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Abstract

Genetic alterations in autism spectrum disorders (ASD) frequently disrupt balance between 

synaptic excitation and inhibition and alter plasticity in the hippocampal CA1 region. Individuals 

with Timothy Syndrome (TS), a genetic disorder caused by CaV1.2 L-type Ca2+ channel (LTCC) 

gain-of function mutations, such as G406R, exhibit social deficits, repetitive behaviors, and 

cognitive impairments characteristic of ASD that are phenocopied in TS2-neo mice expressing 

G406R. Here, we characterized hippocampal CA1 synaptic function in male TS2-neo mice 

and found basal excitatory transmission was slightly increased and inhibitory transmission 

strongly decreased. We also found distinct impacts on two LTCC-dependent forms of long-term 

potentiation (LTP) synaptic plasticity that were not readily consistent with LTCC gain-of-function. 

LTP induced by high-frequency stimulation (HFS) was strongly impaired in TS2-neo mice, 

suggesting decreased LTCC function. Yet, CaV1.2 expression, basal phosphorylation, and current 

density were similar for WT and TS2-neo. However, this HFS-LTP also required GABAA receptor 

activity, and thus may be impaired in TS2-neo due to decreased inhibitory transmission. In 

contrast, LTP induced in WT mice by prolonged theta-train (PTT) stimulation in the presence 

of a β-adrenergic receptor agonist to increase CaV1.2 phosphorylation was partially induced 
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in TS2-neo mice by PTT stimulation alone, consistent with increased LTCC function. Overall, 

our findings provide insights regarding how altered CaV1.2 channel function disrupts basal 

transmission and plasticity that could be relevant for neuro-behavioral alterations in ASD.

This article is part of the Special Issue on ‘L-type calcium channel mechanisms in 

neuropsychiatric disorders’.
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1. Introduction

ASD1 encompass sensory and communication disorders, repetitive behaviors, social 

interaction deficits, increased anxiety, and cognitive impairments. Neuronal information 

processing that underlies such complex brain functions requires multiple forms of 

plasticity that have been intensely studied in the CA1 hippocampal region, where a 

coordinated balance between glutamatergic synaptic excitation mediated by NMDA and 

AMPA receptors (NMDAR and AMPAR) and GABAergic inhibition mediated by GABAA 

receptors (GABAAR) is crucial (E/I balance) (Collingridge et al., 2010; Huganir and Nicoll, 

2013; Malenka and Bear, 2004; Oh and Smith, 2019). Whole-exome sequencing to identify 

genetic differences in individuals with ASD has identified alterations in multiple genes 

that are important for synaptic development and plasticity (Lu et al., 2012). Of note, 

genetic alterations associated with ASD and other related neurodevelopmental disorders 

frequently result in disruptions in synaptic E/I balance in mouse models (Chao et al., 2010; 

Gogolla et al., 2009; Pizzarelli and Cherubini, 2011; Tabuchi et al., 2007; Zhang et al., 

2010). Interestingly, ~30% of individuals with ASD develop clinically apparent seizures 

with a decrease in the threshold for developing seizures (Brooks-Kayal, 2010; Gillberg and 

Billstedt, 2000). Additionally, children with ASD exhibit ongoing sharp-spike activity in 

sleeping EEG or magnetoencephalographic recordings (Lewine et al., 1999; Wheless et al., 

2002). Taken together these data suggest that many individuals with ASD develop unstable, 

hyper-excitable neuronal networks, where there is an imbalance of E/I synaptic transmission 

that in some cases predisposes to comorbid epilepsy.

Genome-wide association studies and exome sequencing have linked polymorphisms in 

the genes encoding both the CaV1.2 and CaV1.3 LTCC isoforms to increased risk for 

multiple neurocognitive disorders, including ASD (Bhat et al., 2012; Chao et al., 2010; 

Lu et al., 2012; Nie et al., 2015; Pinggera and Striessnig, 2016; Smoller et al., 2013). As 

mentioned above, TS is a rare genetic disorder that in many cases is characterized by a 

single nucleotide mutation in codon 406 in exon 8 or 8A of the gene encoding the CaV1.2 

LTCC pore-forming subunit (Bader et al., 2011; Bett et al., 2012; Splawski et al., 2004). 

TS2-neo CaV1.2 G406R heterozygous knock-in mice, which serve as a model of TS, were 

generated with an inverted neomycin cassette that lowered the expression of the CaV1.2 

1Non-standard Abbreviations: Autism spectrum disorder (ASD). Excitation/Inhibition balance (E/I balance), High-frequency 
stimulation (HFS); L-type calcium channel (LTCC), prolonged theta-train stimulation (PTT), Timothy Syndrome (TS).
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G406R mutant from exon 8 via transcriptional interference, thus blunting the full effects of 

channel gain-of-function, which in the heart can lead to fatal cardiac arrhythmia (i.e. Long 

QT syndrome 8)(Bader et al., 2011). Behavioral analysis of these animals showed that this 

single mutation was sufficient to cause phenotypic characteristics that collectively mirror 

the social interaction deficits, repetitive behaviors, self-injurious overgrooming, heightened 

anxiety, and cognitive impairments described in ASD (Bader et al., 2011; Bett et al., 2012). 

Interestingly, a net reduction of dendritic arborization in response to depolarization has 

been described in the cortex of these animals (Krey et al., 2013), which is similar to 

observations in the hippocampus of humans with ASD and in induced pluripotent stem cells 

(iPSC)-derived neurons from patients with TS (Krey et al., 2013). Thus, the overlapping 

phenotypes reported for the TS2-neo mouse and humans with TS specifically and/or ASD 

generally make this animal model attractive for the studying how LTCC dysfunction may 

lead to potential alterations in basal excitatory and inhibitory transmission and synaptic 

plasticity that could contribute to ASD.

Previous studies recording from TS2-neo mouse cardiomyocytes and heterologous cells 

expressing the CaV1.2 G406R mutation are consistent with channel gain-of-function due 

to increased activation and impaired inactivation leading to long Q-T cardiac arrhythmias 

(Barrett and Tsien, 2008; Cheng et al., 2011; Dick et al., 2016; Dixon et al., 2012; Navedo 

et al., 2010; Splawski et al., 2004; Yazawa et al., 2011); however, channel function in 

neurons remains much less explored. Indeed, it is possible that the relative impacts of 

the CaV1.2 G406R mutation may be somewhat different in neurons as compared to other 

cells due to differences in the expression of CaV1.2 splice variants, auxiliary subunits, and 

other regulatory proteins. It was shown in cortical neurons that spontaneous regenerative 

Ca2+ transients mediated by CaV1.2 G406R channels showed significantly larger spatial 

spread and amplitude as compared to CaV1.2 WT, consistent with gain-of-function (Kamijo 

et al., 2018). Yet, interestingly, this study also found that the duration of Ca2+ elevation 

was shorter compared to WT, thus indicating potentially stronger engagement of negative-

feedback mechanisms that limit LTCC Ca2+ influx (Kamijo et al., 2018). Yet, another recent 

study found increased activation of basal transcriptional signaling downstream of CaV1.2 

G406R channels indicative of gain-of-function (Servili et al., 2020). However, neither the 

impact of the CaV1.2 G406R mutation on channel function nor on LTCC regulation of 

synaptic plasticity have been directly examined in vivo/ex vivo.

Thus, here we employed the TS2-neo mouse model to characterize the overall impact 

of the CaV1.2 G406R mutation ex vivo in acute brain slices on channel expression, 

phosphorylation, and current density, basal AMPAR and NMDAR-mediated excitatory 

and GABAAR-mediated inhibitory synaptic transmission, and LTCC control of synaptic 

plasticity in CA1 hippocampal neurons. Importantly, despite normal levels of functional 

channel expression and basal phosphorylation, we found that TS2-neo mice carrying 

the CaV1.2 G406R mutation exhibited slightly increased basal excitatory transmission, 

strongly decreased basal inhibitory synaptic transmission, and distinct alterations in two 

different forms of LTCC-dependent (but NMDAR-independent) LTP of excitatory synaptic 

transmission in CA1 neurons.
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2. Materials and methods

2.1. Animal models

All animal procedures were approved by the University of Colorado Anschutz Medical 

Campus Institutional Animal Care and Use Committee in accordance with National 

Institutes of Health (NIH)/United States Public Health Service guidelines. Production 

and initial characterization of TS2-neo mice expressing the CaV1.2 G406R variant was 

described in (Bader et al., 2011). TS2-neo mice were obtained from Jackson Laboratories 

(B6.Cg-Cacna1ctm2Itl/J, Strain#:019547; RRID: IMSR_JAX:019547) and maintained as 

heterozygotes by breeding to WT C57Bl6J. Previous studies identifying ASD-related 

behavioral phenotypes in TS2-neo mice, including alterations in hippocampal-dependent 

spatial and contextual fear learning and memory, only analyzed male mice (Bader et al., 

2011). In addition, ASD in general is 3–4 times more prevalent in human males than females 

(Loomes et al., 2017). Thus, in this study we confined our analyses to only male TS2-neo 

and WT littermate control mice between 8 and 16 weeks of age.

2.2. Whole-cell recordings of synaptic currents in CA1 neurons

For whole-cell, voltage-clamp electrophysiological recordings of excitatory and inhibitory 

synaptic currents, 300 μm horizontal hippocampal slices were prepared from TS2-neo and 

WT littermate control mice using a Vibratome as previously done (Sanderson et al., 2016, 

2021). After 15 min recovery at 34 °C, slices were then maintained at room temperature 

until recording. Whole-cell recordings were performed in a chamber maintained at 29–

30 °C and visualized using infrared–differential interference contrast microscopy. Patch-

clamp electrodes had a resistance between 3 and 6 MΩ. Voltage-clamp recordings were 

obtained using an Axopatch 200B amplifier using pClamp software (Molecular Devices) 

at a holding potential of −65 mV, except as noted below for AMPA/NMDA evoked EPSC 

ratios, AMPAR rectification measurements, and HFS-LTP recordings. No corrections were 

made for series resistance or liquid junction potentials. AMPAR-mediated sEPSCs isolated 

using picrotoxin (50 μM; Tocris) were recorded from CA1 pyramidal neurons using an 

intracellular solution (IS1) containing the following (in mM): 130 Cs gluconate, 1 CsCl, 

1 MgS04, 10 HEPES, 1 EGTA, 4 MgATP, 0.4 MgGTP, and 2 QX-314, pH 7.3. GABAAR-

mediated sIPSCs and evoked IPSCs were recorded using an internal solution containing (in 

mM) 140 CsCl, 10 HEPES, 1 EGTA, 4 MgATP, 0.4 MgGTP, and 2 QX-314, pH 7.3, and 

were isolated using 2, 3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide 

(NBQX 10 μM; Tocris). Evoked GABA IPSC paired-pulse ratios (PPR) assessing pre-

synaptic release probability were determined by taking the amplitude ratio of the 2nd 

IPSC/1st IPSC in response to two stimuli delivered 200 ms apart.

Evoked EPSCs were recorded in whole-cell configuration; half-maximal stimulation was 

determined and then currents were evoked at holding potentials of −65 mV (inward AMPAR 

current) or +40 mV (outward AMPAR plus NMDAR current). Averaging recorded events 

(>10/neuron) and overlaying the traces at −65 mV and +40 was used to determine AMPA/

NMDA EPSC ratios as follows: AMPAR currents at +40 or −65 mV measured from the 

peak amplitude of the EPSC were divided by NMDAR currents at +40 mV measured 

70 ms after the onset of the EPSC when the faster AMPAR-mediated component had 
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decayed. Normalized AMPAR EPSC I–V curves were obtained from averaged recordings 

(>10/neuron) in the presence of MK-801 (10 μM) and picrotoxin (50 μM) extracellularly and 

spermine (10 μM) intracellularly. Normalized I–V plots were generated from measurements 

of AMPAR EPSC peak amplitudes at different membrane holding potentials by dividing the 

mean AMPAR EPSC peak amplitude determined at −60 mV for each genotype. AMPAR 

rectification indices (RI) were obtained by dividing the peak amplitudes of AMPAR EPSCs 

recorded at −60 mV by those recorded at +40 mV for each neuron as indicated.

Whole-cell, voltage-clamp HFS-LTP experiments were recorded from CA1 pyramidal 

neurons using IS1 containing spermine (10 μM) with MK801 (10 μM) and D-APV (50 

μM) present in the ASCF to block NMDARs. A bipolar tungsten-stimulating electrode was 

placed in the SC pathway 200 μm from the CA1 pyramidal cell body to evoke AMPAR 

EPSCs recorded at ~−40 mV where little or no net GABAAR inward or outward current 

is present. After establishing whole-cell access, a 3 min gap-free baseline recording at 

~−40 mV was performed. HFS-LTP was then induced using a pairing protocol; cells were 

depolarized to 0 mV and held there for 90 s, with a pulse every 20 s, LTP was subsequently 

induced by additional delivery of 2 × 100Hz HFS, 1s trains separated by 20 s. The neuron 

was then returned to ~ −40 mV and evoked EPSC amplitudes were subsequently monitored 

every 20 s. Similar recording approaches were used to assess the impacts of blocking LTCCs 

with nimodipine (10 μM) and GABAARs with picrotoxin (50 μM) on this HFS-LTP.

2.3. Whole-cell recordings of voltage-gated Ca2+ currents in CA1 neurons

Voltage-gated Ca2+ currents were recorded in whole-cell patch clamp configuration using 

an Axopatch 200B amplifier using pClamp software (Molecular Devices), with the 

above-described internal solution also containing 10 mM QX-314, 10 μM spermine, 10 

mM tetraethylammonium chloride, and 2 mM 4-aminopyridine. The extracellular ASCF 

contained tetrodotoxin (1 μm), 10 mM tetraethylammonium chloride, 50 μM picrotoxin, 

10 μM NBQX, 10 μM MK801, and 50 μM D-APV. I–V curves were generated in 

response to 500 ms step depolarizations from a holding potential of −60 mV in 10 

mV increments from −50 to +20 mV in the absence and then the presence of 10 μM 

nimodipine to determine LTCC contributions. Leak currents were measured at −50 mV and 

then proportionally subtracted from the evoked voltage-gated Ca2+currents (ICa) as a linear 

function of increasing membrane voltage for each depolarizing step from −60 to +20 mV.

2.4. Extracellular fEPSP recordings

Unless indicated, all chemicals were from Sigma-Aldrich. For slice preparation, 8-16 week-

old mice were decapitated under deep anesthesia with isoflurane via inhalation, prior to 

decapitation and then the brain was removed into 4 °C cutting solution (in mM: 3 KCl, 1.25 

NaH2PO4, 12 MgSO4, 26 NaHCO3, 0.2 CaCl2, 220 sucrose, 10 glucose) as done previously 

(Sanderson et al., 2021). The hippocampi were removed from the brain, and 400-μm-thick 

horizontal slices were made using a McIIwain tissue chopper. Slices were recovered at 27 °C 

for >90 min in ACSF/cutting solution mixture (ACSF in mM: 126 NaCl, 5 KCl, 2 CaCl2, 

1.25 NaH2PO4, 1 MgSO4, 26 NaHCO3, 10 glucose, and 2 N-acetyl cysteine). Following 

recovery, slices were transferred to a recording chamber and maintained at 29–31 °C in 

ACSF minus N-acetyl cysteine. A bipolar tungsten stimulating electrode was placed in the 
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SC pathway 200–300 μm from CA1 cell bodies to evoke fEPSPs recorded in the stratum 

radiatum using a nearby glass micropipette filled with ACSF (access resistance, 2–5 MΩ). 

Input-output (I–O) curves were measured by evoking fEPSPs at different intensities until the 

maximal response was determined by plotting initial fEPSP slope against stimulus intensity. 

PPR assessing pre-synaptic glutamate release probability was determined by taking the 

amplitude ratio of the 2nd fEPSP/1st fEPSP (x100) in response to two stimuli delivered 

50 ms apart. For studies of prolonged theta tetanus (PTT)-LTP, the test stimulus intensity 

was set to evoke 40–60% of the maximum slope and delivered at 0.05 Hz, then 5 Hz 

stimulation was applied for 3 min and fEPSP responses were followed for another 45 min. 

When examining β-adrenergic regulation of PTT-LTP, isoproterenol bitartrate (3 μM) was 

bath-applied for 10 min prior to PTT stimulation. Scope54 or WinLTP software was used for 

data acquisition and analysis.

2.5. Immunoblotting of hippocampal homogenates

Hippocampal slices were prepared using a vibratome and recovered as for electrophysiology 

with the addition of cuts to isolate CA1 from the remaining hippocampus; after recovery, the 

slices were suspended in 100 μl 1%Triton X-100 lysis buffer (1% Triton X-100, 150 mM 

NaCl,10 mM EDTA, 10 mM EGTA, 10 mM Tris pH 8.0) plus a protease and phosphatase 

inhibitor cocktail (Thermo scientific #1861281) for each 10 mg of tissue, sonicated in 

buffer with 5x loading dye added, and boiled for 5min. For immunoblotting, 20 μl of 

this whole hippocampal slice homogenate was resolved on 7.5% Tris-SDS polyacrylamide 

gels and transferred in 7.5% methanol to PVDF membranes. Blots were blocked in Tris-

buffered saline (TBS; 140 mm NaCl, 20 mm Tris pH 7.6) plus 1% BSA overnight at 4 

°C and then cut in half at ~150 kDa to allow separate probing of the top half of the 

blots to measure phospho-S1928 levels (rabbit anti-CaV1.2P–S1928; provided by William 

Catterall, University of Washington ((De Jongh et al., 1996); 1:500) followed by total 

CaV1.2 expression (rabbit anti-CaV1.2; Alomone Laboratories ACC-003; 1:200) and the 

bottom half of the blot for β-actin (rabbit anti-β-actin; Cell Signaling #4967; 1:1000) to 

allow normalization of total CaV1.2 expression to β-actin as a protein loading control for 

each lane (see Supplemental Fig. 1). For CaV1.2 P–S1928 analysis, WT and TS2-neo 

samples were run side-by-side on the same gel/blot and processed as in (Murphy et 

al., 2014). Briefly, blots were probed with rabbit anti-CaV1.2P–S1928 for 1 h at room 

temperature before visualization (described below) followed by stripping (200 mM glycine 

buffer pH 2.7, 2 × 10 min) and re-probing overnight at 4 °C with rabbit anti-CaV1.2 

(Alomone Laboratories ACC-003; 1:200) to allow normalization to total channel levels. 

After primary antibody incubations, blots were subjected to three 10-min washes in 

TBS plus 0.1% Tween 20 (TTBS), before being incubated with anti-rabbit HRP-coupled 

secondary antibody (Bio-Rad; 1:5000) in 1% BSA for 1 h at room temperature, followed by 

three additional 10-min washes in TTBS. Immunodetection visualization was accomplished 

using a chemiluminescent substrate kit (SuperSignal West Femto Maximum Sensitivity 

Substrate; Pierce) and the Alpha Innotech (Alpha Innotech, San Leandro, CA, USA) 

imaging system. Quantification was performed using AlphaEase software (Alpha Innotech, 

San Leandro, CA, USA) and Excel (Microsoft, Redmond, WA, USA).
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2.6. Quantification and statistical analyses

fEPSP slope and amplitude measurements and analyses were made using WinLTP or 

Scope54. Whole-cell current measurements and analyses were performed using in Clampfit 

(for evoked EPSCs, IPSCs and Ca2+ currents) and Mini-Analysis (for sEPSCs and 

sIPSCs). LTP time-course data, I–V curves, and I–O curves were analyzed using standard 

two-way ANOVA in Prism (GraphPad). Datasets were tested for normality using either 

the Kolmogorov-Smirnov or D’Agostino and Pearson normality tests in Prism. Pairwise 

comparisons for normally distributed data were by unpaired, two-tailed t-test in Prism. 

Pairwise comparisons for non-normally distributed data were by Mann-Whitney, two-tailed 

test in Prism. sEPSC and sIPSC amplitude and inter-event interval raw values used to 

generate cumulative distribution plots were analyzed using the Kolmogorov-Smirnov (K–S) 

test in Prism. Significance is reported as *p < 0.05 and data are presented as mean ± SEM. 

In most cases, were possible, the raw data points are also represented on the graphs. Actual p 

values are reported in the Results text when provided by the software. When actual p values 

are not provided by the software only *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 

0.0001 are reported in the Results text. Only *p < 0.05, **p < 0.01, **p < 0.001, and ****p 

< 0.0001 are reported in the Figure Legends. p > 0.05 is reported as ns (not significant).

3. Results

3.1. Basal excitatory synaptic input to CA1 neurons is slightly increased in TS2-neo mice

Prior research identified multiple ASD-related behavioral phenotypes in male TS2-neo mice, 

including alterations in hippocampal-dependent spatial and contextual fear learning and 

memory (Bader et al., 2011). Thus, here we first used whole-cell voltage-clamp recording 

to characterize basal synaptic inputs onto hippocampal CA1 neurons in young adult (8-16 

weeks-old) male TS2-neo and WT littermate control mice. Recordings of AMPAR-mediated 

spontaneous excitatory postsynaptic currents (sEPSCs) at a holding potential of −65 mV, in 

the presence of picrotoxin (50 μM) to block GABAARs (Fig. 1A), revealed that TS2-neo 

mice exhibited a small, but significant increase in mean sEPSC amplitude (Fig. 1B; WT 11.3 

± 0.6 pA n = 16 cells, 4 animals, TS2-neo 15.5 ± 1.6 n = 15 cells, 5 animals; *p = 0.018 by 

t-test) and a clear rightward-shift in the cumulative distribution of sEPSC amplitudes (****p 

< 0.0001 by K–S test; Fig. 1C) compared to WT. In addition, while sEPSC rise time kinetics 

were not different between WT and TS2-neo (Supplemental Fig. 1A), sEPSC decay time 

was slightly increased in TS2-neo compared to WT (Supplemental Fig. 1B), which can also 

increase the effective strength of excitatory input by prolonging postsynaptic depolarization 

(Hansen et al., 2021). However, there was no significant difference in the mean frequency of 

sEPSC events (Fig. 1D; WT 0.9 ± 0.2 Hz n = 16 cells, 4 animals, TS2-neo 0.7 ± 0.2 HZ n = 

15, 5 animals; p = 0.19 by t-test), yet there was a small, but significant rightward shift in the 

cumulative distribution of interevent intervals, indicating a modest decrease in the frequency 

of excitatory synaptic events for TS2-neo compared to WT (Fig. 1E; ****p < 0.0001 by 

K–S test). These data indicate that the overall basal strength of individual excitatory synaptic 

inputs to CA1 neurons is somewhat increased in TS2-neo mice, but this increase in synaptic 

strength is partially offset by a slight decrease in the frequency of synaptic events.
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We then assessed the ratio of evoked AMPAR to NMDAR-mediated basal synaptic 

transmission in response to stimulation of the Schaffer collateral (SC) inputs from CA3, 

with the amplitude of the fast, evoked AMPAR EPSC measured as the peak of the inward 

response recorded at −60 mV and the amplitude of the slow, evoked NMDAR EPSC 

measured 70 ms after the onset of the outward response recorded +60 mV, when the 

faster AMPAR-mediated component had decayed (Fig. 1F; Supplemental Fig. 1C). These 

measurements determined that neither normalized AMPA/NMDA EPSC ratios (Fig. 1G; WT 

5.6 ± 1.0 n = 16 cells, 4 animals, TS2-neo 5.5 ± 1.0 n = 8 cells, 3 animals; p = 0.95 by t-test) 

nor mean amplitudes of NMDA EPSC responses (Fig. 1H; WT 54 ± 8 pA n = 14 cells, 4 

animals, TS2-neo 39 ± 10 pA n = 7 cells, 3 animals; p = 0.22 by t-test) were different in 

TS2-neo compared to WT mice. In addition, the decay time of the slow, NMDAR-mediated 

component of outward +60 mV EPSC response was not different for TS2-neo compared to 

WT mice (Supplemental Fig. 1D).

We previously demonstrated that recruitment of the cAMP-dependent protein kinase A 

(PKA) and the Ca2+-dependent protein phosphatase calcineurin (CaN) to LTCCs by the 

postsynaptic scaffold protein A-kinase anchoring protein (AKAP) 79/150 prominently 

regulates basal LTCC current density and Ca2+-dependent inactivation in hippocampal 

neurons. In particular, genetic disruption of CaN anchoring to AKAP79/150 led to LTCC 

gain-of-function by inhibiting Ca2+-dependent inactivation that is primed by PKA signaling 

(Dittmer et al., 2014; Oliveria et al., 2012). However, this same genetic disruption of CaN 

anchoring to AKAP79/150 that increased neuronal LTCC function also aberrantly increased 

the basal CA1 synaptic incorporation of GluA1 subunit homomeric Ca2+-permeable 

AMPARs (CP-AMPAR) subunits (Sanderson et al., 2012, 2016, 2021). These GluA2-

lacking CP-AMPARs can be distinguished by inward-rectification on current-voltage (I–V) 

plots due to the block of outward current through these channels by intracellular polyamines 

(Hansen et al., 2021; Purkey and Dell’Acqua, 2020). Thus, to determine whether CaV1.2 

G406R gain-of-function mutation that prevents LTCC inactivation (Barrett and Tsien, 2008; 

Dick et al., 2016) might also lead to alterations in synaptic AMPAR subunit composition, 

we measured evoked AMPAR EPSCs over range of membrane holding potential from −60 

to +60 mV. The resulting normalized AMPA EPSC I–V plots showed a small decrease 

in outward AMPA EPSC amplitudes indicative of slightly increased AMPAR inward 

rectification in TS2-neo mice (Fig. 1I; *p < 0.05 by 2-way ANOVA). However, parallel 

measurements of AMPA −60 mV/+40 mV EPSC rectification indices (RI) did not show 

a significant difference between TS2-neo and WT (Fig. 1J; WT 2.4 ± 0.4 n = 16 cells, 4 

animals; TS2-neo 2.8 ± 0.5 n = 8 cells, 3 animals; p = 0.52 by t-test).

CP-AMPARs also exhibit faster kinetics (both rise and decay times) compared to GluA2-

containing AMPARs (Hansen et al., 2021); however, as noted above, sEPSC rise times were 

not different between WT and TS2-neo (Supplemental Fig. 1A) and sEPSC decay time was 

slightly slower for TS2-neo (Supplemental Fig. 1B). In addition, no significant difference 

in the decay times of evoked AMPA EPSCs were found for TS2-neo compared to WT 

(Supplemental Fig. 1C). As small changes in AMPAR EPSC rectification and decay kinetics 

can also result from the presence of different auxiliary subunits and GluA subunit alternative 

splicing changes (Hansen et al., 2021), synaptic AMPAR subunit composition is likely to 

be for the most part unchanged at SC-CA1 synapses in TS2-neo mice. However, we cannot 
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completely rule out a small increase in the basal incorporation of CP-AMPARs that, due 

their higher single-channel conductance, could be in part contributing to the increase in 

sEPSC amplitude observed above (Fig. 1B and C).

3.2. Basal inhibitory synaptic input to CA1 neurons is decreased in TS2- neo mice

In order to determine whether GABAergic inhibition is altered in TS2-neo mice, we 

recorded GABAAR-mediated spontaneous inhibitory postsynaptic currents (sIPSCs) at a 

holding potential of −65 mV in the presence of NBQX (10 μM) to block AMPARs (Fig. 2A) 

and found that TS2-neo exhibited a significant decrease in mean sIPSC amplitude (Fig. 2B; 

WT 30 ± 1.4 pA n = 16 cells, 5 animals, TS2-neo 25 ± 1.7 n = 12 cells, 5 animals; *p = 

0.021 by t-test) and a clear leftward-shift in the cumulative distribution of sIPSC amplitudes 

compared to WT mice (**p = 0.0059 by K–S test; Fig. 2C). In addition, there was a large 

decrease in the mean frequency of sIPSC events (Fig. 1D; WT 6.2 ± 0.8 Hz n = 16, 5 

animals; TS2-neo 2.6 ± 0.5 HZ n = 12, 5 animals; **p = 0.0024 by t-test) and a prominent 

rightward shift in the cumulative distributions of interevent intervals for TS2-neo compared 

to WT mice (****p < 0.0001 by K–S test; Fig. 2E). In addition, both the sIPSC rise times 

(Fig. 2F; WT 3.3 ± 0.2 ms, n = 17 cells, 5 animals, TS2-neo 4.2 ± 0.3 ms n = 13 cells, 5 

animals; **p = 0.0016 by t-test) and decay times (Fig. 2G; WT 4.6 ± 0.2 ms n = 17 cells, 

5 animals, TS2-neo 5.6 ± 0.3 ms n = 13 cells, 5 animals; *p = 0.017 by Mann-Whitney 

test) were slightly increased for TS2-neo compared to WT. These slower sIPSC kinetics 

in TS2-neo could reflect changes in postsynaptic GABAAR subunit composition and/or 

accessory proteins (Han et al., 2021). Regardless, the profound decrease in sIPSC frequency 

we observe in TS2-neo could be indicative of decreased presynaptic GABA release. Thus, 

to independently assess GABA release onto CA1 neurons, we measured paired-pulse ratios 

(PPR), which are inversely related to release probability, for evoked GABA-mediated IPSCs 

in response to two stimuli delivered in stratum radiatum 200 ms apart (Fig. 1F). Consistent 

with decreased probability of GABA release in TS2-neo mice, GABA PPR was significantly 

increased in TS2-neo compared to WT (Fig. 1G; WT 0.62 ± 0.03 n = 12 cells, 3 animals; 

TS2-neo 0.74 ± 0.02 n = 7 cells, 3 animals; *p = 0.011 by t-test). Thus, these data indicate 

that basal inhibitory input to CA1 neurons is substantially decreased in TS2-neo mice, 

and when combined with slightly increased excitatory transmission observed, indicate that 

overall CA1 neuron synaptic E/I balance is likely shifted toward excitation.

3.3. LTCC-dependent HFS-LTP at CA1 synapses is impaired in TS2-neo mice

Various patterns of high-frequency stimulation (HFS) can induce LTP at SC-CA1 synapses 

that depends on Ca2+ influx through NMDARs, LTCCs, or a combination of both 

(Moosmang et al., 2005). In addition, given the decreased basal GABAergic input to CA1 

neurons in TS2-neo mice described above, we wanted to assess impacts of the CaV1.2 

G406R mutation on LTP, not only under conditions that depend on LTCCs, but also where 

GABAergic inhibition is left unblocked. To this end, we first monitored inward evoked 

SC-CA1 AMPAR EPSC responses at a holding potential of ~ −40 mV (where little or no 

inward or outward GABAAR current is present) and then induced LTP in the presence of 

NMDAR blockers (MK801, D-APV) by delivering 2 × 100 Hz, 1 s HFS trains spaced 20 s 

apart paired with current injection to depolarize the postsynaptic neuron to 0 mV. We then 

returned to ~ −40 mV to monitor AMPAR EPSC responses post-induction and found that 
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this 2 × 100Hz HFS protocol reliably induced LTP of AMPAR EPSC responses in WT 

slices (Fig. 3A and B). Importantly, induction of this NMDAR-independent HFS-LTP was 

blocked both by the LTCC antagonist nimodipine (WT control n = 14 cells, 12 animals; 

+nimodipine 10 μM n = 6 cells, 5 animals; ****p < 0.0001 by two-way ANOVA last 10 

min) and also by the GABAAR antagonist picrotoxin (+picrotoxin 50 μM n = 11 cells, 11 

animals; ****p < 0.0001 by two-way ANOVA last 10 min) (Fig. 3A and B). Interestingly, 

this LTCC-dependent, GABAR-dependent HFS-LTP was also strongly impaired in slices 

from TS2-neo mice (Fig. 3C and D; WT n = 14 cells, 12 animals; TS2-neo n = 6 cells, 5 

animals; ****p < 0.0001 by two-way ANOVA last 10 min). These findings could indicate, 

that despite the CaV1.2 G406R mutation causing biophysical gain-of-function at the single 

channel level, in vivo there could actually be some sort of compensatory down-regulation of 

overall LTCC function in TS2-neo mice. However, given the additional dependence of this 

HFS-LTP on GABAAR activity, this impairment in TS2-neo mice could also be related to 

the decreased basal GABAergic inhibition reported above (Fig. 2).

3.4. CaV1.2 expression, basal phosphorylation, and LTCC current density in CA1 neurons 
is not altered in TS2-neo mice

To determine whether any negative-feedback, compensatory mechanism might be engaged 

in TS2-neo mice to somehow decrease overall LTCC expression and function, we first 

assessed overall CaV1.2 expression in CA1 hippocampus by immunoblotting, and found 

no difference for CaV1.2 protein levels normalized to β-actin in TS2-neo compared to WT 

(Fig. 4A and B; WT 0.09 ± 0.03, n = 7 animals; TS2-neo 0.09 ± 0.02, n = 8 animals; p = 

0.96 ns by t-test). We and others previously found that PKA phosphorylation of CaV1.2 at 

Ser1928 in the distal C-terminus plays a prominent role in maintaining basal LTCC activity 

and also allowing further enhancement in response to β-adrenergic receptor stimulation in 

hippocampal neurons (Murphy et al., 2014; Patriarchi et al., 2016; Qian et al., 2017). Thus, 

we next measured the basal levels of CaV1.2 S1928 phosphorylation by immunoblotting 

and found no difference in phospho-S1928 immunoreactivity normalized to total CaV1.2 

immunoreactivity in hippocampal slice homogenates from TS2-neo compared to WT mice 

(Fig. 4A,C; WT 0.18 ± 0.04, n = 7 animals; TS2-neo 0.17 ± 0.03, n = 8 animals; p = 0.86 ns 

by t-test).

Finally, we used whole-cell recording in CA1 neurons to measure voltage-gated Ca2+ 

current density (i.e. ICa in pA normalized to cell capacitance in pF, which is proportional to 

cell size and was found to be similar for WT (202 ± 51 pF) and TS2-neo (214 ± 21 pF); p 

= 0.81 ns by t-test), in response to a series of 500 ms step depolarizations from −60 to +20 

mV (Fig. 4D). While these measurements made 250 ms after initiating depolarization (i.e. 

in the middle of each 500 ms step depolarization) are somewhat inexact due to the inability 

to fully clamp membrane voltage in these large, mature, dendritically complex neurons, 

plotting ICa density versus voltage (I–V curve) revealed no significant differences between 

WT and TS2-neo (Fig. 4F; WT n = 6 cells, 3 animals; TS2-neo n = 13 cells, 5 animals; p 

> 0.05, ns by two-way ANOVA). To more specifically investigate the contribution of LTCCs 

to total ICa density, nimodipine (10 μM) was then added and ICa density measurements were 

repeated for the same cells (Fig. 4E). Importantly, nimodipine reduced ICa density similarly 

in both WT and TS-neo neurons with the resulting post-nimodipine I–V curves not being 
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significantly different (Fig. 4G; WT n = 6 cells, 3 animals; TS2-neo n = 13 cells, 5 animals; 

p > 0.05, ns by two-way ANOVA). In addition, despite the G406R mutation previously 

being linked to impaired channel inactivation, we detected no significant differences in the 

apparent kinetics of inactivation of ICa measured as decay slope following depolarization 

to −10 mV in either the absence (Fig. 4H; WT 5.7 ± 2.1 pA/ms n = 6 cells, 3 animals; 

TS2-neo 8.4 ± 1.1 pA/ms n = 13 cells, 5 animals; p = 0.18 ns by Mann-Whitney test) 

or presence of nimodipine (Fig. 4I; WT + Nim 4.3 ± 1.2 pA/ms n = 6 cells, 3 animals; 

TS2-neo + Nim 5.8 ± 0.9 pA/ms n = 13 cells, 5 animals; p = 0.43 ns by Mann-Whitney test). 

Thus, we can infer that the LTCC contributions to total voltage-gated Ca2+ current in CA1 

neurons are roughly similar in WT and TS2-neo mice and that no unexpected, compensatory 

global down-regulation of LTCC function resulted from chronic expression of the G406R 

gain-of-function mutant.

3.5. TS2-neo mice are sensitized to induction of LTP by prolonged theta-train stimulation

Lastly, we used extracellular recordings of field excitatory postsynaptic potentials (fEPSP) 

evoked by stimulation of SC inputs to CA1 neuron dendrites in stratum radiatum to 

assess another form of LTCC-dependent LTP that in WT mice requires 5 Hz prolonged 

theta-train (PTT) stimulation in the presence of a β-adrenergic receptor agonist to promote 

PKA signaling-mediated enhancement of LTCC activity. Importantly, this PTT-LTP is 

completely inhibited by LTCC antagonists (but not NMDAR antagonists) and is absent 

in both forebrain-restricted CaV1.2 knock-out mice and phosphorylation-deficient CaV1.2 

S1928A knock-in mice (Patriarchi et al., 2016; Qian et al., 2012, 2017; Zhang et al., 2013). 

But first, to control for any possible confounding differences in basal AMPAR transmission, 

we determined input-output (I–O) relationships measuring fEPSP slope for range of stimulus 

intensities (Fig. 5A) and PPR, as a relative measure of presynaptic glutamate release 

probability (Fig. 5B), but found no significant differences in either set of measurements 

(Fig. 5A; I-0 WT n = 9, 26, 15,10, 6; TS2-neo n = 10, 28, 23, 24, 5; p > 0.05 ns by two-way 

ANOVA; Fig. 5B; PPR 146 ± 8 WT n = 10; TS2-neo 159 ± 7 n = 9; p = 0.24 ns by test).

In agreement with prior studies of PTT-LTP mentioned above, delivery of 5 Hz PTT for 3 

min in WT control slices resulted in a brief potentiation followed by a transient depression 

that then recovered back to baseline after PTT stimulation was terminated, with no resulting 

net change in synaptic strength observed after ~30–45 min (Fig. 5C and D). However, 

when 5 Hz PTT stimulation was instead delivered following application of the β-adrenergic 

agonist isoproterenol (Iso, 3 μM) substantial potentiation (~30%) of the fEPSP response 

resulted within ~30–45 min (Fig. 5C and D; WT Control n = 9 slices, 9 animals; WT + Iso n 

= 12 slices, 11 animals; ****p < 0.0001 by two-way ANOVA last 10 min). Consistent with 

prior studies demonstrating that PPT-LTP is LTCC-dependent, treatment with nimodipine 

(10 μM) prevented Iso from promoting any significant potentiation in response to 5 Hz PTT 

stimulation (Fig. 5D; WT + Iso + Nim n = 4 slices, 4 animals; ****p < 0.0001 by two-way 

ANOVA last 10 min compared to WT + Iso; p = 0.17 ns by two-way ANOVA last 10 min 

compared to WT Control).

Interestingly, 5 Hz PTT stimulation following Iso application also resulted in substantial 

fEPSP potentiation (~30%) in slices from TS2-neo mice (Fig. 5E and F) that was 
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indistinguishable from the level of potentiation seen in W + Iso slices (Fig. 5H; TS2-neo + 

Iso, n = 14 slices, 13 animals; p = 0.93 ns by two-way ANOVA last 10 min compared to 

WT + Iso). In contrast, stimulation of TS2-neo slices under control conditions with 5 Hz 

PTT alone resulted in measurable levels of potentiation (~12%) that, while significantly less 

than those observed for TS2-neo slices treated with Iso (Fig. 5F; TS2-neo Control n = 10 

slices, 10 animals; TS2-neo + Iso, n = 14 slices, 13 animals; ***p = 0.0002 by two-way 

ANOVA last 10 min), were significantly above those seen for WT control conditions with 

5 Hz PTT alone (Fig. 5G; TS2-neo control n = 10 slices, 10 animals; *p = 0.033 by 

two-way ANOVA last 10 min compared to WT Control). Thus, the CaV1.2 G406R mutation 

in TS2-neo appears to be sensitizing CA1 synapses to induction of LTP by 5 Hz PTT 

stimulation alone, which then partially occludes some of the additional potentiation resulting 

from PTT stimulation in presence of Iso. These findings for 5 Hz PTT-LTP in TS2-neo 

mice, unlike those above for 2 × 100 Hz HFS-LTP, are more readily consistent with LTCC 

gain-of-function as expected for the G406R mutant. Congruent with this possible linkage to 

LTCC gain-of-function, incubation with nimodipine prevented potentiation in response to 5 

Hz PTT stimulation alone in TS2-neo mice (Fig. 5I; TS2-neo Control + Nim n = 5 slices, 5 

animals; ***p = 0.0002 by two-way ANOVA last 10 min compared to TS2-neo Control).

4. Discussion

4.1. LTCC regulation of excitatory and inhibitory synaptic development and plasticity

Plasticity at hippocampal excitatory and inhibitory synapses is required for normal learning 

and memory (Collingridge et al., 2010; Huganir and Nicoll, 2013; Malenka and Bear, 

2004; Oh and Smith, 2019), and plasticity alterations are frequently observed in rodent 

models of human brain disorders, including Alzheimer’s, Down syndrome, schizophrenia, 

and ASD (Bozdagi et al., 2010; Choong et al., 2015; Liu et al., 2011; Silverman et al., 

2010; Smith and Kittler, 2010; Zhou et al., 2016). NMDARs and LTCCs each activate 

signaling pathways controlling both rapid changes at synapses that occur within sec-min of 

plasticity induction as well as subsequent long-lasting changes in gene expression that are 

required to maintain plasticity expression over hrs-days (Catterall, 2011; Dolmetsch, 2003; 

Greer and Greenberg, 2008; Grover and Teyler, 1990; Langwieser et al., 2010; Moosmang 

et al., 2005; Rajgor et al., 2020; Wild et al., 2019). In particular, during plasticity induction 

membrane depolarization generated by NMDARs and AMPARs can open LTCCs to mediate 

rapid Ca2+-dependent signaling events controlling postsynaptic AMPAR and GABAAR 

trafficking, LTP expression, and structural remodeling of dendritic spines (Dittmer et al., 

2017, 2019; Garcia et al., 2021; Hiester et al., 2017; Moosmang et al., 2005; Qian et 

al., 2012, 2017), as well as long-term changes in gene transcription that support plasticity 

maintenance (Deisseroth et al., 1996; Graef et al., 1999; Kang et al., 2001; Li et al., 2012, 

2016; Ma et al., 2014; Mermelstein et al., 2000; Murphy et al., 2014, 2019; Oliveria et al., 

2007; Rajgor et al., 2020; Wheeler et al., 2008, 2012; Wild et al., 2019; Wu et al., 2001).

The CaV1.2 and CaV1.3 LTCC pore forming subunits are both expressed in the brain, 

with CaV1.2 present at higher levels in hippocampal neurons, where it localizes in the 

soma, dendrites, and dendritic spines (Di Biase et al., 2008, 2011; Obermair et al., 2004). 

Accordingly, forebrain-specific CaV1.2 knockout mice exhibit impairments in learning and 
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memory and hippocampal LTP (Moosmang et al., 2005). Given the central role of LTCCs 

in regulating plasticity, it is also not surprising that polymorphisms in the CACNA1C gene 

that are thought to impact CaV1.2 expression have been linked to ASD, schizophrenia, 

depression, and bipolar disorder (Bhat et al., 2012; Smoller et al., 2013). In addition, we 

have observed increased LTCC function in concert with ASD-related behavioral phenotypes 

and altered CA1 hippocampal synaptic plasticity after early life seizures in rats (Bernard 

et al., 2014, 2015). As introduced above, rare gain-of-function mutations in CACNA1C 
(Barrett and Tsien, 2008; Dick et al., 2016; Dixon et al., 2012; Erxleben et al., 2006; Li et 

al., 2016; Limpitikul et al., 2016; Navedo et al., 2010) and CACNA1D (the gene encoding 

CaV1.3) are linked to TS-associated ASD and non-syndromic ASD, respectively (Pinggera 

et al., 2015; Splawski et al., 2004).

4.2. Disruption of E/I balance and HFS-LTP by expression of the CaV1.2 G406R TS 
mutation

A prominent feature of all of the nervous system disorders mentioned above, including ASD, 

is altered neuronal excitability and synaptic plasticity related to disruption of synaptic E/I 

balance (Smith and Kittler, 2010). Importantly, here using a TS2-neo mouse model that 

expresses one copy of the CaV1.2 G406R gain-of-function mutation and exhibits social 

interaction deficits, repetitive behaviors, and hippocampal-dependent cognitive impairments 

mirroring ASD (Bader et al., 2011), we found alterations in both basal excitatory and 

inhibitory transmission and synaptic plasticity at CA1 hippocampal synapses. In particular, 

the basal level of GABAergic synaptic input onto hippocampal CA1 neurons was strongly 

reduced while the basal level of glutamatergic synaptic input was somewhat increased, 

which could be consistent with an overall net shift in E/I balance toward excitation. 

While the underlying mechanism by which the CaV1.2 G406R gain-of-function mutation 

is leading to reduced GABAergic inhibition remains to be determined, the decrease in sIPSC 

amplitude could involve changes in synaptic development downstream of alterations in 

LTCC regulation of transcriptional signaling pathways that are known to control GABAAR 

expression both directly and indirectly (Oh and Smith, 2019; Quadrato et al., 2014; Rajgor et 

al., 2020).

The even larger decrease in sIPSC frequency in TS2-neo mice, which we were able to at 

least in part link to decreased presynaptic GABA release, could be related to decreased 

retrograde communication from CA1 pyramidal cells to presynaptic interneurons via brain-

derived neurotrophic factor, an activity-dependent gene product whose expression is known 

to be controlled by LTCC-dependent transcriptional signaling and to regulate presynaptic 

GABAergic properties and E/I balance (Belfield et al., 2006; Greer and Greenberg, 2008; 

Guzikowski and Kavalali, 2022; Peng et al., 2010; Singh et al., 2006). In addition, 

studies in TS2-neo mice and iPSC-derived cerebral organoids from patients with TS have 

both identified impairments in cortical interneuron migration that could also contribute 

to decreased inhibition (Birey et al., 2022; Horigane et al., 2020). Thus, we cannot rule 

out additional direct contributions of CaV1.2 G406R mutant expression in presynaptic 

interneurons. Another, but not mutually exclusive, possibility is that reduced dendritic 

arborization caused by expression of the G406R mutation (Kamijo et al., 2018; Krey et 

al., 2013) could be leading to a corresponding reduction in the total number of excitatory 
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synapses that then triggers compensatory homeostatic plasticity that scales-up excitatory 

synaptic strength (as seen in Fig. 1A-C) but scales down inhibitory synaptic strength (as 

seen in Fig. 2A-E) to maintain some basal target level of neuronal firing (Turrigiano, 2012). 

However, our measurements of cell capacitance, while lacking in precision due to poor 

voltage-clamp, are not consistent with any major differences in CA1 pyramidal cell size 

between WT and TS2-neo mice.

Regardless, we were able to potentially link loss of synaptic inhibition in TS2-neo mice to 

a profound disruption of LTCC-dependent HFS-LTP that also requires intact GABAergic 

inhibition for its induction. While it is not entirely clear what role GABAARs are playing 

to support induction of this LTCC-dependent LTP in WT neurons, one possibility is that by 

pairing HFS with depolarization to 0 mV we are allowing feed-forward inhibition onto CA1 

neurons to instead produce outward, depolarizing excitatory Cl-currents through synaptic 

GABAARs to assist in driving LTCC opening and Ca2+ influx that then activates signaling 

pathways required for AMPAR potentiation. Indeed, during early postnatal development 

GABA is excitatory due to high [Cl−]internal, and the excitatory actions of GABAAR 

activation promote LTCC opening that controls the development and strengthening of both 

inhibitory and excitatory synapses to establish E/I balance in the hippocampus and other 

brain regions (Ben-Ari, 2002, 2014; Ben-Ari et al., 2007; Caillard et al., 1999; McLean et 

al., 1996; Oh and Smith, 2019; Sanderson et al., 2012; Zucca and Valenzuela, 2010). Thus, 

the reduced GABAergic synaptic transmission in TS2-neo CA1 neurons may be insufficient 

to drive enough LTCC opening to induce this form of HFS-LTP, despite the channel gain-of-

function conferred by the G406R mutation. Accordingly, changes in how LTCCs respond 

to depolarizing GABA-mediated excitation, and also in turn regulate GABAergic synaptic 

plasticity and development, could be intertwined in a manner such that both are altered in 

TS2-neo mice due to chronic expression of the G406R mutation.

4.3. Partial mimicking and occlusion of β-adrenergic receptor-mediated PTT-LTP by 
expression of the CaV1.2 G406R TS mutation

In addition to the complicated interplay between LTCCs and GABAergic synaptic 

development discussed above that could be responsible for disruption of HFS-LTP 

induction, it was possible that compensatory, negative feedback mechanisms, such as STIM1 

activation that triggers CaV1.2 inhibition, endocytosis and down-regulation of expression 

(Dittmer et al., 2017; Park et al., 2010; Wang et al., 2010), could have been engaged by 

chronic expression of the gain-of-function G406R mutant, ultimately leading to paradoxical 

loss-of-function. However, neither immunoblotting to measure total CaV1.2 expression 

levels nor electrophysiology to assess LTCC contributions to voltage-gated Ca2+ current 

density provided any evidence for chronic negative feedback-mediated down-regulation of 

LTCC function in TS2-neo mice. That overall CaV1.2 expression levels were unchanged in 

TS2-neo mice is interesting given that the G406R mutant allele is known to be transcribed 

at lower levels than the WT allele in these heterozygous mice (Bader et al., 2011). Thus, 

increased expression of the WT allele may be maintaining CaV1.2 expression and LTCC 

current density in TS2-neo mice. Interestingly, there was also no significant difference in the 

apparent kinetics of inactivation of ICa in TS2-neo versus WT CA1 neurons; however, once 

again greater expression of the WT CaV1.2 allele in TS2-neo mice, the contributions of other 
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non-L-type high-voltage-activated Ca2+ channels to the recorded currents, and the inability 

to adequately clamp membrane voltage in these large neurons limits our ability to interrogate 

meaningful differences in channel kinetics. In addition, it is possible that the prominent 

expression of the Stac (Src homology 3 and cys-enriched domains) adaptor proteins in 

adult forebrain, which suppress Ca2+-dependent inactivation of WT CaV1.2 in heterologous 

systems and of endogenous LTCC currents in neurons, could also be minimizing any 

potential observable differences in inactivation between TS2-neo and WT mice (Campiglio 

et al., 2018; Polster et al., 2018).

In addition, we found no change for TS2-neo mice in the basal level of phosphorylation 

of CaV1.2 on Ser1928, a site that both helps maintain basal LTCC activity (Murphy 

et al., 2014; Oliveria et al., 2007) and is required for enhancement of neuronal LTCC 

activity by β-adrenergic receptor-PKA signaling that promotes PTT-LTP in hippocampal 

neurons (Qian et al., 2017). To this end, we showed that the maximal ability of the 

β-adrenergic receptor agonist Iso to promote PTT-LTP at CA1 synapses was similar in 

WT and TS2-neo neurons. However, we found in contrast to WT, PTT stimulation alone 

produced significant potentiation at TS2-neo CA1 synapses that partially mimicked and 

occluded the additional impacts of Iso. This sensitization of TS2-neo CA1 synapses to 

induction of LTP by PTT stimulation alone could be due to the G406R mutation already 

enhancing basal LTCC function regardless of S1928 phosphorylation state. Alternatively, 

the gain-of-function provided by G406R mutation may be allowing additional Ca2+ influx 

through LTCCs in response to PTT stimulation that then engages Ca2+-dependent adenylyl 

cyclase (AC)-mediated cAMP production and PKA signaling, independent of β-adrenergic 

receptor-Gs-mediated AC activation. This additional engagement of LTCC-Ca2+-AC-cAMP-

PKA signaling in TS2-neo mice could feedback to further enhance LTCC activity via 

CaV1.2 S1928 phosphorylation and/or signal downstream to promote AMPAR-GluA1 

subunit Ser845 phosphorylation and CP-AMPAR synaptic insertion that is ultimately 

required for expression of PTT-LTP (Qian et al., 2012; Zhang et al., 2013). Regardless 

of these mechanisms, the synaptic potentiation in response to PTT stimulation alone in 

TS2-neo is somehow reducing the additional amount of PTT-LTP able to be produced by 

β-adrenergic stimulation in that both WT and TS2-neo CA1 synapses ultimately expressed 

the same maximal amount of potentiation after PTT stimulation in the presence of Iso. 

The sensitization of LTP to induction by 5 Hz PTT stimulation alone in TS2-neo mice 

could be relevant for the enhanced contextual fear memory previously observed in TS2-neo 

mice (Bader et al., 2011). Notably, prior studies have linked sensitization of LTP induction 

in response to stimulation frequencies in the 5–10 Hz range to enhanced fear learning 

through pathways involving AMPAR phosphorylation downstream of β-adrenergic receptor 

signaling (Hu et al., 2007; Qian et al., 2012; Zhang et al., 2013).

4.4. Conclusions

The overall impacts of the CaV1.2 G406R mutation on both basal transmission and synaptic 

plasticity that we report here are complex, in some cases unexpected, and not always directly 

linked to CaV1.2 gain of function. These impacts could be relevant for altered hippocampal 

function that underlies ASD-associated cognitive impairments, such as enhanced contextual 

fear memory, previously characterized in TS2-neo mice (Bader et al., 2011).
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Fig. 1. Increased basal excitatory synaptic input to CA1 neurons in TS2-neo mice.
(A) Representative recordings of AMPAR-mediated sEPSC responses from CA1 neurons in 

acute hippocampal slices from WT and TS2-neo mice. (B) Plots of mean sEPSC amplitude 

(*p < 0.05 by t-test) and (C) cumulative distributions of sEPSC amplitudes for WT and 

TS2-neo mice (*p < 0.05 by K–S test). (D) Plot of mean sEPSC frequency (p > 0.05, ns by 

t-test) and (E) cumulative distributions of sEPSC interevent intervals for WT and TS2-neo 

mice (****p < 0.0001 by K–S test). (F) Representative recordings of evoked inward −60 

mV AMPA and outward +60 mV AMPA plus NMDA SC-CA1 EPSC responses for WT 

and TS2-neo mice. (G) Plots of mean evoked SC-CA1 AMPA/NMDA EPSC amplitude 

ratios and (H) NMDA EPSC amplitudes in acute hippocampal slices from WT and TS2-neo 

mice (p > 0.05, ns by t-test). (I) I–V plot of evoked AMPA EPSC amplitude (normalized 
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to EPSC amplitude recorded at −60 mV) versus membrane holding potential (*p < 0.05 

by two-way ANOVA) and (J) mean AMPA −60/+40 mV EPSC rectification indices (RI) in 

acute hippocampal slices from WT and TS2-neo mice (p > 0.05, ns by t-test).
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Fig. 2. Decreased basal inhibitory synaptic input to CA1 neurons in TS2-neo mice.
(A) Representative recordings of GABAAR-mediated sIPSC responses from CA1 neurons in 

acute hippocampal slices from WT and TS2-neo mice. (B) Plots of mean sIPSC amplitude 

(*p < 0.05 by t-test) and (C) cumulative distributions of sIPSC amplitudes for WT and 

TS2-neo mice (**p < 0.01 by K–S test). (D) Plot of mean sIPSC frequency (**p < 0.01 by 

t-test) and (E) cumulative distributions of sIPSC interevent intervals for WT and TS2-neo 

mice (****p < 0.0001 by K–S test). (F) Plots of sIPSC rise time (**p < 0.01 by t-test) 

and (G) decay time (*p < 0.05 by Mann-Whitney test) for WT and TS2-neo mice. (H) 

Representative recordings evoked CA1 IPSCs to measure GABA PPR in acute hippocampal 

slices from WT and TS2-neo mice. (I) Plot of mean GABA PPR for WT and TS2-neo mice 

(*p < 0.05 by t-test).
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Fig. 3. Impaired LTCC-dependent HFS-LTP at SC-CA1 synapses in TS2-neo mice.
(A) Representative recordings evoked SC-CA1 AMPA EPSC responses (at ~ −40 mV) 

before and after induction of LTP in WT hippocampal slices by 2 × 100 Hz HFS (1s 

trains delivered 20 s apart, paired with depolarization to 0 mV, in the presence of MK801 

and D-APV) under control conditions and in the presence of either the LTCC antagonist 

nimodipine (10 μM) or the GABAAR antagonist picrotoxin (50 μM). (B) Time plots of 

mean AMPA EPSC responses (normalized to baseline) before and after induction of 2 × 100 

Hz HFS LTP under control conditions and in the presence of either the LTCC antagonist 

nimodipine (****p < 0.0001 by two-way ANOVA compared to WT control for last 5 min) 

or the GABAAR antagonist picrotoxin (****p < 0.0001 by two-way ANOVA compared 

to WT control for last 5 min). (C) Representative recordings of evoked SC-CA1 AMPA 

EPSC responses (at ~ −40 mV) before and after induction of 2 × 100 Hz HFS LTP in 

TS2-neo hippocampal slices. (D) Time plots of mean AMPA EPSC responses (normalized to 

baseline) before and after induction of 2 × 100 Hz HFS LTP in TS2-neo compared to WT 

hippocampal slices (****p < 0.0001 by two-way ANOVA compared to WT for last 5 min).
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Fig. 4. Normal CaV1.2 expression, basal S1928 phosphorylation levels, and LTCC Ca2+ current 
density in CA1 neurons from TS2-neo mice.
(A). Representative immunoblots for CaV1.2 total expression, phospho-S1928, and β-actin 

(loading control) for whole homogenates of hippocampal slices from WT and TS2-neo 

mice (see Supplemental Fig. 2 for raw immunoblot images). (B) Quantification of total 

CaV1.2 expression levels (normalized to β-actin; p > 0.05, ns by t-test) and (C) CaV1.2 

S1928 phosphorylation levels (normalized to total CaV1.2 expression; p > 0.05, ns by 

t-test) in whole homogenates of hippocampal slices from WT and TS2-neo mice. (D,E) 

Representative recordings and (F,G) ICa density versus voltage (I–V) plots in CA1 neurons 

from WT and TS2-neo mice in response to 500 ms step depolarization to a range f 

membrane holding potentials under control conditions (D,F; p > 0.05, ns by two-way 

ANOVA) and following the addition of the LTCC antagonist nimodipine (10 μM)(E,G; p 

> 0.05, ns by two-way ANOVA). (H,I) Decay slope measurements for ICa measured in 

response to 500 ms step depolarization to −10 mV for WT and TS2-neo mice under control 

conditions (H; p > 0.05, ns by Mann-Whitney test) and following the addition of nimodipine 

(I; p > 0.05, ns by Mann-Whitney test).
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Fig. 5. Sensitization of CA1 synapses in TS2-neo mice to 5 Hz PTT stimulation partially mimics 
and occludes induction of β-adrenergic receptor-dependent PTT-LTP.
(A) I–O curves plotting fEPSP slope as a function of stimulus intensity for SC-CA1 

synapses in WT and Ts2-neo mice (p > 0.05, ns by two-way ANOVA). (B) Measurements 

of paired-pulse fEPSP ratios (PPR with 50 ms inter-stimulus interval) for SC-CA1 synapses 

in WT and TS2-neo mice (p > 0.05, ns by t-test). (C) Representative SC-CA1 fEPSP 

recordings and (D) time plots of fEPSP slope (normalized to baseline) before and after 5Hz 

PTT stimulation alone or with addition of the β-adrenergic receptor agonist isoproterenol 

(Iso, 3 μM) and also with the addition of nimodipine (Nim, 10 μM) for hippocampal 

slices from WT mice (****p < 0.0001 by two-way ANOVA for the last 10 min compared 

to control and Iso + Nim; p > 0.05, ns by two-way ANOVA compared to control). (E) 
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Representative SC-CA1 fEPSP recordings and (F) time plots of fEPSP slope (normalized 

to baseline) before and after 5Hz PTT stimulation alone or with addition of Iso for 

hippocampal slices form TS2-neo mice (***p < 0.001 by two-way ANOVA for the last 

10 min). (G) Time plots of fEPSP slope before and after 5Hz PTT stimulation in slices from 

WT and TS2-neo mice (*p < 0.05 by two-way ANOVA for the last 10 min). (H) Time plots 

of fEPSP slope before and after 5Hz PTT stimulation with the addition of Iso in slices from 

WT and TS2-neo mice (p > 0.05, ns by two-way ANOVA for the last 10 min). (I) Time plots 

of fEPSP slope before and after 5Hz PTT stimulation alone in slices from TS2-neo mice 

under control conditions or with the addition of nimodipine (Nim, 10 μM)(***p < 0.001 by 

two-way ANOVA for the last 10 min).
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