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Abstract

Postnatal CNS development is fine-tuned to drive the functional needs of succeeding life stages; accordingly, the
emergence of sensory and motor functions, behavioral patterns and cognitive abilities relies on a complex interplay
of signaling pathways. Strictly regulated Ca21 signaling mediated by L-type channels (LTCCs) is crucial in neural cir-
cuit development and aberrant increases in neuronal LTCC activity are linked to neurodevelopmental and psychiatric
disorders. In the amygdala, a brain region that integrates signals associated with aversive and rewarding stimuli,
LTCCs contribute to NMDA-independent long-term potentiation (LTP) and are required for the consolidation and ex-
tinction of fear memory. In vitro studies have elucidated distinct electrophysiological and synaptic properties charac-
terizing the transition from immature to functionally mature basolateral subdivision of the amygdala (BLA) principal
neurons. Further, acute increase of LTCC activity selectively regulates excitability and spontaneous synaptic activity
in immature BLA neurons, suggesting an age-dependent regulation of BLA circuitry by LTCCs. This study aimed to
elucidate whether early life alterations in LTCC activity subsequently affect synaptic strength and amygdala-depend-
ent behaviors in early adulthood. In vivo intra-amygdala injection of an LTCC agonist at a critical period of postnatal
neurodevelopment in male rat pups was used to examine synaptic plasticity of BLA excitatory inputs, expression of
immediate early genes (IEGs) and glutamate receptors, as well as anxiety and social affiliation behaviors at a juvenile
age. Results indicate that enhanced LTCC activity in immature BLA principal neurons trigger persistent changes in
the developmental trajectory to modify membrane properties and synaptic LTP at later stages, concomitant with al-
terations in amygdala-related behavioral patterns.
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Significance Statement

Early-life alterations to normal developmental processes are known to change the morphology and functioning of
the amygdala in the adult brain and are correlated to emotional and behavioral disorders. However, the precise cel-
lular and molecular determinants of key neurodevelopmental stages predisposing the amygdala circuitry to patho-
logic states remain to be fully defined. Our study provides evidence that Ca21 signaling through L-type calcium
channels (LTCCs) during a vulnerable period of postnatal development is linked to long-lasting synaptic remodel-
ing associated to altered behavioral outcomes in early adulthood. The results expand our knowledge concerning
the possible pathophysiologies underlying psychiatric disorders of neurodevelopmental origin.
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Introduction
Early brain development involves the integration of nu-

merous cellular and molecular mechanisms that must
occur with temporal and spatial precision (Dehorter et al.,
2012). Calcium signaling through neuronal L-type calcium
channels (LTCCs) Cav1.2 and Cav1.3 critically influences
neurite outgrowth, myelination, synaptogenesis and fine-
tuning of neuronal networks (Cheli et al., 2016; Oh et al.,
2016; Kamijo et al., 2018). At the molecular level, Ca21 entry
through LTCCs initiates signal transduction cascades that
activate immediate early gene (IEG) transcription and regu-
late transcription factors during development (West and
Greenberg, 2011; Wild et al., 2019; Perfitt et al., 2020).
The crucial roles of LTCCs in regulating neural circuit

maturation is further evident from cognitive and behavioral
disorders linked to LTCC gene dysfunction. For example,
Timothy syndrome (TS), is a severe disorder associated with
core symptoms of autism spectrum disorder (ASD) and re-
sults from gain-of-function mutations in the Cav1.2 and
Cav1.3 LTCC genes (Splawski et al., 2005). Further, poly-
morphisms and loss-of-function LTCC variants are linked
with autism and schizophrenia (Dedic et al., 2018; Kisko et
al., 2018; Moon et al., 2018).
Neuroimaging studies in humans and experimental evi-

dence in rodents have revealed a key involvement of the
amygdala in neurodevelopmental disorders (Benarroch,
2015; Herrington et al., 2017). In animal models of ASD,
functional alterations of the basolateral subdivision of the
amygdala (BLA) result in the impairment of social interac-
tions (Truitt et al., 2007; Sosa-Díaz et al., 2014). Further,
experience-dependent synaptic plasticity in the amygdala
underlies fear processing, anxiety and social activities
(Rainnie et al., 2004; Truitt et al., 2007).
Seminal studies of the postnatal maturation of rat BLA

neurons show substantial changes in resting membrane
potential, input resistance, firing patterns and synaptic
activity occurring between postnatal day P7 and P21,
concomitant with the expansion of dendritic arbor (Ehrlich
et al., 2009, 2012, 2013; Ehrlich and Rainnie, 2015; Ryan
et al., 2016). These studies have led to the notion that the
first three weeks of rat postnatal life represent a critical
vulnerable period and that pathologic alterations can
cause permanent changes in the BLA circuitry, in line with
the hypotheses of developmental etiology of ASD and
schizophrenia (Meredith, 2015).

Prenatal stress can induce age-specific changes in so-
cioemotional behavior in rats through alterations in BLA
excitability, suggesting that developmental manipulation of
membrane electrical properties can produce long-lasting
changes in the amygdala network (Ehrlich and Rainnie,
2015). Our recent study employing rat brain slices showed
that acute application of the LTCC agonist (S)-BayK8644
(BayK) evoked a robust increase in action potential firing
and an overall increase in BLA excitability with significantly
higher impact on P7 immature neurons compared with P21
neurons (Zhang et al., 2020). However, it remains to be elu-
cidated whether LTCC-mediated BLA hyperexcitability
at P7 could subsequently translate into physiologically
relevant changes in amygdala-dependent behaviors in
early adulthood.
To examine longer-term effects of increased LTCC

activity, stereotaxic bilateral injections of BayK into the
BLA were performed in rat pups at P7, P14, or P21.
Electrophysiological, synaptic and behavioral charac-
teristics were examined at P28, a juvenile stage when
the BLA circuit has reached maturity. BayK injection
was found associated with noted changes in neuronal
membrane properties, long-term potentiation (LTP) of
excitatory inputs, ionotropic glutamate receptor subunit
expression, impairment of social interaction ability, in-
creased anxiety and the presence of repetitive behav-
iors. Together, the results support the hypothesis that
the BLA network is prone to functional manipulation
of LTCC activity, and provide evidence of a key role of
LTCCs in regulating the developmental organization of
mature networks sustaining complex behaviors.

Materials and Methods
Animals
All experimental protocols were approved by the

Animal Care Committee (ACC protocol A16-0127) of the
University of British Columbia (UBC). Pregnant Sprague
Dawley rats from Charles River Laboratories (17d of preg-
nancy on the day of arrival) were housed at room temper-
ature (24–26°C) in a 12/12 h light/dark cycle at UBC
Animal Resource Unit. To minimize any potential effects of
environmental changes we followed the UBC SOP on hand-
ing of rat and mouse pups that undergo procedures
(September 27, 2016) for habituation. Briefly, rat pups were
handled initially in the presence of the mother and then sep-
arated from the mother (30min/d) from day 0 to the day of
surgery. Rat pups were weaned at P21. Pups were ran-
domly assigned to three experimental groups with each of
the groups receiving a one-time BayK or DMSO bilateral in-
jection at a specific age (P7, or P14, or P21). Male rats were
used in all experiments. While the present study was limited
to sampling males, we expect that future studies involving
females may identify and consider any important sex differ-
ences relevant to BLA postnatal development and LTCC in-
volvement (Guadagno et al., 2020).

Stereotaxic surgery
The stereotaxic injection of vehicle (DMSO) or BayK

was performed on rat male pups from different litters at
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P7, P14, or P21 using a stereotaxic frame (David Kopf
Instruments, Model 900) with a resolution of 100 mm.
Initially, rat pups were placed in an acrylic chamber and
anesthetized with isoflurane using a VetEquip vaporizer;
anesthesia was maintained throughout the surgery using
a nose cone/face mask. Once the surgical plane of anes-
thesia was reached, the skin over the cerebrum was
incised by a 1 cm-long median-sagittal cut. Two sym-
metrical holes were made using a dental drill on each
side of the skull over the cerebrum (P7: bregma �2.4 mm
anterior-posterior, 63.4 mm medial-lateral, 6.8 mm dor-
sal-ventral; P14: bregma �2.6 mm anterior-posterior,
63.8 mm medial-lateral, 7 mm dorsal-ventral; P21: breg-
ma �3.8 mm anterior-posterior, 64.0 mm medial lateral,
7.2 mm dorsal-ventral). Bregma coordinates were estab-
lished for each age considering the rapid change in the
position of brain structures during the periods examined
(Khazipov et al., 2015). A Hamilton Neuros micro-syringe
was inserted on each side to deliver 0.5ml of a 1 mM

BayK solution (corresponding to a calculated dose of
8 mg/kg) or the same volume of DMSO vehicle into the
BLA regions. The injection duration was 5min at a rate of
0.1ml/min. After injection, the microsyringe needle was
left stationary for a further 3min before retrieval. After
completion of the procedures, the skin was sutured with
subcuticular sutures (6–0 coated Vicryl). To attenuate
surgical pain in pups, bupivacaine (diluted in saline solu-
tion to 0.25%) was dripped onto the skin when closing
the incision at the end of surgery.
In order to verify the location of bilateral injection within

the BLA, a subset of naive rats received 0.2 ml methylene
blue (20%) stereotaxic injection at either P7, P14, or P21.
Animals were euthanized, brains dissected and 300 mm
slices collected with a vibratome (VT 1200, Leica) and vis-
ually examined under the microscope. The area of BLA
containing methylene blue confirmed the accuracy and
consistency of the bilateral injection. In addition, to verify
the diffusion area of BayK injection in BLA, animals (n=4)
were euthanized, brains dissected 1 h after BayK injec-
tion, slices prepared and observed under the microscope.
The BLA area showed a rounded area of;1 mm in diame-
ter which was visible because of the yellow color of the
BayK solution.

Acute brain slice preparation
At age P28, animals were anesthetized using isoflur-

ane [5% in oxygen (v/v)] and decapitated using a
rodent guillotine. The brain was quickly removed
and transferred to ice-cold sucrose cutting solution:
214 mM sucrose, 26 mM NaHCO3, 1.25 mM NaH2PO4,
11 mM glucose, 2.5 mM KCl, 0.5 mM CaCl2, and 6 mM

MgCl2, bubbled constantly with 95% O2/5% CO2.
Trimmed brain tissue was glued to the cutting chamber
of a vibratome. Coronal brain slices containing amyg-
dala were cut to 300 mm thickness then incubated at
32°C for 1 h in artificial cerebrospinal fluid (ACSF):
130 mM NaCl, 30 mM NaHCO3, 3.5 mM KCl, 1.1 mM

KH2PO4, 1.3 mM MgCl2, 2.5 mM CaCl2, 10 mM glucose,
0.4 mM sodium ascorbate, 0.8 mM thiourea, and 2 mM

sodium pyruvate, saturated with 95% O2/5% CO2.

Electrophysiological recordings
Acute brain slices were transferred to a recording

chamber (234 ml total volume; Warner RC-26G) mounted
on the stage of an upright microscope (Zeiss Axioskop 2)
and maintained in ACSF perfusion at a flow rate of 2 ml/
min. An Ag/AgCl pellet was used for grounding the re-
cording chamber.
BLA pyramidal neurons were visually identified using in-

frared differential interference contrast (IR-DIC) in combi-
nation with a 40� water immersion objective. To confirm
the localization of the BLA area, a subset of BLA neurons
were labeled with biocytin (0.05% in internal pipette solu-
tion). All electrophysiological recordings were performed
using a Multiclamp 700B amplifier with pClamp software
version 11 and digitized with a DigiData 1550B (Molecular
Devices) acquisition system.
Whole-cell patch-clamp recordings were performed in

standard ACSF solution. An AP-1000 micropipette puller
(Sutter Instrument) was used to pull patch pipettes from
thick wall borosilicate capillary glass with final resistances
of 3–5 MV. For neuronal action potential recordings in
current clamp, pipettes were filled with the following inter-
nal solution: 130 mM K gluconate, 2 mM KCl, 10 mM

HEPES, 3 mM MgCl2, 2 mM K-ATP, 0.2 mM Na-GTP, and
5 mM phosphocreatine Tris, the pH was adjusted to 7.3
with KOH, and osmolality was adjusted to 290 mOsmol/L
with D-Mannitol. Cells with a resting membrane potential
less than �55mV, or access resistance .30 MV, or ac-
tion potentials exhibiting no overshoot were excluded.
The access resistance and bridge balance values were
checked throughout the recording and cells with .15%
changes were not included in data analyses. Current-
clamp values are reported without subtracting the liquid
junction potential, calculated as 11.4mV. For current–
voltage (I-V) relationship analyses, steady-state voltage
changes were measured and averaged over a 400-ms pe-
riod at the end of a 1 s square current pulse, and the input
resistance (Rin) calculated from the linear part of the I-V
curve near the resting membrane potential. The steady-
state frequency of action potentials was obtained from
the last 400ms of the depolarizing pulses, and plotted as
the function of normalized current injection for frequency-
current (f-I) relationship. Gain was measured as the slope
of the initial linear part of f-I curve. The recordings were
obtained and low-pass filtered at 10 kHz and digitized at
50 kHz.
The following internal solution was used to record

evoked EPSCs: 134.63 mM Cs-methanesulfonate, 5 mM

CsCl, 5 mM TEA-Cl, 0.4 mM EGTA, 10 mM HEPES, 2.5 mM

Mg-ATP, 2.5 mM Na-GTP, and 5 mM phosphocreatine
Tris; the pH was adjusted to 7.3 with CsOH and osmolality
was adjusted to 290 mOsm/L with D-Mannitol. To exam-
ine evoked EPSCs, BLA cells were held at �60mV and a
concentric bipolar stimulating electrode (CBAPC100 from
FHC Inc.) was placed on the lateral amygdala (LA). Single
pulses were generated with an S48 Stimulator via a
Stimulus Isolation Unit SIU5 (Grass Instruments) at
0.05Hz. In order to induce LTP, high-frequency stimula-
tion (HFS) was applied at 100Hz for 1 s, repeated five
times with an interval of 10 s, while the cells were held at a
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membrane potential of 130mV. EPSCs were recorded in
ACSF containing GABAA receptor antagonist picrotoxin
(PTX 100 mM) and GABAB receptor antagonist CGP52432
(1 mM). The amplitude of EPSCs was calculated as the
peak current in the first 50ms following the stimulation ar-
tifact. Data acquisition was sampled at 2 kHz and filtered
at 50 kHz.
Two different approaches were used to examine the ef-

fect of BayK on synaptic plasticity: in one group of ani-
mals the induction of LTP was tested subsequent to the
behavioral tests; in a second group, LTP recordings were
performed without animals having been exposed to any
prior behavioral experience.

Behavioral tests
All tests were performed during the dark period of the

day/night cycle in a quiet symmetrically designed test
room under dark conditions. Animal behavior was re-
corded with an overhead infrared camera (Amcrest
ProHD 1080P) placed 1.5 m away above the test cham-
ber. At P28 the juvenile animals were examined in the fol-
lowing ASD-related behavioral tests:

Three chamber test
Rodents have a preference to spend time with conspe-

cifics and this test is used to assess cognition in the form
of general sociability and interest in social novelty in ro-
dent models of CNS disorders (Malkova et al., 2012).
Experimental animals were tested in a 0.89 m L � 0.48 m
W � 0.4 m H Plexiglas box divided into three chambers;
rats could freely move between chambers through a small
opening (10� 8 cm). At the beginning of the session,
rats were placed in the central chamber for 10min to
explore the empty box to evaluate bias for either of
the side chambers. Once we confirmed that the ani-
mal had no evident bias, a stranger rat of the same
sex and similar body weight was placed in a wire cage
(12 cm in height, 9 cm in diameter) on one lateral
chamber chosen randomly; a second, identical empty
wire cage was placed on the opposite side chamber
as a nonsocial object. The time spent in each of the
three chambers was measured and social preference
calculated as [timesocial chamber/(timesocial chamber 1
timenonsocial chamber)] � 100 – 50. The test chambers
were cleaned with 70% ethanol at the end of each
session.

Social interaction test
Social interaction behaviors are employed in juvenile

and adult rats for evaluating social motivation and non-
play social behaviors (Vanderschuren et al., 2016; Pellis et
al., 2018). Experimental animals were placed individually
in the test box (0.89 m L � 0.48 m W � 0.4 m H Plexiglas
box with an open-top) 10min before the test for habitua-
tion. Then, an age-matched, sex-matched, and weight-
matched stranger rat, which had not been housed
together before the test, was placed in the test box.
Social interaction behaviors of the two juvenile rats were
recorded for 10min. The frequency and duration of the
following behavioral patterns from experimental animals
were measured with a chronometer by a blind-to-

treatment observer using the video recording: (1) chasing/
sniffing, the experimental rat follows the stranger rat and
sniffs its back and genital area; this parameter evaluates
social exploration; (2) climbing, a dominant posture in
which the experimental rat stands over the back or the ex-
posed ventral area of the stranger rat and with its front
paws presses the shoulder of the opponent against the
floor; this parameter evaluates the ability to engage in ac-
tive social interaction with conspecifics.

Self-grooming test
Self-grooming can provide an index of repetitive/ster-

eotypic behavior in rodents (Silverman et al., 2010).
Individual rats were placed into an inverted glass beaker
of 10-cm diameter � 15-cm height, covered with a filter
top, for 10min as it is known that a restricted environment
induces repetitive behavior (Lewis et al., 2007). Self-
grooming behavior was then evaluated by recording the
number and duration of self-grooming for a further 10min.
All beakers were thoroughly cleaned with 70% ethanol
before and after each test.

Open field test
This test was originally developed to assess for emo-

tionality or locomotor activity in rodents; more recently it
has been widely used for testing the level of anxiety. The
animal was placed into the open field (0.4 m L � 0.32 mW
� 0.3 m H Plexiglas box) and behaviors recorded over?
10min. Rodents typically prefer not to be in the center,
and tend to walk close to the walls since the chamber is a
novel, presumably stressful, environment. A decreased
amount of time spent in the center area (0.18 m L � 0.14
mW) of the open field may indicate a higher anxiety level.

Quantitative real-time PCR (qPCR)
BLA tissue samples were microdissected from 300 mm

coronal brain sections using a stainless-steel brain punch tis-
sue set (Leica Biosystems) to examine mRNA expression lev-
els of IEGs and ionotropic glutamatergic receptors using
qPCR (Palkovits, 1985). For IEGs c-fos, arc, and Homer1a,
tissue samples were collected at 1, 3, or 12 h after stereotaxic
injection of BayK or DMSO. For ionotropic glutamatergic re-
ceptors GluA and GluN genes, tissue samples were collected
at P28 (Table 1). BLA samples were either stored at�80°C or
processed immediately. Tissue was homogenized and total
RNA was isolated using Dynabeads Magnetic Beads
(MicroMod) and MagMax 96 for Microarrays Total RNA
Isolation kit (Ambion), then dissolved in TE buffer (IDT). RNA
was reverse transcribed into first-strand cDNA with the High-
Capacity DNA Reverse Transcription kit (Thermo Fisher
Scientific) under the following conditions in a Bio-Rad
Thermal cycler: 25°C for 10min, 37°C for 120min, and 85°C
for 5 s. All qPCR probes were obtained from Integrated DNA
Technologies (IDT); primer sequences are given in Table 1.
cDNA samples and probes were prepared with KAPA Probe
Fast 2� Mix (Sigma) and loaded as triplicates into a 384-well
processing plate. Real-time qPCR was performed in a Bio-
Rad CFX384 Touch Real-Time PCR system with an initial
step of 98°C for 2min, then the cycling conditions at 98°C for
5 s, 57.5°C for 15 s, with 40 cycles total, followed by finishing
steps at 56.6°C for 5 s and 98°C for 50 s. All samples were
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processed in triplicate and expression levels of each product
were normalized to the expression of GAPDH. Ct values were
measured from the regression function of the amplification
curve. Data are reported asmean6 SEM. Statistical compar-
ison was performed with one-way ANOVA with Bonferroni
test.

Data analysis
Electrophysiological data analyses were performed

using Clampfit version 11 (Molecular Devices) and Origin
version 2019 (OriginLab). Data are reported as mean 6
SEM. Statistical comparison was performed using hy-
pothesis testing (unpaired Student’s t test; Welch correc-
tion where appropriate). Student’s t test was used to
analyze the significance between BayK and DMSO treat-
ment groups in behavioral tests. A p value, 0.05 was
considered to indicate statistical significance. Estimation
statistics, which provide quantitative answers and infor-
mation about the precision of each measurement by
using effect size and confidence intervals (CIs; Gardner
and Altman, 1986; Ho et al., 2019; Bernard, 2019; Calin-
Jageman and Cumming, 2019), was also used to analyze
the data where appropriate using GraphPad Prism 9
(GraphPad Software). In the estimation plots in Figures 2,
3, the left axis is used for the scatter graph where individ-
ual data points are plotted, the right axis shows the differ-
ence between means with a 95% CI (in blue); dotted lines
are aligned to each respective mean. In Figures 4, 6, the
line in the box plot represents the median, the open
square represents the mean value, and whiskers are set
to cover the minimum and maximum of the data values
(Krzywinski and Altman, 2014). All n values reported as
sample size represents number of neurons recorded in
electrophysiology experiments, or number of animals in
behavioral tests and real-time qPCR experiments.

Drugs
(S)-Bay K8644, nifedipine, D-AP5, CNQX, CGP52432,

and QX-314 were purchased from Tocris Bioscience. PTX
was purchased from Sigma-Aldrich. (S)-Bay K8644, nifed-
ipine, CNQX were dissolved in DMSO and stored at �20°
C before use. Other drugs were dissolved in nanopure
H2O. All drugs were applied by perfusion in the bath
solution.

Results
Altering LTCC activity via bilateral BLA injection of
BayK at P7, P14, or P21 differentially modifies
neuronal electrophysiological properties recorded at
P28
Our previous study using brain slices showed acute

BayK application to profoundly yet differentially change
the intrinsic excitability of BLA neurons at distinct early
postnatal ages (Zhang et al., 2020). Here, we examined
whether BayK injection at P7, P14, or P21 resulted in sub-
sequent changes to basal electrophysiological proper-
ties of BLA principal neurons at P28 (Fig. 1). In animals
that received BayK injection at P14 the resting mem-
brane potential was significantly depolarized at P28 com-
pared with vehicle control (DMSO: �59.760.4mV, n=5,
BayK: �55.16 1.3mV, n=11, p=0.038, mean difference
4.659 [95% CI 0.301–9.017]; Fig. 2A), making it closer to
the action potential threshold. In contrast, animals that re-
ceived BayK treatment at either P7 or P21 did not show
significant differences in resting potential at P28 compared
with the DMSO group (P7, DMSO: �59.96 1.9mV, n=9,
BayK: �57.96 2.1mV, n=12, p= 0.516, mean difference
1.947 [95%CI�4.205–8.099]; P21, DMSO:�55.96 0.8mV,
n=7, BayK: �55.56 0.9mV, n=6, p=0.685, mean differ-
ence 0.505 [95% CI �2.164–3.173]; Fig. 2A). As determined
by I-V relations measured at P28, also notable with BayK

Table 1: Real-time qPCR probe sequences

Genes Gene ID Probe Primer 1 Primer 2

C-fos 314322 59-/56-FAM/CTGTCAACA/ZEN/CACAGGACTTTTGCGC

/3IABkFQ/�39

59-CAGCCTTTCCTACTACCATTCC-39 59-TTGGCACTAGAGACGGACA-39

Arc 54323 59-/56-FAM/CCCCCAGCA/ZEN/GTGATTCATACCAGT

/3IABkFQ/�39

59-TGAAGCAGCAGACCTGAC-39 59-GAGTCATGGAGCCGAAGTC-39

Homer1 29546 59-/56-FAM/TCCATCTTC/ZEN/TCCTGCGACTTCTCCT

/3IABkFQ/�39

59-TCTCCTCTGAGCATCATCTCTC-39 59-CTCCTGCTGATTCCTGTGAAG-39

GriA1 50592 59-/56-FAM/AGAAGCCAC/ZEN/AGAAGTCCAAGCCA

/3IABkFQ/�39

59-TTCTCCAAGCCATTCATGAGT-39 59-CGACGCTCACTCCAATGTAG-39

GriA2 29627 59-/56-FAM/TCACCAATG/ZEN/CTTTCTGCTCCCAGT

/3IABkFQ/�39

59-CTGACACCCCATATCGACAA-39 59-TCCAAAAATTGCGTAGACTCCT-39

GriA3 29628 59-/56-FAM/TGTGACTAA/ZEN/TGCTTTCTGCTCCCAGTT

/3IABkFQ/�39

59-GCCCTTCCATTTGAATTACCAC-39 59-AAAGATAGCATACACCCCTCTG-39

Grin1 24408 59-/56-FAM/CGCCTACTC/ZEN/CCAACGACCACTTC

/3IABkFQ/�39

59-GATTCTGTAGAAGCCAGCTGT-39 59-TCATCTCTAGCCAGGTCTACG-39

Grin2A 24409 59-/56-FAM/CGTCCAACT/ZEN/TCCCGGTTTTCAAGC

/3IABkFQ/�39

59-ACCAGTTTACAGCCTTCATCC-39 59-GCACCAGTACATGACCAGATTC-39

Grin2B 24410 59-/56-FAM/TCTGCCTTC/ZEN/TTAGAGCCATTCAGCG

/3IABkFQ/�39

59-CACAAACATCATCACCCACAC-39 59-GCATCAGTGTCATGGTATCTCG-39

GAPDH 24383 59-/56-FAM/CACACCGAC/ZEN/CTTCACCATCTTGTCT

/3IABkFQ/�39

59-TCTCTGCTCCTCCCTGTTC-39 59-GTAACCAGGCGTCCGATAC-39

The table lists IUPHAR (International Union of Basic and Clinical Pharmacology Committee) gene names, GenBank accession number (gene ID), and RT-qPCR
probe and primer oligonucleotide sequences provided by Integrated DNA Technologies (IDT).
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bilateral BLA injections at P14, but not P7 or P21, was a re-
duction in the slow depolarizing sag observed during mem-
brane hyperpolarizations (Fig. 1B, arrowhead) and a
significant increase in steady-state voltage responses toward
hyperpolarizing currents (Fig. 1B). Thus, we compared the
magnitude of the sag index (Jarsky et al., 2008) and rectifica-
tion ratio (Farries et al., 2005) from the I-V recordings at P14.
The sag index was calculated as the difference between the
initial maximum and the steady-state voltage deflection in re-
sponse to the largest hyperpolarizing current step from the I-
V curve, divided by the magnitude of the steady-state at the
end of the current step. Neurons from DMSO treatment
showed higher sag index (0.2516 0.041, n=10) than those
from BayK treatment (0.1236 0.016, n=18; p=0.002; mean
difference �0.129 [95% CI �0.205 to �0.051]; estimation
analysis shown in Fig. 2B).
P14 BayK-injected animals also exhibited an apparent

but nonsignificant increase in input resistance at P28
(DMSO 77.16 11.3 MX, n=5, BayK 128.96 20.6 MX,
n=11, p=0.128 mean difference 51.79 [95% CI �16.87–
120.4]; Fig. 2C). To quantitatively determine whether the
apparent nonlinearity of the IV-curve in the BayK treated
neurons was associated to an increase in inward rectifica-
tion, we calculated the rectification ratio as the quotient of
membrane resistance at negative membrane potentials
divided by the resistance around resting membrane
potential. We found no significant differences between
the mean value of the rectification ratios from control
(0.716 0.06, n=5) and BayK group (0.676 0.05, n=9; p
=0.655). Input resistances were not significantly different
in P7 (DMSO: 111.36 14.6 MX, n=9, BayK: 133.66 29.5
MX, n=12, p=0.550, mean difference 22.26 [95% CI
�54.20–98.72]) or P21 injection groups (DMSO: 83.676 8.8
MX, n=6, BayK: 84.86 8.1 MX, n=6, p=0.924, mean dif-
ference 1.167 [95%CI�25.41–27.74]; Fig. 2C).
To further examine the effects of postnatal BayK injec-

tion on BLA neuronal excitability, f-I relations (steady-
state firing frequency vs current injection) were examined
at P28. Results show that the rheobase was not signifi-
cantly changed at P28 for BayK injection at any of the
postnatal ages (P7, DMSO: 65.06 6.9 pA, n=10, BayK:
66.76 15.63pA, n=9, p=0.921 mean difference 1.667
[95% CI �33.09–36.42]; P14, DMSO: 82.5612.2 pA,
n=8; BayK: 73.36 19.1, n=6, p=0.679 mean difference
�9.167 [95% CI �56.34–38.00]; P21, DMSO:75.06
22.2 pA, n = 4; BayK: 80.0614.1 pA, n = 4, p = 0.856
mean difference 5.000 [95% CI �59.35–69.35]; Fig.
3A). Although the p value did not reach significance
level, BLA neurons from animals treated with BayK
at P7 exhibited slightly higher steady-state firing fre-
quency across the entire range of current injection
tested (Fig. 1A, right; maximal frequency values,
DMSO: 22.86 1.6 Hz, n = 6, BayK: 25.361.2 Hz, n =
13, p = 0.267, mean difference 2.440 [95% CI �2.050–
6.929]). No changes were found in the animals treated
at P14 (Fig. 1B, right; DMSO: 20.96 0.63 Hz, n = 4,
BayK: 22.76 1.2 Hz, n = 7, p = 0.322, mean difference
1.729 [95% CI �2.003–5.461]) or P21 (Fig. 1C, right;
DMSO: 22.562.2 Hz, n = 6, BayK: 22.56 4.3 Hz, n = 6,
p = 0.992, mean difference 0.051 [95% CI �10.74–

10.84]; Fig. 3B). Measuring the initial slope of the f-I
curve indicated that the gain was not significantly different
between animals treated with BayK or DMSO at P7 (DMSO:
0.176 0.02Hz/pA, n=10; BayK: 0.196 0.03; n= 12,
p=0.450 mean difference 0.0293 [95% CI �0.050–0.109]),
P14 (DMSO: 0.1960.02Hz/pA, n=7; BayK: 0.186
0.02Hz/pA, n=9, p=0.697 mean difference �0.011 [95%
CI �0.071–0.049]), or P21 (DMSO: 0.166 0.03, n=5, BayK:
0.176 0.04; n=4, p=0.798 mean difference 0.013 [95% CI
�0.102–0.128]; Fig. 3C), indicating that overall sensitivity in
response to electrical stimuli is not affected by BayK injec-
tion. Overall, these results point to qualitative differences be-
tween the effects of acute L-type-mediated regulation of
BLA intrinsic excitability and membrane properties (Zhang
et al., 2020), and the effects of a single in vivo injection of an
L-type channel agonist which raises the possibility that com-
pensatory mechanisms operating during the timeframe be-
tween BayK treatment and electrophysiological recordings
could oppose sustained hyperexcitability. Although the
exact mechanism remains to be determined, this observa-
tion is consistent with a previous study showing that condi-
tional CNS deletion of Cav1.2 channel was less effective
than acute intraventricular administration of isradipine in al-
tering the acquisition of conditioned fear and LTP induction
in thalamocortical inputs to the LA (Langwieser et al., 2010).

Bilateral BLA BayK injection at early postnatal ages
produces long-lasting alterations to juvenile
behavioral patterns
It was of interest and relevance to determine whether

postnatal BayK injection into the BLA affected subse-
quent behaviors in young adult rats. Several behavioral
tests are commonly used for animal models of ASD, in-
cluding the three-chamber test, social interaction and
self-grooming test. The three-chamber paradigm, also
known as Crawley’s sociability and preference for social
novelty, has been successfully employed to study social
affiliation in rodents (Kaidanovich-Beilin et al., 2011).
We first measured the ratio of the total time a subject
rat spent in the chamber of a stranger rat over the time
in chamber of the novel object. At P28, animals that had
been treated with BayK at P14 showed a decreased
ratio compared with DMSO treatment (Fig. 4A; DMSO:
5.276 0.94, n = 9; BayK: 2.486 0.55, n = 11; p = 0.022),
whereas no significant differences were observed be-
tween BayK and DMSO treatment for either the P7
group (DMSO: 3.496 0.36, n = 9; BayK: 3.596 0.52,
n = 10, p = 0.76) or the P21group (DMSO: 3.376 1.12,
n = 8; BayK: 3.716 0.61, n = 8, p = 0.73). Measuring the
time a subject rat spent in the chamber of stranger rat,
there was found to be a significant decrease induced by
BayK treatment at P14 compared with DMSO treatment
(DMSO: 425.856 20.7, n = 9, BayK: 338.276 27.7, n =
11; p = 0.047), no significant difference between BayK
and DMSO treatment in the experimental group of P7
(DMSO: 400.26 19.1, n = 9, BayK: 356.336 44.4, n =
10; p = 0.19) or P21(DMSO: 3746 37.4, n = 8, BayK:
393.466 36.9, n = 8; p = 0.72). Similarly, for animals that
received BayK treatment at P14, a corresponding in-
crease was observed in the time spent in the chamber
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Figure 1. Bilateral intra-amygdala injection of BayK at early postnatal periods produces differential changes in BLA neurons intrinsic
excitability at P28. I-V relationship plots corresponding to each experimental group are shown in the left panels (A, P7; B, P14; C,
P21). Representative traces in the middle panels show voltage responses to hyperpolarizing current pulses, and a train of action
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of the novel object (DMSO: 102.96 15.3, n = 9, BayK:
178.26 27.4, n = 11; p = 0.037). Again, no significant
differences were found for the P7 (DMSO: 126.369.9,
n = 9, BayK: 131.86 15.2, n = 10; p = 0.76) and P21
groups (DMSO: 1526 31.7, n = 8, BayK: 133.76 24.5,
n = 8; p = 0.66). The results indicate that at P14, but not
P7 or P21, increased BLA LTCC activity mediated via
BayK injection results in impaired social motivation to-
ward stranger rats and an increased interest in novel
objects at P28. The altered behaviors at P14 are those
suggested to resemble certain phenotypes associated
with ASD.
We next examined whether BayK injection during early

development affected P28 rats with regard to social inter-
action. The total duration a subject rat spent on chasing/
sniffing a stranger rat, a typical pattern of social explora-
tion, was examined although no significant differences
were found between BayK and DMSO treatments in any
of the experimental groups (Fig. 4B; P7 DMSO: 31.56
5.36 s, n=8, BayK: 36.16 2.2 s, n=12, p=0.38; P14
DMSO: 30.96 4.9 s, n=9, BayK: 29.76 3.7 s, n=10,
p=0.84; P21 DMSO: 26.66 3.1, n=8, BayK: 28.463.4,
n=8, p=0.71). Also measured was the total duration of
climbing up on the back of a stranger rat as an index of
active social interaction (data not shown), no significant
differences were found in the three experimental groups.
The occurrence of repetitive behavior was also ex-

amined (Fig. 4C). Animals treated with BayK at P7
showed a significant increase in self-grooming dura-
tion at P28 compared with DMSO treated animals
(DMSO: 107.16 35.6ms, n = 9, BayK: 182.56 25.7ms,
n = 11, p = 0.038), indicating a higher level of repetitive
behavior. Contrastingly, no differences were found for
the P14 or P21 experimental groups (P14, DMSO:
129.66 30.1ms, n = 9, BayK: 147.26 31.3ms, n = 10,
p = 0.69; P21, DMSO: 193.96 36.3ms, n = 7, BayK:
207.16 25.3ms, n = 6, p = 0.76).
Human and animal studies indicate important roles for

the amygdala in mediating fear and anxiety, and in the
manifestation of anxiety disorders (Forster et al., 2012),
thus we also examined the effects of BLA BayK injec-
tion on long-term anxiety in juvenile rats (Fig. 4D). The
results show that animals treated with BayK at
P7 (DMSO: 62.5612.3 ms, n = 9, BayK: 35.96 5.1ms,
n = 15; p = 0.03) exhibit a significant decrease in time
spent in the center of the area, indicating a higher level
of anxiety at P28 compared with DMSO treatment.
No significant differences were found for animals that
received treatments at either P14 (DMSO: 61.96
19.5ms, n = 8, BayK: 44.86 8.5ms, n = 14; p = 0.36) or
P21 (DMSO: 42.16 14.6ms, n=8, BayK: 33.96 6.9ms,
n=8, p=0.62).

Taken together, behavioral studies at P28 following bi-
lateral injection of BayK to rat pups showed distinct long-
term behavioral alterations; BayK at P7 produced higher
anxiety levels and repetitive behaviors, while BayK at P14
induced an impaired ability for social affiliation, together
suggesting the crucial but differential involvement of
LTCC activity in BLA circuits underlying the development
of behavioral phenotypes. Interestingly, BayK injection
into the BLA at P21 had no significant behavioral effects
at P28 on any of the behaviors examined. The changes
observed for the P7 and P14 experimental groups sug-
gest the existence of a vulnerable period during early de-
velopment, while the lack of observable effects at P21
may reflect that neural circuits underlying these behaviors
have already reached a stage where they are less sensi-
tive to changes in LTCC activity.

Altering LTCC activity at distinct postnatal stages
differentially affects LTP in BLA neurons
The LTP of synaptic activity is the most widely studied

form of synaptic plasticity and plays important roles in
learning, memory formation, fear, stress and social activ-
ities (Jung et al., 2013; Leuner and Shors, 2013; Nicoll,
2017). Here, we examined whether BayK injection into the
BLA at P7, P14, and P21 mediated changes in synaptic
plasticity at P28 regarding excitatory inputs from the LA
into the BLA.
In the presence of GABA receptor blockers PTX and

CGP52432, single-pulse stimulation at low frequency ap-
plied in the LA elicited EPSC responses in BLA neurons
(recorded as basal synaptic activity during a 5-min period;
Fig. 5, left representative traces). To induce LTP we ap-
plied HFS (1-s train of repetitive pulses at 100Hz, re-
peated 5 times at 0.1Hz) paired with membrane potential
depolarization to 130mV. Under these conditions LTP
was not induced in neurons from vehicle-treated animals
at any of the P7, P14, or P21 ages. In contrast, HFS in-
duced an increase in EPSC amplitude in BLA neurons
from animals treated with BayK at both P7 and P14
(Fig. 5A,B) but not P21 (Fig. 5C). LTP in BLA neurons
following BayK treatment at P7 showed a significant
increase in EPSC amplitude over the 30min recording
period (Fig. 5A; normalized EPSC amplitude at 25 min:
DMSO 0.976 0.08, n = 3, BayK 1.846 0.14, n = 5,
p = 0.005; EPSC amplitude at baseline: 126.186
11.9pA for DMSO and 131.56 17.1pA for BayK, EPSC am-
plitude at 25min of recording: 122.96 19.6pA for DMSO,
and 241.7636pA for BayK). Similarly, LTP in neurons from
animals treated with BayK at P14 was significantly enhanced
(Fig. 5B; normalized EPSC amplitude at 25min: DMSO
0.9960.09, n=5, BayK 1.866 0.09, n=5, p=0.004; EPSC

continued
potentials elicited by a suprathreshold depolarizing pulse. The arrows denote a slow depolarizing sag in the electrotonic potentials
evoked by membrane hyperpolarization. A significant sag reduction (B, arrowhead middle traces) is observed in neurons from ani-
mals treated at P14 compared with DMSO control group. The f-I relationship was plotted with values of the steady-state firing fre-
quency as a function of current injection (right panels). Animals treated with BayK at P7 showed a small increase in steady-state
frequency across all current injection range, compared with the DMSO control group (A, right). No obvious changes were found in
the I-V or f-I relationships in groups treated with BayK at P21 (C). Data are presented as mean 6 SEM.
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Figure 2. Estimation plots of BLA neuron passive membrane properties. Estimation analysis was used to compare resting mem-
brane potential (A), sag index (B), and input resistance (C) in P28 rats injected with BayK (red) or DMSO (black) at P7 (left panels),
P14 (middle panels), or P21 (right panels). 95% CIs are shown in blue. Resting membrane potential was increased in rats injected at
P14 (mean difference between DMSO and BayK is 4.659 [95% CI 0.3014, 9.017], two tailed unpaired t test t = 2.293, df = 14,
p=0.0378) and the sag index was reduced (mean difference between DMSO and BayK is �0.1285 [95% CI �0.2054, �0.05154],
two tailed unpaired t test t=3.432, df = 26, p=0.0020). No other properties were impacted by BayK injection.
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Figure 3. Estimation plots of BLA neuron firing properties. Estimation analysis was used to compare rheobase (A), maximal firing
frequency (B), and gain (C) in P28 rats injected with BayK (red) or DMSO (black) at P7 (left panels), P14 (middle panels), or P21 (right
panels). 95% CIs are shown in blue. No parameters were significantly different between BayK and DMSO injected groups.
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Figure 4. BayK injection at early developmental stages produced long-term alterations in amygdala-related behavioral phenotypes. Four
different behavioral tests were performed in P28 juvenile rats previously treated at different ages with BayK or DMSO as vehicle control.
Simplified schematic diagrams in the upper part of each panel indicate the experimental paradigms, where the white rat indicates the exper-
imental subject and the dark rat indicates the naive animal used as stranger: A, three-chamber social affiliation test; B, social interaction be-
havior; C, repetitive behavior; D, anxiety test. Corresponding parameters are shown in black symbols for control (DMSO) and red symbols
for experimental (BayK) groups. A, The social affiliation was measured by the ratio of time the experimental rat spent around the stranger,
over the time spent around the novel object (empty cage used as nonsocial object) and values are shown in box plots. Animals that received
BayK injection at P7 (DMSO n=9, BayK n=10) or P21 (DMSO n=8, BayK n=8) showed no significant differences in this parameter com-
pared with control, whereas BayK treatment at P14 have significant lower stranger/object ratio (DMSO n=9, BayK n=11), indicating a re-
duced social affiliation. B, Social interactions were monitored for 10min and the duration of periods of chasing/sniffing exploratory
behaviors was recorded. Box plots show that BayK treatment did not induce significant differences in any age group on this behavioral pa-
rameter. C, Repetitive behavior was measured as the duration of self-grooming in a restricted space. Box plots show that animals receiving
BayK injection at P7 exhibited an increase in the duration of self-grooming when tested at P28 (C, left bars), whereas no differences were
found in the P14 and P21 experimental groups. D, Levels of anxiety were evaluated using an open field test and measured as the time
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amplitude at the baseline: 137.96 19.3pA for DMSO and
123.36 21.3pA for BayK, EPSC amplitude at 25min of re-
cording: 136.96 19.7pA for DMSO, and 226.3630.1pA for
BayK). LTP could not be induced in neurons from either the

P21 vehicle or BayK groups (Fig. 5C; normalized EPSC am-
plitude at 25min: DMSO 0.966 0.12, n=4, BayK 1.026
0.11, n=4, p=0.71; EPSC amplitude at baseline: 1026
17.5pA for DMSO and 121.66 20.1pA for BayK, EPSC

Figure 5. LTP was induced in P28 BLA neurons from rats that received bilateral BayK injection at P7 and P14, but not at P21. EPSC
responses in BLA neurons were elicited by stimulating LA at 0.05Hz. A HFS at 100Hz (1 s duration, repeat 5 times at 0.1Hz, mem-
brane potential was holding at 130mV) was used to induce LTP. The representative traces in the left panels show single EPSCs re-
corded before (left) and 25min after (right) HFS. Black traces represent recordings in control groups while red traces represent
BayK groups. EPSC amplitudes are presented as normalized values relative to the baseline amplitude before HFS. LTP was induced
in the animals that received BayK treatment at P7 (A) or P14 (B) compared with their DMSO counterparts. No LTP was observed
from animals treated with BayK at P21 (C). Data are presented as mean 6 SEM.

continued
spent in the central area. Animals with BayK treatment at P7 spent less time in the center, indicating an increased anxiety level compared
with the DMSO group. No differences were found in the P14 and P21 experimental groups. Data are presented as mean 6 SEM; *p, 0.05.
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amplitude at 25min of recording: 98.86 26 pA for
DMSO and 124.2612.7 pA for BayK). Importantly,
BayK application on BLA slices from naive animals did
not result in the induction of LTP using the HFS proto-
col (Fig. 6E), suggesting that activation of acute LTCC
activation alone is not enough for LTP induction.

LTCC-associated LTP induction is enhanced but not
determined by prior behavioral experience
Environmental novelty and/or prior exposure to behav-

ioral testing can impact the subsequent induction of LTP
(Roman et al., 1999; Moncada and Viola, 2007; Eckert
and Abraham, 2010). In a valproate rat model of ASD the
induction of LTP for thalamic inputs into the LA occurred
following behavioral experiments measuring fear condi-
tioning and extinction with an identical LTP observed in
the absence of preceding behavioral tests (Lin et al.,
2013). Here, we asked whether the LTP observed in
BayK-treated animals could have resulted as a consequence
of the behavioral experience itself during assessment of be-
havioral traits, and also whether BayK treatment per se could
cause permissive functional changes for LTP to occur in the
intra-amygdala circuit.
First, we performed slice patch-clamp recordings on

P28 rats that received BayK or vehicle injections at P7
without any behavioral tests or environmental disturban-
ces before the recordings. No significant differences in
voltage-current relationship, input resistance and resting
membrane potentials between BayK and DMSO experi-
mental groups were detected (data not shown). LTP in-
duction experiments (Fig. 6A) showed similar results
when compared to recordings performed after behav-
ioral tests (Fig. 6C; EPSC relative amplitude at 25min:
DMSO 1.056 0.07, n = 6, BayK 2.026 0.26, n = 5,
p = 0.003). These data indicate that BayK treatment
alone is sufficient to produce functional changes in the
observed electrophysiological properties.
In P28 animals that received BayK or DMSO injections at

P14 without behavioral tests or environmental disturbance
before the recordings, similar quantitative differences com-
pared with the experimental groups with behavioral tests
were observed: BLA neurons from animals treated with
BayK displayed reduced inward rectification in the I-V rela-
tion and an upward shift in the f-I relationship but with no
change in input resistance (data not shown). The data indi-
cate that without performing behavioral tests the effects of
BayK on LTP induction (Fig. 6B,D; normalized EPSC ampli-
tude at 25min: DMSO 0.8560.1, n=4, BayK 1.546 0.18,
n=4, p=0.019) were more moderate compared with re-
sults following behavioral testing (Fig. 6D), consistent with
previous findings that behavioral experiences can modify
synaptic plasticity. Overall, the data support the notion that
LTCC-driven activity changes within BLA circuitry are suffi-
cient to induce LTP albeit prior behavioral experience can
further modify the magnitude of the LTCC-mediated ef-
fects. It is important to note that the acute application of
BayK in vitro was not sufficient to elicit an increase in syn-
aptic strength at the LA to BLA input in response to HFS
paired with postsynaptic depolarization (Fig. 6E).

Increasing LTCC activity during development alters
the expression of ionotropic glutamatergic receptor
genes
The subunit composition of ionotropic glutamatergic re-

ceptors can influence synaptic plasticity. For instance, the
AMPA receptor subunit GluA2 has been implicated in the
induction of LTP (Jia et al., 1996; Whitehead et al., 2013).
While for NMDA receptors, the ratio of GluN2A/2B in
adults has been suggested to regulate the threshold for
synaptic plasticity (Yashiro and Philpot, 2008; Paoletti et
al., 2013). Given that we found an increase in the induc-
tion of LTP in rats injected at P7 and P14, we hypothe-
sized that BayK injection at these critical periods might
lead to changes in the subunit composition of ionotropic
glutamatergic receptors. Here, we examined the mRNA
expression of AMPA and NMDA receptor subunits at P28
in rats injected at P7, P14, and P21. There were no signifi-
cant expression changes in animals treated with BayK at
P7 for AMPA receptor subunits (Fig. 7A; GluA1, DMSO
0.0736 0.006, n=4, BayK 0.07460.09, n=4, p=0.889;
GluA2, DMSO 0.0836 0.009, n=4, BayK 0.0826 0.003,
n=4, p=0.961; GluA3, DMSO 0.0386 0.002, n=4, BayK
0.0376 0.002, n=4, p=0.985) or NMDA receptor subu-
nits (Fig. 7C; GluN1, DMSO 0.1076 0.02, n=4, BayK
0.1246 0.017, n=4, p=0.488; GluN2A, DMSO 0.0056 0.
0004, n=4, BayK 0.0046 0.0003, n=4, p=0.45; GluN2B,
DMSO 0.0486 0.007, n=4, BayK 0.0526 0.007, n=4,
p=0.672). Contrastingly, in the P14 experimental groups,
the expression of AMPA GluA2 subunits was lower in
BayK-injected rats than control (Fig. 7B; DMSO 0.0966
0.006, n=4, BayK 0.0766 0.003, n=4, p= 0.032), and no
differences were found in GluA1 (DMSO 0.0746 0.007,
n=4, BayK 0.06760.012, n=4, p=0.692) or GluA3
(DMSO 0.0396 0.004, n=4, BayK 0.0326 0.002, n=4,
p=0.17). The expression of NMDA GluN1 and GluN2B
subunits were also significantly lower in rats injected with
BayK at P14 (Fig. 7D; GluN1: DMSO 0.1576 0.006, n=4,
BayK 0.0946 0.015, n=4, p=0.019; GluN2B: DMSO
0.0676 0.004, n=4, BayK 0.046 0.004, n=4, p=0.012),
whereas no difference was present in the expression of
GluN2A (DMSO 0.0046 0.0004, n=4, BayK 0.0046
0.001, n=4, p=0.909). As such, the enhanced ability to
undergo LTP at P28 for rats injected at P14 may be linked
to regulation of functional synaptic receptors expressed
in glutamatergic synapses in the BLA.

Expression of IEGs is transiently altered by BayK
bilateral injection at early postnatal ages
Transient expression of IEGs can translate into long-

term physiological effects and we hypothesized that a
BayK-mediated increase in calcium influx may induce a
transcriptional response in relevant BLA circuits. Here, we
examined the expression of IEGs as indirect reporters of
LTCC-mediated calcium influx evoked by intra-amygdala
infusion of BayK. qRT-PCR was performed to determine
mRNA levels of the rapid response IEGs c-fos, arc, and
Homer1a in BLA samples obtained at different time inter-
vals after intra-BLA infusion of BayK.
c-fos IEG has been widely used as an indirect reporter

of neuronal activity as its expression is triggered by
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calcium influx through both activated NMDA receptors
and LTCCs (Rajbhandari et al., 2016; Hudson, 2018).
P7 rat pups showed a slightly decreased c-fos mRNA
expression 1 h after BayK injection (Fig. 8A; DMSO
0.0616 0.019, n = 4, BayK 0.0306 0.004, n = 4, p =
0.163), that was followed by a significant increase at 3 h after

injection (Fig. 8A; DMSO 0.0226 0.008, n=4, BayK
0.0896 0.025, n=4, p=0.041). The level of c-fos expression
was back to control levels at 12 h (Fig. 8A; DMSO
0.0366 0.02, n=4, BayK 0.0526 0.038, n=4, p=0.72).
Notably, P14 pups showed no significant differences in c-fos
expression at any time points following BayK injection (Fig.

Figure 6. Changes in synaptic strength induced after BayK treatment at P7 or P14 occur without preceding behavioral tests. Panels
A, B show data from P28 animals treated with BayK or DMSO at P7 or P14 with no previous behavioral tests performed. EPSC am-
plitudes are presented as normalized values relative to the baseline amplitude before HFS. HFS paired with postsynaptic depolariza-
tion induced LTP that was significantly different between BayK and DMSO control in both P7 (A) and P14 (B) experimental groups.
Box plots in panels C, D show the relative EPSC amplitude at 25min after the HFS, indicating that LTP was successfully induced in
neurons from animals that were treated with BayK at P7 or P14, regardless of previous performance of behavioral tests. E, Ratio of
EPSC amplitude relative to baseline before HFS obtained from naive noninjected P28 male rats. Acute BLA slices were perfused in
ACSF containing 2 mM BayK for 10min before baseline stimulation. Under these experimental conditions BayK did not induce LTP.
Data are presented as mean 6 SEM; *p, 0.05.
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8B; 1 h DMSO 0.066 0.019, n=4, BayK 0.036 0.004, n=4,
p=0.856; 3 h, DMSO 0.0226 0.008, n=4, BayK 0.096
0.025, n=4, p=0.49; 12 h, DMSO 0.0366 0.017, n=4, BayK
0.0526 0.017, n=4, p=0.0436).
Activity-regulated cytoskeletal (arc) is involved in

AMPA-type glutamate receptor trafficking which regu-
lates long-term synaptic plasticity and memory (Korb and
Finkbeiner, 2011). Here, BayK injected P7 pups exhibited
a transient decrease in arc expression at 1 h (Fig. 8C;
DMSO 0.0076 0.001, n=4, BayK 0.0046 0.0008, n=4,
p=0.032) followed by an increase at 3 h (DMSO
0.0036 0.0002, n=4, BayK 0.0056 0.0004, n=4, p=
0.007) and that had returned to control levels at 12 h
(DMSO 0.0066 0.001, n=4, BayK 0.00760.003, n=4,
p=0.793). Contrastingly, BayK-injected P14 exhibited a
significant decrease in arc expression at 12 h (Fig. 8D;
DMSO 0.0096 0.002, n=4, BayK 0.0056 0.0005, n=4,
p=0.048) with no differences at other time points (1 h,
DMSO 0.0066 0.0004, n=4, BayK 0.00560.001, n=4,
p=0.688; 3 h, DMSO 0.0046 0.0005, n=4, BayK
0.0046 0.0008, n=4, p=0.38).

Homer1 proteins play a significant role in the organiza-
tion and intracellular signaling at glutamatergic synapses
(Shiraishi-Yamaguchi and Furuichi, 2007). Homer expres-
sion is bimodal, with constitutive (Homer1b and c) and/or
transient (Homer1a and Ania3) components triggered by
neuronal activity (Bottai et al., 2002). Here, measuring all
Homer1 transcripts combined, there were no detectable
differences between DMSO and BayK at P7 (Fig. 8E; 1 h,
DMSO 0.06160.003, n=4, BayK 0.066 0.006, n=4,
p=0.087; 3 h, DMSO 0.0616 0.008, n=4, BayK 0.0696
0.008, n=4, p=0.51; 12 h, DMSO 0.076 0.007, n=4,
BayK 0.0646 0.007, n=4, p=0.507), or P14 (Fig. 8F; 1 h,
DMSO, 0.0776 0.003, n=4, BayK, 0.0836 0.013, n=4,
p=0.668; 3 h, DMSO 0.0726 0.004, n=4, BayK 0.0796
0.008, n=4, p=0.484; 12 h, DMSO 0.0816 0.008, n=4,
BayK 0.1026 0.02, n=4, p=0.356).

Discussion
Intrinsic excitability plays a fundamental role in neuronal

information processing with firing properties being tightly
regulated to maintain a functional range that allows

Figure 7. Bilateral microinjection of BayK during development has long-term consequences on mRNA expression of NMDA and AMPA re-
ceptor subunits. BLA samples were collected at P28 from rats injected with BayK (red) or DMSO (black) at P7 (left) or P14 (right), and mRNA
expression of glutamatergic receptors AMPA (upper panel) and NMDA (lower panel) was quantified by RT-PCR. No significant changes were
observed in rats injected at P7 for the expression of both AMPA and NMDA receptor subunits (A, C). In rats injected with BayK at P14, ex-
pression of AMPA receptor subunit GluA2 was significantly decreased (B; p=0.032). Further, NMDA receptor subunits GluN1 and GluN2B ex-
pression was also decreased (D; GluN1 p=0.019; GluN2B p=0.011). mRNA expression was calculated as a ratio to GAPDH and expressed
as mean6 SEM. Asterisks indicate significant difference between BayK and control group using ANOVA and post hoc Bonferroni test.
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appropriate responses to specific stimuli while also
adapting to temporary fluctuations and changes during
development (Schulz, 2006; Tien and Kerschensteiner,
2018). The anomalous modification of neuronal excitabil-
ity has been implicated in various pathologic conditions
(Beck and Yaari, 2008). For example, in a mouse model of
Rett syndrome, a neurodevelopmental disorder with au-
tistic features, changes in membrane conductance lead-
ing to hyperexcitability have been reported in locus
coeruleus neurons (Taneja et al., 2009), suggesting that
alteration of intrinsic properties might contribute to early
onset circuit disruption.
In the rat BLA, application of BayK to acute brain slices

from animals in the P7–P21 critical period of development
resulted in age-dependent changes in firing properties,
consistent with a crucial role of LTCCs in regulating neu-
ronal excitability (Zhang et al., 2020). However, that appli-
cation of BayK in vivo could trigger permanent alterations
in membrane properties of BLA principal neurons which

could functionally impact amygdala excitability or associ-
ated behaviors at subsequent life stages remained to be
explored. In the present study, the electrophysiological
properties of BLA principal neurons from juvenile rats at
P28 were compared between three experimental groups;
each animal cohort receiving BayK or DMSO treatment by
stereotaxic bilateral microinjection at P7, P14, or P21.
At P28, there was a detectable trend toward higher fir-

ing frequency in response to current injections in principal
neurons from animals injected with BayK at P7, although
f-I parameters did not show significant statistical differen-
ces between BayK and control treatment in any of the P7,
P14, or P21 experimental groups. For injections at P7 and
P21, there were also no significant long-term changes in
gain or rheobase at P28, thus long-term membrane excit-
ability appears not to be affected by BayK administration
at these stages.
In contrast, BayK-mediated effects were observed in

P28 BLA neurons from animals treated at P14, including a

Figure 8. Quantification of IEGs mRNA expression in BLA at different time points after local application of BayK. Amygdala samples
were collected at P7 (upper panels) or P14 (lower panels), at three different time points (1, 3, and 12 h) after local microinjection of
BayK (red) or DMSO vehicle (black), and relative gene expression of c-fos (left), arc (middle), and Homer1A (right) was quantified by
RT-PCR. Significantly increased levels of c-fos mRNA expression following intra-amygdala infusion of BayK were observed in tissue
from P7-treated rat pups (A). After a mild drop 1 h after BayK injection, increased mRNA levels were seen at 3 h, followed by a re-
duction to control values at 12 h. Arc exhibited very low levels of expression at both ages, and showed no increase after BayK ex-
posure (C, D). Homer 1a mRNA levels remained unchanged regardless of treatment (E, F). Individual samples were processed in
triplicate, and results of each time point were obtained from four independent experiments (n=12 animals per target gene). Average
mRNA expression was calculated as ratios of IEGs to GAPDH and values are expressed as means 6 SEM. Asterisks indicate signif-
icant difference between BayK and control group using ANOVA and post hoc Bonferroni test, with a level of significance of 0.041
for P7 c-fos expression at 3 h; 0.032 and 0.006 for P7 Arc at 1 and 3 h, respectively, and 0.048 for P14 Arc at 12 h.
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more depolarized membrane resting potential compared
with controls. An apparent but nonsignificant increase in
Ro, in addition to a marked reduction of time-dependent
sag in response to membrane hyperpolarizations was
also evident at P28 in BLA neurons from P14 BayK-in-
jected animals.
BLA circuits that mediate behaviors have been charac-

terized using standardized paradigms that evaluate anxi-
ety, social skills and repetitive behaviors. Here, animals
receiving bilateral BLA injection at P14 exhibited a signifi-
cant decrease in time spent with a stranger rat and also
increased time with a novel object, indicating impairment
in social affiliation abilities. In contrast, animals receiving
BayK treatment at P7 or P21 did not show any significant
differences compared with DMSO control groups. These
results are consistent with the ontogeny of social behav-
iors in rats showing the emergence of social interest activ-
ities between P14 and P28 (Wood et al., 2003).
The three-chamber test provides only partial informa-

tion regarding social approach since the experimental ani-
mal and the stranger rat are not allowed to freely engage
in reciprocal social interaction. Therefore, the tendency to
explore a conspecific and the ability to sustain social in-
teractions was further evaluated in an open field chamber.
In rodents, reciprocal face-to-face sniffing can be related
to social dominance, whereas chasing and sniffing of the
flank or the anogenital region are exploratory activities in-
dicating propensity to social interaction (Wesson, 2013).
Regardless of the age group tested, no significant differ-
ences were observed in the duration of sniffing/chasing
behaviors of BayK-treated or DMSO-treated animals
when allowed to interact with a previously unknown con-
specific animal.
The self-grooming behavior of rats confined in a re-

stricted space was also evaluated. Only animals receiving
bilateral BLA injection of BayK at P7 exhibited an in-
creased duration of self-grooming periods compared with
the DMSO group. No significant differences were found in
the other age groups, suggesting that the consolidation of
BLA circuitry mediating repetitive grooming behaviors oc-
curred within the first two postnatal weeks. A similar age-
dependent profile was observed with the open field test, a
behavioral assay measuring anxiety that has been exten-
sively used to examine amygdala function (Ishikawa et al.,
2015). Taken together, the results from the behavioral
tests support the hypothesis that a functional increase in
LTCC activity at certain postnatal critical periods during
early neurodevelopment can induce long-term changes in
behaviors.
BayK treatment might affect multiple functional levels

within the amygdala circuitry. Previous data show that
during the critical period of BLA development there is a
temporal association in the expression of synaptic plas-
ticity and an ability to learn behavioral responses induced
by fear conditioning (Thompson et al., 2008). LTP was ex-
amined as a potential cellular mechanism underlying the
behavioral alterations observed.
It is well described that local amygdala networks medi-

ate the acquisition, expression and extinction of condi-
tioned fear, and regulate social behaviors (Duvarci and

Pare, 2014; Ferrara et al., 2021). Also, that experience-de-
pendent increases in synaptic strength of excitatory pro-
jections from the lateral nucleus of the amygdala into the
BLA (LA to BLA) controls encoding of anxiety-like behav-
iors and other emotion-related behavioral responses
(Nonaka et al., 2014; Bocchio et al., 2017).
Here, P21 animals regardless of treatment did not ex-

hibit LTP after HFS paired with postsynaptic depolariza-
tion. Contrastingly, BayK treatment at either P7 or P14
showed LTP induction with a two-fold amplitude increase
in EPSCs in brain slices from P28 animals previously ex-
amined in behavioral tests (Figs. 5, 6).
It is known that environmental novelty and/or the expo-

sure to behavioral tests may impact the subsequent in-
duction of LTP (Roman et al., 1999; Moncada and Viola,
2007; Eckert and Abraham, 2010). This process, known
as behavioral tagging, is thought to involve the synthesis
of synaptic plasticity-related proteins important for the in-
duction and expression of LTP (Moncada and Viola, 2007;
Moncada et al., 2011). Here, we tested two additional
groups of animals treated at P7 or P14 but that were not
exposed to environmental novelty or behavioral testing
before electrophysiological recordings. Compared with
DMSO controls LTP was significantly induced in the BLA
from both P7 and P14 animals that received BayK treat-
ment (Fig. 6). Interestingly, while the P7 BayK group
showed potentiation of almost identical magnitude re-
gardless of prior exposure to behavioral experience, the
magnitude of LTP in the P14 group was slightly less com-
pared with the P14 BayK group that underwent behavioral
tests (Fig. 6B,D). Overall, our results are consistent with a
previous study using a valproate rat model of autism
where the induction of LTP at thalamic inputs into the LA
after behavioral testing, measuring fear conditioning and
extinction, did not show behavioral-dependent changes
in LTP (Lin et al., 2013).
The data suggest that pharmacological activation of

LTCCs during the P7 to P14 critical period produces long-
term changes in synaptic plasticity which cannot be repli-
cated in an adult BLA synapse by direct application of an
LTCC agonist. It is also possible that the permissive func-
tional changes driving LTP induction at P14 can be further
influenced by behavioral tagging triggered by behavioral
experiences.
The proportion and subunit composition of ionotropic

glutamatergic receptors appears plastic and can undergo
changes during development (Lopez de Armentia and
Sah, 2003) and with life experiences (Suvrathan et al.,
2014; Yi et al., 2017). In the amygdala, stress can gener-
ate NMDA containing silent synapses (Suvrathan et al.,
2014) as well as alter the expression of AMPA receptor
subunits (Yi et al., 2017; Guadagno et al., 2020), resulting
in enhanced synaptic plasticity. Given the enhanced in-
duction of LTP at P28 in rats injected with BayK during
the critical developmental periods of P7 and P14, we
sought to determine whether a change in the expression
of glutamatergic receptors in the BLA were associated
with this effect. PCR from BayK-injected rats at P14
showed a decrease in the expression of GluA2AMPA re-
ceptor subunit. A decrease in GluA2 expression may
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suggest a shift in AMPA receptors to GluA2 lacking
AMPA receptors, which are calcium permeable and ca-
pable of inducing LTP (Jia et al., 1996). Accordingly, the
enhanced LTP observed here could result from an addi-
tive contribution of GluA2 lacking AMPA receptors to
LTP at LA-BLA synapses (Whitehead et al., 2013).
Interestingly, a Cav1.3-dependent increase of calcium
permeable AMPA receptors has been previously shown
in the ventral tegmental area-nucleus accumbens cir-
cuit of cocaine exposed mice (Martínez-Rivera et al.,
2017). AMPA receptor dysregulation has also been
linked to the social deficits seen in mice models of ASD,
without impacting repetitive behaviors (Kim et al.,
2019), consistent with our behavioral data from rats in-
jected with BayK at P14 (Fig. 4A).
Reduced NMDA receptor function has been implicated

in the pathophysiology of neuropsychiatric diseases; for
instance, a mouse model with decreased GluN1 expres-
sion exhibits behavioral traits associated with ASD
(Gandal et al., 2012). In line with this, we found a reduction
in NMDA receptor subunits GluN1 and GluN2B in rats in-
jected with BayK at P14, consistent with the social deficits
exhibited by these rats (Fig. 4A). Conversely, the enhanced
synaptic plasticity observed in this group (Fig. 5B), might
seem counterintuitive with a reduction in GluN1 as in the
BLA NMDA receptors are largely assembled as hetero-
trimers containing GluN1/GluN2B/GluN2A with the GluN2B
subunit being essential for LTP (Delaney et al., 2013). Thus,
a reduction in GluN1 and GluN2B would be predicted to re-
duce the induction of LTP. Nonetheless, combined with our
AMPA receptor subunit data, these results suggest that
LTCC manipulation at P14 alters glutamatergic receptor
subunit expression which impacts synaptic plasticity and
social behaviors at maturation. Lastly, in contrast to P14,
BayK-injected rats at P7 did not show changes in expres-
sion of glutamatergic receptor subunits. Yet, BayK treat-
ment led to an enhancement in LTP induction. This
suggests that although there is a similar outcome when
LTCCs are acutely enhanced during development, the
underlying mechanisms that trigger this likely depends on
the stage of development.
The molecular mechanisms underlying plasticity of glu-

tamatergic synaptic transmission in the BLA have been
studied under conditions triggering anxiety-like behavioral
responses and/or the acquisition and consolidation of
fear memories (Manzanares et al., 2005; Ryan et al.,
2018). Furthermore, it has been reported that activation of
BLA triggered by behavioral training induces a transient
increase in mRNA expression of IEGs c-fos, Homer 1a,
and arc (Knapska et al., 2007; Imamura et al., 2011;
Nonaka et al., 2014; Rajbhandari et al., 2016). In the val-
proic acid (VPA) model of autism, high levels of Homer 1a
mRNA and protein expression in the BLA have been cor-
related with an impairment of social behavior and fear
conditioning (Banerjee et al., 2016), effects evident in
adult animals treated at the embryonic stage, consistent
with a long-term manifestation of transcriptional and func-
tional changes. c-fos IEG has been widely used as an
indirect reporter of neuronal activity as its expression is
triggered by calcium influx through activated NMDA

receptors and voltage-sensitive LTCCs (Rajbhandari et
al., 2016; Hudson, 2018), mRNA expression levels were
examined immediately after intra-amygdala injection of
BayK during the critical period of development.
Here, BayK produced a significant transient increase of

c-fos at 3 h after injection compared with the DMSO con-
trol group. No significant changes were observed in the
mRNA expression of Homer1a in any experimental group.
Statistically significant transient changes in Arc expres-
sion (1–3 h) were found between BayK and control
groups, although the overall level of Arc expression was
comparatively low. The lack of a BayK-evoked response
in c-fos expression at P14 is difficult to explain although
one could speculate that transcriptional regulation of c-
fos at this age is more sensitive to the pattern of stimulus
provoking neuronal activation (Tyssowski et al., 2018).
Overall, our results support the notion that altering

LTCC activity at certain time points (P7 and P14) within
the critical period of postnatal BLA development can pro-
duce long-lasting effects in adolescent life. Enhancing
Ca21 influx though LTCCs to then affect firing rates may
alter the cues and sequence of events that ordinarily drive
BLA immature networks to fully develop. Such dysregula-
tion could eventually modify synaptic strength of LA-BLA
inputs and reshape patterns of behavior linked to the
amygdala even after a relatively long-time interval follow-
ing drug treatment. Further, if these Ca21-dependent al-
terations occur after the critical period (P21) the mature
BLA neural circuits are not affected.
The present study may aid future research aimed at dis-

cerning the extent and mechanistic nature of enhanced
LTCC activity within the BLA circuitry. Recent optogenetic
studies have shown that the encoding of specific behav-
ioral tasks (e.g., retrieval of fear memories or social inter-
active behavior) requires the activation of distinct
subpopulations of BLA neurons (Bocchio et al., 2017). As
such, further input-specific approaches using genetic
strategies and employing relevant postnatal developmen-
tal stages (as demonstrated here and in Zhang et al.,
(2020) are needed to examine distinct BLA neuron-circuit
ensembles and to target specific subsets of neurons ex-
pressing LTTCs (DeNardo and Luo, 2017).
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