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STIMATING INTRACELLULAR Ca2� CONCENTRATIONS AND
UFFERING IN A DENDRITIC INHIBITORY HIPPOCAMPAL
NTERNEURON
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nstitute of Neuroscience and Brain Research Center, National Yang-
ing University, 155, Section 2, Li-Nong Street, Taipei 112, Taiwan,
epublic of China

bstract—Calcium is known to regulate several phenomena
ike neuronal excitability and plasticity. Interestingly, the spa-
iotemporal profile of dendritic calcium depends on several
rocesses, specific to each neuronal type. In this study, we

nvestigated Ca2� buffering and action potential (AP)-evoked
a2� signaling in the dendrites of anatomically identified
riens lacunosum-moleculare (O-LM) cells, a major type of
endrite-targeting interneurons in the hippocampal CA1 re-
ion, using a combination of whole-cell patch-clamp record-

ng and fast Ca2� imaging in acute rat brain slices. Cells were
oaded with fluorescent Ca2� indicators fura-2 or Oregon
reen BAPTA-1 (OGB-1) via patch-clamping electrode, and

he effect of fura-2 on AP-evoked dendritic Ca2� transients
as determined by ratiometric Ca2� imaging. To estimate

ntracellular Ca2� concentrations ([Ca2�]i) and endogenous
a2�-binding ratio (�s) in the proximal dendrite, fluorescence
ignals were converted into [Ca2�]i using the ratioing method
nd were analyzed on the basis of the “single compartment
odel.” Resting [Ca2�]i was 22�5 nM and the build-up of

Ca2�]i during a single AP was up to 656�226 nM. Analysis of
a2� transients revealed that O-LM cells have a relatively low
ndogenous Ca2�-binding ratio (�s): the �s was 20�8 esti-
ated during fura-2 loading and 27 estimated under steady-

tate fura-2 concentrations, respectively. To further examine
he spatial profile of dendritic Ca2� transients, we measured
omatic AP-evoked Ca2� transients beyond proximal den-
rites using OGB-1. Dendritic Ca2� transients evoked by sin-
le APs or AP trains are not limited to regions close to the
oma. The amplitude and decay of [Ca2�]i associated with
ackpropagating APs are relatively independent of the dis-
ance from the soma. In sum, O-LM cells exhibit low endog-
nous Ca2�-binding ratios and relatively distance-indepen-
ent Ca2� dynamics in the dendrites. These special features
f Ca2� signaling in O-LM cells may have important func-
ional implications for both normal and pathological
onditions. © 2009 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: GABAergic interneuron, Ca2� binding ratio,
ura-2, dendrite, Ca2� imaging.
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TP, long-term potentiation; OGB-1, Oregon Green BAPTA-1; O-LM
ell, oriens lacunosum-moleculare cell; ROI, region of interest; STDP,
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R
pike timing-dependent plasticity; VGCCs, voltage-gated Ca chan-
els.
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uantitative features of Ca2� homeostasis in the neuronal
ytoplasm are important because they determine the spa-
iotemporal profile of Ca2� signaling that controls the de-
elopment, plasticity, regeneration, and cell death in the
ervous system (Zheng and Poo, 2007; Neher, 2008).
hese features include the dynamics of Ca2� sources,
a2� buffering and diffusion. Intracellular Ca2� buffering
ystems consist of Ca2�-binding proteins, plasma mem-
rane extrusion, and sequestration into intracellular or-
anelles (Pottorf et al., 2000; Hartmann and Konnerth,
005; Müller et al., 2007; Scheuss et al., 2006; Stocca et
l., 2008). Although the spatiotemporal profile of dendritic
a2� dynamics varies greatly among different types of
eurons (Lee et al., 2000; Kaiser et al., 2001; Goldberg et
l., 2003, 2004; Goldberg and Yuste, 2005; Rozsa et al.,
004; Aponte et al., 2008), accumulating evidence sup-
orts the prevalent view that �-aminobutyric acid-releasing
GABAergic) interneurons possess higher Ca2� buffer ca-
acities than those of principal neurons (Lee et al., 2000;
ozsa et al., 2004; Goldberg and Yuste, 2005; Aponte et
l., 2008).

GABAergic interneurons consist of a heterogeneous
opulation of cells (reviewed by Klausberger and Somogyi,
008). At least two classes of functionally distinct interneu-
ons are known to exist in the hippocampus (McBain and
isahn, 2001; Jonas et al., 2004). Somatic inhibitory inter-
eurons, such as fast-spiking basket cells (BCs), control
he spike initiation of principal neurons via axonal innerva-
ions onto perisomatic areas of principal neurons (Cobb et
l., 1995; Miles et al., 1996; Kraushaar and Jonas, 2000),
hereas dendritic inhibitory interneurons, such as oriens

acunosum-moleculare (O-LM) cells, regulate dendritic
a� or Ca2� spikes and synaptic plasticity by innervating
endritic domains of principal neurons (Miles et al., 1996;
ouille and Scanziani, 2004). These two distinct interneu-

on subtypes differ not only in their intrinsic properties,
uch as neurochemical contents, Ca2�-binding proteins,
on channels, and transmitter receptors (Koh et al., 1995;
reund and Buzsáki, 1996; Martina et al., 1998; Lien et al.,
002; Pouille and Scanziani, 2004; Aponte et al., 2006),
ut also in their synaptic and network functions (Pouille
nd Scanziani, 2004; Klausberger et al., 2003; Klaus-
erger and Somogyi, 2008). A recent study showed that
ast-spiking parvalbumin-expressing BCs in the dentate
yrus exhibit efficient Ca2� buffer capacity in the proximal
endrites (Aponte et al., 2008). In contrast to BCs and
ther types of GABAergic interneurons (Kaiser et al., 2001;
oldberg et al., 2003, 2004; Goldberg and Yuste, 2005;

ozsa et al., 2004), the Ca2� handling properties of O-LM

s reserved.
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ells, a major type of dendritic inhibitory interneurons in the
ippocampus, remain unexplored.

Understanding the Ca2� buffering and Ca2� load in
istinct types of interneurons may be helpful for under-
tanding the selective resistance or vulnerability of these
eurons under pathophysiological conditions (Morin et al.,
998; Cossart et al., 2001; Sloviter et al., 2003). For in-
tance, dendritic inhibitory interneurons (e.g., O-LM cells),
ut not somatic inhibitory interneurons (e.g., BCs in the
A1 region), preferentially degenerate in experimental

emporal lobe epilepsy (Morin et al., 1998; Cossart et al.,
001; Maglóczky and Freund, 2005). Although the exact
echanism of this cell loss is unknown, accumulating ev-

dence points to Ca2� overload as the cause of differential
ulnerability of O-LM cells (Woodhall et al., 1999; Gee et
l., 2001). However, Ca2� buffer capacity and changes of
a2� concentrations during spiking activities in O-LM cells

emain unknown.
In this study, we combined whole-cell patch-clamp re-

ording with ratiometric Ca2� imaging at the dendrites
sing high-affinity Ca2� indicators fura-2 and Oregon
reen BAPTA-1 (OGB-1). A major goal of this study was to
etermine the endogenous Ca2�-binding ratio and the AP-
voked Ca2� concentrations in the absence of exogenous
uffers in the proximal dendrites. A second major goal was

o determine the spatial profile of dendritic Ca2� transients
voked by backpropagating action potentials (bAPs) along
he dendrites of O-LM cells. Our results revealed that
-LM cells have low endogenous Ca2�-binding ratios
hich may contribute to the large [Ca2�]i transients during
Ps. In addition, Ca2� accumulation in the dendrite of
-LM cells during bAPs is relatively independent of the
istance from the soma.

EXPERIMENTAL PROCEDURES

reparation of hippocampal slices

ransverse hippocampal slices (300–350 �m thick) were pre-
ared from male Sprague–Dawley rats [postnatal day 16 (P16)-
21] using a vibrating tissue slicer (DSK-1000, Dosaka, Kyoto,
apan) as described previously (Lien et al., 2002; Lien and Jonas,
003). Animals were sacrificed by rapid decapitation without an-
sthesia in accordance with national and institutional guidelines.
xperiments were approved by the Animal Care and Use Com-
ittee of National Yang-Ming University. Slices were sectioned in

ce-cold artificial cerebrospinal fluid (ACSF) containing (in mM):
25 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 25 glucose, 2
aCl2, 1 MgCl2. Following sectioning, slices were incubated in a
olding chamber filled with the oxygenated (95% O2�5% CO2)
olution containing (in mM): 87 NaCl, 25 NaHCO3, 1.25 NaH2PO4,
.5 KCl, 10 glucose, 75 sucrose, 0.5 CaCl2, 7 MgCl2 at 34 °C for
5 min, and then at room temperature until used. During experi-
ents, an individual slice was transferred to a submersion record-

ng chamber and was continuously superfused with ACSF, bub-
led with 95% O2�5% CO2.

lectrophysiology

atch pipettes for recordings were pulled from borosilicate glass
ubing (outer diameter 1.5 mm, inner diameter 0.86 mm; Harvard
pparatus, Holliston, MA, USA) and heat-polished before use.
he pipette resistance ranged from 2 to 6 M�. Experiments were

erformed under visual control using an infrared differential inter- i
erence contrast (IR–DIC) microscope (BX51WI, Olympus, Tokyo,
apan). O-LM cells in the stratum oriens/alveus of CA1 region
ere visually identified by the fusiform cell bodies and two hori-
ontally oriented dendrites (Lien et al., 2002; Lien and Jonas,
003). Cells exhibited pronounced sag responses during 1 s
yperpolarizing current pulse injection and modest fast-spiking
atterns (�50 Hz) upon injection of depolarizing current pulses
ere used for further recording. Patch-clamp whole-cell record-

ngs were made as described previously (Lien and Jonas, 2003;
ien et al., 2006), using a Multiclamp 700 B amplifier (Molecular
evices, Union City, CA, USA). Pipette capacitance and access

esistance (10–30 M�) were compensated. Single APs in short
ursts were evoked by single current pulses of 2 ms, with 2–3 nA.
scillatory spikes were evoked by 5 Hz sinusoidal (8 s, 250–450
A peak to peak) current pulses. Signals were low-pass filtered at
kHz (four-pole Bessel), and sampled at 10 kHz using a Digidata
440 (Molecular Devices); data acquisition and pulse generation
ere performed using pClamp 10.2 (Molecular Devices). Record-

ngs were made at 22–25 °C.

luorescence measurements with fura-2 and OGB-1

a2� concentrations were measured using dual wavelength ratio-
etric method (Grynkiewicz et al., 1985). A polychromatic illumi-
ation system (polychrome V with 150 W Xenon lamp, bandwidth
13 nm, TILL Photonics GmbH, Gräfelfing, Germany) was cou-
led to the epi-fluorescent port (BX-RFA, Olympus) of the micro-
cope (Olympus BX51WI with a 60� water immersion objective,
lympus, Tokyo, Japan) via a quartz light guide and an epi-
uorescence condenser. The system provides fast switching (�1
s) between the excitation wavelength (380 nm) and the Ca2�-

nsensitive (isosbestic) excitation wavelength for fura-2 (362 nm in
ur system, comparable to 360 nm used by Neher and Augustine,
992). Light intensity was attenuated by 75% using a neutral
ensity filter (ND-25, Olympus, Tokyo, Japan) to reduce bleaching
f the fluorescence dyes. The filter combination for excitation and
mission consisted of a beam splitter (400DCLP, Chroma Tech-
ology Corp., Rockingham, VT, USA) and a long-pass emission
lter (E420LPv2, Chroma Technology Corp). To investigate the
patial profile of dendritic [Ca2�]i along dendrites, we used OGB-1
nstead of fura-2 illuminated by a single wavelength of 494 nm
hrough a filter combination for excitation and emission consisting
f a dichroic mirror (DM505, Olympus, Tokyo, Japan) and a barrier
lter (BA510IF, Olympus, Tokyo, Japan). Fluorescence was mea-
ured with a 16-bit frame-transfer electron-multiplying charged-
oupled device (EM-CCD) camera (QuantEM 512SC, Photomet-
ics, 10 MHz read out, a pixel size of 16 �m). The monochromator
nd image acquisition were controlled by a PC running MetaFluor
oftware (Molecular Devices).

Images with full spatial resolution (512�512 pixel sizes) were
aken with exposure times up to 2.5 s. For high-speed Ca2�

easurement (�95 Hz), a rectangular region of interest (ROI),
ypically 2.7�5.3 �m (�10�20 pixel sizes), was defined over the
roximal dendrites of O-LM cells at a distance of about 20 �m
rom soma (Fig. 1D). Fluorescence measurements were initiated
0 min after whole-cell recording was obtained, with the exception
f the loading curve experiments (Fig. 2A) in which measurements
ere started before and immediately after break-in. Fluorescence

races had duration of 10–20 s and were separated by inter-
weep intervals of 20–40 s. Signals were corrected for back-
round, which was obtained from a second ROI with identical size
ut shifted by 22–24 �m perpendicularly to the dendritic axis in
omparison to the original ROI. Changes in background-sub-
racted fluorescence were expressed as �[Ca2�]i for fura-2 exper-
ments or �F/F%�[(F–F )/F ]�100% for OGB-1/�5 N exper-
rest rest

ments.
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alibration of the Ca2� measurement

luorescence signals were converted into Ca2� concentrations
[Ca2�]i) using isosbestic rationing (Neher and Augustine, 1992).
he AP-evoked fluorescence change was recorded at an excita-

ion wavelength of 380 nm while the isosbestic fluorescence was

ve APs. Traces are averages of 5 to 10 sweeps. (F) Representative
P-evoked Ca2� transients before (Ctrl) and after addition of Cd2�

200 �M), a broad-spectrum VGCC blocker. Inset showed the average
f total three cells. (G) Plot of peak amplitude of Ca2� transients
measured by 50 �M fura-2) against the number of APs. Data were
tted with a linear function y�0.1456��0.0328, yielding a slope of
45.6 nM AP�1 (r2�0.94). Numbers of measurements are given in
arentheses above data points. (H) Plot of decay time constant of

2�

ig. 2. Estimates of endogenous Ca2�-binding ratio during fura-2
oading process (A) Fura-2 loading after break-in was monitored by

easuring background subtracted isosbestic fluorescence intensities,
ssuming full loading after the fluorescence reached a plateau level.
luorescence signals were converted to fura-2 concentrations; fura-2
oncentration of each black circle was shown in (B). (B) Dynamics of
a2� transients is dependent on fura-2 concentrations. Amplitudes of
a2� transients became smaller with increasing fura-2 concentrations,
hile the decay time constants increased. Decay was fitted with an
xponential function. Gray area represents the integral of A�decay. (C)
lot of the products of the peak amplitude A and �decay of transients
gainst fura-2 �B of an O-LM cell. The solid line represents a linear
egression to the mean data (r2�0.03). (D) Summary plot of A�decay

gainst the fura-2 �B from a total of 14 cells. The solid line repre-
ents a linear regression to the mean data (r2�0.37). (E) Plot of the
�1 against �B of an O-LM cell, yielding �S of 33. The solid line

epresents a linear regression to the mean data (r2�0.90). (F) Histo-
rams showing the �S values determined by A�1 from 11 anatomically

dentified O-LM cells. Distribution of data was fitted with a Gaussian
unction with the mean of 15 and SD of 38.
ig. 1. AP-evoked Ca2� transients of O-LM cells in the CA1 region of
at hippocampus (A) IR-DIC video image of an O-LM cell in the stratum
riens of CA1 region. A recording pipette was shown on the left side.
B) Voltage responses to 1 s de- or hyperpolarizing current pulses in
he whole-cell current clamp recording configuration. Current during
he pulse �300, �200, �100 and �500 pA. Membrane potential
efore the pulse was �70 mV. (C) A two-photon z-stack (maximal

ntensity) projection of the same O-LM cell in (B) spanning a depth of
7 �m. Cell was filled with biocytin during whole-cell recording and
tained with Alexa 488-conjugated avidin. Dashed lines denote bor-
ers of the stratum pyramidale. The soma and dendrites are located in
he stratum oriens (st. o) and the axonal innervations are confined to
he stratum lacunosum-moleculare (st. l.-m.). (D) Fluorescence image
f an O-LM cell (excitation wavelength 362 nm) and the attached
ipette (left) containing 50 �M fura-2. Square indicates the region of

2� 2�
 a transients against the number of APs. Decay rates were accel-
rated with increasing numbers of APs.
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easured using the Ca2�-insensitive excitation wavelength (362
m under our condition). The ratio of fluorescence signal was
alculated according to R�(F362–B362)/(F380–B380), with F362 and
380 the fluorescence signals at 362 and 380 nm, respectively and
362 and B380 the corresponding background signals acquired at
nearby region. The fluorescence ratio was converted into [Ca2�]i
sing eqn. 1 (taken from Grynkiewicz et al., 1985):

[Ca2�]i�Keff((R	Rmin) ⁄ (Rmax	R)) (1)

With the effective dissociation constant Keff�Kd (Rmax/Rmin),
here Kd is the indicator’s dissociation constant for Ca2�, Rmin is

he ratio in Ca2�-free solution and Rmax is the ratio when Ca2�

ndicator is completely saturated with Ca2�. These values were
etermined from O-LM cells. Briefly, O-LM cells were loaded via

ow access resistance pipette (
12.5 M�) with intracellular solu-
ions containing either 20 mM EGTA (Ca2� free), 20 mM CaCl2
maximal Ca2�) or a mixture of 7.06 mM CaEGTA and 2.94 mM
GTA (Ca2� calibration kit, Invitrogen, Carlsbad, CA, USA), re-
ulting in a free [Ca2�]i of 400 nM. Using these solutions, the
alues for fura-2 were Rmin�0.72	0.01 (n�11), Rmax�3.70	0.21
n�5) and R400�1.25	0.05 (n�6). These results gave Kd of 360
M, which is almost �2-fold larger than the value determined in
itro (161 nM, Kao and Tsien, 1988), consistent with a previous
eport that Kd in cytoplasm may be two-to eightfold larger than the
n vitro values (Zhao et al., 1996). We are also aware that the Kd

alue determined from O-LM cells in our system was 1.2-fold
arger than the value determined in other cell types (Kaiser et al.,
001; Aponte et al., 2008), but this would only influence our
stimate of �s by a factor of �1.4 (Helmchen et al., 1996, 1997).

etermination of Ca2�-binding ratio in
ingle neurons

o estimate the Ca2�-binding ratio, we treated the proximal den-
rite as a single homogeneous compartment, assuming that Ca2�

nflow in the proximal dendrite is instantaneous and reaction be-
ween Ca2� and buffers is rapid (Neher and Augustine, 1992;
elmchen et al., 1996, 1997; Helmchen and Tank, 2005; Aponte
t al., 2008). The Ca2�-binding ratio is constant and is defined as
he ratio of the change in buffer-bound Ca2� over free Ca2�

hange after AP-evoked Ca2� inflow (Neher and Ausgustine,
992; Helmchen and Tank, 2005):

�S�
�[SCa2�]
�[Ca2�]

(2)

�B�
�[BCa2�]
�[Ca2�]

(3)

and B represent for endogenous (S) and exogenous (B) buffers,
espectively.

According to the law of mass reaction: �Ca2����B�º�BCa2��,
e can derive eqn. 4.

[BCa2�]�
BT[Ca2�]

[Ca2�]�Kd
(4)

here BT and Kd are total concentration of buffer B and dissoci-
tion constant for buffer B, respectively.

Therefore,

�[BCa2�]�[BCa2�]peak	[BCa2�]rest�
BT[Ca2�]peak

[Ca2�]peak�Kd
	

BT[Ca2�]rest

[Ca2�]rest�Kd

(5)

Equation 5 can be further rearranged as eqns. (6) and (7)

BTKd([Ca2�]peak	[Ca2�]rest)

[BCa2�]�

([Ca2�]peak�Kd)([Ca2�]rest�Kd) c
�
BTKd�[Ca2�]

([Ca2�]peak�Kd)([Ca2�]rest�Kd)

�B�
�[BCa2�]

�[Ca2�]
�

BTKd

([Ca2�]peak�Kd)([Ca2�]rest�Kd)
(7)

ingle compartment model of dendritic Ca2�

uffering

single compartment model as described by Neher and Augus-
ine (1992) was used to estimate the endogenous Ca2�-binding
atio. The model assumes that AP-evoked Ca2� inflow (total
harge QCa) in the proximal dendrite (the volume V) is instanta-
eous and rapidly reaches equilibrium with buffers. The total Ca2�

oad (�[Ca2�]T) upon initiation of APs in the proximal dendrite is
[Ca2�]T,max, which is the sum of unbound and bound forms of
a2�, that is �[Ca2�]i��[SCa2�]��[BCa2�].

�[Ca2�]T,max�
QCa

2FV
��[Ca2�]i��[SCa2�]��[BCa2�] (8)

[Ca2�]T,max�
QCa

2FV
��[Ca2�]i�1�

�[SCa2�]

�[Ca2�]i
�

�[BCa2�]

�[Ca2�]i
�

��[Ca2�]i(1��S��B) (9)

Where F is faraday’s constant. With A��[Ca2�]i, eqn. 9 can
e rearranged as

A	1�
(1�KS�KB)

[Ca2�]T,max
(10)

Thus, A�1 plotted against �B should follow a straight-line,
hich intercepts the horizontal axis at �(1��S). Using this rela-

ionship, the endogenous Ca2�-binding ratio �S can be estimated
y measuring A, the AP-evoked �[Ca2�]i with different concentra-
ions of fura-2 (corresponding to different values for �B according
o eqn. 7. Furthermore, the amplitude of Ca2� transient in the
bsence of fura-2 can be obtained by extrapolation to �B�0.

Here we shall carefully interpret the meaning of �S. The model
rbitrarily divides the buffering systems into fast and slow buffer-

ng systems. The AP-evoked Ca2� inflow is assumed to be in-
tantaneous in the proximal dendrites (like a � function) and reach
quilibrium with the fast buffers. On the other hand, the return of

ntracellular [Ca2�]i to baseline levels following peak amplitude of
Ca2�]i is assumed to be mediated by a variety of extrusion
echanisms. However, those assumptions ignore the possible

nteraction and overlapping of two buffering systems. Therefore,
lthough the �S is termed endogenous Ca2�-binding ratio in this
tudy, it reflects a lumped value for endogenous fast mobile
uffers, fast fixed buffers and parts of relatively slow buffering
echanisms.

olutions and drugs

he intracellular solution for recording pipettes consisted of (in
M): 125 potassium gluconate, 4 MgCl2, 4 K2ATP, 10 Hepes, 10
a2-phosphocreatine, 0.3 Na3GTP, different concentrations of
a2� indicators and 0.2% biocytin (pH adjusted to 7.3 with HCl).
a2� indicators fura-2, OGB-1 and OGB-5N were from Invitrogen

Eugene, OR, USA). All other chemicals were from Sigma (St.
ouis, MO, USA) except where noted.

ost hoc identification of O-LM cell morphology

eurons were filled with biocytin (2 mg/ml) during whole-cell re-
ordings and subsequently fixed overnight with 4% paraformalde-
ye in phosphate-buffered solution (PB; 0.1 M, pH 7.3). After
ashing with PB, slices were incubated with fluorescein isothio-

yanate (FITC) or Alexa 488-conjugated avidin-D (2 �l/ml; Invitro-



g
4
V
b
u
t
D
a
(
c
s

D

D
M
G
m
o
d
(
t
f
c
a
o
t
t
3
t

b
t
t
5

C

A
o
c
t
b
v
c
i
L
2
d
p
(
d
d
a
c
p
M
s
p
o
p
1
l

t
s
f
s
s
c
T
p
p
t
l
F
A
s
e
w
m
(
(
[
w
(
(
c
b
t
a
C
(
d
b
t
1
s
s
c
a

E

T
fi
p
C
t
1
a
m
�
a
n
s
r
2
p
i
w
T

C. W. Liao and C. C. Lien / Neuroscience 164 (2009) 1701–1711 1705
en, Eugene, OR, USA) in PB and 0.3% triton X-100 overnight at
°C. After wash, slices were embedded in mounting medium

ectashield® (Vector Laboratories, Burlingame, CA, USA). La-
eled O-LM cells were examined by a two-photon microscope
sing a pulsed titanium: sapphire laser (Chameleon-Ultra II tuned

o 800 nm; Coherent, Portland, OR, USA) attached to a Leica
M6000 CFS (Leica, Wetzlar, Germany) that was equipped with
20�/1.0 numerical aperture (NA) water immersion objective

HCX APO L; Leica, Wetzlar, Germany). The morphology of the
ells was reconstructed from a stack of up to 152 images (voxel
ize, 0.378 �m in the x-y plane; 1 �m along the z-axis).

ata analysis and statistics

ata were analyzed using Clampfit 10.2 (Molecular Devices),
athematica (version 6.0, Wolfram, Champaign, IL, USA), and
raphPad Prism (version 5.0, La Jolla, CA, USA). The measure-
ent of peak amplitude (A) and decay time constant (�decay) draws
n the single compartment model in which the [Ca2�]i transient is
escribed by an instantaneous rise and an exponential decay
Helmchen et al., 1996). In the present study, we fitted the decay
ime course of Ca2� transients with mono- and bi-exponential
unctions. A mono-exponential fit was preferred because in many
ases the time constants of the fast components were very small
nd resulted in enormously large values of A (see below). To
btain A, we extrapolated the fitted mono-exponential function to
he time point of the Ca2� signal rise (Helmchen et al., 1996). The
ime point is defined by the first sampling point that is greater than
or 4 standard deviation of baseline [Ca2�]i values and is close to

he midpoint of the rising phase (Fig. 1E; Helmchen et al., 1996).
Values indicate mean	SEM if not otherwise stated. Error

ars in figures also represent SEM. Statistical significance was
ested by the non-parametric Mann–Whitney or Kruskal-Wallis
ests at the significance level (P) indicated, using GraphPad Prism
.0 (La Jolla, CA, USA).

RESULTS

a2� imaging of dendrite-targeting O-LM cells

Ps propagate reliably into horizontally oriented dendrites
f O-LM cells (Martina et al., 2000). To examine Ca2�

oncentrations and buffering during AP backpropagation in
he dendrite of these neurons, we loaded the cell with
iocytin and high-affinity Ca2� indicators fura-2 or OGB-1
ia the patch pipette during whole-cell recording. O-LM
ells selected for Ca2� imaging were based on the follow-
ng criteria as previously described (Maccaferri et al., 2000;
ien et al., 2002; Lien and Jonas, 2003; Lawrence et al.,
006): (1) elongated soma and two horizontally oriented
endrites in the stratum oriens/alveus of the CA1 hip-
ocampus, as viewed under the IR-DIC optics (Fig. 1A);
2) appearance of AP trains (up to 60 Hz) during 1 s
epolarizing current pulses and marked “sag” responses
uring hyperpolarizing current pulses at 22 °C (Fig. 1B); (3)
modest AP frequency adaptation and AP amplitude ac-

ommodation during the AP train (Fig. 1B). Consistent with
revious reports (Lien et al., 2002; Lawrence et al., 2006;
accaferri, 2005), the large majority (75%) of neurons

elected on the basis of these criteria displayed axon
rojections across the stratum pyramidale and dense ax-
nal branches in the stratum lacunosum-moleculare after
ost hoc treatment with Alexa 488-conjugated avidin (Fig.
C). Only neurons with axon projection in the stratum
acunosum-moleculare were used for subsequent analysis. 2
To ensure diffusion equilibration of the Ca2� indica-
ors, we chose a small dendritic region 20 �m from the
oma (boxed region) for Ca2� imaging after 20 min of
ura-2 loading during whole-cell recording (Fig. 1D). The
peed of dye loading as reflected by the fluorescence
ignals in the proximal dendrites clearly depended on ac-
ess resistance. It is faster with lower access resistance.
he average time constant of dye loading was 165	29 s in
roximal dendritic regions from 11 cells, comparable to
revious estimates (Helmchen et al., 1996). A representa-
ive loading curve was shown in Fig. 2A. After loading for at
east 20 min (more than five-fold loading time constant;
ig. 1D), dendritic [Ca2�]i transients were evoked by single
Ps and measured at an acquisition rate of 95 Hz (Fig. 1E;
ee Experimental procedures). Fluorescence signals
voked by a single AP or a burst of several APs (at 100 Hz)
ere converted into [Ca2�]i using the isosbestic ratioing
ethod according to eqn. 1 in Experimental procedures

Fig. 1E) that yielded the resting [Ca2�]i was 22	5 nM
n�11). Both single APs and AP bursts led to rapidly rising
Ca2�]i transients with a relatively slow decay. Consistent
ith a recent report that voltage-gated Ca2� channels

VGCCs) are the major sources of Ca2� influx during APs
Topolnik et al., 2009), AP-evoked Ca2� transients in the
ontrol (Ctrl; 747	88 �M) were largely abolished by the
ath presence of 200 �M Cd2� (20	20 �M), a non-selec-
ive VGCC blocker (n�3; Fig. 1F). Further quantitative
nalysis of Ca2� transients showed that amplitudes of
a2� transients were proportional to the number of spikes

the value of the slope is 146 nM/AP; Fig. 1G), whereas the
ecay time constants became faster with increased num-
er of spikes (Fig. 1H). These results indicate that Ca2�

ransients evoked by single APs summated linearly during
00 Hz bursts of APs. The acceleration of the decay,
imilar to those reported for some other preparation,
trongly suggests that the Ca2� clearance might not be
onstant, but rather depends on the [Ca2�]i (Scheuss et
l., 2006; Stocca et al., 2008).

ndogenous Ca2�-binding ratio during fura-2 loading

o estimate the endogenous Ca2�-binding ratio �S, we
rst quantified the amplitude and time course of �[Ca2�]i in
roximal dendrites by loading single cells with exogenous
a2� buffer fura-2 (150 �M) and continuously monitored

he fura-2 buffering effect on Ca2� transients evoked by a
00 Hz train of five APs at the soma during loading. This
pproach is believed to minimize the possible “washout” of
obile buffers and reflects cell to cell variability because

S values were obtained from individual cells (Helmchen
nd Tank, 2005; Aponte et al., 2008). Fluorescence sig-
als evoked by bursts of five APs at 100 Hz were mea-
ured every 20–40 s during the fura-2 loading. The fluo-
escence signals, reflecting the fura-2 concentration ([fura-
]i), followed an exponential rise and finally reached a
lateau. The fluorescence excitation was performed at the

sosbestic wavelength 362 nm (I362�F362–B362), which
as insensitive to [Ca2�]i but was proportional to [fura-2]i.
his signal was converted to [fura-2] , assuming that [fura-
i

]i in the proximal dendrites reached the concentration in
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he pipette (150 �M; Fig. 2A). The AP-evoked Ca2� tran-
ient depended on [fura-2]i during loading. As predicted by
qn. 10, Ca2� transient amplitudes decreased with time,
hile their decay time constants increased during loading

Fig. 2B). The integral of Ca2� transients A��decay weakly
epended on �B (r2�0.03 and r2�0.37 for Fig. 2C, D,
espectively), indicating again that Ca2� clearance may
ot be constant. We thus determined the endogenous
a2� buffering by plotting the inverse of amplitude of Ca2�

ransient, A�1 against �B and fitted them with a linear
unction. This yielded �S of 33 (r2�0.89; Fig. 2E). Overall,
he �S values obtained by A from 11 rigorously identified
-LM cells were normally distributed with an average
alue of 15 (Fig. 2F). For the quantitative comparison, the
ame experiments were performed in CA1 pyramidal cells
Supplementary Fig. 1; also see Table 1). The average �S

alue obtained from CA1 cells was 101	29 (n�6), com-
arable to previous estimates (Helmchen et al., 1996;
aravall et al., 2000), but significantly larger than that of
-LM cells (P�0.05; Mann–Whitney test).

ndogenous Ca2�-binding ratio under fura-2 loading

nother alternative approach to estimate the endogenous
a2�-binding ratio �S is to quantify the amplitude of
[Ca2�]i in proximal dendrites (Fig. 3A) by recording Ca2�

ransients after full loading of exogenous Ca2� buffer
ura-2 (50–200 �M). At the steady [fura-2]i, Ca2� tran-
ients rapidly reached a peak after trains of 5 APs at 100
z and then decayed relatively slowly (Fig. 3B). The am-
litudes of [Ca2�]i decreased, whereas the decay time
onstants increased with increasing [fura-2]i (Fig. 3C). For
uantitative analysis, the proximal dendrite was treated as
single, homogeneous compartment (Neher and Augus-

ine, 1992). The �B of fura-2 was determined by eqn. 7 by
easuring resting and peak [Ca2�]i. According to the sin-
le compartment model (Neher and Augustine, 1992), the
elation between A�1 and �B is expected to fall on a
traight line. Thus, we plotted the A�1 of [Ca2�]i against �B

nd fitted the data with a linear function (r2�0.98; Fig. 3D).
ccording to eqn. 10, the intercept of x-axis equals
(1��S), where �S represents the endogenous Ca2�-
inding ratio and is about 27 (Fig. 3D).

P-evoked dendritic Ca2� dynamics beyond
roximal dendrites

o investigate the Ca2� dynamics beyond proximal den-

able 1. Comparison of Ca2� concentrations and buffering in proxima

arameter O-LM

esting [Ca2�]i 22	5 nM (n�11)

S from A–1 20	8 (n�11)a

Ca2�]i amplitude/AP 656	226 nM (n�8)b

otal [Ca2�] load/AP 11.9	0.3 �M (n�11)

For comparison, both data groups were obtained by the loading cu
Standard error of the mean was calculated from all �S values obtain
Value was obtained by extrapolation to �B�0; negative values of inte
ound forms.
rites, we imaged the Ca2� influx by switching to the Ca2� c
ndicator OGB-1. Because OGB-1 signals (�F/F �0.4) in
esponse to single APs is about eight-fold larger than
ura-2 signals (�F/F �0.05), it is more suitable for detect-
ng Ca2� influxes in small neuronal compartments, such as
blique or distal dendrites (Yasuda et al., 2004; Kampa
nd Stuart, 2006; Topolnik et al., 2009). A montage of
pi-fluorescence images along the horizontal dendrites of
n O-LM cell is shown in Fig. 4A. Trains of five APs at 100
z were induced by somatic current injection (Fig. 4B, top).
he fluorescence signals were acquired at several se-

ected ROIs along the somato-dendritic axis (Fig. 4B). The
uorescence signals associated with single APs or a burst
f five APs at 100 Hz slightly decreased with the distance
rom the soma (Fig. 4C; r2 for black and gray lines were
.02 and 0.02, respectively), consistent with a recent re-
ort by Topolnik et al. (2009). The kinetics of Ca2� tran-
ients, such as decay time constants (r2 for black and gray

ines were 0.002 and 0.004, respectively) and 10–90% rise
imes (r2 for black and gray lines were 0.08 and 0.02,
espectively) were not correlated with the distance from the
oma (Fig. 4D, E).

endritic Ca2� signal during oscillatory
ctivity patterns

-LM cells generate APs with high frequency during theta
scillation in the behaving animal (Csicsvari et al., 1999;
lausberger and Somogyi, 2008). During the gamma

hythm, O-LM cells also fire preferentially at theta frequen-
ies (Gloveli et al., 2005). Therefore, we measured Ca2�

ignaling during such physiologically relevant protocols by
pplying 5 Hz sinusoidal (8 s, 250–550 pA peak to peak)
urrent injection. To examine Ca2� signaling up to the
istal part of dendrite and avoid dye saturation during
scillatory spiking, we loaded cells with the low-affinity
a2� indicator OGB-5N (100 �M). During theta activities,
-LM cells fired doublets per cycle (Fig. 5A). The mean
lateau values of Ca2� signal (�F/F) during the last 2 s

heta stimulation measured in the proximal (18	1 �m),
iddle (96	9 �m) and distal (181	19 �m) dendrites of
-LM cells were 20	2%, 19	3% and 14	3%, respec-

ively. The Ca2� signaling during theta activity is relatively
niform along the somato-dendritic axis of O-LM cells
n�5, P�0.24 among three groups; Kruskal–Wallis test;
ig. 5B, D). Hippocampal CA1 pyramidal cells also showed
ring preference at theta frequencies. However, in contrast
o O-LM cells, oscillatory Ca2� signaling in the pyramidal

es of O-LM and PCs

CA1 PC P

15	4.6 nM (n�6) 0.72
101	29 (n�6)a �0.05
265	48 nM (n�6)b 0.28

19.4	1.9 �M (n�6) �0.005

er the same conditions.
parate analysis of each cell.
-axis were not included. Total [Ca2�] load is the sum of unbound and
l dendrit

rves und
ed by se
rcept of y
ell dendrite decreased markedly with distance from the
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oma. The mean plateau value of dendritic Ca2� signal
uring the last 2 s oscillatory activity in the proximal (16	1
m), middle (105	5 �m) and distal (250	34 �m) regions
ere 41	2%, 34	3% and 20	2%, respectively and
howed significantly different (n�6, P�0.05, Kruskal–Wal-

is test; Fig. 5C, D).
The integral of Ca2� transient over time at proximal,

iddle and distal dendrites of O-LM cells during oscillatory
ctivities are 161	12%, 140	22% and 106	20%, respec-
ively. Although the time integral of Ca2� signal slightly
ecreased with the distance from the soma, the difference

ig. 3. Estimates of endogenous Ca2�-binding ratio under steady-
tate concentration of fura-2 (A) Top, fluorescent image of an O-LM
ell during loading of a fluorescent dye fura-2; a rectangle at the
roximal dendrite indicates ROI for Ca2� imaging. Bottom, an O-LM
ell in the stratum oriens of CA1 region recovered after whole-cell
ecording and processed with fluorescently labeled avidin against
ntracellularly loaded biocytin. Dashed lines depict the borders of the
tratum pyramidale. (B) [Ca2�]i transients (bottom traces) evoked by
ursts of 5 APs at 100 Hz (top), measured in the proximal dendrites of
our different O-LM cells. Cells were somatically loaded with different
ura-2 concentrations as indicated on the right. Measurements were
erformed during steady-state loading of fura-2. Each trace is an
verage of five sweeps. Exponential curves were fitted to the decays
f the transients (time constants of 640, 1108, 1500, and 3457 ms,
espectively). Gray area represents the integral A�decay, the product of
eak amplitude A, and time constant �decay. (C) Peak amplitude A
open circles) of [Ca2�]i transients evoked by bursts of five APs at 100
z in the proximal dendrites of O-LM cells depends on fura-2 concen-

rations. Transients were large and decayed rapidly with low concen-
rations of fura-2 and vice versa. �decay (open triangles) of [Ca2�]i
ransients evoked by bursts of five APs at 100 Hz in the proximal
endrites of O-LM cells also depends on the fura-2 concentrations. (D)
lot of the A�1 against the fura-2 �B. Gray circles, data from 53

ndividual O-LM cells; black circles, plot of the mean values of �B for
0, 100, 150 and 200 �M fura-2. The solid line represents a linear
egression to the black circles (r2�0.98).
as not significant among groups (n�5, P�0.13, Kruskal– a
allis test; Fig. 5E). In contrast, the time integral of den-
ritic Ca2� signal of CA1 pyramidal cells during the same
ctivities decreased markedly with the distance from the
oma. The time integral of Ca2� transient at proximal,
iddle and distal dendrites of CA1 pyramidal cells are
29	19%, 263	23% and 163	18%, respectively and
howed significantly different (n�6, P�0.05; Kruskal–Wal-

is test; Fig. 5E).

DISCUSSION

any studies reported that interneurons possess higher
a2� buffer capacities than those of principal neurons

Lee et al., 2000; Rozsa et al., 2004; Goldberg and Yuste,
005; Aponte et al., 2008). Here, we show that O-LM

nterneurons, a major class of dendrite-targeting interneu-
ons in the rat hippocampus have a low endogenous buffer
apacity and relatively large [Ca2�]i changes in response
o activity. Notably, the �S values of O-LM cells are signif-
cantly smaller than those of CA1 proximal apical dendrites
Supplementary Fig. 1, Table 1) and other subtypes of
nterneurons (Lee et al., 2000; Kaiser et al., 2001; Gold-
erg et al., 2003, 2004; Goldberg and Yuste, 2005; Rozsa
t al., 2004; Aponte et al., 2008).

actors that influence �S measurements

he Ca2�-binding ratio of O-LM cells appears to be more
omparable with those of spines and presynaptic terminals
Sabatini et al., 2002; Jackson and Redman, 2003; Helm-
hen et al., 1997) rather than those of proximal dendrites of
rincipal neurons and other types of interneurons (Lee et
l., 2000; Goldberg and Yuste, 2005; Aponte et al., 2008;
ee also Table 1). The �S values measured in the present
tudy were not due to differences in the Ca2� calibration.
e used two approaches (dynamic loading and population

nalysis) to estimate �S based on the �B of fura-2, which
epends inversely on the chosen Kd of fura-2. However,
his is unlikely to result in an uncertainty factor 
1.4 (Helm-
hen et al., 1996). Differences in optical imaging apparatus
re also unlikely to account for the low �S value of O-LM
ells, because the �S values (101	29 by the same loading
ethod, n�6; supplementary Fig. 1) measured in the prox-

mal apical dendrites of CA1 pyramidal cells are very com-
arable to previous estimates by other groups (Helmchen
t al., 1996; Maravall et al., 2000). In contrast to CA1
yramidal cells, the relatively low Ca2� buffer capacity of
-LM cells might be attributed to the lack of calbindin or
ncharacterized buffers in the majority of O-LM cells.

omparison to previous work

ur results show that Ca2� buffering and concentrations of
-LM interneurons, a typical class of dendritic inhibitory

nterneurons, are distinct from those of fast-spiking basket
ells, a major class of somatic inhibitory interneurons
Aponte et al., 2008). In contrast to basket cells, O-LM cells
ave low endogenous Ca2�-binding ratios and large den-
ritic [Ca2�]i changes at zero added buffers. The quanti-
ative comparison of endogenous Ca2�-binding capacity is

s follows: O-LM dendrites (�S�20�27) � hippocampal



C
s
1
d
p
s
p
s
n
e
a

C

S
o
G
o

r
i
i
r
T
A
p
C
d
C
l
i

o
o
h

F
d
d
t
a
H
C
d
(
b
t APs at 1
r ively.

C. W. Liao and C. C. Lien / Neuroscience 164 (2009) 1701–17111708
A1 pyramidal neuron dendrites (�S�80�101, Table 1,
upplementary Fig. S1; �S�64�186 by Helmchen et al.,
996; �S�44�80 by Maravall et al., 2000) �basket cell
endrites (�S�200; Aponte et al., 2008). Conversely, the
eak amplitude of [Ca2�]i at zero added buffers per AP
howed: O-LM dendrites (A�241–613 nM) � hippocam-
al CA1 pyramidal neuron dendrites (A�265 nM in this
tudy, see Table 1 and Supplementary Fig. 1; A�150–240
M by Helmchen et al., 1996; A�178–312 nM by Maravall
t al., 2000) 

 basket cell dendrites (A�50 nM; Aponte et
l., 2008).

a2� dynamics in distal dendrites of O-LM cells

patial profiles of Ca2� influx during bAPs in the dendrites
f GABAergic interneurons are diverse (Kaiser et al., 2001;
oldberg et al., 2003; Rozsa et al., 2004). Ca2� imaging

ig. 4. Spatial profile of dendritic Ca2� signaling during action potenti
ye OGB-1 (100 �M) via a patch pipette (left) during whole-cell rec
endrite at different distances from the soma are indicated by rectang
aken successively. The corresponding dendritic [Ca2�]i transients evo
re shown in (B). (B) Bursts of APs at 100 Hz were evoked at the som
z were taken at different sites of the dendrite indicated in (A). A rep
a2� transients evoked by either a single AP (filled circles) or trains
istances from the soma. The solid black and gray lines represent line
D) The decay time constants of Ca2� transients evoked by either a si
lack and gray lines represent linear regressions to the filled (r2�0.002
ransients evoked by either a single AP (black circles) or trains of five
egressions to the filled (r2�0.08) and open circles (r2�0.02), respect
n dendrites of three types of V1 supragranular interneu- i
ons: parvalbumin-positive fast spikers, calretinin-positive
rregular spikers, and adapting cells showed that calcium
nflux during backpropagation of AP trains was proximally
estricted by potassium channels (Goldberg et al., 2003).
he strong attenuation of Ca2� influx is due to the failure of
P invasion into distal dendrites. In sharp contrast, back-
ropagating AP-evoked Ca2� transients in dendrites of
A1 stratum radiatum interneurons underwent a distance-
ependent increment (Rozsa et al., 2004). Between them,
a2� influx into the dendrites of bitufted interneurons in

ayer 2/3 of rat somatosensory cortex is relatively distance-
ndependent (Kaiser et al., 2001).

Dendritic properties of O-LM cells are similar to those
f bitufted interneurons in layer 2/3 because somatic APs
f O-LM cells can actively and reliably propagate along the
orizontal dendrites (Martina et al., 2000). Like bitufted

i-fluorescence image of an O-LM cell loaded with the Ca2�-sensitive
ocations of selected regions for Ca2� measurement on a horizontal
umbers. The image is a montage from several fluorescence images

ther single APs or bursts of five APs at 100 Hz for each recording site
a2� transients associated with single APs or trains of five APs at 100
e burst of single and five APs at 100 Hz were shown on the left. (C)
s at 100 Hz (open circles) along the dendrites were independent of
sions to the filled (r2�0.02) and open circles (r2�0.02), respectively.
black circles) or trains of five APs at 100 Hz (white circles). The solid
n circles (r2�0.004), respectively. (E) The rise time (10–90%) of Ca2�

00 Hz (white circles). The solid black and gray lines represent linear
als (A) Ep
ording. L
les and n
ked by ei
a and C

resentativ
of five AP
ar regres

ngle AP (
) and ope
nterneurons, dendritic Ca2� transients of O-LM cells are
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ot limited to the regions near the somata. The dendritic
a2� transients are relatively independent of distance

rom the somata (r2�0.02 for both single AP and 5 APs;
ig. 4C; similar to Topolnik et al., 2009). However, unlike
itufted interneuron, the endogenous Ca2�-binding ratio of
-LM cells (�S�19�27) is about 10-fold lower than that

�285) of bitufted interneurons in layer 2/3. Therefore, the
eak amplitude of dendritic Ca2� concentration per AP is

ikely larger than that of bitufted interneurons. Indeed, den-
ritic [Ca2�]i (656	226 nM per AP) of O-LM cells is larger
han that (136–150 nM per AP) of bitufted interneurons by

factor of 2–4.
A potential caveat is deserved to discuss here. Large

fura-2]i will compete with the endogenous buffers and
ecrease [Ca2�]i transient amplitudes. Could gradients in
fura-2]i have skewed spatial profile of Ca2� transients? In
ddition to the effect of [fura-2]i on [Ca2�]i transient ampli-

udes, large [fura-2] can lengthen the decay (Fig. 3C); this

ig. 5. Dendritic Ca2� dynamics during oscillatory activities (A) Rep-
esentative voltage response (top) of an O-LM cell to an 8 s, 420 pA
inusoidal (5 Hz) current injection (bottom). Expanded doublet spikes
uring the first and second cycles (right top). Membrane potential
efore the pulse was �70 mV. (B) Ca2� transients during oscillatory
ctivities were measured from the proximal (16 �m), middle (115 �m),
nd distal (191 �m) dendrites of an O-LM cell. Oscillatory Ca2� signal
ecreased slightly with the distance from the soma. (C) Oscillatory
a2� signaling measured from different regions of the apical dendrite
f a CA1 pyramidal cell. Amplitude of dendritic Ca2� signal decreased
arkedly with the distance from the soma. Traces of Ca2� transients

n (B) and (C) are averages of 5 to 10 individual sweeps. Data were
btained from cells filled with 100 �M OGB-5N. Dashed lines indicate
he mean value of the plateau during the last 2 s theta stimulation. (D)
lot of mean plateau value of Ca2� signal (�F/F) during the last 2 s

heta stimulation against the distance from the soma. (E) Plot of
ntegral of Ca2� signal (�F/F% s) over time against the distance from
he soma.
i

ake dye gradient easy to detect here (Svoboda et al., t
999). Because long decay times were not observed in the
roximal dendrites (�20 �m, Fig. 3D), possible gradients

n [fura-2]i might be low in this study and therefore com-
ensation was not made.

unctional relevance

omatostatin-containing interneurons are one of the most
revalent subpopulation of GABAergic interneurons in the
tratum oriens of the CA1 region. Most of these neurons
the so-called O-LM cells) project massively to the stratum
acunosum-moleculare on the distal dendritic trees of py-
amidal cells, whereas one third of the somatostatin con-
aining interneurons co-expressing calbindin project to the
edial septum (Tóth and Freund, 1992). In epileptic ani-
als, 46% of somatostatin-containing interneurons in the

tratum oriens/alveus are selectively degenerated (Cos-
art et al., 2001). Interestingly, many of the surviving so-
atostatin interneurons are calbindin-positive (Cossart et
l., 2001). These observations strongly suggest a specific

oss of O-LM cells, which lack the fast Ca2�-buffer protein
albindin, in epileptic animals. Although the exact mecha-
ism of this cell loss is unknown, some evidence suggests
hat selective vulnerability of O-LM cells may be due to
a2�-mediated toxicity (Woodhall et al., 1999; Gee et al.,
001). Interestingly, the expression of mobile Ca2�-bind-

ng protein calbindin seems to confer some measure of
europrotection in those surviving calbindin-positive soma-
ostatin interneurons (Cossart et al., 2001). In line with the
ypothesis, efficient Ca2� buffering in fast-spiking basket
ells may also account for the relative resistance of basket
ells to epileptic seizures.

O-LM cells show low endogenous Ca2� buffer capac-
ties with large [Ca2�]i elevations. Our results may add
dditional weight to the view that cytosolic Ca2� overload

s relevant to selective vulnerability of O-LM cells. Never-
heless, the causal link between the low �S and the selec-
ive vulnerability of O-LM cells to excitatotoxicity remain to
e tested in the future study.

endritic Ca2� dynamics and implications for
ynaptic plasticity

a2� dynamics in neurons shaped by endogenous Ca2�

uffers may be important for the function of both input and
utput synapses (Schmidt et al., 2003a,b; Hefft and Jonas,
005; Müller et al., 2007; Bucurenciu et al., 2008; Topolnik
t al., 2009). Spike timing-dependent plasticity (STDP) is
ssociated with the coincidence occurrence of presynaptic

nputs and bAPs from postsynaptic target cells (Markram
t al., 1997; Dan and Poo, 2004). The relative order of pre-
nd postsynaptic spikes within a short period can result in
onlinear summation of postsynaptic [Ca2�]i in dendrites
r spines. Large elevation of [Ca2�]i can support long-term
otentiation (LTP) induction, whereas moderate and pro-

onged [Ca2�]i rise may underlie long-term depression
LTD) (Karmarkar and Buonomano, 2002; Malenka and
ear, 2004; Caporale and Dan, 2008). Thus, the Ca2�

ynamics is thought to be a key determinant for the tem-
oral window of STDP induction. Recent studies showed

hat LTP can be readily induced and expressed in O-LM
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ells and other inhibitory interneurons of the hippocampus
Kullmann and Lamsa, 2007; Oren et al., 2009). Intrigu-
ngly, both Hebbian and anti-Hebbian forms of LTP occur
n O-LM cells (Kullmann and Lamsa, 2007; Topolnik et al.,
009): Hebbian LTP depends on activation of metabotropic
luRs, whereas anti-Hebbian one is through ionotropic
luR2-lacking �-amino-3-hydroxy-5-methyl-4-isoxazolepro-
ionic acid receptor (AMPAR) activation. Activation of these
wo receptors causes intracellular Ca2� elevation and leads
o LTP. Therefore, understanding the details of Ca2� dynam-
cs, such as Ca2� load and endogenous Ca2�-binding ratios
ill provide information about the shape of global and local
a2� transient during synaptic transmission and backpropa-
ating APs. Our results reveal that single APs effectively

nduce large Ca2� transients over dendrites of O-LM cells
nd thus suggest that burst firing of O-LM cells preceding
xcitatory postsynaptic potentials (EPSPs) (opening of Ca2�-
ermeable AMPARs) might lead to summation of large Ca2�

ransients and might be more efficient for LTP induction.
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