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Cell type-specific and activity-dependent dynamics
of action potential-evoked Ca?* signals in dendrites
of hippocampal inhibitory interneurons

Alesya Evstratova, Simon Chamberland and Lisa Topolnik

Axis of Cellular and Molecular Neuroscience, CRULRG, Department of Biochemistry, Microbiology and Bioinformatics, Université Laval,
Québec, PQ, Canada

Non-technical summary Action potentials generated at the level of the cell body can propagate
back to neuronal dendrites, where they activate different types of voltage-sensitive calcium
channels and produce massive calcium influx. Although these calcium signals may control
dendritic integration, their mechanisms, dynamic properties and role in different cell types
remain largely unknown. We found that in dendrites of hippocampal interneurons, an inhibitory
cell type involved in control of network excitability, specific types of calcium channels are pre-
sent but are recruited in an activity-dependent manner. Furthermore, their activation produces
calcium rises spatially restricted to proximal dendritic sites, where they control the efficacy of
transmission at inhibitory synapses. The pathway by which this happens appears to constitute a
negative feedback loop — increased firing activity of interneurons potentiates the inhibitory drive
that they receive, thus decreasing the activity of interneurons further. This may have a profound
effect on the recruitment of interneurons and network activity.

Abstract In most central neurons, action potentials (APs), generated in the initial axon
segment, propagate back into dendrites and trigger considerable Ca*™ entry via activation of
voltage-sensitive calcium channels (VSCCs). Despite the similarity in its underlying mechanisms,
however, AP-evoked dendritic Ca’* signalling often demonstrates a cell type-specific profile that is
determined by the neuron dendritic properties. Using two-photon Ca®* imaging in combination
with patch-clamp whole-cell recordings, we found that in distinct types of hippocampal inhibitory
interneurons Ca’" transients evoked by backpropagating APs not only were shaped by the
interneuron-specific properties of dendritic Ca** handling but also involved specific Ca*"
mechanisms that were regulated dynamically by distinct activity patterns. In dendrites of
regularly spiking basket cells, AP-evoked Ca”* rises were of large amplitude and fast kinetics;
however, they decreased with membrane hyperpolarization or following high-frequency firing
episodes. In contrast, AP-evoked Ca”*" elevations in dendrites of Schaffer collateral-associated
cells exhibited significantly smaller amplitude and slower kinetics, but increased with membrane
hyperpolarization. These cell type-specific properties of AP-evoked dendritic Ca*" signalling
were determined by distinct endogenous buffer capacities of the interneurons examined and
by specific types of VSCCs recruited by APs during different patterns of activity. Furthermore,
AP-evoked Ca*" transients summated efficiently during theta-like bursting and were associated
with the induction of long-term potentiation at inhibitory synapses onto both types of inter-
neurons. Therefore, the cell type-specific profile of AP-evoked dendritic Ca*t signalling is
shaped in an activity-dependent manner, such that the same pattern of hippocampal activity
can be differentially translated into dendritic Ca’* signals in different cell types. However, Cell
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type-specific differences in Ca®* signals can be ‘smoothed out’ by changes in neuronal activity,
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Abbreviations AP, action potential; AP-CaTs, action potential-evoked Ca** transients; BC, basket cell; CaMKII,
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spiking basket cell; IN, interneuron; LTP, long-term potentiation; NGS, normal goat serum; O/A, stratum oriens/alveus;
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Introduction

When a neuron fires an action potential (AP), it does
not simply transmit a signal along its axon to the
postsynaptic target, but also sends it back to its own
dendrites, activating specific membrane conductances and
thus controlling the integrative properties of dendrites.
Different types of voltage-sensitive calcium channels
(VSCCs) are activated by backpropagating APs in neuro-
nal dendrites and represent a major source of Ca’" influx
(Callaway & Ross, 1995; Yuste & Denk, 1995; Sabatini &
Svoboda, 2000). The development of a two-photon Ca*"
imaging technique to monitor Ca?* signalling in neuro-
nal dendrites (Denk et al. 1995; Yuste & Denk, 1995;
Sabatini & Svoboda, 2000; Sabatini et al. 2002) allowed
the detailed investigation of the functional organization of
dendritic Ca®* and, therefore, a better understanding of
its role in dendritic information processing. In inhibitory
interneurons (INs), dendritic Ca** transients evoked
by backpropagating APs (AP-CaTs) may exhibit cell
type-specific properties due to specific endogenous Ca’*
binding capacities and active properties of their dendrites
(Goldberg et al. 2003, 2004; Rozsa et al. 2004; Aponte
et al. 2008). AP-evoked Ca*" signalling plays a role in
the induction of several forms of synaptic plasticity at
both excitatory and inhibitory synapses in INs (Perez
et al. 2001; Lei & McBain, 2002; Lapointe et al. 2004;
Lamsa et al. 2005; Patenaude et al. 2005; Ali, 2007). These
functions of AP-CaTs, however, require specific patterns
of IN activity (e.g. burst firing, persistent depolarization).
Thus, given that different modes of IN activity may be
associated with activation of distinct Ca** mechanisms,
it is important to elucidate their implication as well as
their cell type-specific regulation by the activity itself.
Despite the strong expression of different types of VSCCs
in INs (Vinet & Sik, 2006), the role and regulation of
VSCCs in IN dendrites remain largely unknown (Topolnik
et al. 2009). Similarly, very little is currently known
about the activity-dependent regulation of dendritic
AP-CaTs (Yasuda et al. 2003; Scheuss et al. 2006).
Activity-dependent slowing of AP-CaTs due to depression
of Ca?* extrusion via plasma membrane Ca*" pumps and
Na'/Ca*" exchangers was reported during high-frequency

firing activity in CA1 pyramidal neurons (Scheuss et al.
2006). Furthermore, following high-frequency firing
episodes, AP-CaTs undergo long-term depression, which
is expressed as a decrease in the open probability of R-type
VSCCs (Yasuda et al. 2003). Such activity-dependent
regulation of AP-evoked dendritic Ca** signalling remains
elusive in distinct types of hippocampal inhibitory INs
that are differentially involved in hippocampal rhythmic
activity, associated with specific spatial and cognitive tasks
in animals and humans (O’Keefe & Recce, 1993; Soltesz &
Deschénes, 1993; Csicsvari et al. 1998; Klausberger et al.
2003).

In this paper, we examined the properties, activity-
dependent regulation and role in synaptic plasticity of
Ca** transients associated with backpropagating APs
in dendrites of two types of hippocampal inhibitory
interneurons: regularly spiking basket cells and Schaffer
collateral-associated cells.

Methods
Electrophysiology

All experiments were carried out in accordance with
the animal welfare guidelines of the Animal Protection
Committee of Université Laval. A total of 140 C57BL/6
mice (P15-30; mean age =+ SD, 2243 days; Charles
River, St Laurent, Québec, Canada) were used in this
study. Animals were deeply anaesthetized with iso-
flurane and decapitated. Transverse hippocampal slices
(300 um) were prepared in ice-cold (0—4°C) ‘cutting’
solution containing (in mMm): 250 sucrose, 2 KCI,
1.25 NaH,PO,, 26 NaHCO;, 7 MgSO,, 0.5 CaCl, and
10 glucose, saturated with 95% O,-5% CO,, pH 7.4;
320-340 mosmol 1. Slices were transferred to a heated
(35°C) and oxygenated solution containing (in mm): 124
Na(l, 2.5 KCl, 1.25 NaH,POy, 26 NaHCO;, 3 MgSOy,, 1
CaCl, and 10 glucose for 30 min. After this they were kept
at room temperature until use. During experiments, slices
were continuously perfused (2 mlmin~!') with standard
artificial cerebrospinal fluid (ACSF) containing (in mm):
124 NaCl, 2.5 KCl, 1.25 NaH, POy, 26 NaHCOs3, 2 MgSO,,
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2 CaCl, and 10 glucose, saturated with 95% O,-5% CO,,
pH 7.4, at near-physiological temperature (30-33°C).

Whole-cell recordings were obtained from INs in the
stratum radiatum (RAD) in the CAl area identified
using a 40x water-immersion objective and Dodt
infrared scanning gradient contrast (ISGC; Leica TCS
SP5) optics. Recording pipettes (3.5-6 M£2) were made
from borosilicate glass capillaries (1B100F-4; World Pre-
cision Instruments Inc., Sarasota, FL, USA) pulled on a
Flaming—Brown-type micropipette puller (P-97; Sutter
Instrument Co., Novato, CA, USA). For whole-cell
current-clamp recordings, the pipette solution contained
the following (in mm): 130 KMeSO;, 2 MgCl,,
10 diNa-phosphocreatine, 10 Hepes, 2—4 ATP-Tris,
0.2 GTP-Tris and 0.15-0.2% biocytin, pH 7.25-7.35;
275-285 mosmol 1. Patch solution also contained either
50-200 uM Oregon Green 488 BAPTA-1 (OGB-1) or
300 uM Fluo-5F to monitor calcium elevations, and 30 uM
Alexa Fluor-594, to image neuronal morphology (all from
Invitrogen).

Monosynaptic inhibitory postsynaptic currents (IPSCs)
were evoked at 0.1 Hz via local stimulation with an
electrode (2—-3 M) that was filled with ACSE connected
to a constant current isolation unit (A360LA; World
Precision Instruments Inc., Sarasota, FL, USA) and
positioned in the RAD. IPSCs were recorded at —50 mV
in the presence of the NMDA and AMPA/kainate
receptor antagonists DL-2-amino-5-phosphonopentanoic
acid (DL-AP5; 50 um) and 1,2,3,4-tetrahydro-6-nitro-
2,3-dioxo-benzo|[f]quinoxaline-7-sulfonamide (NBQX;
10 uM), respectively. Synaptic plasticity at inhibitory
synapses was induced by repetitive theta-burst firing
(TBF) at 5Hz for 2 s (each burst consisting of 3 APs at
100 Hz), which was delivered three times at 30 s inter-
vals. The paired-pulse ratio (PPR) of IPSCs was calculated
as the ratio between the mean peak amplitude of the
second response and the mean peak amplitude of the first
response. The coefficient of variation (CV) of IPSCs was
calculated as the ratio between the standard deviation of
current amplitude and the mean current amplitude.

Two-photon Ca?t imaging

Intracellular Ca?t imaging was performed using a TCS
SP5 two-photon laser-scanning microscope (Leica Micro-
systems Inc.) based on a Ti-Sapphire laser (Chameleon
Ultra II; Coherent, Santa Clara, CA, USA; >3W,
140 fs pulses, 80 Hz repetition rate) tuned to 800 nm.
A long-range water-immersion objective (40x; NA,
0.8) was used and emitted photons were collected
in epifluorescence mode with external photomultiplier
tubes.

Neurons were filled via the patch electrode for
20-30 min before imaging. Red fluorescence from Alexa
Fluor-594 was used to locate dendrites of interest
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10-200 um from the soma (Fig. 2). Backpropagating APs
were evoked by somatic currentinjection (0.8—1 nA, 2 ms).
To measure Ca’" signals, green and red fluorescence was
collected during 500 Hz line scans across the dendrite
(Fig. 2). Fluorescence changes were quantified as (1)
increases in green fluorescence from baseline normalized
to the red fluorescence (AG/R) (Sabatini et al. 2002)
or (2) changes in green fluorescence F(t) from baseline
Fo: AF/F(t) = (F(t) — Fy)/Fy. Calcium concentration
([Ca’*]) was calculated from AF/F or AG/R using a
method that relies on the estimation of the fluorescence
increase that would arise from a saturating A[Ca®']
(AF/F pax or AG/Rp.x) (Maravall et al. 2000; Sabatini et al.
2002; Yasuda et al. 2004).

A[Ca’"/kp = (AF/Fpmax +1) x (1 = R{)
X (AF/F/(AF/Fmy — AF/F)
X AF/Fpax), (1)
or
AlCa®*]/kp = (AG/Rpax + 1) x (1 = R;)
X (AG/R/(AG/Rpyex — AG/R)
X AG/Rmax), (2)

where kp is the constant of dissociation and R¢ is
the dynamic range of the indicator. Values used were
R¢ = 6 and kp = 206 nM for OGB-1 (Maravall et al. 2000)
and Ry =240 and kp = 1280 nM for Fluo-5F (Woodruff
et al. 2002). AF/Fn., or AG/Ry. was determined
from AP trains (60-80 Hz). For calculations of resting
calcium concentration ([Ca’*],, Maravall et al. 2000),
measurements with OGB-1 were used exclusively, as
Fluo-5F exhibits little fluorescence under basal conditions.

[Ca2+]0/kD = ((1 _Rf_l)/AF/Fmax) _Rf_l (3)

To ensure that the high-affinity indicator OGB-1 was
not saturated during the Ca’" influx evoked by five APs,
we compared the peak amplitude of CaTs evoked by five
APs with that of a maximal response (A F/F,,.x) evoked by
high-frequency AP trains (60-80 Hz, 1s). In all recorded
INs, the peak amplitude of CaTs evoked by five APs
was at least two times smaller than AF/F,,,y, indicating
the absence of dye saturation in response to five APs.
Precautions were taken to avoid ejecting dye from the
pipette into the slice, and no background correction was
performed.

Buffer capacity measurement

Endogenous calcium buffer capacity (ks) was measured
by competing endogenous buffers with increasing
concentrations of exogenous buffer (50, 100 and 200 um
OGB-1; Fig. 3) (Helmchen et al. 1996; Maravall et al. 2000
Sabatini et al. 2002). AF/F.p was converted to [Ca®T]ap
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and the inverse peak of [Ca®"],p was plotted as a function
of the exogenous buffer capacity (k) (Fig. 3).

kp = (kp x [B,)/(kp + [Ca®* o) x (kp + [Ca*"]ap),
(4)

where [ B], is the total concentration of the buffer (Neher &
Augustine, 1992). The relationships between [Ca*™],p~!
OF Tgecay and kp were fitted by linear regression. x5 was
determined by extrapolating the fits to the x-intercept,
whereas the amplitude of A[Ca?*],p in conditions of ‘zero’
added buffer (kg = 0) was found by extrapolating the fits to
the y-intercept (Fig. 3) (Helmchen et al. 1996). Ninety-five
per cent confidence intervals (95% Cls) were determined
using curve-fitting routines and error estimation in Igor
Pro (WaveMetrics Inc., Lake Oswego, OR, USA) and were
reported for each value.

Data acquisition and analysis

Image acquisition was performed using the Leica LAS
software (Leica Microsystems Inc.). Physiological data
acquisition (filtered at 2-3 kHz and digitized at 10 kHz)
was performed using a data acquisition board (Digidata
1440 with Multiclamp 700B amplifier, Molecular Devices,
Sunnyvale, CA, USA) and the Clampex 10.2 software
(Molecular Devices). Data were analysed using Clampfit
10.2 (Molecular Devices) and Igor Pro (WaveMetrics).
Amplitudes of AP-evoked Ca’" transients were
measured at the peak of the waveform as averages
over a 10ms time window. The decay values were
determined from double exponential fits and expressed
as an amplitude-weighted average decay time constant.
Summary data are shown as means £ SEM and analysed
using Student’s paired ¢ test. Significance between groups
was assessed using the unpaired ¢ test or one-way ANOVA.

Anatomical reconstruction and
immunohistochemistry

For anatomical reconstruction, neurons were filled with
biocytin (Sigma) during whole-cell recordings. Slices
with recorded cells were fixed overnight with 4%
paraformaldehyde at 4°C. To reveal biocytin, slices were
rinsed several times in Tris-buffered saline (TBS; pH 7.4,
t=25°C), treated with hydrogen peroxide (0.3%) for
30 min and permeabilized with 3% Triton X-100 in TBS
for 1 h. To reduce non-specific background staining, the
slices were then incubated for 30 min in TBS containing
10% normal goat serum (NGS) and 0.5% bovine serum
albumin (BSA). Finally, the slices were incubated over-
night at 4°C with streptavidin-conjugated Alexa-546
(dilution, 1:200; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA, Baltimore Pike, PA, USA) in
TBS containing 1% NGS and 0.5% BSA. The following
day, sections were rinsed with TBS and mounted in Dako
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fluorescence medium (Dako Canada Inc., Mississauga,
ON, Canada). Confocal images of biocytin-filled INs were
obtained using a Leica TCS SP5 imaging system coupled
with a 543 nm He—Ne laser. IN Z-stacks were acquired
with a 1 um step. Final stacks containing different parts
of INs were merged in Neurolucida 8.26.2 (Williston, VT,
USA) and selected cells were reconstructed.

For immunocytochemical analysis, whole-cell
recordings were performed for a maximum of 5min,
during which neurons were filled with fluorescein dextran
(0.2%; Invitrogen). Slices with recorded neurons were
fixed with 4% paraformaldehyde, embedded in 2% agar
and re-sectioned to 40 um. Sections were treated with
hydrogen peroxide, permeabilized with 0.2% Triton
X-100 in TBS containing normal donkey serum (1%)
and BSA (2%) and incubated overnight at 4°C with
a rabbit cholecystokinin antibody (dilution, 1:6000;
Sigma-Aldrich, St Louis, MO, USA). The following day,
sections were rinsed with TBS and incubated with an
anti-rabbit Texas Red secondary antibody (dilution,
1:200; Jackson ImmunoResearch) for 1.5 h. Sections were
then rinsed in TBS and mounted in Dako fluorescence
medium (Dako Canada Inc.). Images were captured using
a Leica TCS SP5 system.

Chemicals

In some experiments, one of the following drugs was
added to the ACSF: the L-type VSCC blocker nifedipine
(10 um), the R-type VSCC antagonist SNX-482 (30 nMm),
the selective T-type VSCC blocker NNC 55-0396 (10 um),
the P/Q-type VSCC antagonist w-agatoxin IVA (AgTx,
250 nM), the N-type VSCC antagonist w-conotoxin GVIA
(CTx, 250 nMm) or the SERCA inhibitor cyclopiazonic acid
(CPA, 30 uM). A combination of all VSCC blockers and of
CPA (cocktail; Fig. 4C) or of DL-AP5 (50 uM) and NBQX
(10 uMm) were applied when indicated. All chemicals were
stored as stock solutions at —20°C, diluted on the day
of the experiment and either added to the perfusion
system (nifedipine, NNC 55-0396, CPA, DL-AP5 and
NBQX) or applied directly into the recording chamber
(toxins). In some experiments, BAPTA (10 mm) was
included in the patch solution (Fig. 8Band C). Nifedipine,
SNX-482,NNC55-0396, CPA and BAPTA were purchased
from Sigma, and w-agatoxin IVA and w-conotoxin GVIA
were obtained from Alomone Labs (Jerusalem, Israel).
DL-AP5 and NBQX were obtained from Ascent Scientific
(Princeton, NJ, USA).

Results

Identification of INs based on anatomical,
neurochemical and electrophysiological criteria

In the present study, a total of 274 INs were recorded in the
CA1 stratum radiatum (RAD). Of these cells, 223 neurons

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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were labelled successfully with biocytin and reconstructed
anatomically. Based on anatomical criteria, 72 recorded
neurons were identified as basket cells (BCs), and 69
neurons were identified as Schaffer collateral-associated
cells (SC-ACs; Fig.1A). In particular, both cell types
had extensive dendritic branching in the RAD, stratum
pyramidale (PYR) and oriens/alveus (O/A), but were
clearly distinguishable based on their axonal arborizations.

Aa SC-ACs

230309c2

100 um
Ba Gurrent (pA)
=300 -200 -100 0
i 1 i i
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80 2
@
* L 100 &
& |20 my *k g
*%
200 ms *k =-120

Superimposed
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The axons of SC-ACs ran almost entirely (~90%) within
the RAD, with a few branches entering the PYR and O/A
(Fig. 1Aa, 3Da, 4Da, 5C, 6Da, 7E and 8Da). In contrast,
the axons of BCs covered essentially the PYR and the
adjacent part of the O/A and RAD, largely following the
orientation of the pyramidal layer (Fig. 1Ab, 3Db, 4Db, 5D,
6Db, 7F and 8Db). INs that were identified anatomically
were then compared in terms of their electrophysiological

b BCs
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Figure 1. Comparison of the anatomical, electrophysiological and neurochemical properties of
hippocampal CA1 basket cells and Schaffer collateral-associated cells

A, Neurolucida reconstructions of biocytin-filled INs with axonal (red) and dendritic (black) arborizations in different
layers. B, voltage responses of an SC-AC (Ba) and a BC (Bb) to hyperpolarizing and depolarizing current injections
(left) and current-voltage plots of peak (®) and steady-state (O) voltage responses to hyperpolarizing currents
(right). Both SC-ACs and BCs showed a regularly spiking firing pattern, whereas only SC-ACs exhibited a significant
response rectification (/,) evoked by membrane hyperpolarization and a rebound spike. *P < 0.05, **P < 0.01,
paired t test. C, confocal images showing immunoreactivity for cholecystokinin (CCK; middle) in putative SC-ACs
(Ca) and BCs (Cb) that were filled with fluorescein dextran during recordings (left) and were identified based on
the similarity of their electrophysiological properties to those of anatomically reconstructed INs. Scale bars, 20 um.
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properties (Fig.1B). Consistent with previous findings
(Vida et al. 1998; Cope et al. 2002; Pawelzik et al.
2002), both cell types exhibited a regularly spiking firing
pattern but differed in their response to hyperpolarizing
current injections, with SC-ACs showing a significant
hyperpolarization-activated I, current and a rebound
depolarizing potential followed by a spike (Fig. 1Ba) and
the BCs demonstrating a small or no Ij, and lacking the
rebound spike (Fig. 1Bb). Finally, in a separate series of
experiments, INs were recorded for 5 min, during which
electrophysiological properties were determined and cells
were filled with fluorescein dextran to allow post hoc
neurochemical identification (Fig. 1C). Twelve recorded
neurons proved to be cholecystokinin-immunoreactive
(CCK-IR) neurons, of which five were regularly spiking
neurons with a large I, and a rebound spike (properties
typical of SC-ACs; Fig. 1Ba and 1Ca), and seven were
regularly spiking cells lacking I;, and a rebound spike
(features of BCs; Fig. 1Bb and 1Cb). Therefore, these
cells were considered as CCK-positive SC-ACs and BCs,
based on the expression of CCK and the similarity
of their electrophysiological properties to those of
SC-ACs and BCs identified anatomically and recorded
in Ca’t imaging experiments. Given that a typical Ca®"
imaging experiment required at least 60 min of whole-cell
recording followed by extensive wash-out of intracellular
content (Pusch & Neher, 1988; Miiller et al. 2005), we
were not able to identify neurochemically INs filled with
biocytin during Ca’*" imaging experiments. Accordingly,
for the remainder of this study, we based the identification
of INs exclusively on a combination of anatomical
and electrophysiological criteria. All recorded regularly
spiking INs were divided into two groups: SC-ACs if
they had ~90% of axonal arborization within the RAD
and a prominent I, and a rebound spike, and BCs if
they had axons ramifying within the PYR with electro-
physiological properties typical for BCs (lacking I}, and the
rebound spike). Accordingly, cells that showed different
morphologies (axons ramifying in all layers or directed
to the stratum lacunosum-moleculare; densely packed
axons) or electrophysiological properties (fast-spiking,
rapidly adapting or irregularly spiking stuttering firing
pattern) were excluded from the analysis (n = 82).

Calcium dynamics in interneuron dendrites

1963

Larger and faster Ca2* transients in dendrites of BCs

Combined two-photon Ca’>" imaging and patch-clamp
whole-cell recordings were performed in RAD INs at
a temperature of 30-32°C. INs were filled with a
combination of green medium-affinity Ca?* indicator
(Fluo-5F) and a Ca®*-insensitive red fluorophore
(Alexa-594; to assess dendritic morphology, Fig. 2A-C).
After the dye-loading period (20—30 min), INs were held
in the current clamp mode and short depolarizing pulses
(0.8—1 nA, 2 ms) were used to trigger an AP. AP-CaTs were
measured in proximal dendritic branches up to 200 um
from the soma (Fig.2). The dendritic diameter in this
region was similar in both cell types (BCs, 3.7 0.1 pum,
n=9; SC-ACs, 3.5+ 0.1 um, n=38; P > 0.05). However,
in BCs, AP-CaTs that were evoked by single APs had a large
amplitude (AG/R: 0.11 £0.02, n=11) and a relatively
fast decay time constant (70.7 £ 11 ms, n=29; Fig.2D,
E and Fa). In contrast, in SC-ACs, AP-CaTs exhibited
a significantly smaller amplitude (AG/R: 0.07 +0.01,
n=29, P < 0.05) and slower decay kinetics (147 & 42.1 ms,
n=38, P <0.05; Fig.2D, E and Fa). In both cell types,
AP-CaTs were completely abolished by tetrodotoxin
(1 uM), indicating that they were mediated by back-
propagating APs.

To determine the actual amplitude of Ca* rises in IN
dendrites and to compare it between different cell types, we
converted AG/R to Ca** concentration ([Ca®*],p) using
a method developed by the group of Svoboda (Maravall
et al. 2000; Sabatini et al. 2002; Yasuda et al. 2004 ), which
relies on the determination of the fluorescence of the
Ca?* indicator at saturating [Ca*"] (AG/Rpax) (eqn (2);
Fig. 2D). The value of AG/R;.x was obtained from the
plateau fluorescence reached during AP trains at 60-80 Hz
(Fig. 2D). On average, [Ca*"],4p was significantly larger in
BCs compared with SC-ACs (BCs: 212 + 34 nM, n =11 vs.
SC-ACs: 131 £ 15 nM, n=9; P < 0.05). In both cell types,
[Ca?*] ps declined significantly at distances from the cell
body exceeding 60 um and were almost undetectable in
distal dendrites (>150 wm; Fig. 2Fb).

Given that the presence of exogenous Ca?* buffer
perturbs the dynamics of Ca®" signals significantly
(Helmchen et al. 1996), we next inferred [Ca’*]sp

Figure 2. Imaging dynamics of action potential-evoked Ca?t transients in IN dendrites

A, two-photon image (maximum projection of a Z-stack) of an IN filled with Alexa-594 and Fluo-5F. Scale bar,
20 um. B, magnified image of a dendritic arbour (boxed region in A). The white line across the dendrite indicates
the position of the linescan. Scale bar, 20 um. C, linescan images obtained from the red (Ca) and green (Cb)
channels simultaneously, in response to an 80 Hz train of backpropagating APs. Dashed lines indicate the region
of interest for signal measurements. D, representative CaTs evoked by a single AP (left) or by saturating trains
(right) in SC-ACs (Da) and BCs (Db). E, expanded traces of CaTs evoked by a single AP in SC-ACs (Ea) and BCs
(Eb). Red lines correspond to double exponential fits. F, summary data showing the differences in the CaT peak
amplitude (Fa, left) and decay time constant (Fa, right), as well as [Ca*] changes as a function of distance (Fb) in
the two cell types. Data for SC-ACs are shown in black and data for BCs are shown in red.
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dynamics in the absence of the indicator. For this
series of experiments, cells were loaded with various
concentrations of a bright, high-affinity Ca>" indicator
(Oregon Green BAPTA-1: 50, 100 and 200 uM; Fig. 3)
and AP-CaTs were evoked by small bursts of five APs (to
obtain clearly defined fluorescence transients that allow
precise measurements of the decay kinetics at different dye
concentrations). Resting Ca*" concentrations ([Ca**]),
A[Ca**]saps and Tdecay Were determined for each indicator
concentration. [Ca’"], was similar in both cell types
(BCs: 64 +5nM, n=22; SC-ACs: 60+ 4nM, n=23;
P> 0.05; eqn (3)) and did not vary significantly with
the concentration of the indicator (50 um OGB-1,
77 £ 8nM, n=13; 100 um OGB-1, 60 £ 7 nM, n=21;
200 um OGB-1, 77 £ 13 nM, n=11; P > 0.05; ANOVA).
As expected, A[Ca?"]sxp, decreased and Tdecay increased
linearly as a function of indicator concentration and,
accordingly, total buffer capacity (Fig. 3A). Extrapolation
to ‘zero’ buffer concentration (the y-axis intercept
of the linear fits to the data points) allowed the
determination of A[Ca?*]sxps and Tgecay Under native
conditions (without added Ca®* buffer). Accordingly,
in dendrites of BCs, A[Ca®t]spp values were of larger
amplitude and faster kinetics (A[Ca®"]saps: 0.82 uM
(0.5-2.8 AM); Tdecay: 205 ms (30-388 ms)) compared with
those recorded in dendrites of SC-ACs (A[Ca®*]saps:
0.35 uM (0.21-1.0 ;AM); Tgecay: 300 ms (85-515 ms), Fig. 3B
and C).

To determine whether the differences in the amplitude
and kinetics of Ca*" rises between the two cell types arose
from different endogenous Ca’>" buffering capacities in
their dendrites, the endogenous binding capacity in the
absence of added Ca’t buffers (ks) was derived from
the x-axis intercepts of the fits (ko; Fig.3B, C). From
the 1/A[Ca®t]saps vs. kp relationship, ks was found to
be lower in the dendrites of BCs compared with those
of SC-ACs (BCs: 65 (28-88); SC-ACs: 171 (100-201);
Fig. 3B). Similarly, from the Tyeay vs. kg relationship, g
was found to be lower in the dendrites of BCs (BCs:
82 (14-114); SC-ACs: 187 (152-189); Fig.3C). These
results suggest that the significantly larger amplitude and
faster decay kinetics observed for AP-evoked Ca®* rises
in the dendrites of BCs compared with those of SC-ACs
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can arise from differences in the endogenous Ca** binding
capacities between these cells.

Action potential-evoked dendritic Ca?* transients
were regulated actively by changes in IN activity

According to the results presented so far, dendritic Ca®*
transients evoked by backpropagating APs in two types
of hippocampal INs differ significantly due to the cell
type-specific properties of Ca?* handling, in particular
to endogenous Ca’" buffering capacities. To examine
whether these quantitatively different CaTs may also
involve distinct Ca?T mechanisms, next we assessed their
sensitivity to specific blockers of VSCCs and of intra-
cellular Ca®* stores (Fig. 4). Experiments were performed
using Fluo-5F as a Ca?" indicator. The L-type VSCC
blocker nifedipine (10 uM; Fig. 4Aa, Ba and C) decreased
the AP-CaT amplitude to ~70% of that of the control
in both cell types, indicating a significant contribution
of L-type VSCCs to dendritic AP-CaTs in SC-ACs and
BCs. However, the effects of the T-type VSCC blocker
NNC 55-0396 (10 um; Fig. 4Ab, Bb and C), which is a
modified mibefradil analogue that is exquisitely selective
for T-type VSCCs when used at low concentration (Huang
et al. 2004; Li et al. 2005), and of the P/Q-type VSCC
blocker w-agatoxin IVA (AgTx, 250 nM; Fig. 4Ac, Bc and
C) were cell type specific. T-type VSCCs exhibited a
significantly higher contribution in the dendrites of
SC-ACs (SC-ACs, 39.6 £4.1% of AP-CaTs, n=15; BCs,
20.5+5.7% of AP-CaTs, n==6; P < 0.05, unpaired ¢t
test), whereas P/Q-type VSCCs were recruited by APs
only in the dendrites of BCs (SC-ACs, 2.5+ 0.2% of
AP-CaTs, n=6; BCs, 28.2+3.4% of AP-CaTs, n=6;
Fig. 4C). Furthermore, the inhibitors of R-type (SNX-482,
30 nm) and N-type (CTx, 250 nM) VSCCs had no effect in
either cell type (Fig. 4Aa, Ba, Ac, Bc and C), suggesting
that these channels do not contribute to dendritic
AP-CaTs in SC-ACs and BCs. In addition, both cell types
demonstrated a significant component mediated by the
activation of intracellular Ca?* stores (Fig. 4Ab, Bb and
C), pointing to the Ca*"-induced Ca*" release activated
in IN dendrites by backpropagating APs.

Figure 3. Estimation of [Ca?t]ap dynamics and endogenous buffer capacity

A, representative CaTs (top) recorded with different concentrations of OGB-1 in response to five APs (bottom) in
SC-ACs (Aa) and BCs (Ab). B, summary plots of the inverse of the peak amplitude of AP-CaTs (1/A[Ca2*t]saps), as
a function of added Ca2* buffer capacity (kg) for SC-ACs (Ba) and BCs (Bb). The intercepts of linear fits (straight
dashed lines) with the x-axis were used to estimate the endogenous Ca2t binding capacity (ko), whereas the fit
extrapolation to ‘zero’ buffering conditions was used to derive the amplitude of [CaZ*]saps in the absence of dye
(A[Ca?t]p). C, summary plots of the decay time constant as a function of added Ca%* buffer capacity (xg) for
SC-ACs (Ca) and BCs (Cb). Arrows indicate the calculated endogenous Ca?t binding capacity (o) and Tdecay I
the absence of added buffer (zp). Dashed lines are the best linear fits to the data and the dotted lines are the 95%
confidence bands of the fits. D, Neurolucida reconstructions of two representative biocytin-filled INs with axonal

(red) and dendritic (black) arborizations in different layers.
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During theta rhythm in vivo, most hippocampal INs go
through active and relatively silent states (Klausberger et al.
2003) during which the IN membrane potential should
fluctuate from a relatively depolarized to a hyperpolarized
level, respectively. Given a cell type-specific contribution
of VSCCs in the IN dendrites, we examined next whether
AP-CaTs can be differentially affected by the membrane
potential fluctuations in two types of INs. In SC-ACs, the
transition from —60 to —80 mV significantly increased
the amplitude of dendritic Ca?* rises (to 137 & 7% of the
control, n=>5, P < 0.001; Fig. 5Aa and B). This increase
in A[Ca®"]sp, at —80 mV was not affected by the L-type
VSCC blocker nifedipine (10 uM; n=4; Fig. 5Aa and B)
but was prevented in the presence of the more specific
T-type VSCC blocker NNC 55-0396 (Huang et al. 2004)
used at low concentration here (10 uM; n=4; Fig.5Aa
and B), which suggests that the hyperpolarization-induced
enhancement of A[Ca?*]p, in the dendrites of SC-ACs is
mediated by enhanced recruitment of T-type VSCCs. In
contrast, in dendrites of BCs, the transition from —60 to
—80 mV was associated with a significant decrease in the
amplitude of Ca*" rises (to 84 & 3% of the control, n=6,
P < 0.05; Fig. 5Ab and B), which was not affected by NNC
55-0396 (n=>5) but was prevented by nifedipine (n=15;
Fig. 5Ab and B). These results indicate that, for any phase
of the theta wave, IN dendritic A[Ca?*],p, will fluctuate
in a cell type-specific manner, which is determined by the
cell type-specific contribution of distinct types of VSCCs
to IN dendritic Ca** signalling.

In vivo, many INs fire spikes during the gamma-rhythm
episodes (40—100 Hz) associated with exploratory walking
and paradoxical sleep (Soltesz & Deschénes, 1993; Bragin
et al. 1995). Gamma-like firing episodes (63 Hz) affect
the state of dendritic VSCCs profoundly in pyramidal
cells, interfering with the induction of long-term synaptic
plasticity (Yasuda et al. 2003). However, whether brief
episodes of high-frequency firing have an effect on
AP-evoked Ca*" dynamics in dendrites of INs remains
unexplored, and was tested here. As shown in Fig. 6Aaq,
brief trains of high-frequency firing (60-80 Hz, 0.5s,
repeated 2-3 times) did not affect AP-CaTs in the
dendrites of SC-ACs (P > 0.05, n=4; Fig. 6Aa, Ba and
Ca). In contrast, the amplitude of dendritic AP-CaTs was
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significantly decreased in the dendrites of BCs (to 64 & 5%
of control, n=6, P <0.05; Fig. 6Ab, Bb and Cb). This
depression was blocked by nifedipine (n = 4; Fig. 6Bb and
Cb), which suggests that it required the activation of L-type
VSCCs. These data indicate that AP-evoked dendritic
Ca?* rises are differentially regulated in different types of
INs that exhibit the same activity patterns. Therefore, in
addition to the cell type-specific properties of dendritic
Ca’* handling, Ca*" transients may undergo specific
forms of plasticity that are likely to be controlled by the cell
type-specific expression and/or availability of particular
ion channels, signalling molecules and/or downstream
cascades.

Summation of Ca%* transients during theta bursting
and its role in synaptic plasticity

It has been demonstrated that during hippocampal
theta-rhythm activity in vivo (3-12Hz), most of the
inhibitory INs fire two to three APs (at 100 Hz) coupled in
a cell type-specific manner to different phases of the theta
oscillation (Klausberger et al. 2003; Klausberger, 2009).
According to our findings so far, such common theta-burst
firing (TBF) of different classes of hippocampal INs should
be translated into cell type-specific Ca®* signalling in
their dendrites, which may play an important role in
the induction of synaptic plasticity (Perez et al. 2001;
Patenaude et al. 2005). This assumption was tested
in the next series of experiments (Fig. 7). Experiments
were performed using Fluo-5F as a Ca®' indicator.
Three APs at 100 Hz frequency were evoked by brief
current injections (0.8—1 nA, 2 ms) and repeated 2 to 5
times (2-5 bursts) with a rate of 4 Hz. It was apparent
that A[Ca?"]3ps evoked by individual bursts of three
APs in dendrites of BCs were significantly larger than
those evoked in SC-ACs (BCs: 0.63+0.14 um, n==6
vs. SC-ACs: 0.38 0.11 uM, n=4; P < 0.05; Fig. 7A and
B). Considering the amplitude of Ca*" rises evoked
by individual APs (BCs: 0.21 +0.03nM, n=11 wvs.
SC-ACs: 0.131 £0.015nM, n=29), this corresponds to
a linear summation of Ca’' transients during three
APs at 100Hz in both cell types (Fig.7C). However,

Figure 4. Differential contribution of voltage-sensitive Ca?t channels to action potential-evoked Ca?*

transients in IN dendrites

A and B, summary plots and representative AP-CaTs recorded using Fluo-5F in a control setting (black trace) and
10-15 min after the administration of blockers (green trace) of L-type (nifedipine, 10 um; Aa, Ba, left), R-type
(SNX-482, 10 um; Aa, Ba, right), T-type (NNC 55-0396, 10 um; Ab, Bb, left), P/Q-type (w-agatoxin IVA (AgTx),
250 nm; Ac, B, left) and N-type (w-conotoxin GVIA (CTx), 250 nm; Ac, Bc, right) VSCCs and intracellular Ca%*
stores (CPA, 30 um; Ab, Bb, right) in SC-ACs (A) and BCs (B). C, summary bar graph of group data for AP-CaT
mechanisms, showing that L- and T-type VSCCs and stores contributed to AP-CaTs in SC-ACs, whereas L-, T- and
P/Q-type VSCCs and stores mediated AP-CaTs in BCs. Data are expressed as percentages of control CaTs obtained
prior to drug application. D, Neurolucida reconstructions of the two representative biocytin-filled INs from which
the recordings were obtained, with axonal arborization shown in red and dendrites shown in black.
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Figure 5. Regulation of action potential-evoked Ca?t transients by membrane potential

A, representative examples of AP-CaTs (average of three) evoked in SC-ACs (Aa) and BCs (Ab) by a burst of three
APs applied at —60 mV (black) and at —80 mV (red) in control (top) and in the presence of the L-type VSCC
blocker nifedipine (10 wm, middle) or the T-type VSCC blocker NNC 55-0396 (10 uM, bottom) tested in different
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during TBF, the summation degree of Ca*" transients
appeared to be larger for SC-ACs (Fig. 7C), and reached
a significantly higher level than in BCs at the fifth burst
(BCs: A[Ca? Jspursts = 5.65 £ 0.93 of A[Ca?"]jpp, n=6
vs. SC-ACs: A[Ca** |spurss = 9.22 £0.94 of A[Ca®* ] ap,
n=4, P < 0.05;Fig. 7C). Thus, even though theamplitude
of Ca®* rises evoked by individual bursts was smaller in
SC-ACs, the peak amplitude of SC-ACs” A[Ca®"],ps was
able to reach the BCs’ level by the fifth burst due to a
more efficient temporal summation (Fig. 7A). Since the
previous findings of this study indicate that SC-ACs’ Ca®*
rises demonstrate slower decay kinetics compared with
BCs, largely due to the differences in the endogenous
Ca* binding capacities between the two cell types (Figs 2
and 3), these results suggest that the enhanced temporal
summation of A[Ca*"]sp, during TBF in SC-ACs could
result from slowing in their A[Ca®*],p, decays. The plot
in Fig. 7D shows a more prominent increase in the Tgecay
in dendrites of SC-ACs during TBF compared with that in
BCs, and a significant difference in the decay kinetics of
A[Ca®*]p, between the two cell types. Thus, the slowing
of Ca*" transient decay kinetics in SC-ACs enhanced the
temporal summation of their Ca®* signals in such a way
that initially small Ca** signals became equal to those in
BCs during TBE.

Theta-burst firing has been associated with the
induction of Ca*"-dependent forms of synaptic plasticity
at both excitatory and inhibitory synapses (Perez
et al. 2001; Patenaude et al. 2005). In most cases,
theta-burst-induced plasticity requires the pairing of post-
synaptic firing with presynaptic stimulation. However, it
remains unclear whether TBF alone, which is associated
with the activation of multiple types of VSCCs and a
massive Ca*" influx in IN dendrites, is sufficient to support
the induction of synaptic plasticity. Spatial restriction of
AP-CaTs to proximal dendritic sites (Fig.2F), together
with a similar spatial distribution of inhibitory synapses
onto RAD INs (Gulyas ef al. 1999; Pettit & Augustine,
2000), suggests that inhibitory transmission to INs is
in particular controlled by these Ca®t signals. To test
this hypothesis, next we examined whether TBF alone
was sufficient to induce long-term plasticity at inhibitory
synapses onto both SC-ACs and BCs. Monosynaptic IPSCs
in INs held at —50 mV were evoked by local stimulation in
the RAD in the presence of bL-AP5 and NBQX. In control
recordings, IPSC amplitude remained stable for at least
30 min (100.9 £ 1.0% of the response recorded during

Calcium dynamics in interneuron dendrites

1969

the first 5min, n=28; P > 0.05). In contrast, long-term
potentiation (LTP) of IPSCs (163.1 &= 4.9% of the control,
n=7; P < 0.05; Fig. 8 B) was observed after TBF (2 s each,
repeated three times at 30 s intervals) and was independent
of cell type. Importantly, no significant difference was
observed in the magnitude of IPSC potentiation between
the two cell types (BC-LTP, 170.6 £ 4.9% of the control,
n=4; SC-AC-LTP, 153.1 +5.3% of the control, n=23;
P > 0.05; Fig. 8A), which suggests the presence of a similar
mechanism of TP induction at inhibitory synapses onto
both SC-ACs and BCs. Accordingly, LTP was expressed
presynaptically in both cell types, as it was associated
with a significant decrease in the PPR (71.8 & 4.5% of the
control, n="7; P < 0.05; Fig. 8C) and CV (89.3 = 3.3% of
the control, n=7; P < 0.05; Fig. 8C). Moreover, in both
cell types, this presynaptic LTP required the elevation
of postsynaptic Ca**, as it was blocked when BAPTA
was included in the patch solution (98.7 & 1.3% of the
control, n=4; P > 0.05; Fig. 8B and C). Together, these
data indicate that significant Ca*" elevations, which result
from the efficient summation of AP-CaTs during TBF in
both BCs and SC-ACs, control the induction of a pre-
synaptic form of LTP at inhibitory synapses onto these
cells.

Discussion

Cell type-specific properties of action potential-
evoked dendritic Ca?* transients in INs

Experimental approaches based on combined two-photon
dendritic Ca’* imaging and patch-clamp recordings from
rigorously identified inhibitory INs are important for
the clarification of the role played by cell type-specific
dendritic integration in the function of INs. The majority
of inhibitory INs show high endogenous Ca?* binding
capacities and, as a result, small amplitudes and slow
kinetics of dendritic Ca?* transients (Lee et al. 2000; Kaiser
et al. 2001; Aponte ef al. 2008). INs are also endowed
with a large repertoire of active dendritic conductances
(Martina et al. 2000; Goldberg et al. 2003; Vinet & Sik,
2006; Hu et al. 2010), specific signalling molecules and
cascades (Liu & Jones, 1996; Sik ef al. 1998; Topolnik
et al. 2006) in a cell type-specific manner and are,
thus, predisposed to distinct forms of activity-dependent
regulation and network behaviour. The mechanisms of
activity-dependent regulation of IN dendritic signalling

experiments. Red shadowed areas show increases in CaTs in SC-ACs whereas grey shadowed areas correspond
to AP-CaTs’ decreases in BCs. B, summary bar graph showing the ratio of the amplitudes of A[Ca?t]saps at
—80 and —60 mV, which were measured in control conditions and in the presence of nifedipine (Nif) and NNC
55-0396 (NNC). *P < 0.05, ***P < 0.001, paired t test. Data were recorded using Fluo-5F as a Ca%* indicator.
C and D, Neurolucida reconstructions of two representative INs from which the recordings were obtained. Scale

bars, 200 um.
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Figure 6. Activity-dependent depression of action potential-evoked Ca?* transients in dendrites of BCs
A, sample traces of AP-CaTs (average of three) evoked by a burst of three APs before (Ctl) and after (After) AP
trains (65 Hz, 0.5 s) in an SC-AC (Aa) and a BC (Ab). B, representative data showing the depression of AP-CaTs
selectively in BCs (Bb) and its absence in SC-ACs (Ba). Note that the depression of AP-CaT in BCs was not observed
in the presence of the L-type VSCC blocker nifedipine (10 um). Arrows indicate the periods of time during which
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in different cell types, as well as the dynamic profile of
Ca?* fluctuations during physiologically relevant patterns
of neuronal activity, remain elusive. This study identified
the activity-dependent properties of dendritic Ca*" rises
in two distinct types of CA1 RAD INGs: regularly spiking
BCs and SC-ACs. Our major finding is that the same
patterns of activity in BCs and SC-ACs translate into
differential Ca** signals in their dendrites. In BCs,
AP-evoked Ca’* rises exhibited a relatively large amplitude
and fast kinetics. A single AP in these cells raises dendritic
[Ca?*] to ~100-500 nM, which returns to the baseline
within ~40 ms. In SC-ACs, AP-evoked Ca?* transients are
significantly smaller and slower, reaching ~40-200 nm and
returning to the baseline within ~60 ms. These differences
between the two cell types are mediated by distinct end-
ogenous Ca’" binding capacities: ~70 in BCs vs. ~170 in
SC-ACs.

Ca?* binding protein calbindin expressed by both
SC-ACs and BCs has been shown to undergo a rapid
wash-out during whole-cell recordings (Zhou & Neher,
1993; Miiller et al. 2005) and, thus, cannot contribute
to distinct endogenous Ca*" binding capacities found
in these cells. Therefore, the observed difference in the
endogenous Ca®t buffering may result from differential
expression of immobile Ca*" buffers, including Ca’"
extrusion mechanisms such as plasma-membrane Ca’"
pumps, SERCA, the mitochondrial uniporter and the
Na*/Ca’* exchanger. The molecular identity of these
mechanisms and their cell type-specific expression remain
to be determined in the future studies.

Overall, AP-evoked Ca”" rises in the two types of INs
examined here were lower and slower than those detected
in the dendrites of pyramidal cells ([Ca?*]: ~0.4-2 um;
Tgecay: ~21 ms; Sabatini et al. 2002); however, they were
larger and faster than those observed in fast-spiking
(FS) BCs ([Ca®*]: ~0.04 uM; Tgecay: ~200 ms; Aponte
et al. 2008). Therefore, although the comparison between
AP-CaT values obtained here for regularly spiking INs
and those for FS-BCs (Aponte et al. 2008) is not entirely
appropriate because of the different imaging approaches
used in these studies, the data suggest that, based on the
amplitude and the speed of the decay of AP-CaTs, two
types of regularly spiking CA1 INs may be positioned
between pyramidal neurons and fast-spiking basket cells:
PYRs > RS-BCs > SC-ACs > FS-BCs. Importantly, the
properties of AP-evoked Ca’* signals differed significantly
between the two types of BCs: RS (expressing CCK)
and FS (expressing PV). This can be related directly
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to the highly specific functions played by these cells in
hippocampal circuitry. FS-BCs represent fast inhibitory
devices providing a very rapid and temporally precise
inhibition with synchronous GABA release (Kraushaar &
Jonas, 2000), whereas RS-BCs integrate multiple inputs
over time and exhibit asynchronous release (Hefft & Jonas,
2005). The two release modes may exhibit differential
Ca’" dependence, which indicates the existence of two
distinct types of Ca®* sensors (Sun et al. 2007; Kerr et al.
2008; Daw et al. 2009). However, given that asynchronous
release increases rapidly with increasing [Ca®* ] (Daw et al.
2009), the significantly higher Ca*" rises produced by
APs in RS-BCs could account partly for the asynchronous
release at RS-BC synapses. Yet, the magnitude of Ca’"
elevations in axonal terminals of RS-BCs may not be
similar to those occurring in dendrites; this remains to be
determined.

In dendrites of most inhibitory INs, AP-evoked Ca®*
rises attenuate significantly with distance from the soma
because of a higher density of Kt channels in distal
dendrites (Kaiser et al. 2001; Goldberg et al. 2003;
Aponte et al. 2008; Topolnik et al. 2009; Hu et al.
2010; but see Rozsa et al. 2004). In agreement with pre-
vious studies, our data also revealed a significant decline
in the amplitude of AP-evoked Ca’" elevations along
the dendritic tree in both BCs and SC-ACs of mouse
hippocampus. However, these findings are in disaccord
with the incremental scaling of AP-CaTs reported by Rozsa
et al. (2004) in a population of CA1 RAD INs of rat
hippocampus. Unfortunately, no attempt was made to
identify the recorded INs in that study (Rozsa et al. 2004),
and the cellular identity of the INs that demonstrated
a distance-dependent increment of AP-CaTs remains
unknown. In our study, the distance dependence of
AP-evoked Ca*" rises was explored in 35 INs of different
subtypes (including BCs, SC-ACs, bistratified and
trilaminar cells and some unidentified INs with complex
axonal arborizations) in the CA1 RAD. All recorded INs
demonstrated a distance-dependent decline in AP-CaT
amplitude, suggesting that the interneuron-type-specific
properties of dendritic organization do not explain
these divergent results. Alternatively, differences in
experimental conditions (rats vs. mice, room vs. physio-
logical temperature, number of APs and/or different
diameter of pipette tips (Pusch & Neher, 1988; Oliva
et al. 1988) and access resistance, which are important
for dye diffusion and equilibration (Yasuda et al. 2004))
may account for the discrepancy observed.

AP trains were applied. C, summary data for a population of cells showing the effect of AP trains on AP-CaTs’
amplitude in the dendrites of SC-ACs (Ca) and BCs (Cb). Experiments were performed using Fluo-5F as a Ca%*
indicator. D, Neurolucida reconstructions of two representative INs from which the recordings were obtained. Scale

bars, 200 um.
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Figure 7. Temporal summation of action potential-evoked Ca?* transients during theta bursting

A, representative examples of AP-CaTs (average of three; top) recorded using Fluo-5F in the dendrites of SC-ACs
(Aa) and BCs (Ab), as well as their superimposition (Ac) in response to five bursts of three APs applied at a 4 Hz
frequency (bottom). B, summary plot showing the amplitude of A[Ca*t]3aps evoked by individual bursts in the
two cell types. C, summary plot showing a degree of summation of A[Ca%t]3aps during continuous bursting in
dendrites of the two cell types. Note a higher summation level in SC-ACs. D, summary plot demonstrating changes
iN Tdecay of A[Ca%t]3aps during continuous bursting in the two cell types. *P < 0.05, ANOVA. E-F, Neurolucida
reconstructions of two representative biocytin-filled INs from which the recordings were obtained. Scale bars,
200 pm.
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Figure 8. Theta-burst firing induced LTP at inhibitory synapses onto both SC-ACs and BCs

A, representative examples of IPSC amplitudes vs. time in SC-AC (Aa) and BC (Ab), showing LTP of IPSCs induced
by TBF in the two cell types. The traces at the top are average IPSCs (average of 30 sweeps, failures included)
in a control setting (a), 20 min after TBF (b) and their superimposition. B, normalized group data showing LTP in
control (black symbols; n = 7) and its absence when BAPTA (10 mm) was included in the recording solution (red
symbols; n = 4). C, summary bar graphs showing changes in the IPSC peak amplitude, PPR and CV induced by
TBF. The LTP of IPSCs was associated with a significant decrease in PPR and CV, indicating a presynaptic locus for
its expression. D, Neurolucida reconstructions of the two representative biocytin-filled INs that were used to obtain
the recordings depicted in A. Scale bars, 100 um. The error bars throughout represent the SEM.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



1974

Cell type-specific mechanisms and regulation
of Ca?* transients

The results of the present study also revealed the cell
type-specific mechanisms of AP-CaTs in RAD INs. T-type
VSCCs mediated 39.6 £4.1% of AP-CaTs in SC-ACs
and only 20.5+5.7% of AP-CaTs in BCs. In contrast,
P/Q-type VSCCs contributed to 28.2 &= 3.4% of AP-CaTs
in BCs and did not participate in AP-CaTs in SC-ACs.
Accordingly, the AP-CaT amplitude in IN dendrites
was differentially affected by the level of membrane
potential from which the APs were generated. In SC-ACs,
AP-CaTs were significantly increased by membrane hyper-
polarization due to enhanced contribution of T-type
VSCCs, which could result from the channel recovery
from the inactivation state at —80 mV (McRory ef al.
2001; Carter & Sabatini, 2004). T-type VSCCs contribute
to dendritic Ca?* signals in pyramidal cells (Magee
et al. 1995), granule cells of the olfactory bulb (Egger
et al. 2003), Purkinje cells (Mouginot et al. 1997)
and cortical and hippocampal INs (Goldberg et al.
2004; Topolnik et al. 2009). Consistent with previous
findings regarding the expression of the Cav3.1 sub-
unit of T-type VSCCs in CCK-IR CAl INs (Vinet &
Sik, 2006), the results of the present study indicate that
these channels contribute to AP-CaTs in both BCs and
SC-ACs. However, the higher contribution of T-type
VSCCs in dendrites of SC-ACs together with their
membrane-potential-dependent recruitment suggests
that these channels may preferentially shape the dynamics
of AP-CaTs in SC-ACs. In contrast, in BCs, AP-CaTs
were decreased with membrane hyperpolarization. In
this case, the membrane-potential-induced regulation of
AP-CaTs progressed independently of the T-type VSCCs,
but was associated with a decreased availability of L-type
VSCCs and, possibly, of P/Q-type VSCCs at —80 mV.
L-type VSCCs contribute to AP-CaTs in hippocampal
INs (Topolnik et al. 2009) and both Cavl.2 and Cavl.3
subunits are expressed in CCK-IR cells (although the
Cavl.2 was detected only in half the CCK-IR cells; Vinet
& Sik, 2006). Given the channel activation profile, it is
unlikely that it contributes significantly to AP-CaTs at
—80mV, as was apparent from present results in BCs.
These findings are in agreement with previous results
obtained in striatal medium spiny neurons (Carter &
Sabatini, 2004), which also indicate the presence of a
membrane-potential-dependent regulation of AP-CaTs in
relation to different states of network (up state vs. down
state).

From the experiments presented here, it appears that
following high-frequency firing episodes in the gamma
band AP-CaTs are significantly depressed selectively
in BCs. A similar activity-dependent depression of
AP-CaTs after relatively brief firing episodes (63 Hz,
0.5s) occurs in dendritic spines of pyramidal cells
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and interferes with the induction of long-term synaptic
plasticity (Yasuda et al 2003). Induction of AP-CaT
depression in pyramidal neurons is Ca’"t dependent
and requires Ca’* influx via L-type VSCCs, activation
of the Ca*"/calmodulin-dependent kinase II (CaMKII)
and a cAMP-dependent pathway. AP-CaT depression
is expressed as a decrease in the open probability of
R-type VSCCs. While L-type VSCCs are expressed at
high density in CCK-IR GABAergic INs, the Cavl.2
exhibits a cell type-specific distribution (Vinet & Sik,
2006). Furthermore, «CaMKI]J, found in pyramidal cells,
is not detected in inhibitory INs (Liu & Jones, 1996; Sik
et al. 1998) and appears to be replaced by a different iso-
form (Lamsa et al. 2007). Thus, it was unclear whether
L-type VSCC/CaMKII/cAMP-dependent depression of
AP-CaTs may be induced in IN dendrites by brief episodes
of high-frequency firing. The results of the present
study revealed a cell type-specific depression of AP-CaTs
controlled by L-type VSCCs, pointing to a fulfilment of
all required conditions for its specific induction in BCs.
The lack of AP-CaT depression in SC-ACs, which express
L-type VSCCs, could be due to a different organization of
L-type/Ca**-dependent signalling cascade, thereby inter-
fering with the induction of this form of plasticity. In
this study, no attempt was made to determine possible
cell type-specific mechanisms of this form of dendritic
plasticity and its consequences in synaptic plasticity, which
will have to be addressed in the future.

Role of action potential-evoked dendritic Ca?*+
transients in plasticity at IN inhibitory synapses

Our data also indicate that the smaller and slower
AP-CaTs found in the dendrites of SC-ACs compared
with those detected in BCs were amplified significantly
during theta-like activity as a result of a more efficient
temporal summation of AP-CaTs in SC-ACs; this suggests
that the quantitatively different Ca’" rises recorded
in the two cell types under basal conditions can be
essentially normalized by changes in neuron activity.
Overall efficient temporal summation of AP-CaTs during
theta-burst firing in both SC-ACs and BCs resulted in
the induction of LTP at inhibitory synapses onto these
cells. These data suggest that under natural conditions
theta episodes can be associated with an increase in
the inhibition of CCK-expressing INs and a subsequent
disinhibition of principal cells. This downregulation of the
inhibition may be necessary for the efficient integration of
excitatory inputs by place cells supporting their firing and
resulting in the induction of a short-term depression of
CCK inhibitory inputs via release of endocannabinoids
(Katona et al. 1999). Accordingly, theta oscillations may
be associated with an overall decrease in inhibition
originating from the CCK-expressing INs, which can be
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particularly important in sparse coding by place cells
(Klausberger et al. 2005).

LTP at inhibitory synapses onto both SC-ACs and
BCs was induced postsynaptically, as it was triggered by
postsynaptic firing alone and required postsynaptic Ca®*
elevation. However, the expression locus of this LTP was
located at the presynaptic site, suggesting the implication
of a retrograde signal. Although no attempt was made
in the current study to investigate the mechanisms of
LTP induction, nitric oxide (NO) or brain-derived neuro-
trophic factor (BDNF) may be involved in this pre-
synaptic LTP. The Ca**-dependent neuronal NO synthase
is expressed in calbindin-positive INs (Jinno & Kosaka,
2002). NO synthesis is tightly controlled by intracellular
Ca’* elevation, so that as little as 250—350 nMm of Ca?™ is
sufficient to trigger the production of NO (Bredt & Snyder,
1990; Pollock ef al. 1991). Furthermore, an NO-dependent
form of LTP was identified at inhibitory synapses onto
dopaminergic neurons of the ventral tegmental area
(Nugent et al. 2007). Whether this form of presynaptic
plasticity represents a common mechanism of regulation
of inhibitory synapses remains to be determined. As for
BDNE, a role for this molecule in the LTP expressed
presynaptically was reported at inhibitory synapses onto
CA3 pyramidal cells early during development, although
dendritic synthesis of BDNF required a significantly higher
stimulation protocol (depolarizing pulses of 500 ms) and,
accordingly, higher Ca?* elevations (Caillard et al. 1999;
Kuczewski et al. 2008). Remarkably, in our study, BCs and
SC-ACs (as well as one bistratified cell; S. Chamberland
& L. Topolnik, unpublished data) exhibited this form of
inhibitory synapse plasticity, demonstrating the presence
of a fairly universal form of LTP at inhibitory synapses of
RAD INs.

In conclusion, the results presented here favour a
model in which AP-evoked dendritic Ca*" rises fluctuate
continuously and are dependent on IN state and
activity pattern. These dynamic [Ca?*] fluctuations are
controlled by the basic Ca** handling properties of INs
and by the distribution and availability of particular
Ca’™ sources and/or Ca*™ extrusion mechanisms in
different cell types. Given that the state and/or the
availability of Ca*" mechanisms control the induction
of synaptic plasticity, cell type-specific dynamics of Ca®*
signalling will determine the rules of the induction
of cell type-specific forms of plasticity. Conversely, the
interneuron-specific differences in AP-evoked dendritic
Ca?* signals can be essentially ‘smoothed out’ by changes
in neuronal activity, so that Ca*" signals of similar
profile will be produced in different cell types, leading to
the induction of common, cell-type-independent forms
of synaptic plasticity. Therefore, given that dendritic
Ca?* mechanisms represent a highly dynamic entity
(Yasuda et al. 2003; Topolnik et al. 2009; present
study), the history of neuron activity can be stored in
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dendrites via dynamically regulated Ca’' signals, thus
having a profound effect on the integration of synaptic
inputs.
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