tTA line (Mayford et al. 1996)
(Fig. 1A) and focused on the effects of MET overexpression (OE)
on PFC neuron structure and function. In the TRE-MET mouse
line, MET expression is driven by the tetracycline response ele-
ment (TRE) promotor, which does not lead to Met transgene
expression in the absence of tTA (Fig. 1B). The double trans-
genic TRE-MET:tTA offspring that achieves MET OE is hereafter
referred as controllable transgenic overexpression (cto-MET).
Cto-MET allows exquisite temporal control of MET expression;
Met transgene expression in cto-MET PFC can be completely
suppressed by feeding the DOX-containing chow to the dam/lit-
ter from birth (detected by transgene Myc tag—Fig. 1B) at P21.
In contrast, removal of DOX at P14 leads to long-lasting Met
transgene expression when detected at 7 days and 6 weeks later
(Fig. 1B).

In the P25-28 cto-MET PFC, while continued DOX led to
cto-MET suppression and minimum endogenous MET signaling
(Fig. 1C. Measured by pY1234/1235, n=4), removal of DOX at P14
resulted in dramatically increased pY1234/1235 in PFC tissue
and to a lesser degree in the hippocampus CA1 tissue (Fig. 1C).
As expected, cto-MET led to a marked increase of total MET
protein. These data demonstrate that cto-MET signaling can be
temporally controlled precisely by DOX.

Extending MET Signaling in Cortical Circuits Alters
Synaptic Proteins and Signaling Pathways Implicated
in Spine Dynamics

We have previously found that in the developing VC, cto-MET
led to increased activation of small GTPases Cdc42 and Racl
(Chen et al. 2020). We asked whether this signaling is a gen-
eral mechanism and also operates in developing PFC circuits.
Probing P22-25 PFC tissues from cto-MET and its nontrans-
genic littermate controls revealed that cto-MET also resulted
in significantly increased Cdc42 and Racl activation (Fig. 2A,
P=0.0029 for Cdc42, P=0.007 for Racl, n=4; quantification in
Supplementary Fig. 1). Because Cdc42 and Racl are coupled to
dendritic spine morphogenesis and actin dynamics through the
actin depolymerizing factor cofilin (Arber et al. 1998; Yang et al.
1998; Sarmiere and Bamburg 2004; Pontrello et al. 2012; Bosch
et al. 2014), we further probed levels of cofilin phosphoryla-
tion (p-Ser3) (Moriyama et al. 1996). We found that cto-MET
led to a significant increase in p-Ser3 levels in both PFC and
HPC tissues, without altering the total levels of cofilin protein
(Fig. 2A, Supplementary Fig. 1,P =0.011 for PFC, P =0.008 for HPC,
n=4).

To further test how cto-MET may affect the levels of PFC
synaptic proteins related to synaptogenesis and synaptic
function, we conducted western blot to quantify select synaptic
proteins involved in synaptic transmission and maturation
(Fig. 2B, Supplementary Fig. 1). In P22-25 PFC tissue lysates,
cto-MET led to increased total levels of MET (P=0.012, n=4),
p-LIMK1 (T508) (P=0.011, n=4). Cto-MET also decreased the
AMPA receptor subunit GluAl (P=0.021, n=5) and increased
the NMDA receptor subunit GluN2B (P=0.0088, n=5). These
detected changes exhibited greater enrichment in the PFC
synaptosome fractions, which showed increased p-PAK1/2
(T423/402) (P=0.0007, n=3), increased p-Ser3 (P=0.028, n=3),
and total cofilin (P =0.036, n=3) levels. There was also a marked
decrease on GluA1l (P=0.032, n=3) and GluN2A (P=0.016, n=3),
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Figure 1. Extending MET signaling in developing cortex using a cto-MET mouse model. (A) Experimental design. TRE-MET line was crossed to the CaMKII-tTA line,
which leads to transgenic MET expression in the absence of DOX. (B) No TRE-MET transgene expression was detected in the absence of tTA (top blot, lane 1). In cto-MET
double transgenic mice, MET transgenic expression is suppressed by DOX provided from PO (top blot, lane 2). MET transgene is detected at 7 days and 6 weeks after
DOX removal at P14 (top blot, lane 3, 4. n=4). (C) cto-MET leads to an increase in MET signaling, measured by pY1234/1235 in both PFC and HPC tissues. Cto-MET also

exhibits elevated MET total protein (n=4, quantification provided to the right of blot).

and increase on GluN2B (P=0.018, n=3). The observation that
synaptosome preparation shows enriched levels of PSD95 and
is absent in NeuN detection (Fig.2C) indicates the validity
of detected changes in above synaptic proteins. These data
demonstrate that MET signaling activates the small GTPases-
mediated pathway in the developing PFC that impinges on
actin dynamics, through which we hypothesize that MET
controls dendritic spine morphogenesis and synaptic molecular
constitution (Fig. 2D).

We reasoned that if cofilin p-Ser3 phosphorylation engaged
by MET signaling controls the developmental trajectory of exci-
tatory synapse, then downregulation of MET signaling could
impact the level of p-Ser3. We next investigated the temporal
pattern of p-Ser3 cofilin in developing PFC in wild-type mice
and found that PFC tissues exhibited a marked reduction of p-
Ser3 after P21, which temporally coincides with the endogenous
MET downregulation (Fig. 2E). P-Ser3 levels thereafter quickly
achieved a stable, low level in P33-57 tissue. Considering MET
signaling leads to increased p-Ser3, we hypothesized that down-
regulation of MET signaling may contribute to p-Ser3 reduc-
tion that naturally occurs as the developing cortex matures.
Indeed, comparing P7 and P21 PFC tissues in Met™:.emx1°re
mice (Met®®©) and littermate controls revealed that genetic dele-
tion of MET signaling in the PFC led to dramatic reduction of p-
Ser3 at P21, while control PFC tissues did not differ in p-Ser3 at
these two ages (Fig. 2F). Taken altogether, these data show that
MET signaling engages mechanisms related to spine morpho-
genesis and developmental maturation of synapses in PFC.

Enhanced MET Signaling Increases Dendritic
Arborization and Spine Density, but Reduces Spine
Head Size in PFC Projection Neurons

Based on the molecular findings above, we asked whether timely
downregulation of MET is required for normal development of
neuronal morphology of prefrontal projection neurons. Deep
layer cortical neurons express MET developmentally (Judson et
al. 2009; Kast and Levitt 2019). To ensure meaningful comparison
of the same neuronal type, we chose to study corticostriatal
(Cst) L5 neurons, which form subcortical circuits, are disrupted
functionally by MET (Qiu et al. 2011), and are involved in com-
plex cognitive, social, and emotional behaviors (Peca et al. 2011;
Willsey et al. 2013; Kim et al. 2016; Mei et al. 2016).

Cto-MET mice were fed with DOX-chow from PO and switched
to DOX-free chow at weaning (P21) to turn on Met transgene
expression. We first injected retrobeads (Qiu et al. 2011) into the
dorsal striatum in both cto-MET and their littermate controls at
P34 and then selected the beads+ L5 CSt neurons to reveal their
morphology using biocytin filling (Fig. 3A). Only CSt neurons
without apparent cutoffs of apical dendrites were selected for
dendritic arbor reconstruction (Fig.3B). Sholl analysis (Sholl
1953) of dendritic length as a function of distance from soma
revealed a significantly increased dendritic length distribution
in cto-MET neurons (Fig. 3C, F(3 17y =5.35; P=0.034 for genotype
effect). In addition, cto-MET neurons exhibited significantly
increased dendritic intersection number (Fig. 3D, F( 17)=8.18;
P=0.011).
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Figure 2. Cto-MET leads to small GTPases activation and altered profiles of synaptic proteins in the PFC. (A) cto-MET significantly increased the GTP-bound, activated
forms of Cdc42 and Racl (n=4) in PFC. Cto-MET also increased cofilin phosphorylation (p-Ser3), and GluN2B protein levels in PFC and HPC whole tissue lysates.
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P21 and P33 in the PFC in WT mice (n=3). (F) MetXO PFC tissues showed an early reduction of p-Ser3 at P21 compared with WT mice (n=3).

We next quantified dendritic spine morphology. A repre-
sentative CSt neuron dendritic segment (maximum intensity
projection) and its re-reconstructed images from control and
cto-MET are shown in Fig. 3E. Removing DOX at P21 to allow cto-
MET signaling for two weeks resulted in a significant increase in
spine density (Fig. 3F; number per 10 um: control, 10.35+0.47;
cto-MET, 13.89 £ 0.45; t(33 =5.3,P < 0.0001). In addition, there was
a significantly increased spine length distribution for cto-MET
neurons (Fig. 3G, D=0.277, P <0.0001; control, n=268 spines
from 8 neurons/5 mice; cto-MET, n = 278 spines from 7 neurons/5

mice). Based on classic morphometric parameters, we further
classified spines into four categories: “filopodia,” “stubby,”
“mushroom,” and “long thin” (Peng et al. 2016). We found that
cto-MET had a significant effect on spine classification (Fig. 3H,
F(1,100) =45.4, P <0.0001. Two-way ANOVA); whereas cto-MET
increased the number of “filopodia,” “stubby,” and “long thin”
immature type of spines, the number of “mushroom” type of
mature spines was significantly reduced (Fig. 3H, P <0.0001
for genotype comparison within each category, Sidak’s MCT).
The data indicate that cto-MET accumulation well beyond
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the normal period of endogenous receptor expression has a
dramatic effect on L5 PFC dendritic arborization and spine
maturation.

Extended Signaling of MET in Prefrontal Projection
Neurons Alters Synaptic Activity

The increased spine density, length, and decreased mushroom
type of spines collectively indicate that L5 CSt neurons maintain
an immature phenotype as a result of extending MET expres-
sion. We next asked whether timely downregulation of MET
is required for normal development of synaptic activity and
functional maturation in PFC CSt neurons. Cto-MET and con-
trol mice were fed with DOX chow from PO, switched to DOX-
free chow at P21, and sacrificed for recording at P35-40. This
results in transgenic MET signaling for approximately two addi-
tional weeks. Bead+ CSt L5 neurons in PFC slices were voltage-
clamped to record the spontaneous mEPSC activities (Fig. 4A).
cto-MET neurons exhibited overall smaller mEPSC amplitude
(Fig. 4B. Test on cumulative distribution, P < 0.001, K-S test. Con-
trol, n=1135 events/11 cells/5 mice; cto-MET, n = 1293 events/12
cells/6 mice). In contrast, cto-MET neurons showed a signifi-
cant increase in mEPSC frequency (Fig. 4C. Control, 2.66 +0.25
events/s; cto-MET, 3.944+0.31 events/s, tp7) =3.29, P=0.0028),
potentially reflecting weaker yet more numerous inputs. We
next recorded mIPSC activity in these neurons (Fig.4D) and
found that cto-MET did not alter either mIPSC amplitude (Fig. 4E,
P =0.68,K-S test. Control, n = 887 events/10 cells/5 mice; cto-MET,
n=1130 events/11 cells/6 mice) or mIPSC frequency (Fig. 4F; con-
trol, 3.86 & 0.40 events/s; cto-MET, 4.24 & 0.43 events/s, t(y7) = 0.63,
P =0.53). These results are consistent with the cto-MET-induced
immature spine morphology of CSt L5 neurons and suggest that
extending MET expression leads to a combined decrease in spine
maturation and altered synaptic inputs.

Excitatory synapse maturation is also reflected by a tem-
poral increase in AMPA receptor content, rendering the imma-
ture “silent synapse” functional (Liao et al. 1995; Harlow et
al. 2010; Huang et al. 2015). To investigate whether extend-
ing MET expression disrupts this process, we next measured
AMPA/NMDA receptor current ratio (A:N) by stimulating the L2/3
inputs (Fig. 4G) and recording whole-cell synaptic currents in
L5 CSt neurons. Consistent with an immature phenotype, cto-
MET neurons exhibited a significantly reduced A:N ratio (Fig. 4H;
control, 1.4540.08, n=13; cto-MET, 1.14 4+ 0.08. n =13, togy = 2.79,
P=0.010). These data indicate that cto-MET leads to both struc-
tural and functional cellular phenotypes that are consistent with
disrupted developmental maturation of L5 CSt PFC neurons.

Sustained MET Expression Alters Prefrontal Cortical
Circuit Connectivity

We next asked whether cto-MET changes the interlaminar, local
synaptic connectivity of L5 CS neuron. PFC L5 projection neurons
receive major synaptic inputs from L2/3, in addition to weaker
inputs from other layers and neuronal types (Dembrow and
Johnston 2014; Dembrow et al. 2015; Markram et al. 2015). We
used LSPS mapping (Shepherd and Svoboda 2005; Suter et al.
2010; Qiu et al. 2011) to quantify synaptic inputs made onto
PFC L5 CSt neurons (Fig. 5A,B). Control and cto-MET mice were
sacrificed at P35-40 and sagittal PFC slices were made. Bead+
L5 CSt neurons were first voltage-clamped at —70 mV to obtain
excitatory synaptic currents in responses to glutamate uncaging

at 16 x 16 locations (Fig. 5C) and then at 0 mV to obtain inhibitory
responses (Fig. 5D).

After collecting multiple LSPS maps in each group, averaged
excitatory maps revealed that control L5 CSt neurons receive
strong inputs from L2/3 location (Fig. 5E). Compared with con-
trol CSt neurons, L2/3 inputs to cto-MET CSt neurons were
markedly altered. Although quantification of inputs did not
exhibit altered overall laminar excitatory synaptic connectiv-
ity (Fig. 5F, main effects on genotype, F(; 416 =1.10, P=0.29),
the averaged inputs from combined L2/3 locations showed a
significant reduction (Fig. 5G; control, 29.1 +3.38 pA; cto-MET,
20.0£1.69 A, tipg) =2.58, P = 0.015). Surprisingly, cto-MET L5 CSt
neurons received significantly stronger inputs from L5 loca-
tions (Fig. SH; control, 4.92 +1.34 pA; cto-MET, 11.45+2.32 pA,
tiog) =2.34, P=0.033). These altered laminar inputs suggest that
connectivity onto L5 neurons is changed with sustained MET
signaling. We next quantified the inhibitory connectivity. L5 CSt
neurons receive major inhibitory inputs from both L5 and L2/3
locations (Fig. 5I). No effect on genotype was found for the overall
laminar inhibitory connectivity (Fig. 5/. Main effects on geno-
type, F1,406)=1.64, P=0.20). In addition, comparison of com-
bined averaged inhibitory inputs from L2/3 and L5 also revealed
no statistical significance (Fig. 5K; control, 69.01 +4.94 pA; cto-
MET, 66.86+5.52 pA, t(31)=0.28, P=0.77). Therefore, sustained
MET signaling in PFC L5 neurons results in altered synaptic
connectivity, which likely disrupts the integration of different
input sources and outputs of these projection neurons.

Decreased Spine Pruning Contributes to Increased
Spine Density in Visual Cortex Projection Neurons

The cto-MET-induced increase in spine density and inhibitory
phosphorylation of the actin-binding protein cofilin suggest
that extending MET signaling may result in disrupted spine
dynamics and pruning. Therefore, we performed in vivo spine
imaging to determine whether the increased spine density may
be a result of increased spine production or decreased spine
pruning. We crossed the cto-MET mice with the Thy1-GFP line
(Feng et al. 2000) and conducted repeated two photon imaging
on dendritic spines in the primary visual cortex (V1) of cto-
MET::Thyl mice and their littermate control mice that do not
express the TRE-MET transgene (Fig. 6A). Because mPFC is not
readily accessible for repeated in vivo imaging, we turned to a
more technically tractable cortical area, V1, which has similar
temporally controlled MET expression patterns to mPFC (Judson
et al. 2009; Judson et al. 2011; Kast and Levitt 2019), and exhibits
altered critical period maturation due to extended MET signaling
(Chen et al. 2020). Considering MET signaling engages conserved
molecular mechanisms impinge on the spine dynamics, we
reason that the effects of cto-MET on spines in V1 may be con-
served and applicable to mPFC circuits. We adopted a thinned
skull preparation (Fig. 6B) (Yang et al. 2010; Yu and Zuo 2014) to
minimize the potential activation of microglia, which can affect
synapse development (Parkhurst et al. 2013; Schafer and Stevens
2013; Zhan et al. 2014). Two imaging sessions were carried out
(Fig. 6C), one each at P25 and P32. Dendritic spine formation and
elimination during the one-week period was measured.

We designed two experimental groups using cto-MET:Thy1-
GFP mice (Fig. 6C); the first group received DOX chow from
PO but switched to DOX-free chow at P14 to turn on cto-
MET. The second experimental group (cto-METOVOFF) was
designed to examine the effect of turning off MET signaling
on spine dynamics, in which cto-MET mice were fed regular
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chow from PO but were switched to DOX-chow at P21 to
suppress MET signaling. Control mice (tTA:Thy1-GFP) were fed
with DOX chow from birth and throughout the experiment.
Overall, disrupting MET signaling during the normal period
of pruning significantly altered spine dynamics (Fig. 6D. Main

effect on group: F(; 33 =13.99; P <0.0001). Compared with the
spine formation rate in control mice (10.69+1.52%, n=11
mice), cto-MET exhibited a significant increase in the rate of
spine formation (15.00+1.28%, P=0.031; Dunnett’s multiple
comparison test, n=12 mice), whereas cto-MET°VOFF led to a



1778 | Cerebral Cortex, 2022, Vol. 32, No. 8

mEPSCs
B **% 1y < 0,001 C  *p=00028
0.12 ¢ 1
N male
| /| (1135, 1293 events) | 0.8 o female
o 1 T =6f
> 0.08 2 3 o
wrew v e e e [NEIEEI I E -06 E ;
o) 104 2 >
o .04 | 5 g = |0
20pA ( E O o0
1sec | 102 5 o o
_’— O S'EJ o
10pA -
|‘_°Eqs ° 0 20 40 68 0
binsize = 1pA MEPSC Amplitude (pA) LW N
mIPSCs
D E . F
r p=0.68
[N T T T A N I 50.06, (887, 1130 events) 8 p=053
S 108 5 °
- S %o ° °
zooa| [l 106= 5 o
IR N T A R RN R TR YT © i > e °-[-O
5 r I sl 104 ® $4 °T
S FE =] g © w0 00
$0.02] | X £ ot 0 °
25pA S ' 020 22}
1sec Q i =
0 !J“ |' i
10pA 0 pbinsize=050n 40 80 120
IL)ms MEE=0PR  mIPSC Amplitude (pA) ‘\Q\
L23>>L5 synaptic
H - *p= 0.010
o
21
e« o
< .0
axs T T o
sz ° x
Z c 1F o
2e %
R ous Callosup, 2 S L
= ()
0

Figure 4. cto-MET leads to altered synaptic activity and maturation of L5 CSt neurons in the PFC. (A) Sample mEPSC recordings from control and cto-MET L5 CSt
neurons. Vertical ticks indicate timestamps of detected mEPSCs. (B) Histogram and cumulative distribution of mEPSC amplitudes from control and cto-MET L5 CSt
neurons. ***P <0.001, K-S test. Inset, scatter plot of analyzed mEPSC amplitudes. (C) cto-MET increased mEPSC frequency. t(,7) = 3.29, **P =0.0028. (D) Sample mIPSC
responses from control and cto-MET L5 CSt neurons. (E) Histogram and cumulative distribution of mIPSC amplitudes. Cto-MET did not change cumulative mIPSC
amplitude distribution. P =0.68, K-S test. (F) cto-MET had no effect on mIPSC frequency. t(,7 =0.63, P=0.53. (G) Illustration of measurement of AMPA/NMDA receptor
current ratio at the L2/3 > L5 synapse. (H) cto-MET significantly reduced AMPA/NMDA receptor current ratio. t,q = 2.79, *P=0.010.

significant decrease in the rate of spine formation (6.33 +0.73%,
P=0.026; n=13 mice). Altered cto-MET signaling also disrupted
normal spine elimination dynamics (F( 33 =19.42; P <0.0001).
Compared with the spine elimination rate in control mice
(10.19+1.03%), cto-MET exhibited a significant decrease in the
rate of spine elimination (6.56+0.78%, P=0.014). In contrast,
cto-METON/OFF exhibited a significant increase in the rate of
spine elimination (14.13+0.79%, P=0.006). Together, these in
vivo longitudinal imaging data strongly suggest that tempo-
rally controlled MET signaling regulates spine dynamics and
pruning.

Briefly Extending MET Signaling for 2 Weeks in
Juvenile Cortex Leads to Select Behavioral Disruption in
Adult Mice

The data thus far demonstrate that sustaining MET expression
for two weeks after downregulation of the endogenous signaling
leads to altered biochemical, morphological, and electrophys-
iological maturation of L5 Cst neurons. These changes may
account for altered synaptic activity and circuit connectivity
(Geschwind and Levitt 2007; Rudie et al. 2012; Hong et al. 2019;
Maximo and Kana 2019). The influence of the highly controlled
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Figure 5. cto-MET leads to altered intracortical circuit connectivity. (A) Schematic illustration of a parasagittal PFC slice and whole-cell recordings on beads+ L5 CSt.
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timing of MET signaling in subsets of cortical neurons ulti-
mately may modulate the plasticity and function of circuits that
express the receptor developmentally and impinges on behavior.
To address this, cto-MET mice were fed DOX chow until P21
and then switched to DOX-free chow for two weeks, through
puberty before switching back to DOX chow to turn off cto-
MET. Littermate mice with no TRE-MET transgene but with the
same DOX chow regimen served as the control group (Fig. 7A).
We then conducted a battery of behavior tasks at 16-20 weeks,
corresponding to young adults.

Mice were first scored for exhibiting repetitive behaviors in
their home cage. Compared with controls, cto-MET mice showed
significantly altered repetitive behavior profiles (Fig. 7B; main
group effect: F(; gy)=27.7, P <0.0001; interaction, F( g1)=9.98,
P=0.0001). Specifically, cto-MET mice spent increased time
digging (control, 18.5+3.4 s, n=14 mice; cto-MET, 58.8 +10.1 s,

n=15 mice, P=0.038) and jumping (control, 8.6 +2.0 s; cto-
MET, 110.1+23.5 s, P<0.0001). In addition, cto-MET mice
exhibited increased marble burying (Fig. 7C; number of marbles
buried: control, 3.57 £ 0.56; cto-MET, 6.20 +0.72. P = 0.009, Mann—
Whitney U test). cto-MET mice showed no difference in
repetitive grooming (Fig. 7B; total time spent in grooming during
a 30-min session: control, 35.4+4.35 s; cto-MET, 37.8+4.0 s;
two-way ANOVA with Sidak’s MCT, P =0.99). The increase in the
subset of repetitive behaviors is not due to an increase in basal
locomotor activity, as cto-MET mice perform similarly in the OF
test (Fig. 7D) in terms of total distance traveled (Fig. 7E; control,
49.2+£3.58 m; cto-MET, 46.3+2.94 m, t(5;) =0.64,P= 0.53).

We next asked whether cto-MET alters anxiety levels. One
measure is the amount of time in the center compared with
walls of the OF. There were no differences between control and
cto-MET mice (Fig. 7F; control, 49.5+5.8 s; cto-MET, 50.2+7.9 s,
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tp7=0.07, P=0.94) during the 10-min test. Mice were next
assessed on the EPM (Fig. 7G). Cto-MET mice exhibited similar
open arm entries (Fig. 7H; control, 5.71 £0.9; cto-MET, 6.20 + 0.63,
P=0.48. Mann-Whitney test) and the amount of time spent in
the open arm (Fig. 7I; control, 38.5+3.8 s; cto-MET, 34.4+4.8 s,
t(o7)=0.69, P=0.49).

To examine sociability and social novelty, the mice were run
in a three-chamber social interaction test (Fig. 7J), which was
conducted in three phases (Silverman et al. 2010; Rein et al.
2020). cto-MET mice differed significantly in their overall social
preference index (SPI) score across the three phases (Fig. 7K;
main effect of group, F; g1 =30.5, P < 0.0001. Two-way ANOVA).
While cto-MET mice did not show preference over two different
nonsocial objects (phase 1, SPI: control, 0.031 4 0.035; cto-MET,
0.091+0.027. P=0.28, Sidak’s MCT), they exhibited a signifi-
cantly lower SPI in the phase 2 test (Fig. 7K; control, 0.50 £ 0.022;
cto-MET, 0.15 £ 0.021. P <0.0001, Sidak’s MCT), during which an
unfamiliar mouse and inanimate object were presented. In addi-
tion, cto-MET showed a decreased SPI toward a stranger mouse

(Soc2) over a familiar mouse (Socl) in phase 3 test, indicative
of impaired social novelty (Fig. 7K; Control, 0.241+0.019; cto-
MET, 0.127 +0.036. Two-way ANOVA with Sidak’s MCT, P =0.021).
We also quantified total time spent in interaction with the
social and nonsocial object during phase 2 (Fig. 7L). Cto-MET
mice significantly differ in their overall time spent investigating
Socl and NS object (F(354 =14.85, P=0.0003); whereas control
mice clearly demonstrated an increased time in interacting with
social subject (Socl, 143.6+8.4 s; NS, 55.4+4.4 s, P<0.0001.
Two-way ANOVA with Sidak’s MCT), cto-MET mice exhibited no
preference for the Socl social subject (Socl, 73.8+19.1 s; NS,
82.5+21.3 s, P=0.45). These data indicate that extending MET
signaling during the adolescent period results in long-lasting
changes of a subset of adult behaviors, including social behavior.

Discussion

The current study uses a novel transgenic mouse with regulatory
capabilities, combined with an interdisciplinary approach, to
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Figure 7. Cto-MET in developing cortex leads to select behavioral changes in adults. (A) Experimental paradigm for cto-MET. cto-MET was turned on briefly to
extend/enhance MET signaling for two weeks (P21-35). (B) cto-MET increased digging (*P =0.038) and jumping (****P < 0.0001) behaviors in young adult mice. (C)
cto-MET increased repetitive marble-burying behaviors in young adult mice (**P=0.009). (D) Representative heatmaps and moving tracks/speed in an OF test of
control and cto-MET mice. (E) cto-MET did not alter the distance traveled during the 10-min OF test. t(57) =0.64, P=0.53. (F) cto-MET did not alter the time spent in
center of the open field. ty;) =0.07, P=0.94. (G) Representative heatmaps and moving track/speed in an EPM test. (H) cto-MET did not alter the number of open arm
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(P=0.021) tests. (L) Control mice spent significantly more time interacting with Soc1 over the N-S object (***P =0.0003). In contrast, cto-MET did not exhibit such a
preference (P=0.45).

identify a signaling mechanism through which maturation
of excitatory synaptic connectivity and function occur in the
cerebral cortex. Here, experiments reveal that normal timing
of MET signaling is a critical molecular determinant of circuit

maturation in the postnatal PFC. A convergence of data shows
that sustained MET signaling past the time of its normal
decline is sufficient to alter neuronal dendritic structure, spines
morphology, biochemical maturation of synapses, physiological
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maturation of intracortical circuits, and the emergence of
repetitive motor and social behaviors that involve PFC-related
circuitry.

Receptor tyrosine kinases play key roles in mediating histo-
genic events in the developing brain (Hausott et al. 2009; Park
and Poo 2013; Wittkowski et al. 2014). Unlike many other RTKs,
one key feature of MET signaling in cortical circuits, which is
conserved in all species examined thus far (Judson et al. 2009;
Judson et al. 2011; Mukamel et al. 2011), is that receptor activity
is largely restricted to late prenatal and early postnatal periods.
In rodents, this occurs in the first 2-3 weeks after birth, during
which MET has been shown to promote neuronal dendritic
morphology and synaptogenesis (Gutierrez et al. 2004; Qiu et al.
2014; Eagleson et al. 2016; Peng et al. 2016; Xie et al. 2016). In the
adult mouse brain, a much lower level of MET is located at both
presynaptic and postsynaptic compartments (Eagleson et al.
2013) but is capable of modulating mature synapse function and
plasticity (Akimoto et al. 2004). The effect of MET signaling on
neuronal morphology is observed in cultured cortical and hip-
pocampus neurons (Qiu et al. 2014; Eagleson et al. 2016; Xie et al.
2016), suggesting that cell-autonomous mechanisms in dorsal
pallial neurons are involved in modulating morphological devel-
opment. Intriguingly, abrupt downregulation of MET signaling
precedes the peak of synapse pruning, functional maturation,
and refinement of connectivity (Eagleson et al. 2016). Disruption
of this pattern of signaling, such as that occurs in mice with
conditional knockout of Met gene, leads to altered maturation
and a major disruption of the timing of critical period plasticity
in the visual cortex induced by monocular deprivation (Chen et
al. 2020). Utilizing the unique cto-MET model, we now report
that extending MET signaling for a brief period in developing
cortical circuits leads to disrupted molecular signaling networks,
leading to activation of the small GTPases Racl, Cdc42, and
persistent inhibition of the actin depolymerizing factor cofilin.
These molecular adaptations are consistent with the observed
disruption of mature spine formation and the elimination dur-
ing a specific time window of cortical circuit development.

Normal MET expression in developing PFC is temporally regu-
lated in subsets of superficial and deep layer excitatory neurons
(Judson et al. 2009). Here we used a tTA mouse line to drive
cto-MET broadly in excitatory neurons, which may result in
MET+ neurons that normally don’t express the receptor. Never-
theless, the temporally regulated cto-MET expression approach
adopted here, although artificial, reveals that dysregulation of
the receptor temporally during development is sufficient to
impact neuronal maturation at multiple levels. While studies
of postmortem human brain of individuals with neurodevel-
opmental disorders do not provide direct information on key
dysregulated molecular pathways during late prenatal and early
postnatal periods of extensive neuronal and synapse growth,
many of the causal genes are powerful regulators of pathways
involved in neurogenesis and neuronal and synaptic matu-
ration (Harlow et al. 2010; Gandal et al. 2018; Li et al. 2018;
Ramaswami et al. 2020; Searles Quick et al. 2021). MET signal-
ing is pleiotropic, capable of engaging multiple pathways that
cross talk with many key developmental hub genes implicated
in neurodevelopmental disorders. For example, MET signaling
intersects FOXP2 and MeCP2 (Mukamel et al. 2011; Plummer et
al. 2013), which likely modifies broad developmental milestones
of forebrain circuits. MET is well-known to be pleiotropic (Peng
et al. 2016), interacting with molecular regulators of neuronal
survival in motor neurons (Novak et al. 2000; Genestine et al.
2011; Lamballe et al. 2011), as well as synapse formation and

neuronal maturation, such as shown here with small GTPases,
as well as ERK and PI3 kinase intracellular signaling pathways
(Eagleson et al. 2016).

Importantly, we found dramatic effects imparted by mist-
imed MET signaling on cortical circuit development, revealed
by a number of measures that use different methods that con-
sistently demonstrated an altered maturational trajectory. Sus-
tained MET signaling for two weeks following in vivo downregu-
lation of MET leads to elevated spine density, reduced spine size,
increased spontaneous synaptic inputs of weaker amplitudes,
and disrupted topology of intracortical connectivity. Specifically,
L5 CSt neurons show smaller yet more numerous number of
spines, which is consistent with the measures of more fre-
quent mEPSCs of smaller amplitudes. These excitatory synapses
in cto-MET mice may be bridled in an immature state, con-
sistent with the decreased A:N ratio, increased GIluN2B, and
decreased GluAl content in the synaptosome. In addition, we
found that sustained MET signaling leads to intracortical exci-
tatory connectivity changes; while the major inputs from L2/3
are decreased, L5 CSt neurons show increased inputs from L5
locations. It has been shown that critical period plasticity of
cortical development involves extensive spine dynamics and
structural remodeling (Majewska and Sur 2003), which enable
proper selection of competing inputs driven by behavioral expe-
rience. In contrast to excitatory connectivity, cto-MET did not
change inhibitory connectivity onto CSt neurons. Considering
disrupted E/I balance is a posited circuit pathology in many
neurodevelopmental disorders (Rubenstein and Merzenich 2003;
Levitt et al. 2004; Lee et al. 2014; Sohal and Rubenstein 2019),
our findings suggest potential disruption of E/I balance of spe-
cific intracortical circuits in mPFC. Collectively, these synaptic
changes on L5 CSt neurons may lead to altered cortical outputs,
as L5 projection neurons are involved in the top-down mod-
ulation of subcortical forebrain (e.g., striatum and amygdala)
and brainstem (e.g., vagal) targets. L5 pyramidal neurons also
receive inputs from all cortical layers and integrate multiple
local and afferent pathways (Markram et al. 2015). L5 PFC neu-
rons are among the cortical populations that normally express
MET, appear to be vulnerable in ASD and other neurodevel-
opmental disorders (Willsey et al. 2013; Arion et al. 2015; Gao
and Penzes 2015; Kalmbach et al. 2015; Gandhi and Lee 2020),
and form circuits frequently implicated in generating complex
cognitive, emotional regulatory, and social behaviors (Peca et al.
2011; Kim et al. 2016; Mei et al. 2016). In addition, since subsets
of excitatory neurons express MET across cortical regions, it
is conceivable that altered circuit outputs may be a common
feature associated with mistimed MET signaling.

We have recently reported that in primary visual cortex,
MET activates small GTPases that are coupled to molecular
machinery operating at dendritic spines (Chen et al. 2020) and
may account for the cell autonomous effects on spine mor-
phogenesis observed in hippocampus CA1 neurons (Qiu et al.
2014). Here we found that cto-MET leads to persistent activa-
tion of Racl and cdc42 in PFC. Activation of Racl and Cdc42
is coupled to inhibitory phosphorylation of the actin filament
depolymerizing protein cofilin (Arber et al. 1998; Carlisle et al.
2008; Calabrese et al. 2014). It is well established that Rho GTPase
regulatory proteins control synapse development and structural
plasticity (Luo 2002; Govek et al. 2005; Murakoshi et al. 2011;
Tolias et al. 2011; Lai and Ip 2013). Cofilin is required for actin
polymerization, which is critical for formation and enlarge-
ment of dendritic spines during neuronal activity (Penzes et al.
2011; Borovac et al. 2018) and AMPA receptor trafficking during
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synaptic plasticity (Gu et al. 2010). Consistent with these find-
ings, the results reported here suggest that dysregulated MET
signaling that results in persistence may promote spine produc-
tion and, through cofilin (Ser3) phosphorylation (Moriyama et al.
1996), inhibits spine actin dynamics that is required for activity-
dependent spine pruning and refinement of connectivity (Arber
et al. 1998; Gu et al. 2010; Calabrese et al. 2014). This hypoth-
esis is supported by the present in vivo two-photon dendritic
spine imaging data, which revealed increased spine formation
and decreased elimination with sustained MET signaling. In
comparison, terminating cto-MET at P35, which is beyond the
normal period of pruning, leads to an increased rate of spine
pruning. These data are consistent with our recent observation
that turning off MET signaling after prolonged Met transgene
expression opens a time window of heightened visual plasticity
(Chen et al. 2020), well beyond the normal visual cortex critical
period for monocular deprivation. Taken together, these data
suggest that promotion of MET signaling during maturational
growth phases of neurons, followed by termination, is an impor-
tant regulatory sequence that may control balanced spine pro-
duction and elimination, which is critical for normal synaptic
connectivity.

A putative pathophysiology of autism is the disrupted timing
synapse maturation, cortical circuit connectivity, and changes
in activity-dependent plasticity that impinges on adult behavior
(Aldinger et al. 2011; Berg and Geschwind 2012; Zoghbi and Bear
2012; Berger et al. 2013). Although MET is not causal for ASD,
or implicated in ASD pathogenesis as revealed by genome wide
association studies, MET-expressing neuronal circuits have been
shown to modify mouse behavior, including social behavior,
likely through altered interactions with transcription factors and
synaptic signaling molecules (Campbell et al. 2006; Campbell
et al. 2007; Xie et al. 2016). For example, 5-HT+ raphe neu-
rons that express MET prenatally have been shown to mod-
ify social behavior (Okaty et al. 2015). We found that cto-MET
does not affect basal locomotor activity and anxiety measures
yet increases repetitive/stereotypical grooming, jumping, and
marble-burying behaviors. Most remarkably, these mice show
impaired sociability and reduced social novelty. The current
work lends support to the emerging view that neurodevelop-
mental disorders such as ASD may be characterized in part by
mistimed critical and sensitive periods of circuit development
(LeBlanc and Fagiolini 2011; Berger et al. 2013; Krishnan et al.
2015).

Our results provide important new insights into an important
developmental role for the temporal regulation of a pleiotropic
signaling system, particularly as shown here in excitatory corti-
cal neurons. We recently reported that young adult (2-3 months)
Met®®°© mice exhibited enhanced hippocampus plasticity, learn-
ing and memory, yet these mice showed early cognitive decline
as they reach 10-12 months of age (Xia et al. 2021). Here, we
further revealed the functional significance of the temporally
delimited MET signaling by showing that extending MET sig-
naling for two weeks after the abatement of endogenous MET
leads to perpetuation of adult behavior. Thus, the impact of
MET on the developing brain may be multifaceted, prolonged,
and profound, which lends accumulating evidence that criti-
cal timing of molecular signaling events during development
can have long-term effects on brain function (Ansorge et al.
2004; Thompson and Levitt 2010; Clement et al. 2012). The cel-
lular, circuit, and behavior phenotypes described here inform
how molecular regulatory mechanisms may result in specific
network-level dysfunction that may not be causal for a specific
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neurodevelopmental disorder but still have potentimpact on the
extent of phenotypic disturbances.
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