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Abstract 20 

Activity-dependent regulation controls the balance of synaptic excitation to inhibition in neural 21 
circuits, and disruption of this regulation impairs learning and memory and causes many 22 
neurological disorders. The molecular mechanisms underlying short-term synaptic plasticity are 23 
incompletely understood, and their role in inhibitory synapses remains uncertain. Here we show 24 
that regulation of voltage-gated calcium (Ca2+) channel type 2.1 (CaV2.1) by neuronal Ca2+ 25 
sensor (CaS) proteins controls synaptic plasticity and excitation/inhibition balance in a 26 
hippocampal circuit. Prevention of CaS protein regulation by introducing the IM-AA mutation in 27 
CaV2.1 channels in male and female mice impairs short-term synaptic facilitation at excitatory 28 
synapses of CA3 pyramidal neurons onto parvalbumin (PV)-expressing basket cells. In sharp 29 
contrast, the IM-AA mutation abolishes rapid synaptic depression in the inhibitory synapses of 30 
PV basket cells onto CA1 pyramidal neurons. These results show that CaS protein regulation of 31 
facilitation and inactivation of CaV2.1 channels controls the direction of short-term plasticity at 32 
these two synapses. Deletion of the CaS protein CaBP1/caldendrin also blocks rapid 33 
depression at PV-CA1 synapses, implicating its up-regulation of inactivation of CaV2.1 channels 34 
in control of short-term synaptic plasticity at this inhibitory synapse. Studies of local-circuit 35 
function revealed reduced inhibition of CA1 pyramidal neurons by the disynaptic pathway from 36 
CA3 pyramidal cells via PV basket cells and greatly increased excitation/inhibition ratio of the 37 
direct excitatory input vs. indirect inhibitory input from CA3 pyramidal neurons to CA1 pyramidal 38 
neurons. This striking defect in local-circuit function may contribute to the dramatic impairment 39 
of spatial learning and memory in IM-AA mice.  40 
 41 
 42 

Significance Statement 43 
Many forms of short-term synaptic plasticity in neuronal circuits rely on regulation of presynaptic 44 
voltage-gated Ca2+ (CaV) channels. Regulation of CaV2.1 channels by neuronal calcium sensor 45 
(CaS) proteins controls short-term synaptic plasticity. Here we demonstrate a direct link 46 
between regulation of CaV2.1 channels and short-term synaptic plasticity in native hippocampal 47 
excitatory and inhibitory synapses. We also identify CaBP1/caldendrin as the calcium sensor 48 
interacting with CaV2.1 channels to mediate rapid synaptic depression in the inhibitory 49 
hippocampal synapses of parvalbumin-expressing basket cells to CA1 pyramidal cells. 50 
Disruption of this regulation causes altered short-term plasticity and impaired balance of 51 
hippocampal excitatory to inhibitory circuits. 52 

 53 

 54 
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Introduction 55 
Synapses employ short-term synaptic plasticity to encode, fine-tune, and transfer information 56 
(Zucker and Regehr, 2002; Abbott and Regehr, 2004). Synaptic facilitation increases excitatory 57 
postsynaptic currents (EPSCs) and inhibitory postsynaptic currents (IPSCs) in response to 58 
repetitive stimuli, whereas rapid synaptic depression reduces EPSCs and IPSCs in trains of 59 
impulses (Zucker and Regehr, 2002; Abbott and Regehr, 2004). Short-term facilitation is 60 
important in modulating information-processing in the hippocampal circuit (Buzsaki and Moser, 61 
2013; Bartley and Dobrunz, 2015); however, the role of rapid synaptic depression in circuit 62 
function is poorly understood (Anwar et al., 2017). Recent studies advanced knowledge of 63 
molecular mechanisms required for short-term synaptic facilitation in excitatory synapses 64 
(Catterall and Few, 2008; Catterall et al., 2013; Jackman and Regehr, 2017), but mechanisms 65 
underlying short-term synaptic facilitation in inhibitory synapses and mechanisms that induce 66 
rapid depression on the msec timescale are largely unknown. We use a mouse genetic model 67 
with impaired regulation of presynaptic calcium channels to probe these fundamental questions 68 
concerning short-term synaptic plasticity in excitatory vs. inhibitory synapses and control of 69 
excitation/inhibition balance in neural circuits. 70 
 Voltage-gated calcium (Ca2+) channel type 2.1 (CaV2.1) conducts P/Q-type Ca2+ currents 71 
that initiate synaptic transmission at excitatory and inhibitory synapses (Mori et al., 1991; Starr 72 
et al., 1991; Dunlap et al., 1995; Tsien et al., 1995; Westenbroek et al., 1995; Catterall, 2011; 73 
Zamponi et al., 2015). Repetitive stimulation of CaV2.1 channels causes Ca2+-dependent 74 
facilitation followed by Ca2+-dependent inactivation, which is mediated by sequential binding of 75 
Ca2+ to calmodulin bound to a bipartite regulatory site in the C-terminal domain (Lee et al., 1999; 76 
Lee et al., 2000; DeMaria et al., 2001; Lee et al., 2003). This regulatory site can also be 77 
occupied by the family of neuronal calmodulin-like CaS proteins (Haeseleer and Palczewski, 78 
2002), which displace calmodulin and enhance facilitation or inactivation (Lee et al., 2002; 79 
Tsujimoto et al., 2002; Lautermilch et al., 2005; Yan et al., 2014).  80 
 CaV2.1 channels are required for synaptic facilitation in the Calyx of Held (Inchauspe et al., 81 
2004), and timing of their facilitation and inactivation correlates with synaptic facilitation and the 82 
rapid phase of synaptic depression (Borst and Sakmann, 1998; Cuttle et al., 1998; Forsythe et 83 
al., 1998; Xu and Wu, 2005). Exogenous expression of CaV2.1 channels in cultured superior 84 
cervical ganglion neurons induces synaptic facilitation, which is blocked by a mutation (IM-AA) 85 
that prevents facilitation of CaV2.1 by calmodulin (Mochida et al., 2008). Expression of CaS 86 
proteins in these neurons overrides regulation by calmodulin and favors either facilitation or 87 
depression (Leal et al., 2012; Yan et al., 2014). These results led to the hypothesis that the 88 
direction and extent of short-term synaptic plasticity may be controlled by differential regulation 89 
of CaV2.1 channels by CaS proteins in vivo (Catterall and Few, 2008; Catterall et al., 2013).  90 
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 Mice harboring the IM-AA mutation in their CaV2.1 channels do indeed have impaired short-91 
term synaptic plasticity at excitatory synapses in hippocampus and neuromuscular junction 92 
(Nanou et al., 2016b; Nanou et al., 2016c). The input-output functions of synaptic circuits in 93 
brain depend crucially on balance of excitatory to inhibitory neurotransmission, the E/I ratio. 94 
Here we show that short-term synaptic plasticity is controlled by CaS protein regulation of 95 
CaV2.1 channels in both excitatory and inhibitory synapses in the hippocampus. At the key 96 
inhibitory synapse of PV basket cells onto CA1 pyramidal neurons, rapid synaptic depression is 97 
blocked in IM-AA mice, leading to dramatic change in E/I ratio in this local hippocampal circuit. 98 
Genetic deletion of the CaS protein CaBP1/caldendrin, which blocks facilitation and enhances 99 
inactivation of CaV2.1 channels, prevents rapid depression of synapses of PV basket cells onto 100 
CA1 pyramidal neurons. These results indicate that enhanced inactivation of CaV2.1 channels 101 
by CaBP1/caldendrin causes rapid depression at this synapse. Our results demonstrate an 102 
unexpected role for regulation of CaV2.1 channels by CaS proteins in controlling rapid synaptic 103 
depression in a key inhibitory synapse and in sustaining balanced circuit function in the 104 
hippocampus.  105 
  106 
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Materials and Methods 107 

Animals 108 
All experiments were performed with procedures approved by the Institutional Animal Care and 109 
Use Committee of the University of Washington.  IM-AA mice with a point mutation in the IQ-like 110 
motif of CaV2.1 (IM>>AA), (ATCATG to GCCGCT) were generated by Ingenious Targeting 111 
Laboratory (Ronkonkoma, NY). The mutation (within exon 40) was generated by PCR 112 
mutagenesis and confirmed by sequencing. Traditional blastocyst injection of ES cells 113 
expressing the targeting vector resulted in chimeric mice. These chimeric mice were mated first 114 
to generate heterozygotes, which were then backcrossed for 10 generations with C57BL/6J 115 
mice (RRID:IMSR_JAX:000664) to generate homozygous IM-AA mutant mice in a pure genetic 116 
background. To target PV interneurons for whole cell recordings we crossed a PV-Cre mouse 117 
line (Jackson Laboratory stock 008069; RRID:IMSR_JAX:008069) with a reporter line with red 118 
fluorescent protein Td-tomato (Jackson Laboratory stock 007905; RRID:IMSR_JAX:007905) in 119 
PV cells to produce PV-Tom mice. PV-Tom mice were then crossed with the IM-AA mouse line 120 
to create homozygous IMAA-PV-Tom mice. For optogenetic experiments, we crossed the PV-121 
Cre line with mice expressing channelrodopsin (ChR2, Jackson Laboratory stock 012569) to 122 
generate PV-ChR2 mice. Then the PV-ChR2 mice were crossed with the IM-AA mice to 123 
generetate homozygous IM-AA-PV-ChR2 mice. The CaBP1/Caldendrin knockout mice were 124 
developed at the University of Iowa (Kim et al., 2014). 125 
 126 
Electrophysiology in hippocampal slices  127 
Wild-type (WT) and IMAA mice 16-24 days old were anesthetized with isoflurane. Brains were 128 
rapidly removed and placed in ice-cold, high-sucrose cutting solution containing (in mM): 75 129 
sucrose, 25 NaHCO3, 25 glucose, 2.5 KCl, 1.25 NaH2PO4, 87 NaCl, 7 MgCl2 and 0.5 CaCl2. 130 
Acute transverse hippocampal slices (400 μm) were cut on a 1000 Plus Vibratome in the high-131 
sucrose cutting solution and transferred immediately to an incubation chamber containing 132 
artificial cerebrospinal fluid (in mM) 125 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 26 133 
NaHCO3 and 10 glucose, saturated with 95% O2 and 5% CO2. The slices were allowed to 134 
recover at 37°C for 45 min and then were maintained at room temperature for at least 30 min 135 
before recording.  136 
 Slices were transferred to a submerged recording chamber mounted on a Nikon microscope 137 
(E600FN) or an Olympus BX51 microscope equipped with a Hamamatsu Orca-03G CCD 138 
camera equipped for infrared differential interference contrast microscopy and were perfused 139 
with ACSF at a rate of 1.5 ml/min at room temperature. All experiments were performed in the 140 
presence of the CaV2.2 blocker ω-Conotoxin GVIA (1 M). EPSCs were induced by stimulating 141 
Schaffer collaterals (0.3 ms) in stratum radiatum by a concentric bipolar stimulating electrode 142 
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(FHC, Bowdoin, ME). EPSCs were recorded either from CA1 pyramidal cells which were 143 
visualized by infrared differential interference contrast or from fluorescently identified PV-144 
positive interneurons using a Nikon Intensilight C-HGFI. Cells were held at -60 mV to record 145 
AMPA-mediated EPSCs in the presence of the NMDA blocker AP-V (50-100 μM), the GABAA 146 
blocker picrotoxin (50 μM) and the GABAB blocker CGP55845 hydrochloride (10 μM). Evoked 147 
IPSCs were recorded at 0 mV in the presence of the AMPA receptor blocker CNQX (20 μM) and 148 
the NMDA blocker AP-V (100 μM). Electrically evoked IPSCs were induced as for EPSCs. 149 
Optically evoked IPSCs were induced by activating PV/Channelrhodopsin interneurons optically 150 
using a coolLED pE-100. Laser light illumination (0.5 ms) was given using a water-immersed 151 
60X objective to produce a maximum 80 μm diameter spot. Miniature IPSCs were recorded at 0 152 
mV in the presence of 1 μM TTX. The detection threshold for miniature IPSCs was set at 8 pA. 153 
The averaged miniature IPSC amplitude, frequency, rise time and decay time for each cell was 154 
calculated during the initial 4-min period after whole cell access was obtained. Whole-cell 155 
recording pipettes (4-6 MΩ) were filled with a solution containing (in mM): 145 Cs-gluconate, 2 156 
MgCl2, 10 HEPES, 0.5 EGTA, 2 Tris-ATP, 0.2 Na2GTP, and 5 QX-314. Data were collected with 157 
a MultiClamp 700A amplifier (Axon Instruments) or a HEKA dual EPC-10 amplifier, filtered at 2 158 
kHz and digitized at 10 kHz. Multiple step depolarizations were given at the beginning of every 159 
experiment in order to induce block of Na+ and Ca2+ currents in the CA1 pyramidal cells by QX-160 
314. Paired-pulse ratios were recorded using intervals of 20, 50, 80, 100, 150, and 200 ms. 161 
Evoked AMPA-mediated EPSCs and GABA-mediated IPSCs were also recorded in response to 162 
trains at different frequencies (5, 10, 20, 50 Hz). The ratio of excitation to inhibition was 163 
calculated by recording paired compound PSCs at -40 mV which contains both excitatory and 164 
inhibitory components in the presence of 100 μM APV.  165 
 166 
Experimental design and statistical analysis 167 
For all experiments, at least three animals of each genotype were used (WT, IM-AA, WT/ PV-168 
Tom, IM-AA/ PV-Tom, WT/ PV-ChR2, IM-AA/ PV-ChR2, CaBP1/Caldendrin KO; all mixed sex). 169 
The number of cells studied in each experiment is indicated in the Figure Legends. Data were 170 
analyzed using Clampfit (Molecular Devices; RRID:SCR_011323) and Igor Pro (Wavemetrics; 171 
RRID:SCR_000325) software. Statistical analysis was performed with GraphPad Prism 172 
(RRID:SCR_002798). Three tests confirmed that our data follow a Gaussian distribution: 173 
D’Agostino-Pearson omnibus normality test, Shapiro-Wilk normality test, and Kolmorogov-174 
Smirnov test. Data from individual cells are presented as examples, and pooled results are 175 
presented as mean ± SEM. Statistical significance was calculated using Student's t-test, except 176 
for experiments with trains of stimulation, in which two-way ANOVA was used. Differences were 177 
considered significant at P ≤ 0.05. Exact P values are given in figure legends. 178 
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Results 179 

Short-term synaptic plasticity at excitatory synapses on excitatory vs. inhibitory neurons 180 
In some neurons, the form of short-term synaptic plasticity at their presynaptic terminals differs 181 
depending on the postsynaptic target, suggesting target-dependent control of presynaptic 182 
function (Koester and Johnston, 2005; Patel et al., 2013). In the hippocampus, Schaffer 183 
collaterals (SC) of CA3 pyramidal neurons form excitatory synapses on CA1 pyramidal neurons 184 
and parvalbumin (PV)-expressing interneurons (Bartley and Dobrunz, 2015). We have recently 185 
shown that regulation of CaV2.1 channels by CaS proteins is an important molecular mechanism 186 
contributing to synaptic facilitation and rapid synaptic depression in the excitatory synapses 187 
formed by SC on CA1 neurons (Nanou et al., 2016b). To determine whether synaptic facilitation 188 
and synaptic depression are also mediated by CaS proteins and CaV2.1 channels in the SC 189 
synapses on inhibitory neurons, we compared synaptic plasticity in excitatory synapses of CA3 190 
neurons that share the same presynaptic SC fibers but form synapses on excitatory CA1 191 
pyramidal neurons (Fig. 1A) or on inhibitory PV-expressing basket cells (Fig. 1B). EPSCs were 192 
evoked by pairs of depolarizing stimuli at different interstimulus intervals (ISIs). We found that 193 
short-term synaptic facilitation in paired pulses was indistinguishable in WT SC-CA1 and SC-PV 194 
synapses (Fig. 1C, D, black). In both synapse types, maximal paired-pulse ratios of 3 were 195 
observed for 50-ms ISIs, and they declined steadily with longer ISIs (Fig. 1C, D, black). We next 196 
examined the effects of prevention of CaS binding on CaV2.1 channels by introducing the IM-AA 197 
mutation in these channels. In synapses from IM-AA mice, we found reduced synaptic 198 
facilitation that was similar in SC-CA1 (Fig. 1C, red) and SC-PV (Fig. 1D, green) synapses. In 199 
both cases, the maximum paired-pulse ratios were reduced to 2 in IM-AA synapses, and the 200 

dependence of facilitation on ISI was much reduced. These results indicate that 50% of paired-201 
pulse facilitation at this synapse is caused by CaS protein regulation of CaV2.1 channels. This 202 
form of synaptic facilitation is distinctive, as it is strongly dependent on ISI and peaks at ISI = 50 203 
ms (Fig. 1C, D).  204 
 We also assessed the effect of the IM-AA mutation during more physiological stimulation by 205 
trains of action potentials at increasing frequencies (Fig. 2). Stimulus frequencies of 5 Hz did not 206 
cause substantial facilitation or depression. At stimulus frequencies of 10 Hz and 20 Hz in WT 207 
SC-CA1 and WT SC-PV synapses, synaptic facilitation increased and decayed to a similar 208 
degree (Fig. 2A-2C, black). In contrast, facilitation in IM-AA SC-CA1 synapses (Fig. 2A-2C, red) 209 
and IM-AA SC-PV synapses (Fig. 2A-2C, green) developed more slowly and decayed more 210 
slowly (P=0.02 – 0.04, legend to Fig. 2). At the highest frequency tested (50 Hz), facilitation in 211 
WT synapses decayed prominently as rapid depression developed (Fig. 2D, black), while in IM-212 
AA synapses facilitation developed more slowly and the onset of rapid depression occurred later 213 
(Fig. 2D, red, green, P=0.02). Overall, both facilitation and rapid depression were altered by the 214 
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IM-AA mutation to similar extents in SC-CA1 synapses from our previous work (Nanou et al., 215 
2016b) and in the SC-PV synapses studied here (Fig. 4). Thus, in contrast to previous examples 216 
where the postsynaptic cell controlled presynaptic function (Koester and Johnston, 2005; Patel 217 
et al., 2013), these data show that the profile of short-term synaptic plasticity at these two SC 218 
synapses is similar despite their very different postsynaptic partners, suggesting that CaS 219 
proteins and CaV2.1 channels are the primarily determinants of short-term plasticity at these 220 
synapses. 221 
 222 
Specific block of facilitation mediated by local Ca2+ transients 223 
Basal synaptic function can be assessed from the size and kinetics of a single EPSC and the 224 
frequency and amplitude of spontaneous miniature synaptic events resulting from release of a 225 
single synaptic vesicle (Katz, 1966). At the CA3-CA1 pyramidal cell synapse, the rate of rise, 226 
amplitude, and decay of the EPSC is unchanged in IM-AA mice (Nanou et al., 2016b). Similarly, 227 
the frequency and amplitude of miniature EPSCs, as measured in the presence of tetrodotoxin 228 
to block synaptic transmission initiated by action potentials and calcium channels, is unchanged 229 
in IM-AA mice (Nanou et al., 2016b). Together, these results from recordings of single EPSCs 230 
and miniature EPSCs support the conclusion that the function of the release machinery in the 231 
presynaptic terminal and both the distance and function of the AMPA subtype of glutamate 232 
receptors in the postsynaptic membrane are normal in IM-AA mice. 233 
 Facilitation in response to rapid, local Ca2+ transients in SC-CA1 synapses is caused by 234 
binding of local Ca2+ to CaS proteins and the resulting facilitation of P/Q-type Ca2+ currents 235 
conducted by CaV2.1 channels (Nanou et al., 2016b). To examine whether synaptic facilitation 236 
in SC-PV synapses also results from rapid, local increases in Ca2+, we applied the membrane-237 
permeant reagent EGTA-AM, which releases the chelator EGTA inside cells and eliminates 238 
global Ca2+ increases without affecting rapid, local Ca2+ transients (Fig. 3A) (Adler et al., 1991). 239 
Application of EGTA-AM (100 μM) decreased evoked EPSC amplitudes in both WT and IM-AA 240 
synapses to a similar extent under basal conditions (Fig. 3B). This result indicates that the 241 
diffusion distance between the source of Ca2+ entry at the mouth of presynaptic CaV2.1 channels 242 
and the Ca2+ binding sites on the presynaptic release machinery is unchanged in IM-AA 243 
synapses.  244 
 In contrast to the normal function of basal neurotransmission, the presence of EGTA-AM 245 
completely abolished paired-pulse facilitation in SC-PV synapses from IM-AA mice (Fig. 3A, C). 246 
Thus, paired-pulse facilitation mediated by local increases in Ca2+ is nearly completely 247 
dependent upon CaS protein regulation of CaV2.1 channels in SC-PV excitatory synapses. 248 
These results define a specific role for this form of Ca2+ channel regulation in local Ca2+ 249 
signaling that triggers short-term synaptic facilitation.  250 
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 251 
Short-term synaptic plasticity in an inhibitory synapse 252 
Since short-term plasticity is less studied in inhibitory synapses, we assessed the role of CaS 253 
protein regulation of CaV2.1 channels as a potential molecular mechanism for short-term 254 
plasticity in the inhibitory synapses formed by PV-expressing basket cells on CA1 pyramidal 255 
neurons (PV-CA1 synapses). Inhibitory postsynaptic currents (IPSCs) were evoked by pairs of 256 
depolarizing stimuli at different ISIs (Fig. 4A, C). Inhibitory neurotransmission from PV 257 
interneurons to CA1 pyramidal neurons initiated by CaV2.1 channels was isolated by addition of 258 
ω-Ctx to block synaptic transmission initiated by CaV2.2 channels in other interneuron types (e.g. 259 
CCK) (Vinet and Sik, 2006; Lee and Soltesz, 2011). In contrast to excitatory synapses, the PV-260 
CA1 synapse exhibits only synaptic depression at ISIs from 20 ms to 200 ms (Fig. 4C, black). 261 
Remarkably, this rapid synaptic depression is reversed in IM-AA synapses across the full range 262 
of ISIs tested (Fig. 4C, red). Therefore, these results lead to the surprising conclusion that 263 
CaV2.1 channel regulation by CaS proteins is required for rapid synaptic depression in these 264 
WT inhibitory synapses in the absence of any detectable synaptic facilitation.  265 
 To assure that these synaptic properties were specifically characteristic of PV-CA1 266 
synapses, we also stimulated synaptic transmission using a cell-specific optogenetic approach 267 
(Fig. 4B). Optical stimulation of PV interneurons was accomplished using mice that express Cre 268 
recombinase and channelrhodopsin under the control of the PV promoter. As with electrical 269 
stimulation of these WT synapses, rapid synaptic depression dominates at all ISIs tested (Fig. 270 
4D, black), and the IM-AA mutation abolished rapid synaptic depression at ISIs from 50 to 200 271 
ms (Fig. 4D, red). These results further support the conclusion that rapid synaptic depression at 272 
the inhibitory synapse of PV-expressing basket cells onto CA1 neurons in the hippocampus is 273 
mediated by CaS protein regulation of the inactivation of CaV2.1 channels  274 
 In contrast to the strong dependence of synaptic facilitation on local Ca2+ transients in 275 
excitatory synapses, we found that rapid synaptic depression is unaffected by EGTA-AM in PV-276 
CA1 inhibitory synapses (Fig. 4E). This result is consistent with prior studies showing that 277 
facilitation of CaV2.1 channels requires local Ca2+ signaling, whereas Ca2+-dependent 278 
inactivation of CaV2.1 channels that contributes to rapid depression requires more long-lasting, 279 
global Ca2+ transients (Lee et al., 2000; DeMaria et al., 2001; Lee et al., 2003). As for excitatory 280 
synapses, measurements of miniature IPSCs (Fig. 4F) showed no effects of the IM-AA mutation 281 
on either frequency or amplitude, indicating that the basal function of these inhibitory synapses 282 
is unaffected by the IMAA mutation. These data further support the conclusion that CaS protein 283 
regulation of CaV2.1 channels contributes specifically to the rapid phase of depression at this 284 
synapse without significant effects on other aspects of synaptic function. 285 
 286 
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Role of CaBP1/Caldendrin in setting short-term synaptic plasticity at an inhibitory 287 
synapse in vivo 288 
There is a large family of CaS proteins (Haeseleer and Palczewski, 2002); however, only 289 
CaBP1 has been found to block facilitation and enhance inactivation of Ca2+ currents conducted 290 
by CaV2.1 channels (Lee et al., 2002). CaBP1 and caldendrin are alternative splice products of 291 
the same gene (Haeseleer and Palczewski, 2002). Provocatively, PV interneurons express a 292 
high level of CaBP1/caldendrin (Kim et al., 2014). Therefore, we examined whether targeted 293 
deletion of the first two protein-coding exons of the gene encoding CaBP1/caldendrin in mice 294 
(Kim et al., 2014) alters short-term depression at inhibitory PV-CA1 synapses (Fig. 5A). We 295 
found that rapid short-term depression caused by paired-pulse stimuli in WT mice (Fig. 5C, 296 
black) was completely prevented in synapses from CaBP1/caldendrin knockout mice at ISIs 297 
from 50 ms to 200 ms (Fig. 5C, blue), just as we observed in IMAA mice (Fig. 5C, red). These 298 
results directly implicate regulation of CaV2.1 channel inactivation by CaBP1/caldendrin in the 299 
rapid synaptic depression that is characteristic of this synapse.  300 
 In order to examine these effects in a more physiological repetitive-pulsing paradigm, we 301 
studied synaptic transmission in response to trains of stimuli from 5 Hz to 50 Hz (Fig. 5D-G). 302 
Rapid depression was observed in WT synapses (Fig. 5D-G, black). However, the rapid phase 303 
of depression from 50 ms to 200 ms was much less prominent in the CaBP1/caldendrin 304 
knockout synapses compared to WT (Fig. 5 D-G, blue, P=0.0001). This observed impairment in 305 
the rapid phase of synaptic depression was similar to the effects of the IM-AA mutation (Fig. 5D-306 
G, red). Importantly, the IM-AA mutation in CaV2.1 channels and the CaBP1/caldendrin 307 
knockout both reduced and slowed short-term depression to similar extents, altering the 308 
frequency-dependent information processing in response to trains of action potentials in PV-309 
CA1 synapses. Taken together, these results demonstrate that regulation of CaV2.1 channels by 310 
CaBP1/caldendrin is required for the dominance of rapid short-term depression at this important 311 
hippocampal synapse. 312 
 313 
Effects of short-term synaptic plasticity on E/I ratio in a local hippocampal circuit 314 
Alterations in the plasticity of hippocampal excitatory and inhibitory synapses by CaS protein 315 
regulation of CaV2.1 channels could result in impairments in hippocampal circuit function. To 316 
test the effects of this regulatory mechanism on the disynaptic pathway from CA3 pyramidal 317 
cells to PV-expressing interneurons to CA1 pyramidal neurons, we recorded disynaptic 318 
inhibition in response to SC stimulation. We found that paired-pulse facilitation of disynaptic 319 
inhibition was nearly completely blocked by the IM-AA mutation (Fig. 6). Unexpectedly, these 320 
results reveal that the overall impact of the IM-AA mutation on excitatory and inhibitory 321 
transmission in this disynaptic pathway is to greatly reduce paired-pulse facilitation of the 322 
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inhibitory input to CA1 pyramidal neurons, demonstrating that loss of rapid depression at the 323 
inhibitory PV-to-CA1 pyramidal neuron synapse dominates over loss of facilitation at the CA3-324 
to-PV synapse.   325 
 Preferential impairment of synaptic inhibition by the IM-AA mutation raises the possibility 326 
that CaS protein regulation of CaV2.1 channels might control the E/I ratio in the parallel 327 
monosynaptic and disynaptic pathways from CA3 to CA1 pyramidal neurons. To assess the 328 
overall impact of the IM-AA mutation in setting the balance of excitatory to inhibitory 329 
neurotransmission in these parallel synaptic pathways, we tested its effect on paired compound 330 
EPSC/IPSCs elicited by stimulation of CA3 pyramidal neurons and recorded in CA1 pyramidal 331 
neurons. This experiment directly compares the strength of synaptic input to the CA1 pyramidal 332 
neuron by the direct excitatory monosynaptic pathway to the indirect inhibitory disynaptic 333 
pathway via PV interneurons. We found that WT synapses exhibited greater facilitation in the 334 
excitatory component of the paired compound EPSC/IPSCs, as indicated by the larger negative 335 
deflection of the EPSC (Fig. 7A, red) compared to the IPSC (Fig. 7A, blue). The paired-pulse 336 
ratio for excitation was significantly greater than for inhibition (Fig. 7B), consistent with our 337 
previous experiments (Figs. 1 and 4). The IM-AA mutation reduced the amplitude of the EPSC, 338 
but the reduction in the IPSC was much greater (Fig. 7A). These changes resulted in a more 339 
substantial reduction in paired-pulse facilitation for excitation compared to paired-pulse 340 
facilitation for inhibition (Fig. 7B). The E/I ratio was strikingly changed by the IMAA mutation 341 
(Fig. 7C, left).  For WT, the E/I ratio was 2.1  0.7 in Pulse 1 and increased to 2.9  0.8 in Pulse 342 

2 (Fig. 7C, left). In contrast, for IM-AA, the E/I ratio was 13.3  8.0 in Pulse 1 and increased to 343 

29.0  7.8 in Pulse 2 (Fig. 7C, left). A similar large increase in E/I ratio was observed when we 344 
calculated the E/I ratio from the integrated area under the EPSC/IPSC curves rather than from 345 
the peak amplitude (Fig. 7C, right). Evidently, block of regulation of CaV2.1 channels by CaS 346 
proteins dramatically alters the E/I ratio in favor of excitation in these opposing synaptic 347 
pathways that control the input/output function of CA1 pyramidal neurons.  348 
 Taken together, our results show that CaS protein regulation of CaV2.1 channels dominates 349 
in determining the level of facilitation or depression of inhibitory transmission in this local circuit 350 
and thereby dominates in setting the E/I ratio in these two opposing synaptic pathways. The 351 
level of CaS protein-dependent facilitation of CaV2.1 channels increases excitatory synaptic 352 
transmission in the SC-CA1 excitatory synapse, but CaBP1-dependent inactivation of CaV2.1 353 
channels has an even stronger effect to prevent facilitation and accelerate rapid depression in 354 
the inhibitory PV-CA1 synapse. Loss of this CaS protein regulation of CaV2.1 channels in IM-AA 355 
mice leads to greater loss of inhibitory neurotransmission and a large increase in E/I ratio. Thus, 356 
this regulatory process differentially controls the direction of short-term synaptic plasticity in 357 
excitatory and inhibitory neurons in this local circuit and sets its E/I ratio at the CA1 pyramidal 358 
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cell. Because CA1 pyramidal neurons are the major output pathway of the hippocampus, these 359 
large changes in E/I ratio would have profound effects on brain function.  360 
 361 
 362 

  363 
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Discussion 364 

Basal function is normal in IM-AA synapses 365 
Our studies of neuromuscular synapses (Nanou et al., 2016c) and four hippocampal synapses 366 
(autaptic (Nanou et al., 2016b), CA3-CA1 (Nanou et al., 2016b), CA3-PV and PV-CA1 (studied 367 
here)) provide strong support for the conclusion that basal synaptic function is not altered by the 368 
IM-AA mutation. Results from evoked PSCs and spontaneous miniature PSCs indicate that a 369 
similar amount of neurotransmitter (acetylcholine, glutamate, or GABA) is released 370 
presynaptically, the diffusion time to the postsynaptic site is unaltered, and the postsynaptic 371 
receptor is activated normally. In CA3-CA1 synapses and CA3-PV synapses, we found that 372 
treatment with EGTA-AM caused the same reduction in peak amplitude of EPSCs in WT and 373 
IM-AA synapses. These results show that chelation of intracellular Ca2+ by EGTA released from 374 
EGTA-AM has the same impact in WT and IM-AA synapses, supporting the conclusion that the 375 
diffusion distance from the point of Ca2+ entry at the intracellular mouth of the CaV2.1 channel to 376 
the calcium sensors in the release machinery is unchanged. Thus, the IM-AA mutation has 377 
surprisingly little effect on the basal function of excitatory or inhibitory synapses.  378 
 379 
Two excitatory synapses formed by CA3 neurons have identical short-term plasticity 380 
Short-term synaptic plasticity is caused by Ca2+-dependent modulation of the function of the 381 
presynaptic terminal; however, it is not known in general whether short-term synaptic plasticity 382 
at multiple types of presynaptic terminals formed by the same neuron is identical or is controlled 383 
by the postsynaptic neuron. Although several examples demonstrate that the postsynaptic 384 
neuron can have an important effect on presynaptic function and plasticity (eg. (Koester and 385 
Johnston, 2005; Patel et al., 2013)), our results show that the two major classes of synapses 386 
formed by CA3 neurons on excitatory CA1 neurons and on inhibitory PV neurons are identical in 387 
their short-term synaptic plasticity. Moreover, the effects of the IM-AA mutation are identical in 388 
these two classes of synapses. Evidently, the functional role of CaS protein modulation of 389 
CaV2.1 channels in synaptic facilitation and rapid depression is identical in these two types of 390 
excitatory synapses formed by presynaptic terminals of CA3 pyramidal neurons.   391 
 392 
Distinct pattern of short-term synaptic plasticity at an inhibitory nerve terminal 393 
In sharp contrast to our results with two excitatory synapses formed by CA3 pyramidal neurons, 394 
the PV-CA1 inhibitory synapse has a very different pattern of short-term synaptic plasticity and a 395 
different contribution of regulation of CaV2.1 channels by CaS proteins. This synapse is crucial 396 
in hippocampal function, as the firing of these PV interneurons is required for spike timing-397 
dependent synaptic plasticity and for generation of sharp-wave ripples (Buzsaki, 2015). As 398 
reported previously (Bartley and Dobrunz, 2015), the PV-CA1 synapse exhibits only rapid 399 
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depression in response to paired stimuli or trains of stimuli. Remarkably, we found that the IM-400 
AA mutation completely blocks the characteristic rapid depression at this synapse. These 401 
results indicate that enhanced inactivation of CaV2.1 channels by a CaS protein is responsible 402 
for the rapid depression observed at the critically important PV-CA1 synapse in the 403 
hippocampus. 404 
 405 
Regulation of short-term synaptic plasticity at an inhibitory synapse by CaBP1 406 
Of the CaS proteins studied to date, only CaBP1 blocks facilitation of CaV2.1 channels and 407 
enhances inactivation of their P/Q-type Ca2+ current (Lee et al., 2002). Expression of CaBP1 408 
with CaV2.1 in presynaptic superior cervical ganglion neurons blocks CaV2.1-dependent 409 
facilitation and enhances rapid synaptic depression (Leal et al., 2012). Because 410 
CaBP1/caldendrin is highly expressed in PV basket cells in the hippocampus (Kim et al., 2014), 411 
this CaS protein was a strong candidate for inducing enhanced inactivation of CaV2.1 channels 412 
and rapid synaptic depression at the PV-CA1 synapse. Deletion of the first two protein-coding 413 
exons of this gene effectively deletes both CaBP1 and caldendrin (Kim et al., 2014). 414 
Remarkably, deletion of these exons completely prevents rapid synaptic depression at this 415 
synapse. Evidently, the increased rate of inactivation of CaV2.1 channels caused by 416 
CaBP1/caldendrin is entirely responsible for the rapid phase of depression in PV-CA1 synapses. 417 
These unexpected results give the first evidence that CaS proteins can set the overall direction 418 
of short-term synaptic plasticity at a native synapse in vivo. 419 
 420 
Control of local circuit function by regulation of presynaptic Ca2+ channels  421 
The CA3, PV, and CA1 cells form a crucial local circuit in the hippocampus (Paulsen and Moser, 422 
1998). CA3 pyramidal neurons innervate CA1 pyramidal neurons directly and provide powerful 423 
glutamatergic excitatory drive that stimulates action potential firing. In parallel, CA3 pyramidal 424 
neurons innervate inhibitory PV basket cells and excite their action potential firing, which in turn 425 
activates GABAergic neurotransmission at the PV-CA1 synapse and exerts a powerful inhibitory 426 
effect on action potential firing by CA1 neurons. The balance of excitation and inhibition of this 427 
local circuit in large part controls the input/output function of the hippocampus. Unexpectedly, 428 
we found dramatic effects of the IM-AA mutation on E/I ratio in this local circuit. Reduction of 429 
disynaptic inhibition via the CA3-PV-CA1 pathway greatly exceeded the effects of delayed 430 
facilitation in the CA3-CA1 direct monosynaptic excitatory pathway, resulting in up to 10-fold 431 
increase in E/I ratio in IM-AA mice. Such a large change in E/I ratio in this important circuit 432 
would have major impacts on encoding and transmitting information in the hippocampus. 433 
 434 
CaV2.1 regulation, altered circuit function, and spatial learning and memory 435 
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Unexpectedly, IM-AA mice have decreased sensitivity for generation of long-term potentiation at 436 
the CA3-CA1 synapses in the hippocampus and dramatically impaired spatial learning and 437 
memory (Nanou et al., 2016a). Our studies of synapse and circuit function in the hippocampus 438 
now provide potential points of linkage to these previously described deficits. First, the striking 439 
changes in short-term synaptic plasticity at the CA1-PV synapse would likely alter sharp-wave 440 
ripples and thereby impair spatial learning and memory (Buzsaki, 2015). The successive 441 
depolarizations within a sharp-wave ripple take place on the 5- to 10-ms time scale, similar to 442 
synaptic facilitation and rapid depression, and they are critically dependent on action potentials 443 
of PV basket cells. Impairment of short-term plasticity of CA3-PV synapses by the IM-AA 444 
mutation would be likely to alter critical aspects of the timing of sharp-wave ripple generation. 445 
Second, the dramatic increase in E/I ratio in the local circuit controlling CA1 excitability would be 446 
expected to generate homeostatic changes in excitability of the CA1 neurons to compensate for 447 
the increased E/I ratio of their incoming synaptic activity (Turrigiano, 2008). While the basal 448 
function of these synapses measured from the fast EPSCs mediated by AMPA-type glutamate 449 
receptors is normal, we found that the slower responses of the postsynaptic NMDA-type 450 
glutamate receptors is sharply reduced (Nanou et al., 2016a). This homeostatic change would 451 
be sufficient to impair long-term potentiation and the formation and stability of place cells, which 452 
are crucial for spatial learning and memory (Buzsaki and Moser, 2013), because Ca2+ entry via 453 
NMDA-type glutamate receptors is an important trigger for long-term potentiation. Such large 454 
changes in the balance of excitatory and inhibitory synapses could result in impairments in 455 
encoding spatial information in the hippocampus (Klyachko and Stevens, 2006). Discovering the 456 
underlying mechanisms for balancing the plasticity of excitatory and inhibitory inputs is an 457 
important first step in understanding the functional roles of synaptic facilitation and rapid 458 
synaptic depression in hippocampal circuits. In vivo recordings from IM-AA mice while 459 
performing spatial learning tasks will provide a concrete understanding of the role of short-term 460 
plasticity in hippocampal circuit function and spatial learning. Future studies of the function of 461 
the larger neural circuits that generate sharp-wave ripples and place cells may reveal how these 462 
alterations in short-term and long-term synaptic plasticity intersect to impair spatial learning in 463 
IM-AA mice.  464 
 465 
Presynaptic plasticity and disease 466 
Beyond its key role in encoding and transmitting information contained in the frequency and 467 
pattern of action potential generation in trains, short-term synaptic facilitation is also implicated 468 
in neurological disease. For example, alterations in facilitation of CaV2.1 channels cause 469 
Familial Hemiplegic Migraine (Tottene et al., 2002; Adams et al., 2010; Vecchia et al., 2014, 470 
2015), in which mutations cause permanent facilitation of channel function and occlude further 471 
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up-regulation by repetitive firing of action potentials. Our results point to the possibility that 472 
mutation or altered regulation of CaV2.1 channels by CaS proteins may impair spatial learning in 473 
other neurological diseases as well.  474 
 475 



 

 17 

References 476 

Abbott LF, Regehr WG (2004) Synaptic computation. Nature 431:796-803. 477 
Adams PJ, Rungta RL, Garcia E, van den Maagdenberg AM, MacVicar BA, Snutch TP (2010) 478 

Contribution of calcium-dependent facilitation to synaptic plasticity revealed by 479 
migraine mutations in the P/Q-type calcium channel. Proc Natl Acad Sci U S A 480 
107:18233-18742. 481 

Adler EM, Augustine GJ, Duffy SN, Charlton MP (1991) Alien intracellular calcium chelators 482 
attenuate neurotransmitter release at the squid giant synapse. J Neurosci 11:1496-1507. 483 

Anwar H, Li X, Bucher D, Nadim F (2017) Functional roles of short-term synaptic plasticity 484 
with an emphasis on inhibition. Curr Opin Neurobiol 43:71-78. 485 

Bartley AF, Dobrunz LE (2015) Short-term plasticity regulates the excitation/inhibition 486 
ratio and the temporal window for spike integration in CA1 pyramidal cells. Eur J 487 
Neurosci 41:1402-1415. 488 

Borst JG, Sakmann B (1998) Facilitation of presynaptic calcium currents in the rat 489 
brainstem. J Physiol 513:149-155. 490 

Buzsaki G (2015) Hippocampal sharp wave-ripple: A cognitive biomarker for episodic 491 
memory and planning. Hippocampus 25:1073-1188. 492 

Buzsaki G, Moser EI (2013) Memory, navigation and theta rhythm in the hippocampal-493 
entorhinal system. Nat Neurosci 16:130-138. 494 

Catterall WA (2011) Voltage-gated calcium channels. Cold Spring Harbor Perspective Biol 3. 495 
Catterall WA, Few AP (2008) Calcium channel regulation and presynaptic plasticity. Neuron 496 

59:882-901. 497 
Catterall WA, Leal K, Nanou E (2013) Calcium channels and short-term synaptic plasticity. 498 

The Journal of biological chemistry 288:10742-10749. 499 
Cuttle MF, Tsujimoto T, Forsythe ID, Takahashi T (1998) Facilitation of the presynaptic 500 

calcium current at an auditory synapse in rat brainstem. J Physiol 512:723-729. 501 
DeMaria CD, Soong TW, Alseikhan BA, Alvania RS, Yue DT (2001) Calmodulin bifurcates the 502 

local Ca2+ signal that modulates P/Q-type Ca2+ channels. Nature 411:484-489. 503 
Dunlap K, Luebke JI, Turner TJ (1995) Exocytotic cakcium channels in mammalian central 504 

neurons. Trends Neurosci 18:89-98. 505 
Forsythe ID, Tsujimoto T, Barnes-Davies M, Cuttle MF, Takahashi T (1998) Inactivation of 506 

presynaptic calcium current contributes to synaptic depression at a fast central synapse. 507 
Neuron 20:797-807. 508 

Haeseleer F, Palczewski K (2002) Calmodulin and Ca2+-binding proteins (CaBPs): variations 509 
on a theme. Adv Exp Med Biol 514:303-317. 510 

Inchauspe CG, Martini FJ, Forsythe ID, Uchitel OD (2004) Functional compensation of P/Q 511 
by N-type channels blocks short-term plasticity at the calyx of held presynaptic 512 
terminal. J Neurosci 24:10379-10383. 513 

Jackman SL, Regehr WG (2017) The mechanisms and functions of synaptic facilitation. 514 
Neuron 94:447-464. 515 

Katz B (1966) Nerve, Muscle, and Synapse. USA: McGraw-Hill Inc. 516 
Kim KY, Scholl ES, Liu X, Shepherd A, Haeseleer F, Lee A (2014) Localization and expression 517 

of CaBP1/caldendrin in the mouse brain. Neuroscience 268:33-47. 518 



 

 18 

Klyachko VA, Stevens CF (2006) Excitatory and feed-forward inhibitory hippocampal 519 
synapses work synergistically as an adaptive filter of natural spike trains. PLoS Biol 520 
4:e207. 521 

Koester HJ, Johnston D (2005) Target cell-dependent normalization of transmitter release 522 
at neocortical synapses. Science 308:863-866. 523 

Lautermilch NJ, Few AP, Scheuer T, Catterall WA (2005) Modulation of CaV2.1 channels by 524 
the neuronal calcium-binding protein visinin-like protein-2. J Neurosci 25:7062-7070. 525 

Leal K, Mochida S, Scheuer T, Catterall W (2012) Fine-tuning short-term synaptic plasticity 526 
via regulation of presynaptic calcium channels by calcium sensor proteins. Proc Natl 527 
Acad Sci USA 109:17069-17074. 528 

Lee A, Scheuer T, Catterall WA (2000) Ca2+/calmodulin-dependent facilitation and 529 
inactivation of P/Q-type Ca2+ channels. J Neurosci 20:6830-6838. 530 

Lee A, Zhou H, Scheuer T, Catterall WA (2003) Molecular determinants of Ca2+/calmodulin-531 
dependent regulation of CaV2.1 channels. Proc Natl Acad Sci U S A 100:16059-16064. 532 

Lee A, Westenbroek RE, Haeseleer F, Palczewski K, Scheuer T, Catterall WA (2002) 533 
Differential modulation of CaV2.1 channels by calmodulin and Ca2+-binding protein 1. 534 
Nat Neurosci 5:210-217. 535 

Lee A, Wong ST, Gallagher D, Li B, Storm DR, Scheuer T, Catterall WA (1999) 536 
Ca2+/calmodulin binds to and modulates P/Q-type calcium channels. Nature 399:155-537 
159. 538 

Lee SH, Soltesz I (2011) Requirement for CB1 but not GABAB receptors in the 539 
cholecystokinin mediated inhibition of GABA release from cholecystokinin expressing 540 
basket cells. J Physiol 589:891-902. 541 

Mochida S, Few AP, Scheuer T, Catterall WA (2008) Regulation of presynaptic CaV2.1 542 
channels by Ca2+ sensor proteins mediates short-term synaptic plasticity. Neuron 543 
57:210-216. 544 

Mori Y, Friedrich T, Kim MS, Mikami A, Nakai J, Ruth P, Bosse E, Hofmann F, Flockerzi V, 545 
Furuichi T, Mikoshiba K, Imoto K, Tanabe T, Numa S (1991) Primary structure and 546 
functional expression from complementary DNA of a brain calcium channel. Nature 547 
350:398-402. 548 

Nanou E, Scheuer T, Catterall WA (2016a) Calcium sensor regulation of the CaV2.1 channel 549 
contributes to long-term potentiation and spatial learning. Proc Natl Acad Sci U S A 550 
113:13209-13214. 551 

Nanou E, Sullivan JM, Scheuer T, Catterall WA (2016b) Calcium sensor regulation of the 552 
CaV2.1 Ca2+ channel contributes to short-term synaptic plasticity in hippocampal 553 
neurons. Proc Natl Acad Sci U S A 113:1062-1067. 554 

Nanou E, Yan J, Whitehead NP, Kim MJ, Froehner SC, Scheuer T, Catterall WA (2016c) 555 
Altered short-term synaptic plasticity and reduced muscle strength in mice with 556 
impaired regulation of presynaptic CaV2.1 Ca2+ channels. Proc Natl Acad Sci U S A 557 
113:1068-1073. 558 

Patel AB, Hays SA, Bureau I, Huber KM, Gibson JR (2013) A target cell-specific role for 559 
presynaptic Fmr1 in regulating glutamate release onto neocortical fast-spiking 560 
inhibitory neurons. J Neurosci 33:2593-2604. 561 

Paulsen O, Moser EI (1998) A model of hippocampal memory encoding and retrieval: 562 
GABAergic control of synaptic plasticity. Trends Neurosci 21:273-278. 563 



 

 19 

Starr TVB, Prystay W, Snutch TP (1991) Primary structure of a calcium channel that is 564 
highly expressed in the rat cerebellum. ProcNatlAcadSciUSA 88:5621-5625. 565 

Tottene A, Fellin T, Pagnutti S, Luvisetto S, Striessnig J, Fletcher C, Pietrobon D (2002) 566 
Familial hemiplegic migraine mutations increase Ca2+ influx through single human 567 
CaV2.1 channels and decrease maximal CaV2.1 current density in neurons. Proc Natl 568 
Acad Sci U S A 99:13284-13289. 569 

Tsien RW, Lipscombe D, Madison D, Bley K, Fox A (1995) Reflections on Ca(2+)-channel 570 
diversity, 1988-1994. Trends Neurosci 18:52-54. 571 

Tsujimoto T, Jeromin A, Saitoh N, Roder JC, Takahashi T (2002) Neuronal calcium sensor 1 572 
and activity-dependent facilitation of P/Q-type calcium currents at presynaptic nerve 573 
terminals. Science 295:2276-2279. 574 

Turrigiano GG (2008) The self-tuning neuron: synaptic scaling of excitatory synapses. Cell 575 
135:422-435. 576 

Vecchia D, Tottene A, van den Maagdenberg AM, Pietrobon D (2014) Mechanism 577 
underlying unaltered cortical inhibitory synaptic transmission in contrast with 578 
enhanced excitatory transmission in CaV2.1 knockin migraine mice. Neurobiol Dis 579 
69:225-234. 580 

Vecchia D, Tottene A, van den Maagdenberg AM, Pietrobon D (2015) Abnormal cortical 581 
synaptic transmission in CaV2.1 knockin mice with the S218L missense mutation which 582 
causes a severe familial hemiplegic migraine syndrome in humans. Front Cell Neurosci 583 
9:8. 584 

Vinet J, Sik A (2006) Expression pattern of voltage-dependent calcium channel subunits in 585 
hippocampal inhibitory neurons in mice. Neuroscience 143:189-212. 586 

Westenbroek RE, Sakurai T, Elliott EM, Hell JW, Starr TVB, Snutch TP, Catterall WA (1995) 587 
Immunochemical identification and subcellular distribution of the a1A subunits of brain 588 
calcium channels. JNeurosci 15:6403-6418. 589 

Xu JH, Wu LG (2005) The decrease in the presynaptic calcium current is a major cause of 590 
short-term depression at a calyx-type synapse. Neuron 46:633-645. 591 

Yan J, Leal K, Magupalli VG, Nanou E, Martinez GQ, Scheuer T, Catterall WA (2014) 592 
Modulation of CaV2.1 channels by neuronal calcium sensor-1 induces short-term 593 
synaptic facilitation. Mol Cell Neurosci 63:124-131. 594 

Zamponi GW, Striessnig J, Koschak A, Dolphin AC (2015) The physiology, pathology, and 595 
pharmacology of voltage-gated calcium channels and their future therapeutic potential. 596 
Pharmacological reviews 67:821-870. 597 

Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev Physiol 64:355-405. 598 

 599 
 600 
 601 

Acknowledgements 602 
This work was supported by US National Institutes of Health Research Grant R01 NS022625 to 603 
W.A.C. and NIH Research Grant R01 NS084190 and a Carver Research Program of Excellence 604 
Award to A.L. 605 
 606 



 

 20 

  607 



 

 21 

Figure Legends 608 

 609 

Figure 1. IM-AA mutation reduces paired-pulse facilitation in synapses of CA3 neurons 610 
onto excitatory CA1 neurons and inhibitory PV basket cells. Schematics of recording 611 
excitation from (A) CA1 pyramidal neurons and (B) PV interneurons. (C) Example evoked 612 
EPSCs from WT (black) and IM-AA (red) CA1 pyramidal neurons in response to paired-pulse 613 
stimulation of SC fibers. Stimulus artifacts were blanked for clarity. Paired-pulse ratio (PPR) 614 
plotted as a function of ISI from WT (black, n=10 cells) and IM-AA (red, n=10 cells) CA1 615 
pyramidal neurons. (P=0.02, ISI=50 ms; P=0.03, ISI=80 ms; P=0.007, ISI=100 ms). (D) 616 
Example evoked EPSCs from WT (black) and IM-AA (green) PV interneurons in response to 617 
paired-pulse stimulation of SC fibers. Stimulus artifacts were blanked for clarity. Paired-pulse 618 
ratio (PPR) plotted as a function of ISI from WT (black, n=10 cells) and IM-AA (green, n=10 619 
cells) PV interneurons. (P=0.04, ISI=50ms). Recordings were made in the presence of 1 μM ω-620 
Ctx, 50 μM APV, 50 μM picrotoxin and 10 μM CGP55845 hydrochloride. Results for CA1-CA3 621 
synapses were pooled from previous (Nanou et al., 2016b) and current studies, as they were 622 
not significantly different.  623 
 624 
Figure 2. IM-AA mutation shifts the timing of facilitation and depression during high-625 
frequency trains in SC-PV synapses similar to SC-CA1 synapses. (A-D) Average 626 
normalized peak amplitude of evoked EPSCs during trains from WT CA1 pyramidal (black) 627 
neurons, IM-AA CA1 pyramidal (red) neurons and WT PV (black) neurons, IM-AA PV (green) 628 
neurons. (A) 5 Hz: WT CA1, n=12; WT PV, n=13; IM-AA CA1, n=12; IM-AA PV, n=14. (B) 10 629 
Hz: WT CA1, n=12; WT PV, n=12; IM-AA CA1, n=12; IM-AA PV, n=14. CA3-CA1*P=0.04. (C) 630 
20 Hz: WT CA1, n=12; WT PV, n= 10; IMAA CA1, n=12; IM-AA PV, n=12. CA3-CA1*: P= 0.02. 631 
CA3-PV*: P= 0.02. (D) 50 Hz: WT CA1, n=12; WT PV, n= 13; IMAA CA1, n=12; IM-AA PV, 632 
n=10. CA3-CA1***: P= 0.0001. CA3-PV*: P= 0.02.  All recordings were made in the presence of 633 
1 μM ω-Ctx, 50 μM APV, 50 μM picrotoxin and 10 μM CGP55845 hydrochloride. 634 
 635 
Figure 3. IM-AA mutation abolishes synaptic facilitation mediated by local calcium 636 
transients. (A) Example evoked EPSCs from WT (black) and IM-AA (red) PV neurons in 637 
response to paired-pulse stimulation of SC fibers in the presence of 100 μM EGTA-AM at 50 ms 638 
ISI. Stimulus artifacts were blanked for clarity. (B) Percentage blocked of evoked synaptic 639 
responses by application of 100 μM EGTA-AM from WT (black, n=3 cells) and IM-AA (green, 640 
n=4 cells).(P=0.72). (C) PPR from WT (black, n=10 cells) and IM-AA (green, n=8 cells) PV 641 
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neurons in the presence of 100 μM EGTA-AM. (**P=0.006).  All recordings were made in the 642 
presence of 1 μM ω-Ctx, 50 μM APV, 50 μM picrotoxin and 10 μM CGP55845 hydrochloride.. 643 
  644 
Figure 4. IM-AA mutation abolishes paired-pulse depression in inhibitory synapses. 645 
Schematics of recording inhibitory synaptic transmission onto CA1 pyramidal neurons by (A) 646 
electrical or (B) optical stimulation of stratum pyramidale interneurons. (C) Example evoked 647 
IPSCs from CA1 pyramidal neurons from WT (black) and IM-AA (red) mice in response to 648 
electrical stimulation of PV interneurons. PPR plotted as a function of ISI from WT (black, n=7 649 
cells) and IM-AA (red, n=8 cells). (** P=0.01, ISI=50 ms; * P=0.03, ISI=80 ms; *** P=2.70E-05, 650 
ISI=100ms; * P=0.03, ISI=150 ms; **P=0.03, ISI=200 ms). (D) Example evoked IPSCs from 651 
CA1 pyramidal neurons from WT (black) and IM-AA (red) mice in response to optical stimulation 652 
of PV interneurons. PPR plotted as a function of ISI from WT (black, n=9 cells) and IM-AA (red, 653 
n=18 cells). (** P=0.006, ISI=50 ms; * P=0.04, ISI=80 ms; * P=0.008, ISI=100 ms; * P=0.05, 654 
ISI=150 ms; * P=0.006, ISI=200 ms).  (E) Example traces and average paired-pulse ratio (PPR) 655 
of inhibitory IPSCs in absence (control) and presence of EGTA-AM from WT (Control, black, 656 
n=14 cells; EGTA-AM, grey, n=5 cells) and IM-AA (Control, red, n=11 cells, 4 animals; EGTA-657 
AM, pink, n=5) CA1 pyramidal neurons. (F) Example traces and average miniature IPSC 658 
amplitude (Amp), frequency (Freq), rise time (Rise), and decay time (Decay) from WT (n= 8) 659 
and IM-AA (n=7). Recordings were made in the presence of 1 μM ω-Ctx, 50 μM APV, 20 μM 660 
CNQX.  661 
 662 
Figure 5. CaBP1/Caldendrin-KO impairs synaptic depression in PV-CA1 synapses. (A) 663 
Schematic of recording inhibition from a CA1 pyramidal. (B) Example evoked paired IPSCs from 664 
CaBP1/Caldendrin-KO PV-CA1 synapses. (C) Paired-pulse ratio (PPR) plotted as a function of 665 
ISI from CA1 pyramidal neurons from WT (black, n=7), IM-AA (red, n=8) and 666 
CaBP1/Caldendrin-KO (blue, n=12) mice. WT vs IM-AA: ISI=50ms**, P=0.01. WT vs IM-AA, 667 
ISI=80ms*: P=0.03. WT vs CaBP1/Caldendrin-KO: ISI=100ms*, P=0.03. WT vs IM-AA: 668 
ISI=100ms***, P=2.07E-05. WT vs CaBP1/Caldendrin-KO: ISI=100ms*, P=0.04. WT vs IM-AA: 669 
ISI=150ms*, P=0.03. WT vs IM-AA: ISI=200ms**, P=0.003. IM-AA vs CaBP1/Caldendrin-KO: 670 
ISI=100ms**, P=0.008.  (D-E) Average normalized peak amplitude of evoked IPSCs during 671 
trains from CA1 pyramidal neurons from WT (black), IM-AA (red), and CaBP1/caldendrin KO 672 
(blue) mice in response to electrical stimulation of PV interneurons. (D) 5 Hz: WT, n=8; IMAA, 673 
n=9; CaBP1/Caldendrin-KO, n=10. WT vs CaBP1/Caldendrin-KO: P=0.0001. (E) 10 Hz: WT, 674 
n=8; IMAA, n=9; CaBP1/Caldendrin-KO, n=10. WT vs CaBP1/Caldendrin-KO: P=0.0001.   (F) 675 
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20 Hz: WT, n=8; IMAA , n=8 ; CaBP1/Caldendrin-KO, n=9. WT vs CaBP1/Caldendrin-KO: 676 
P=0.0001. (G) 50 Hz: WT, n=9; IMAA, n=8; CaBP1/Caldendrin-KO, n=7. WT vs 677 
CaBP1/Caldendrin-KO: P=0.0001. All recordings were made in the presence of 1 μM ω-Ctx, 50 678 
μM APV, 20 μM CNQX. 679 
 680 
Figure 6. IM-AA mutation reduces paired-pulse facilitation in disynaptic 681 
neurotransmission. (A) Schematic of recording disynaptic inhibition from CA1 pyramidal 682 
neuron. (B) Example evoked IPSCs from WT CA1 pyramidal (black) and IM-AA (red) CA1 683 
pyramidal neurons in response to paired-pulse stimulation of SC fibers. Stimulus artifacts were 684 
blanked for clarity. Disynaptic transmission was isolated by selecting only IPSCs having a 685 
latency of ≥ 7 ms, compared to 4 ms for monosynaptic transmission. Paired-pulse ratio (PPR) 686 
plotted as a function of 50 ms ISI from WT (black, n=7 cells) and IM-AA (red, n=7 cells) CA1 687 
pyramidal neurons. All recordings were made in the presence of 1 μM ω-Ctx and 50 μM APV. (* 688 
P=0.04). 689 
 690 
Figure 7. IM-AA mutation greatly increases the excitation to inhibition ratio in SC-CA1 691 
synapses. (A) Example evoked compound PSCs from WT (left) and IM-AA (right) CA1 692 
pyramidal neurons. (B) Paired-pulse ratio (PPR) of excitation (red, P=0.001) and inhibition (blue, 693 
P = 0.08, n.s.) from WT (n=5) and IM-AA (n=8) at 50 ms ISI calculated from either the peak 694 
amplitude (left) or the integrated area under the curve (right).  (C) Ratio of Excitation to Inhibition 695 
(E/I) plotted for Pulse 1 (white) and Pulse 2 (black) calculated from either peak amplitude (left, 696 
WT P1 vs WT P2, *P=0.05; WT P2 vs IM-AA P2 * P=0.02) or integrated area (right, WT P1 vs 697 
IM-AA P1 * P=0.02; WT P2 vs IM-AA P2 ** P=0.01). All recordings were made in the presence 698 
of 1 μM ω-Ctx, 50 μM APV. 699 
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