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Control of Excitation/Inhibition Balance in a Hippocampal
Circuit by Calcium Sensor Protein Regulation of Presynaptic
Calcium Channels

Evanthia Nanou,' “Amy Lee,? and William A. Catterall!
Department of Pharmacology, University of Washington, Seattle, Washington 98195 and 2Department of Molecular Physiology and Biophysics, University
of Iowa, Towa City, Iowa 52242

Activity-dependent regulation controls the balance of synaptic excitation to inhibition in neural circuits, and disruption of this regulation
impairs learning and memory and causes many neurological disorders. The molecular mechanisms underlying short-term synaptic
plasticity are incompletely understood, and their role in inhibitory synapses remains uncertain. Here we show that regulation of voltage-
gated calcium (Ca*™) channel type 2.1 (Cay2.1) by neuronal Ca*>" sensor (CaS) proteins controls synaptic plasticity and excitation/
inhibition balance in a hippocampal circuit. Prevention of CaS protein regulation by introducing the IM-AA mutation in Ca, 2.1 channels
in male and female mice impairs short-term synaptic facilitation at excitatory synapses of CA3 pyramidal neurons onto parvalbumin
(PV)-expressing basket cells. In sharp contrast, the IM-AA mutation abolishes rapid synaptic depression in the inhibitory synapses of PV
basket cells onto CA1 pyramidal neurons. These results show that CaS protein regulation of facilitation and inactivation of Cay 2.1
channels controls the direction of short-term plasticity at these two synapses. Deletion of the Ca$S protein CaBP1/caldendrin also blocks
rapid depression at PV-CA1 synapses, implicating its upregulation of inactivation of Cay2.1 channels in control of short-term synaptic
plasticity at this inhibitory synapse. Studies of local-circuit function revealed reduced inhibition of CA1 pyramidal neurons by the
disynaptic pathway from CA3 pyramidal cells via PV basket cells and greatly increased excitation/inhibition ratio of the direct excitatory
input versus indirect inhibitory input from CA3 pyramidal neurons to CAl pyramidal neurons. This striking defect in local-circuit
function may contribute to the dramatic impairment of spatial learning and memory in IM-AA mice.
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Many forms of short-term synaptic plasticity in neuronal circuits rely on regulation of presynaptic voltage-gated Ca>* (Cay;) channels.
Regulation of Cay 2.1 channels by neuronal calcium sensor (CaS) proteins controls short-term synaptic plasticity. Here we demonstrate a
direct link between regulation of Ca, 2.1 channels and short-term synaptic plasticity in native hippocampal excitatory and inhibitory
synapses. We also identify CaBP1/caldendrin as the calcium sensor interacting with Cay 2.1 channels to mediate rapid synaptic depres-
sionin the inhibitory hippocampal synapses of parvalbumin-expressing basket cells to CA1 pyramidal cells. Disruption of this regulation
causes altered short-term plasticity and impaired balance of hippocampal excitatory to inhibitory circuits. j

ignificance Statement

Regehr, 2004). Synaptic facilitation increases EPSCs and IPSCs in
response to repetitive stimuli, whereas rapid synaptic depression
reduces EPSCs and IPSCs in trains of impulses (Zucker and Re-
gehr, 2002; Abbott and Regehr, 2004). Short-term facilitation is
important in modulating information-processing in the hip-
pocampal circuit (Buzsaki and Moser, 2013; Bartley and Do-

Introduction
Synapses use short-term synaptic plasticity to encode, fine-tune,
and transfer information (Zucker and Regehr, 2002; Abbott and
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brunz, 2015); however, the role of rapid synaptic depression in
circuit function is poorly understood (Anwar et al., 2017). Recent
studies advanced knowledge of molecular mechanisms required
for short-term synaptic facilitation in excitatory synapses (Cat-
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terall and Few, 2008; Catterall et al., 2013; Jackman and Regehr,
2017), but mechanisms underlying short-term synaptic facilita-
tion in inhibitory synapses and mechanisms that induce rapid
depression on the ms timescale are largely unknown. We use a
mouse genetic model with impaired regulation of presynaptic cal-
cium channels to probe these fundamental questions concerning
short-term synaptic plasticity in excitatory versus inhibitory syn-
apses and control of excitation/inhibition balance in neural circuits.

Voltage-gated calcium (Ca*") channel type 2.1 (Ca,2.1) con-
ducts P/Q-type Ca*™ currents that initiate synaptic transmission
at excitatory and inhibitory synapses (Mori et al., 1991; Starr et
al., 1991; Dunlap et al., 1995; Tsien et al., 1995; Westenbroek et
al., 1995; Catterall, 2011; Zamponi et al., 2015). Repetitive stim-
ulation of Cay2.1 channels causes Ca*"-dependent facilitation
followed by Ca>"-dependent inactivation, which is mediated by
sequential binding of Ca®" to calmodulin bound to a bipartite
regulatory site in the C-terminal domain (Lee et al., 1999, 2000,
2003; DeMaria et al., 2001). This regulatory site can also be occu-
pied by the family of neuronal calmodulin-like CaS proteins
(Haeseleer and Palczewski, 2002), which displace calmodulin and
enhance facilitation or inactivation (Lee et al., 2002; Tsujimoto et
al., 2002; Lautermilch et al., 2005; Yan et al., 2014).

Cay2.1 channels are required for synaptic facilitation in the
Calyx of Held (Inchauspe et al., 2004), and timing of their facili-
tation and inactivation correlates with synaptic facilitation and
the rapid phase of synaptic depression (Borst and Sakmann,
1998; Cuttle et al., 1998; Forsythe et al., 1998; Xu and Wu, 2005).
Exogenous expression of Cay2.1 channels in cultured superior
cervical ganglion neurons induces synaptic facilitation, which is
blocked by a mutation (IM-AA) that prevents facilitation of
Cay 2.1 by calmodulin (Mochida et al., 2008). Expression of CaS
proteins in these neurons overrides regulation by calmodulin and
favors either facilitation or depression (Leal et al., 2012; Yan et al.,
2014). These results led to the hypothesis that the direction and
extent of short-term synaptic plasticity may be controlled by dif-
ferential regulation of Cay2.1 channels by Ca$ proteins in vivo
(Catterall and Few, 2008; Catterall et al., 2013).

Mice harboring the IM-AA mutation in their Ca,,2.1 channels
do indeed have impaired short-term synaptic plasticity at excit-
atory synapses in hippocampus and neuromuscular junction
(Nanou et al.,, 2016a,b). The input/output functions of synaptic
circuits in brain depend crucially on balance of excitatory to
inhibitory neurotransmission, the E/I ratio. Here we show that
short-term synaptic plasticity is controlled by Ca$S protein regu-
lation of Cay2.1 channels in both excitatory and inhibitory syn-
apses in the hippocampus. At the key inhibitory synapse of PV
basket cells onto CA1 pyramidal neurons, rapid synaptic depres-
sion is blocked in IM-AA mice, leading to dramatic change in E/I
ratio in this local hippocampal circuit. Genetic deletion of the
CaS protein CaBP1/caldendrin, which blocks facilitation and en-
hances inactivation of Cay2.1 channels, prevents rapid depres-
sion of synapses of PV basket cells onto CA1 pyramidal neurons.
These results indicate that enhanced inactivation of Ca,;2.1 chan-
nels by CaBP1/caldendrin causes rapid depression at this synapse.
Our results demonstrate an unexpected role for regulation of
Cay2.1 channels by CaS proteins in controlling rapid synaptic
depression in a key inhibitory synapse and in sustaining balanced
circuit function in the hippocampus.

Materials and Methods

Animals. All experiments were performed with procedures approved by
the Institutional Animal Care and Use Committee of the University of
Washington. IM-AA mice with a point mutation in the IQ-like motif of
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Cay2.1 (IM>=>>AA; ATCATG to GCCGCT) were generated by Ingenious
Targeting Laboratory. The mutation (within exon 40) was generated by
PCR mutagenesis and confirmed by sequencing. Traditional blastocyst
injection of ES cells expressing the targeting vector resulted in chimeric
mice. These chimeric mice were mated first to generate heterozygotes,
which were then backcrossed for 10 generations with C57BL/6] mice
(RRID:IMSR_JAX:000664) to generate homozygous IM-AA mutant mice
in a pure genetic background. To target PV interneurons for whole-cell
recordings we crossed a PV-Cre mouse line (The Jackson Laboratory,
stock 008069; RRID:IMSR_JAX:008069) with a reporter line with red
fluorescent protein Td-tomato (The Jackson Laboratory, stock 007905;
RRID:IMSR_JAX:007905) in PV cells to produce PV-Tom mice. PV-
Tom mice were then crossed with the IM-AA mouse line to create homozy-
gous IM-AA/PV-Tom mice. For optogenetic experiments, we crossed the
PV-Cre line with mice expressing channelrhodopsin (ChR2; The Jackson
Laboratory, stock 012569) to generate PV-ChR2 mice. Then the PV-
ChR2 mice were crossed with the IM-AA mice to generate homozygous
IM-AA/PV-ChR2 mice. The CaBP1/caldendrin knock-out mice were de-
veloped at the University of lowa (Kim et al., 2014).

Electrophysiology in hippocampal slices. Wild-type (WT) and IM-AA
mice 16- to 24-d-old were anesthetized with isoflurane. Brains were rap-
idly removed and placed in ice-cold, high-sucrose cutting solution con-
taining the following (in mm): 75 sucrose, 25 NaHCOj, 25 glucose, 2.5
KCl, 1.25 NaH,PO,, 87 NaCl, 7 MgCl,, and 0.5 CaCl,. Acute transverse
hippocampal slices (400 wm) were cut on a 1000 Plus Vibratome in the
high-sucrose cutting solution and transferred immediately to an incuba-
tion chamber containing artificial CSF composed of the following (in
mm): 125 NaCl, 3 KCl, 2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCO,,
and 10 glucose, saturated with 95% O, and 5% CO,. The slices were
allowed to recover at 37°C for 45 min and then were maintained at room
temperature for at least 30 min before recording.

Slices were transferred to a submerged recording chamber mounted
on a Nikon microscope (E600FN) or an Olympus BX51 microscope
equipped with a Hamamatsu Orca-03G CCD camera equipped for infra-
red differential interference contrast microscopy and were perfused with
ACSF at a rate of 1.5 ml/min at room temperature. All experiments were
performed in the presence of the Ca,2.2 blocker w-Conotoxin GVIA
(1 um). EPSCs were induced by stimulating Schaffer collaterals (0.3 ms)
in stratum radiatum by a concentric bipolar stimulating electrode
(FHC). EPSCs were recorded either from CA1 pyramidal cells which
were visualized by infrared differential interference contrast or from
fluorescently identified PV-positive interneurons using a Nikon Intensi-
light C-HGFI. Cells were held at =60 mV to record AMPA-mediated
EPSCs in the presence of the NMDA blocker AP-V (50-100 um), the
GABA , blocker picrotoxin (50 um) and the GABA blocker CGP55845
hydrochloride (10 um). Evoked IPSCs were recorded at 0 mV in the
presence of the AMPA receptor blocker CNQX (20 uMm) and the NMDA
blocker AP-V (100 um). Electrically evoked IPSCs were induced as for
EPSCs. Optically evoked IPSCs were induced by activating PV/Channel-
rhodopsin interneurons optically using a coolLED pE-100. Laser light
illumination (0.5 ms) was given using a water-immersed 60X objective
to produce a maximum 80-um-diameter spot. Miniature IPSCs were
recorded at 0 mV in the presence of 1 um TTX. The detection threshold
for miniature IPSCs was set at 8 pA. The averaged miniature IPSC am-
plitude, frequency, rise time and decay time for each cell was calculated
during the initial 4 min period after whole-cell access was obtained.
Whole-cell recording pipettes (4—6 MQ)) were filled with a solution con-
taining the following (in mm): 145 Cs-gluconate, 2 MgCl,, 10 HEPES, 0.5
EGTA, 2 Tris-ATP, 0.2 Na,GTP, and 5 QX-314. Data were collected with
a MultiClamp 700A amplifier (Molecular Devices) or a HEKA dual
EPC-10 amplifier, filtered at 2 kHz and digitized at 10 kHz. Multiple step
depolarizations were given at the beginning of every experiment to in-
duce block of Na™ and Ca?" currents in the CAl pyramidal cells by
QX-314. Paired-pulse ratios (PPRs) were recorded using intervals of 20,
50, 80, 100, 150, and 200 ms. Evoked AMPA-mediated EPSCs and GABA-
mediated IPSCs were also recorded in response to trains at different frequen-
cies (5, 10, 20, 50 Hz). The ratio of excitation to inhibition was calculated by
recording paired compound PSCs at —40 mV which contains both excit-
atory and inhibitory components in the presence of 100 um APV.
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IM-AA mutation reduces paired-pulse facilitation in synapses of CA3 neurons onto excitatory CAT neurons and inhibitory PV basket cells. Schematics of recording excitation from (4) CA1

pyramidal neurons and (B) PV interneurons. €, Example evoked EPSCs from WT (black) and IM-AA (red) CA1 pyramidal neurons in response to paired-pulse stimulation of SC fibers. Stimulus artifacts

were blanked for clarity. PPR plotted as a function of IS from WT (black; n = 10 cells) and IM-AA (red; n = 10 cells) CA1 pyramidal neurons. p = 0.02, S| = 50 ms; p = 0.03, 15| =

80ms; p = 0.007,

ISI'= 100 ms. D, Example evoked EPSCs from WT (black) and IM-AA (green) PV interneurons in response to paired-pulse stimulation of SC fibers. Stimulus artifacts were blanked for clarity. PPR
plotted as a function of ISl from WT (black, n = 10 cells) and IM-AA (green, n = 10 cells) PV interneurons. p = 0.04, ISI = 50 ms. Recordings were made in the presence of 1 um cw-Ctx, 50 um APV,
50 um picrotoxin, and 10 um CGP55845 hydrochloride. Results for CA1-CA3 synapses were pooled from previous (Nanou et al., 2016a) and current studies, as they were not significantly different.

*p < 0.05.%%p < 0.01.

Experimental design and statistical analysis. For all experiments, at least
three animals of each genotype were used (WT, IM-AA, WT/ PV-Tom,
IM-AA/PV-Tom, WT/PV-ChR2,IM-AA/ PV-ChR2, CaBP1/caldendrin
KOs all mixed sex). The number of cells studied in each experiment is
indicated in the figure legends. Data were analyzed using Clampfit (Mo-
lecular Devices; RRID:SCR_011323) and Igor Pro (Wavemetrics; RRID:
SCR_000325) software. Statistical analysis was performed with GraphPad
Prism (RRID:SCR_002798). Three tests confirmed that our data follow a
Gaussian distribution: D’Agostino—Pearson omnibus normality test,
Shapiro—Wilk normality test, and Kolmorogov—Smirnov test. Data from
individual cells are presented as examples, and pooled results are pre-
sented as mean * SEM. Statistical significance was calculated using Stu-
dent’s f test, except for experiments with trains of stimulation, in which
two-way ANOVA was used. Differences were considered significant at
p = 0.05. Exact p values are given in figure legends.

Results

Short-term synaptic plasticity at excitatory synapses on
excitatory versus inhibitory neurons

In some neurons, the form of short-term synaptic plasticity at
their presynaptic terminals differs depending on the postsynaptic
target, suggesting target-dependent control of presynaptic func-
tion (Koester and Johnston, 2005; Patel et al., 2013). In the hip-

pocampus, Schaffer collaterals (SCs) of CA3 pyramidal neurons
form excitatory synapses on CAl pyramidal neurons and PV-
expressing interneurons (Bartley and Dobrunz, 2015). We have
recently shown that regulation of Ca,2.1 channels by Ca$S pro-
teins is an important molecular mechanism contributing to syn-
aptic facilitation and rapid synaptic depression in the excitatory
synapses formed by SC on CA1 neurons (Nanou et al., 2016a). To
determine whether synaptic facilitation and synaptic depression are
also mediated by CaS proteins and Cay2.1 channels in the SC syn-
apses on inhibitory neurons, we compared synaptic plasticity in ex-
citatory synapses of CA3 neurons that share the same presynaptic SC
fibers but form synapses on excitatory CA1 pyramidal neurons (Fig.
1A) or on inhibitory PV-expressing basket cells (Fig. 1B). EPSCs
were evoked by pairs of depolarizing stimuli at different interstimu-
lus intervals (ISIs). We found that short-term synaptic facilitation in
paired pulses was indistinguishable in WT SC-CA1 and SC-PV syn-
apses (Fig. 1C, D, black). In both synapse types, maximal PPRs of ~3
were observed for 50 ms ISIs, and they declined steadily with longer
ISIs (Fig. 1C, D, black). We next examined the effects of prevention
of CaS binding on Ca,,2.1 channels by introducing the IM-AA mu-
tation in these channels. In synapses from IM-AA mice, we found
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IM-AA mutation shifts the timing of facilitation and depression during high-frequency trains in SC-PV synapses similarly to SC-CA1 synapses. A-D, Average normalized peak amplitude

of evoked EPSCs during trains from WT CA1 pyramidal (black) neurons, IM-AA CAT pyramidal (red) neurons, WT PV (black) neurons, and IM-AA PV (green) neurons. 4, 5 Hz: WT CA1,n = 12; WTPV,
n=13;IM-AACA1,n = 12; IM-AAPV,n = 14. B, 10 Hz: WT CA1, n = 12; WTPV, n = 12; IM-AA CA1, n = 12; IM-AA PV, n = 14.CA3-CA1, p = 0.04.C, 20 Hz: WT CAT,n = 12, WT PV, n = 10;
IM-AA CA1,n = 12;IM-AA PV, n = 12. CA3-CA1, p = 0.02; CA3-PV, p = 0.02. D, 50 Hz: WT CA1,n = 12; WT PV, n = 13; IM-AA CA1, n = 12; IM-AA PV, n = 10. CA3-CA1, p = 0.0001; CA3-PV,
p = 0.02. All recordings were made in the presence of 1 m co-Ctx, 50 m APV, 50 pum picrotoxin, and 10 v CGP55845 hydrochloride.

reduced synaptic facilitation that was similar in SC-CA1 (Fig. 1C,
red) and SC-PV (Fig. 1D, green) synapses. In both cases, the
maximum PPRs were reduced to ~2 in IM-AA synapses, and the
dependence of facilitation on ISI was much reduced. These

results indicate that ~50% of paired-pulse facilitation at this
synapse is caused by CaS protein regulation of Ca, 2.1 channels.
This form of synaptic facilitation is distinctive, as it is strongly
dependent on ISI and peaks at ISI = 50 ms (Fig. 1C,D).
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IM-AA mutation abolishes synaptic facilitation mediated by local calcium transients. 4, Example evoked EPSCs from WT (black) and IM-AA (red) PV neurons in response to paired-pulse

stimulation of SC fibers in the presence of 100 pum EGTA-AM at 50 ms ISI. Stimulus artifacts were blanked for clarity. B, Percentage block of evoked synaptic responses by application of 100 pum
EGTA-AM from WT (black; n = 3 cells) and IM-AA (green; n = 4 cells). p = 0.72. C, PPR from WT (black; n = 10 cells) and IM-AA (green; n = 8 cells) PV neuronsin the presence of 100 um EGTA-AM.
**p = 0.006. All recordings were made in the presence of 1 um w-Ctx, 50 m APV, 50 m picrotoxin, and 10 um CGP55845 hydrochloride.

We also assessed the effect of the IM-AA mutation during
more physiological stimulation by trains of action potentials at
increasing frequencies (Fig. 2). Stimulus frequencies of 5 Hz did
not cause substantial facilitation or depression. At stimulus
frequencies of 10 Hz and 20 Hz in WT SC-CA1 and WT SC-PV
synapses, synaptic facilitation increased and decayed to a similar
degree (Fig. 2A—C, black). In contrast, facilitation in IM-AA SC-
CA1 synapses (Fig. 2A-C, red) and IM-AA SC-PV synapses (Fig.
2A-C, green) developed more slowly and decayed more slowly
(p = 0.02-0.04; Fig. 2). At the highest frequency tested (50 Hz),
facilitation in WT synapses decayed prominently as rapid depres-
sion developed (Fig. 2D, black), while in IM-AA synapses facili-
tation developed more slowly and the onset of rapid depression
occurred later (Fig. 2D, red, green; p = 0.02). Overall, both facil-
itation and rapid depression were altered by the IM-AA mutation
to similar extents in SC-CAL1 synapses from our previous work
(Nanou et al., 2016a) and in the SC-PV synapses studied here (see
Fig. 4). Thus, in contrast to previous examples where the post-
synaptic cell controlled presynaptic function (Koester and John-
ston, 2005; Patel et al., 2013), these data show that the profile of
short-term synaptic plasticity at these two SC synapses is similar
despite their very different postsynaptic partners, suggesting that
CaS proteins and Ca, 2.1 channels are the primarily determinants
of short-term plasticity at these synapses.

Specific block of facilitation mediated by local
Ca’* transients
Basal synaptic function can be assessed from the size and kinetics
of asingle EPSC and the frequency and amplitude of spontaneous
miniature synaptic events resulting from release of a single
synaptic vesicle (Katz, 1966). At the CA3-CAl pyramidal cell
synapse, the rate of rise, amplitude, and decay of the EPSC is
unchanged in IM-AA mice (Nanou et al., 2016a). Similarly, the
frequency and amplitude of miniature EPSCs, as measured in the
presence of tetrodotoxin to block synaptic transmission initiated
by action potentials and calcium channels, is unchanged in IM-AA
mice (Nanou et al., 2016a). Together, these results from record-
ings of single EPSCs and miniature EPSCs support the conclusion
that the function of the release machinery in the presynaptic
terminal and both the distance and function of the AMPA sub-
type of glutamate receptors in the postsynaptic membrane are
normal in IM-AA mice.

Facilitation in response to rapid, local Ca** transients in SC-
CALl synapses is caused by binding of local Ca*>* to Ca$ proteins

and the resulting facilitation of P/Q-type Ca®" currents con-

ducted by Cay2.1 channels (Nanou et al., 2016a). To examine
whether synaptic facilitation in SC-PV synapses also results from
rapid, local increases in Ca® ", we applied the membrane-permeant
reagent EGTA-AM, which releases the chelator EGTA inside cells
and eliminates global Ca®" increases without affecting rapid, lo-
cal Ca®" transients (Fig. 3A; Adler et al., 1991). Application of
EGTA-AM (100 uM) decreased evoked EPSC amplitudes in both
WT and IM-AA synapses to a similar extent under basal condi-
tions (Fig. 3B). This result indicates that the diffusion distance
between the source of Ca®" entry at the mouth of presynaptic
Cay2.1 channels and the Ca** binding sites on the presynaptic
release machinery is unchanged in IM-AA synapses.

In contrast to the normal function of basal neurotransmission,
the presence of EGTA-AM nearly completely abolished paired-pulse
facilitation in SC-PV synapses from IM-AA mice (Fig. 3A, C). Thus,
paired-pulse facilitation mediated by local increases in Ca’* is
nearly completely dependent upon CasS protein regulation of Ca 2.1
channels in SC-PV excitatory synapses. These results define a specific
role for this form of Ca>* channel regulation in local Ca*" signaling
that triggers short-term synaptic facilitation.

Short-term synaptic plasticity in an inhibitory synapse
Because short-term plasticity is less studied in inhibitory syn-
apses, we assessed the role of CaS$ protein regulation of Ca,2.1
channels as a potential molecular mechanism for short-term plastic-
ity in the inhibitory synapses formed by PV-expressing basket cells
on CAl pyramidal neurons (PV-CA1 synapses). IPSCs were
evoked by pairs of depolarizing stimuli at different ISIs (Fig.
4A,C). Inhibitory neurotransmission from PV interneurons to
CA1 pyramidal neurons initiated by Ca,2.1 channels was isolated
by addition of w-Ctx to block synaptic transmission initiated by
Cay 2.2 channels in other interneuron types (e.g., CCK; Vinet and
Sik, 2006; Lee and Soltesz, 2011). In contrast to excitatory syn-
apses, the PV-CA1 synapse exhibits only synaptic depression at
ISIs from 20 to 200 ms (Fig. 4C, black). Remarkably, this rapid
synaptic depression is reversed in IM-AA synapses across the full
range of ISIs tested (Fig. 4C, red). Therefore, these results lead to
the surprising conclusion that Cay2.1 channel regulation by Ca$S
proteins is required for rapid synaptic depression in these WT
inhibitory synapses in the absence of any detectable synaptic
facilitation.

To assure that these synaptic properties were specifically char-
acteristic of PV-CA1 synapses, we also stimulated synaptic trans-
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Figure4. IM-AAmutationabolishes paired-pulse depression ininhibitory synapses. Schematics of recording inhibitory synaptic
transmission onto CA1 pyramidal neurons by () electrical or (B) optical stimulation of stratum pyramidale interneurons.
C, Example evoked IPSCs from CAT pyramidal neurons from WT (black) and IM-AA (red) mice in response to electrical stimulation
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evoked IPSCs from CA1 pyramidal neurons from WT (black) and IM-AA (red) mice in response to optical stimulation of PV interneu-
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mission using a cell-specific optogenetic
approach (Fig. 4B). Optical stimulation of
PV interneurons was accomplished using
mice that express Cre recombinase and
channelrhodopsin under the control of
the PV promoter. As with electrical stim-
ulation of these WT synapses, rapid syn-
aptic depression dominates at all ISIs
tested (Fig. 4D, black), and the IM-AA
mutation abolished rapid synaptic de-
pression at ISIs from 50 to 200 ms (Fig.
4D, red). These results further support the
conclusion that rapid synaptic depression
at the inhibitory synapse of PV-expressing
basket cells onto CA1 neurons in the hip-
pocampus is mediated by CaS protein reg-
ulation of the inactivation of Cay2.1
channels.

In contrast to the strong dependence of
synaptic facilitation on local Ca*" tran-
sients in excitatory synapses, we found that
rapid synaptic depression is unaffected by
EGTA-AM in PV-CA1 inhibitory synapses
(Fig. 4E). This result is consistent with prior
studies showing that facilitation of Ca2.1
channels requires local Ca*" signaling,
whereas Ca**-dependent inactivation of
Cay2.1 channels that contributes to rapid
depression requires more long-lasting,
global Ca?" transients (Lee et al., 2000,
2003; DeMaria et al., 2001). As for excit-
atory synapses, measurements of minia-
ture IPSCs (Fig. 4F) showed no effects of
the IM-AA mutation on either frequency
or amplitude, indicating that the basal
function of these inhibitory synapses is
unaffected by the IM-AA mutation. These
data further support the conclusion that
CaS protein regulation of Ca,2.1 channels
contributes specifically to the rapid phase
of depression at this synapse without sig-
nificant effects on other aspects of synap-
tic function.

Role of CaBP1/caldendrin in setting
short-term synaptic plasticity at an
inhibitory synapse in vivo

There is a large family of CaS proteins
(Haeseleer and Palczewski, 2002); how-
ever, only CaBP1 has been found to block
facilitation and enhance inactivation of
Ca*" currents conducted by Cay,2.1 chan-
nels (Lee et al., 2002). CaBP1 and calden-

<«

PPR of inhibitory IPSCs in absence (control) and presence of
EGTA-AM from WT (Control, black, n = 14 cells; EGTA-AM,
gray, n = 5 cells) and IM-AA (Control, red, n = 11 cells, 4
animals; EGTA-AM, pink, n = 5) CA1 pyramidal neurons.
F, Example traces and average miniature IPSC amplitude (Amp),
frequency (Freq), rise time (Rise), and decay time (Decay) from WT
(n = 8) and IM-AA (n = 7). Recordings were made in the pres-
ence of 1 um c-Ctx, 50 m APV, and 20 um CNQX.
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(aBP1/caldendrin-KO impairs synaptic depression in PV-CAT synapses. A, Schematic of recording inhibition from a CA1 pyramidal neuron. B, Example evoked paired IPSCs from

(aBP1/caldendrin-KO PV-CA1 synapses. €, PPR plotted as a function of ISI from CA1 pyramidal neurons from WT (black; n = 7), IM-AA (red; n = 8) and CaBP1/caldendrin-KO (blue; n = 12) mice.
WTvs.IM-AA:ISI = 50ms, p = 0.01; WTvs.IM-AA, ISl = 80ms, p = 0.03; WT vs. CaBP1/caldendrin-KO: ISl = 100ms, p = 0.03; WTvs.IM-AA:ISI = 100ms, p = 2.07E—05; WT vs. CaBP1/caldendrin-KO:
ISI'=100ms, p = 0.04; WT vs. IM-AA: ISl = 150 ms, p = 0.03; WT vs. IM-AA: ISI = 200 ms, p = 0.003; IM-AA vs. CaBP1/caldendrin-KO: ISI = 100 ms, p = 0.008. D, E, Average normalized peak amplitude
of evoked IPSCs during trains from CA1 pyramidal neurons from WT (black), IM-AA (red), and CaBP1/caldendrin KO (blue) mice in response to electrical stimulation of PV intermneurons. D, 5 Hz: WT,n = 8;IM-AA,
n = 9;(aBP1/caldendrin-KO, n = 10; WTvs. CaBP1/caldendrin-KO,p = 0.0001. E, 10Hz: WT, n = 8;IM-AA, n = 9; CaBP1/caldendrin-KO, n = 10; WT vs. CaBP1/caldendrin-KO, p = 0.0001. F, 20 Hz: WT,n =
8; IM-AA, n = 8; CaBP1/caldendrin-KO, n = 9; WT vs. CaBP1/caldendrin-KO, p = 0.0001. G, 50 Hz: WT, n = 9; IMA-A, n = 8; CaBP1/caldendrin-KO, n = 7; WT vs. CaBP1/caldendrin-KO, p = 0.0001. All

recordings were made in the presence of 1 uum cw-Ctx, 50 M APV, and 20 pum CNQX.

drin are alternative splice products of the same gene (Haeseleer and
Palczewski, 2002). Provocatively, PV interneurons express a high
level of CaBP1/caldendrin (Kim et al., 2014 ). Therefore, we exam-
ined whether targeted deletion of the first two protein-coding
exons of the gene encoding CaBP1/caldendrin in mice (Kim et al.,
2014) alters short-term depression at inhibitory PV-CA1 synapses
(Fig. 5A). We found that rapid short-term depression caused by
paired-pulse stimuli in WT mice (Fig. 5C, black) was completely
prevented in synapses from CaBP1/caldendrin knock-out mice at
ISIs from 50 to 200 ms (Fig. 5C, blue), just as we observed in IM-AA
mice (Fig. 5C, red). These results directly implicate regulation of

Cay 2.1 channel inactivation by CaBP1/caldendrin in the rapid syn-
aptic depression that is characteristic of this synapse.

To examine these effects in a more physiological repetitive-
pulsing paradigm, we studied synaptic transmission in response
to trains of stimuli from 5 to 50 Hz (Fig. 5D-G). Rapid depression
was observed in WT synapses (Fig. 5D-G, black). However, the
rapid phase of depression from 50 to 200 ms was much less promi-
nent in the CaBP1/caldendrin knock-out synapses compared with
WT (Fig. 5D-G, blue; p = 0.0001). This observed impairment in the
rapid phase of synaptic depression was similar to the effects of the
IM-AA mutation (Fig. 5D-G, red). Importantly, the IM-AA mu-



Nanou et al. @ Calcium Channels and Presynaptic Plasticity

A Disynaptic Inhibition

CA1 =
CA3
B WT IM-AA C 2.0
1.6
o
_|50pA 2124
50 ms

0.84

Figure 6.

recordings were made in the presence of 1 M c-Ctx and 50 pm APV. *p = 0.04.

tation in Cay2.1 channels and the CaBP1/caldendrin knock-out
both reduced and slowed short-term depression to similar extents,
altering the frequency-dependent information processing in re-
sponse to trains of action potentials in PV-CA1 synapses. Together,
these results demonstrate that regulation of Cay2.1 channels by
CaBP1/caldendrin is required for the dominance of rapid short-
term depression at this important hippocampal synapse.

Effects of short-term synaptic plasticity on E/I ratio in a local
hippocampal circuit
Alterations in the plasticity of hippocampal excitatory and inhib-
itory synapses by Ca$S protein regulation of Cay2.1 channels
could result in impairments in hippocampal circuit function. To
test the effects of this regulatory mechanism on the disynaptic
pathway from CA3 pyramidal cells to PV-expressing interneu-
rons to CA1 pyramidal neurons, we recorded disynaptic inhibi-
tion in response to SC stimulation. We found that paired-pulse
facilitation of disynaptic inhibition was nearly completely blocked by
the IM-AA mutation (Fig. 6). Unexpectedly, these results reveal
that the overall impact of the IM-AA mutation on excitatory and
inhibitory transmission in this disynaptic pathway is to greatly
reduce paired-pulse facilitation of the inhibitory input to CAl
pyramidal neurons, demonstrating that loss of rapid depression
at the inhibitory PV-to-CA1 pyramidal neuron synapse domi-
nates over loss of facilitation at the CA3-to-PV synapse.
Preferential impairment of synaptic inhibition by the IM-AA
mutation raises the possibility that CaS protein regulation of
Cay2.1 channels might control the E/I ratio in the parallel mono-
synaptic and disynaptic pathways from CA3 to CAl pyramidal
neurons. To assess the overall impact of the IM-AA mutation in
setting the balance of excitatory to inhibitory neurotransmission
in these parallel synaptic pathways, we tested its effect on paired
compound EPSC/IPSCs elicited by stimulation of CA3 pyramidal

5 |

00 &l

WT IM-AA

IM-AA mutation reduces paired-pulse facilitation in disynaptic neurotransmission. 4, Schematic of recording disyn-
aptic inhibition from CA1 pyramidal neuron. B, Example evoked IPSCs from WT CA1 pyramidal (black) and IM-AA (red) CA1
pyramidal neurons in response to paired-pulse stimulation of SC fibers. Stimulus artifacts were blanked for clarity. Disynaptic
transmission was isolated by selecting only IPSCs having a latency of =7 ms compared with 4 ms for monosynaptic transmission.
C, PPR plotted as a function of 50 ms ISI from WT (black; n = 7 cells) and IM-AA (red; n = 7 cells) CA1 pyramidal neurons. All
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neurons and recorded in CAl pyramidal
neurons. This experiment directly com-
pares the strength of synaptic input to the
CA1 pyramidal neuron by the direct excit-
atory monosynaptic pathway to the indirect
inhibitory disynaptic pathway via PV in-
terneurons. We found that WT synapses ex-
hibited greater facilitation in the excitatory
component of the paired compound EPSC/
IPSCs, as indicated by the larger negative
deflection of the EPSC (Fig. 7A, red) com-
pared with the IPSC (Fig. 7A, blue). The
PPR for excitation was significantly
greater than for inhibition (Fig. 7B), con-
sistent with our previous experiments
(Figs. 1, 4). The IM-AA mutation reduced
the amplitude of the EPSC, but the reduc-
tion in the IPSC was much greater (Fig.
7A). These changes resulted in a more
substantial reduction in paired-pulse fa-
cilitation for excitation compared with
paired-pulse facilitation for inhibition
(Fig. 7B). The E/I ratio was strikingly
changed by the IM-AA mutation (Fig. 7C,
left). For WT, the E/I ratiowas 2.1 = 0.7 in
Pulse 1 and increased to 2.9 = 0.8 in Pulse
2 (Fig. 7C, left). In contrast, for IM-AA,
the E/I ratio was 13.3 = 8.0 in Pulse 1 and
increased to 29.0 = 7.8 in Pulse 2 (Fig. 7C,
left). A similar large increase in E/I ratio
was observed when we calculated the E/I ratio from the integrated
area under the EPSC/IPSC curves rather than from the peak am-
plitude (Fig. 7C, right). Evidently, block of regulation of Cay2.1
channels by Ca$ proteins dramatically alters the E/I ratio in favor
of excitation in these opposing synaptic pathways that control the
input/output function of CA1 pyramidal neurons.

Together, our results show that CaS protein regulation of Cay;2.1
channels dominates in determining the level of facilitation or dep-
ression of inhibitory transmission in this local circuit and thereby
dominates in setting the E/I ratio in these two opposing synaptic
pathways. The level of CaS protein-dependent facilitation of Ca,2.1
channels increases excitatory synaptic transmission in the SC-CAl
excitatory synapse, but CaBP1-dependent inactivation of Cay2.1
channels has an even stronger effect to prevent facilitation and accel-
erate rapid depression in the inhibitory PV-CA1 synapse. Loss of this
CaS protein regulation of Cay 2.1 channels in IM-AA mice leads to
greater loss of inhibitory neurotransmission and a large increase in
E/I ratio. Thus, this regulatory process differentially controls the
direction of short-term synaptic plasticity in excitatory and inhib-
itory neurons in this local circuit and sets its E/I ratio at the CAl
pyramidal cell. Because CA1 pyramidal neurons are the major out-
put pathway of the hippocampus, these large changes in E/I ratio
would have profound effects on brain function.

O O p@®d OO

Discussion

Basal function is normal in IM-AA

synapses

Our studies of neuromuscular synapses (Nanou et al., 2016b) and
four hippocampal synapses [autaptic (Nanou et al., 2016a), CA3-
CA1 (Nanou et al,, 2016a), CA3-PV and PV-CA1 (studied here)]
provide strong support for the conclusion that basal synaptic func-
tion is not altered by the IM-AA mutation. Results from evoked
PSCs and spontaneous miniature PSCs indicate that a similar
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amount of neurotransmitter (acetylcholine, A
glutamate, or GABA) is released presynapti-
cally, the diffusion time to the postsynaptic
site is unaltered, and the postsynaptic recep-
tor is activated normally. In CA3-CA1 syn-
apses and CA3-PV synapses, we found that
treatment with EGTA-AM caused the same
reduction in peak amplitude of EPSCs in
WT and IM-AA synapses. These results
show that chelation of intracellular
Ca’" by EGTA released from EGTA-AM
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ramidal neurons.

Figure7.

IM-AA mutation greatly increases the excitation to inhibition ratio in SC-CA1 synapses. A, Example evoked compound
PSCs from WT (left) and IM-AA (right) CAT pyramidal neurons. B, PPR of excitation (red) and inhibition (blue) fromWT (n =5,p =
0.001) and IM-AA (n = 8, p = 0.08, n.s.) at 50 ms IS| calculated from either the peak amplitude (left) or the integrated area under

the curve (right). €, Ratio of E/I plotted for Pulse 1 (circle) and Pulse 2 (triangle) calculated from either peak amplitude (left; WT P1

Distinct pattern of short-term synaptic
plasticity at an inhibitory

nerve terminal

In sharp contrast to our results with two excitatory synapses
formed by CA3 pyramidal neurons, the PV-CA1 inhibitory syn-
apse has a very different pattern of short-term synaptic plasticity
and a different contribution of regulation of Cay2.1 channels by
CaS proteins. This synapse is crucial in hippocampal function, as
the firing of these PV interneurons is required for spike timing-
dependent synaptic plasticity and for generation of sharp-wave
ripples (Buzsdki, 2015). As reported previously (Bartley and Do-
brunz, 2015), the PV-CA1 synapse exhibits only rapid depression
in response to paired stimuli or trains of stimuli. Remarkably, we

vs WT P2, *p = 0.05; WT P2 vs IM-AA P2, *p = 0.02) or integrated area (right; WT P1vs IM-AA P1, *p = 0.02; WT P2 vs IM-AA P2,
**p = 0.01). All recordings were made in the presence of 1 um c-Ctx or 50 um APV.

found that the IM-AA mutation completely blocks the character-
istic rapid depression at this synapse. These results indicate that
enhanced inactivation of Cay2.1 channels by a CaS protein is re-
sponsible for the rapid depression observed at the critically impor-
tant PV-CA1 synapse in the hippocampus.

Regulation of short-term synaptic plasticity at an inhibitory
synapse by CaBP1

Of the CaS proteins studied to date, only CaBP1 blocks facilita-
tion of Cay2.1 channels and enhances inactivation of their P/Q-
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type Ca”™ current (Lee et al., 2002). Expression of CaBP1 with
Cay2.1 in presynaptic superior cervical ganglion neurons blocks
Cay2.1-dependent facilitation and enhances rapid synaptic de-
pression (Leal et al., 2012). Because CaBP1/caldendrin is highly
expressed in PV basket cells in the hippocampus (Kim et al., 2014),
this CaS protein was a strong candidate for inducing enhanced inac-
tivation of Cay 2.1 channels and rapid synaptic depression at the
PV-CA1 synapse. Deletion of the first two protein-coding exons
of this gene effectively deletes both CaBP1 and caldendrin (Kim
etal., 2014). Remarkably, deletion of these exons completely pre-
vents rapid synaptic depression at this synapse. Evidently, the
increased rate of inactivation of Ca,2.1 channels caused by
CaBP1/caldendrin is entirely responsible for the rapid phase of
depression in PV-CA1 synapses. These unexpected results give
the first evidence that CaS proteins can set the overall direction of
short-term synaptic plasticity at a native synapse in vivo.

Control of local circuit function by regulation of presynaptic
Ca’* channels

The CA3, PV, and CA1 cells form a crucial local circuit in the
hippocampus (Paulsen and Moser, 1998). CA3 pyramidal neu-
rons innervate CAl pyramidal neurons directly and provide
powerful glutamatergic excitatory drive that stimulates action
potential firing. In parallel, CA3 pyramidal neurons innervate
inhibitory PV basket cells and excite their action potential firing,
which in turn activates GABAergic neurotransmission at the PV-
CALl synapse and exerts a powerful inhibitory effect on action
potential firing by CA1 neurons. The balance of excitation and
inhibition of this local circuit in large part controls the input/
output function of the hippocampus. Unexpectedly, we found
dramatic effects of the IM-AA mutation on E/I ratio in this local
circuit. Reduction of disynaptic inhibition via the CA3-PV-CAl
pathway greatly exceeded the effects of delayed facilitation in the
CA3-CA1 direct monosynaptic excitatory pathway, resulting in up
to 10-fold increase in E/I ratio in IM-AA mice. Such alarge change in
E/I ratio in this important circuit would have major impacts on
encoding and transmitting information in the hippocampus.

Cay 2.1 regulation, altered circuit function, and spatial
learning and memory

Surprisingly, IM-AA mice have decreased sensitivity for genera-
tion of long-term potentiation at the CA3-CA1 synapses in the
hippocampus and dramatically impaired spatial learning and
memory (Nanou etal., 2016¢). Our studies of synapse and circuit
function in the hippocampus now provide potential points of
linkage to these previously described deficits. First, the striking
changes in short-term synaptic plasticity at the CA1-PV synapse
would likely alter sharp-wave ripples and thereby impair spatial
learning and memory (Buzséki, 2015). The successive depolariza-
tions within a sharp-wave ripple take place on the 5 to 10 ms time
scale, similar to synaptic facilitation and rapid depression, and
they are critically dependent on action potentials of PV basket
cells. Impairment of short-term plasticity of CA3-PV synapses by
the IM-AA mutation would be likely to alter critical aspects of the
timing of sharp-wave ripple generation. Second, the dramatic
increase in E/I ratio in the local circuit controlling CA1 excitability
would be expected to generate homeostatic changes in excitability of
the CA1 neurons to compensate for the increased E/I ratio of their
incoming synaptic activity (Turrigiano, 2008). Whereas the basal
function of these synapses measured from the fast EPSCs mediated
by AMPA-type glutamate receptors is normal, we found that the
slower responses of the postsynaptic NMDA-type glutamate recep-
tors is sharply reduced (Nanou et al.,, 2016¢). This homeostatic
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change would be sufficient to impair long-term potentiation and
the formation and stability of place cells, which are crucial for
spatial learning and memory (Buzsiki and Moser, 2013), because
Ca** entry via NMDA-type glutamate receptors is an important
trigger for long-term potentiation. Such large changes in the
balance of excitatory and inhibitory synapses could result in impair-
ments in encoding spatial information in the hippocampus (Kly-
achko and Stevens, 2006). Discovering the underlying mechanisms
for balancing the plasticity of excitatory and inhibitory inputs is an
important first step in understanding the functional roles of synaptic
facilitation and rapid synaptic depression in hippocampal circuits. In
vivo recordings from IM-AA mice while performing spatial learning
tasks will provide a concrete understanding of the role of short-term
plasticity in hippocampal circuit function and spatial learning. Fu-
ture studies of the function of the larger neural circuits that generate
sharp-wave ripples and place cells may reveal how these alterations
in short-term and long-term synaptic plasticity intersect to impair
spatial learning in IM-AA mice.

Presynaptic plasticity and disease

Beyond its key role in encoding and transmitting information
contained in the frequency and pattern of action potential genera-
tion in trains, short-term synaptic facilitation is also implicated in
neurological disease. For example, alterations in facilitation of
Cay2.1 channels cause familial hemiplegic migraine (Tottene et
al., 2002; Adams et al., 2010; Vecchia et al., 2014, 2015), in which
mutations cause permanent facilitation of channel function and
occlude further upregulation by repetitive firing of action poten-
tials. Our results point to the possibility that mutation or altered
regulation of Cay 2.1 channels by CaS proteins may impair spatial
learning in other neurological diseases as well.
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