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Activation of ryanodine receptors influences
the paired-pulse depression
in cultured rat hippocampal neurons

Çà äîïîìîãîþ ìåòîäèêè ô³êñàö³¿ ïîòåíö³àëó â êîíô³ãóðàö³¿ «ö³ëà êë³òèíà» âèâ÷àëè ó÷àñòü
âíóòð³øíüîêë³òèííèõ êàëüö³ºâèõ äåïî ó ðåãóëÿö³¿ êîðîòêî÷àñíî¿ ïëàñòè÷íîñò³ âèêëèêàíèõ
ãàëüì³âíèõ ïîñòñèíàïòè÷íèõ ñòðóì³â (ÃÏÑÑ) íà ñèíàïòè÷íîç�ºäíàíèõ êóëüòèâîâàíèõ íåéðîíàõ
ã³ïîêàìïà. Ñòðóìè âèêëèêàëèñÿ çîâí³øíüîþ ñòèìóëÿö³ºþ ïðåñèíàïòè÷íîãî âîëîêíà ³ìïóëüñàìè
íàïðóãè òðèâàë³ñòþ 500 ìêñ. Ïðè çíà÷åííÿõ çàòðèìêè ì³æ ñòèìóëàìè 150 òà 500 ìñ ó êë³òèíàõ
ñïîñòåð³ãàëàñÿ äåïðåñ³ÿ (n=18) àáî ôàñèë³òàö³ÿ (n=7) äðóãîãî ÃÏÑÑ ó ïàð³. Âèâ³ëüíåííÿ
êàëüö³þ ç âíóòð³øíüîêë³òèííèõ äåïî ³íäóêóâàëîñÿ çà äîïîìîãîþ ëîêàëüíî¿ àïë³êàö³¿ àãîí³ñò³â
ð³àíîäèí÷óòëèâèõ ðåöåïòîð³â êîôå¿íó òà ð³àíîäèíó. Îäíà ç õàðàêòåðèñòèê ïëàñòè÷íîñò³, ùî
âèêëèêàºòüñÿ ïàðíîþ ñòèìóëÿö³ºþ � â³äíîøåííÿ àìïë³òóäè äðóãîãî ÃÏÑÑ ó ïàð³ äî àìïë³òóäè
ïåðøîãî � çì³íþâàëàñÿ ïðè àïë³êàö³¿ ð³àíîäèíó (50 íìîëü/ë) ç 0,79±0,02 äî 0,71±0,04 (n=10).
Ïîä³áíèé åôåêò ñïîñòåð³ãàâñÿ ò³ëüêè â òèõ êë³òèíàõ, äëÿ ÿêèõ áóëî õàðàêòåðíå ÿâèùå äåïðåñ³¿,
âèêëèêàíå ïàðíîþ ñòèìóëÿö³ºþ. Òàêîæ áóëî äîñë³äæåíî âïëèâ êîôå¿íó òà ð³àíîäèíó íà
ñïîíòàíí³ ñòðóìè: ïðè àïë³êàö³¿ êîôå¿íó (10 ììîëü/ë) ñïîñòåð³ãàëàñÿ çì³íà óñåðåäíåíî¿
àìïë³òóäè (äî 0,71±0,06) òà ÷àñòîòè (äî 0,42±0,08) ñïîíòàííèõ ÃÏÑÑ (n=7). Ïðè àïë³êàö³¿
ð³àíîäèíó (50 íìîëü/ë) ñåðåäíÿ àìïë³òóäà ñòðóì³â íå çì³íþâàëàñÿ, ó òîé ÷àñ ÿê ÷àñòîòà
çìåíøóâàëàñü äî 0,74±0,09 (n=12). Ïðè íàÿâíîñò³ êîôå¿íó (10 ììîëü/ë) ³ ð³àíîäèíó (50 íìîëü/ë)
àìïë³òóäè ñòðóì³â, ÿê³ áóëè âèêëèêàí³ øâèäêîþ ëîêàëüíîþ àïë³êàö³ºþ γ-àì³íîìàñëÿíî¿ êèñëîòè
(ÃÀÌÊ, 100 ìêìîëü/ë), ïðèãí³÷óâàëèñÿ äî 0,59±0,03 (n=5) òà äî 0,56±0,11 (n=7) â³äïîâ³äíî.
Áóëî çðîáëåíî âèñíîâîê ïðî òå, ùî êàëüö³ºâ³ äåïî åíäîïëàçìàòè÷íîãî ðåòèêóëóìà çäàòí³
ðåãóëþâàòè ñèíàïòè÷íó ïåðåäà÷ó ÿê ç ïðåñèíàïòè÷íîãî (îñê³ëüêè ââàæàºòüñÿ, ùî
êîðîòêî÷àñíà ñèíàïòè÷íà ïëàñòè÷í³ñòü ³ ñïîíòàííà àêòèâí³ñòü ìàþòü ïðåñèíàïòè÷íó
ïðèðîäó), òàê ³ ç ïîñòñèíàïòè÷íîãî áîê³â (òîìó, ùî ðåöåïòîðè ÃÀÌÊ ðîçòàøîâàí³ íà
ïîñòñèíàïòè÷í³é êë³òèí³).

INTRODUCTION

Ca2+ is known to be involved in regulation of
many different processes in cells, especially
in the excitable cells. In neurons and neuroen-
docrine cells calcium is closely linked to such
processes as excitability regulation and neu-
rotransmitter release. Katz and Miledi [15]
established that action potential-evoked neu-
romediator release is triggered by Ca2+ influx
through plasma membrane into the neuronal

synaptic terminal. Presence of extracellular
calcium is not vital for spontaneous transmit-
ter release since Ca2+ ions are available from
different intracellular stores [3, 25, 34]. The
pool, which is mainly considered to partici-
pate in modulation of Ca2+-signals and ionic
currents in neurons, is the endoplasmic retic-
ulum (ER). For the present day existence of
the ER with ryanodine-sensitive receptors is
discovered in dedritic spines as well as in
soma, axon and dendrites [9, 10, 14, 16, 29].
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It is considered that such close location of
calcium stores and calcium channels in syn-
aptic endings may cause complicated inter-
actions between them.

Phenomenon of short-term synaptic plas-
ticity in forms of paired-pulse depression
(PPD), facilitation (PPF) or augmentation,
post-tetanic potentiation or depression is one
of the key points in the mechanisms of
memory and learning [18, 31, 32, 36]. Accor-
ding to up-to-date conception PPD is supposed
to have dual regulation by depletion of a
readily releasable pool of vesicles [12] and
by desensitization of postsynaptic receptors
[13, 23]. PPF is believed to be related to va-
rious effects of residual calcium in terminals
[37,38]. However, facilitation and depression
presumably coexist in all experimental condi-
tions, so the paired-pulse ratio that is routinely
measured in experiments reflects a balance
between these two competing processes [5, 6].

It was shown [28] that in rat hippocampal
slices intracellular Ca2+ stores may participate
in neurotransmission. The authors indicate to
clear postsynaptic effect of caffeine action.
On the other hand, in some publications [7,
19] a controversial site of action of calcium
pools� on inhibitory transmission was found.
Involvement of intracellular calcium stores in
the short-term synaptic plasticity has been
already intensively studied [8, 11, 27] but
mostly on slices.

In this report we investigate the role of intra-
cellular ryanodine-sensitive calcium stores in
modulation of short-term plasticity of inhibi-
tory currents in cultured hippocampal neurons.

METHODS

Preparation of hippocampal culture with low
density. Hippocampi samples taken from new-
born Wistar rats killed by decapitation were
incubated with 0.05% trypsin for 5 min at room
temperature and than mechanically dissociat-
ed using Pasteur pipettes. Suspension of the
cells was plated on poly-L-ornitine- and lami-

nine-covered Petri dishes. The initial density
of cells was approximately 30000-35000 cm-2.
Neurons were cultured in Eagle�s modified
medium containing 10% horse serum, 6 µg/ml
insulin, 2.2 g/l NaHCO

3
, with addition of peni-

cillin (25 units/ml) and streptomycin (25 µg/ml)
at 37°C in 5% CO

2
 humidified incubator. Cy-

tosine-β-D-arabinofuranoside (5µM) was ad-
ded for 24 hours on the 3rd day after plating
to reduce glia proliferation. Experiments were
performed after 12 days of cultivation to al-
low the complete formation of synaptic con-
tacts between cells.

Solutions. Intracellular solution contained
(mM): K-gluconate � 100; KCl � 50; MgCl

2
  �

5; EGTA � 10; HEPES � 20; pH 7.4. Extra-
cellular bath solution contained (mM): NaCl �
140; KCl � 3; CaCl

2
 � 2; MgCl

2
 � 2; glucose �

30; HEPES � 20; pH 7.4. To block glutamat-
ergic excitation 20 µM of 6,7-dinitroquino-
xaline-2,3-dione (DNQX) and 20 µM of D

L
-

2-amino-5-phosphonopentanoic acid (D
L
-AP5)

were routinely added to extracellular solution.
Ryanodine (50 nM) and caffeine (10 mM)
were used as activators of calcium release
from endoplasmic reticular stores [2, 21, 24,
30, 33]. All drugs were applied using a fast
local superfusion technique [35] (Fig.1). All
drugs and chemicals were purchased from
�Sigma� (USA).

Patch-clamp recordings and data proces-
sing. Pipettes were pulled out from borosi-
licate glass (�WPI�, USA) on a self-made pul-
ler in two steps. Typical values for resistances
of the recording pipettes filled with intra-
cellular solution were 5-7MΩ. Currents were
recorded using the Axopatch-1D amplifier
(�Axon Instruments�, USA) in voltage-clamp
mode at a holding potential -75 mV and digi-
tized at 10 kHz (with filtering at 2 kHz by
Bessel lowpass filter) using LabMaster TL-1
and pClamp 6.0 software (�Axon Instru-
ments�, USA). Voltage stimulation was per-
formed by an isolated stimulator DS-2 (�Di-
gitimer�, England).

All experiments were performed at room
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temperature. Due to large variability observed
from cell to cell, all values have been presen-
ted as relative ratios of (Value in test condi-
tions)/(Value in Control). Paired Student�s
t-test was performed to identify statistical sig-
nificance. Data were considered significant-
ly different when P<0.05. All data are ex-
pressed as mean ± S.E.M with number of cells
averaged given in brackets.

RESULTS

To study involvement of calcium stores in neu-
rotransmission we investigated IPSCs in rat
hippocampal neurons in culture. In our exper-
iments IPSCs were reversibly (to 0.08±0.01,
n=4, data not shown) inhibited by a specific
blocker bicuculline methobromide (10 µM)
indicating that they were mediated by
GABA

A
-receptors.

We used a paired-pulse ratio (PPR), i.e. a
ratio of amplitude of the second IPSC in a
pair to the amplitude of the first IPSC, as a
quantitative measure of synaptic plasticity.
Since it was shown [12] that paired-pulse
depression (PPD) is observed up to 4 s inter-
vals between stimuli, we evoked paired

currents at a rate of 0.2 Hz. Paired stimuli
resulted in paired-pulse depression (n=18) or
facilitation (n=7) of the second IPSC at
interpulse intervals (IPI) 150 and 500 ms
(when the second IPSC appeared during or
after complete decay of first IPSC, respec-
tively). A pattern of activity (PPD or PPF)
was not changed when switching between
IPI=150 ms and IPI=500 ms although PPR
was closer to 1 for longer IPI.

Application of ryanodine (50 nM) or
caffeine (10 mM) induces Ca2+ release from
intracellular calcium stores by activation of
ryanodine-sensitive receptors. This leads to
reduction of relative amplitudes of evoked
IPSCs to 0.79±0.05 (n=18) and to 0.23±0.03
(n=7), respectively. However, a significant
change of PPR produced by application of
ryanodine was seen only in cells in which PPD
occurred at IPI=150 ms (from 0.79±0.02 to
0.71±0.04 (n=10), P<0.05) (Fig.2). In other
cases no statistically significant effect on a
paired-pulse ratio was observed.

Spontaneous release of vesicles from syn-
aptic terminals is determined by presynaptic
mechanisms [3, 4, 25]. So we also studied the
spontaneous activity of hippocampal neurons.

Fig.1. Using of local superfusion technique on cultured hippocampal neurons. Pyramidal neuron lies in the center.
Recording pipette is positioned on it. A drop-shape area of drug application is formed between feeding (bottom) and
sucking (top) pipettes. Pipette for stimulation is situated at the top right corner
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It appeared that ryanodine (50 nM) did not
change relative amplitudes of spontaneous
IPSCs (0.97±0.07 (n=12)) in contrast to

caffeine (10 mM) which caused attenuation
to 0.71±0.06 (n=7). Relative average fre-
quency of appearance of spontaneous events

Fig.3. Influence of calcium release activators on spontaneous activity of hippocampal neurons. a � Examples of recordings
of spontaneous IPSCs during application of 10 mM of caffeine (left) and 50 nM of ryanodine (right). 1 � control, 2 � test,
3 � washout. b � Averaged effect of action of ryanodine (50 nM, n=12) and caffeine (10 mM, n=7) on amplitudes and
frequencies of spontaneous IPSCs. 1 � control, 2 � ryanodine 50 nM, 3 � caffeine 10 mM

1

2

3

     20 ms

60 pÀ 50 pÀ

     10 ms

1

2

3

a

b

1,0

0,8

0,6

0,4

0,2

0

1,2

R
e

la
tiv

e
 a

m
p

lit
u

d
e

s 
o

f c
u

rr
e

n
ts

1,0

0,8

0,6

0,4

0,2

0

1,2

R
e

la
tiv

e
 fr

e
q

u
e

n
cy

 o
f c

u
rr

e
n

ts

Fig.2. Influence of ryanodine on paired-pulse depression. a � Averages of 30 currents during control (1), application of 50
nM ryanodine (2) and washout (3). b � Changes of relative amplitudes of averaged currents (calculated for 1st IPSC in a
pair) and relative PPR during application of ryanodine (50 nM, n=10). 1 � control, 2 � ryanodine 50 nM, 3 � washout
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during application of these drugs was de-
creased to 0.74±0.09 and 0.42±0.08, respec-
tively (Fig.3).

Direct action of agonist on GABA
A
-

receptors had been used to clarify whether
calcium pools are able to affect inhibitory syn-
aptic transmission postsynaptically. Inhibitory
currents were elicited by a direct local appli-
cation of GABA (100 µM) in short (200 ms
long) pulses with period 30 s for receptors to
be recovered from previous to application.
Fast application of 10 mM caffeine simulta-
neously with 100 µM of GABA showed inhi-
bition of GABA-induced currents comparing
to control to 0.59±0.03 (n=5). When ryanod-
ine (50 nM) was applied in similar way at-
tenuation of GABA-induced currents to
0.56±0.11 (n=7) was observed.

DISCUSSION

Our results suggest that mobilization of calci-
um from ryanodine-sensitive stores contrib-
utes to GABA release in hyppocampal neu-
rons. Activation of ryanodine receptors in
culture seems to have a similar effect on IP-
SCs as blocking of them in slices [8]. By inhi-
bition of spontaneous activity and reduction
of PPR (which is determined by probability
of transmitter release [1, 22]) the presynap-
tic action of ryanodine and caffeine was elu-
cidated. On the other hand inhibition of both
amplitudes of IPSCs and amplitudes of
GABA-evoked currents during ryanodine and
caffeine application indicate that ryanodine
receptor activation acts at a postsynaptic locus.

We propose that the observation of
controversial effects (paired-pulse depression
and facilitation) is due to existence of several
types of GABAergic inhibitory interneurons
in the hippocampus [17, 20, 26] which cannot
be distinguished in culture.

Kinetic analysis of IPSC curves using
single-exponential fit (coefficient of determi-
nation R2>0.99, data not shown) shows that
all values of time-of-decay constants were not

statistically significantly different for studied
conditions. The absence of clearly detectable
effect on this parameter may indicate that
ryanodine-receptor activators fail to induce
action properly on postsynaptic chlorine
channels responsible for observed currents.

Obtained results suggest that activation of
ryanodine receptors inhibits release of GABA,
showing that both pre- and postsynaptic caf-
feine-ryanodine sensitive calcium stores play
a regulatory role in release of neurotrans-
mitter.

This work was partially supported by CRDF (UB1-
2420-KV-01) and Wellcome Trust (069663/Z/02/
Z) grants to S.F. and INTAS (47) grant to N.V.
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ACTIVATION  OF  RYANODINE  RECEPTORS
INFLUENCES  THE  PAIRED-PULSE  DEPRESSION
IN  CULTURED  RAT  HIPPOCAMPAL  NEURONS

Role of intraterminal calcium stores in modulation of short-
term plasticity of evoked inhibitory postsynaptic currents
(IPSCs) was studied in synaptically connected cultured hip-
pocampal neurons using patch-clamp technique in whole-cell
configuration. Currents were induced by voltage stimulation
which were applied externally to presynaptic fiber. Paired
stimuli resulted in paired-pulse depression (n=18) or facilita-
tion (n=7) of the second IPSC at interpulse intervals 150 and
500 ms. Calcium release from intracellular calcium stores was
activated by local application of caffeine and ryanodine, ry-
anodine receptor agonists. One of the characteristics of short-
term plasticity, the pair-pulsed ratio (ratio of amplitudes of
second IPSC to first IPSC), decreased during addition of ry-
anodine (50 nM) from 0.79±0.02 to 0.71±0.04 (n=10). This
change was observed only for cells that demonstrated pair-
pulsed depression. We also studied the influence of caffeine
and ryanodine on spontaneous currents. Attenuation of the
mean amplitude to 0.71±0,06 and frequency to 0.42±0.08
(n=7) of spontaneous IPSCs was observed during application
of caffeine (10 mM). Upon ryanodine application the mean
amplitude did not change but frequency of spontaneous events
decreased to 0.74±0.09 (n=12). The amplitudes of currents
evoked by fast local application of γ-aminobutyric acid (GABA
100 mM) were diminished in the presence of caffeine (10 mM)
to 0.59±0.03 (n=5) and in the presence of ryanodine (50 nM)
to 0.56±0.11 (n=7). Thus we conclude that endoplasmic
reticular calcium stores are able to modulate synaptic trans-
mission from both presynaptic (in assumption that short-
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term plasticity and spontaneous activity are believed to have
presynaptic nature) and postsynaptic (since GABA-receptors
are situated on postsynaptic cell) sides.

International Center for Molecular Physiology, Kiev;

A.A. Bogomoletz Institute of Physiology National Academy of
Sciences of Ukraine, Kiev
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