Functional switching of GABAergic synapses by
ryanodine receptor activation

Miao-Kun Sun*, Thomas J. Nelson, and Daniel L. Alkon

Laboratory of Adaptive Systems, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, MD 20892

Communicated by Bernhard Witkop, National Institutes of Health, Bethesda, MD, August 18, 2000 (received for review May 26, 2000)

The role of the ryanodine receptor (RyR) in modifiability of syn-
apses made by the basket interneurons onto the hippocampal CA1
pyramidal cells was examined in rats. Associating single-cell RyR
activation with postsynaptic depolarization increased intracellular
free Ca%* concentrations and reversed the basket interneuron-CA1
inhibitory postsynaptic potential into an excitatory postsynaptic
potential. This synaptic transformation was accompanied by a shift
of the reversal potential from that of chloride toward that of
bicarbonate. This inhibitory postsynaptic potential-excitatory
postsynaptic potential transformation was prevented by blocking
RyR or carbonic anhydrase. Associated postsynaptic depolarization
and RyR activation, therefore, changes GABAergic synapses from
excitation filters to amplifier and, thereby, shapes information
flow through the hippocampal network.

emories are thought to be a result of lasting synaptic

modifications in the brain structures related to informa-
tion processing (1-3). Ca?* signaling (4), controlled by the
endoplasmic reticulum (ER) and the plasma membrane, is a
critical factor that induces changes in synaptic plasticity (5, 6).
Not only might neural activity control the amount of Ca?" stored
in the ER, but Ca?* also can be released as a signal messenger
to modify synaptic function, kinase activity, and protein synthesis
(6, 7). Training rats in a spatial water-maze task has been found
to increase ryanodine receptor (RyR;) expression in the hip-
pocampus (6). Elevated intracellular Ca?* levels can spread
through cells as global waves or be highly localized within
spatially distinct compartments such as the terminals or dendritic
spines (8, 9). Functional operation of neural synapses might be
altered over long-lasting time domains by intracellular Ca?*
release, resulting in reshaping information processing in neural
structures such as the hippocampus.

Here, we examined the effects of associating RyR activation
with postsynaptic depolarization on GABAergic synaptic trans-
mission in the hippocampal CAl area. The CA1 pyramidal cells
are innervated by GABAergic interneurons and receive gluta-
matergic inputs from CA3. Associated postsynaptic depolariza-
tion and activation of RyR receptors of CAl cells produced a
lasting reduction and reversal of the GABAergic inhibitory
postsynaptic potential (IPSP) responses, converting excitation
filters to amplifiers. The resulting synaptic plasticity is likely to
redirect signal processing through the hippocampal network and
may play an important role in hippocampus-dependent learning
and memory.

Methods

Brain Slices and Electrophysiology. Male Sprague-Dawley rats
(130-180 g) were anesthetized with halothane and decapitated,
and the brains were removed and cooled rapidly in a modified
artificial cerebrospinal fluid solution (aCSF; ~4°C), bubbled
continuously with 95% O, and 5% CO, (10, 11). Hippocampi
were sliced (400 uM), with either a Vibratome or a Mclllwain
Tissue Chopper (Westbury, NY), placed in oxygenated aCSF
(124 mM NaCl/3 mM KCl/1.3 mM MgSO4/2.4 mM CaCl,/26
mM NaHCO;/1.25 mM NaH,PO,4/10 mM glucose), and sub-
fused (2 ml/min) with the oxygenated aCSF in a recording
chamber (Medical Systems, Greenvale, NY) and allowed to
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equilibrate for a minimum of 1 h at 30-31°C. The cells were
recorded by using either whole-cell patch or intracellular tech-
niques. For whole-cell patch clamp, the slices were transferred
and submerged in oxygenated CSF solution and inhibitory
postsynaptic currents (IPSCs) were recorded with fire-polished
[Narishige microforge (Tokyo), immediately before use] patch
electrode (3-5 M(Q when filled with internal solution). The
electrode solution contained 135 mM potassium gluconate, 5
mM NaCl, 2 mM MgCl,, 10 mM Hepes, 2 mM Mg-ATP, and 0.3
mM Na-GTP (pH 7.25 with KOH). EGTA (1 mM) or Fura-2 (0.5
mM; Molecular Probes) and/or ruthenium red (RR; 20 uM) was
added to the internal solution when indicated. Cells were
visualized by infrared differential interference contrast micros-
copy (12) through a X40 water-immersion objective. Input
resistance in whole-cell mode was typically 100-200 MQ.
Changes in intracellular free Ca?>* concentration ([Ca®*];) were
measured with a cooled charge-coupled device camera. The
recorded neuron was exposed to UV light only during the
measurement of [Ca?*]; to avoid photic damage of neurons. The
correction for background fluorescence was performed by sub-
traction of the background levels, obtained by taking the value
away from the recorded area. Fluorescence ratios (340:380 nM)
were converted to intracellular Ca?™ concentrations by using the
equation of Grynkiewicz et al. (13) with apparent dissociation
constant, Kg = 0.224 uM, with Ry, and R,y determined when
[Ca?*]i of the cells equilibrates with “calcium-free” (0 mM
Ca’*/10 mM EGTA) or high Ca?" (10 mM Ca?" in Hepes),
respectively. For intracellular recordings, the CA1l pyramidal
cells were recorded with sharp electrodes (tip resistance: 60-120
MQ). Labeling the recorded cells reveals recording of the CA1
pyramidal cells (14). A major advantage of the intracellular
microelectrode recording configuration over whole-cell clamp is
the avoidance of internal perfusion of test agents into the cells
and the running down of y-aminobutyric acid (GABA)-evoked
currents in the whole-cell patch configuration. A period of
control without the immediate influence of test agents thus is
possible and crucial for comparisons.

Bipolar stimulating electrodes (Teflon-insulated PtIr wire, 25
pm in diameter) were placed in stratum pyramidale, within 200
pm from the recording electrode, for stimulation of interneurons
(50 nA, 50 wA) and in stratum radiatum to stimulate the Schaffer
collateral pathway (SCH) in some cases. Studies were performed
on CAl neurons with stable resting membrane potentials more
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Transformation of GABAergic BAS-CA1 synapses by RyR activation. (a) Stimulation of local GABAergic neurons elicited a monophasic IPSC recorded in

a hippocampal CA1 pyramidal cell under whole-cell patch voltage clamp. BIC (1 uM, 30 min) eliminates (b) whereas kynurenate (KYN; 500 xM, 20 min) does not
alter (c) the evoked IPSPs. (d—f) The relationship between the evoked BAS-CA1 PSP at different membrane potentials can be described with a straight line,

determined by the least-sum squares criterion, and is not altered by kynurenate.

negative than —70 mV. Test stimuli were applied at a frequency
of 1 per min (0.017 Hz). Signals were amplified with an AxoC-
lamp-2B amplifier, digitized, and stored by using DIGIDATA 1200
with the P-CLAMP data collection and analysis software (Axon
Instruments, Foster City, CA). Experiments in which >20%
variations in the evoked IPSP or excitatory postsynaptic poten-
tial (EPSP) magnitudes during 10-min control periods occurred
were discarded. Percent baseline PSP at each minute was
calculated by dividing its value by baseline PSP and then
multiplying the result by 100. The average IPSP value over a
10-min period before treatments in each cell thus was defined as
100% baseline PSP. A negative sign was added to indicate its
inhibitory nature so that —100% indicates the average baseline
IPSP and a positive value indicates an excitatory response.
Differences were considered significant at P < 0.05.

Drugs and Chemicals. Agents were either injected into the re-
corded cells through the recording electrodes: cyclic adenosine
diphosphate-ribose (cADP-ribose; 20 uM in internal solution;
intracellular: —1.0 nA, 500 ms, 50% on cycles through 2-mM
solution, 15 min), N-ethylmaleimide (NEMM; —1.0 nA, 500 ms,
50% on cycles through 200 mM solution, 15 min); RR (20 uM
in internal solution; intracellular: +0.5 nA, 500 ms, 50% on
cycles through 2 mM solution, 10 min); or through perfusion
medium: kynurenic acid (500 uM; 20 min; refs. 10 and 15),
bicuculline methiodide (BIC; 10 uM, 30 min). Unless otherwise
specified, chemicals were obtained from Sigma.

Results

GABAergic interneurons in the hippocampus exert powerful
control over hippocampal networks (16—20). Single-pulse stimuli
to stratum pyramidale elicited IPSCs (peak response: 124 * 8.5
pA, n = 5, whole-cell voltage clamp at —75 mV) or IPSPs,
recorded intracellularly, in the CA1 pyramidal neurons at their
resting membrane potential (Fig. 1 a and b). A gradual running-
down of IPSCs was observed because of cell dialysis/washing out
of intracellular components, whereas the IPSPs recorded intra-
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cellularly were stable for hours and thus were used for examining
long-term GABAergic responses. The IPSP (—=8.5 = 0.2mV,n =
20, P < 0.05) was largely or completely abolished (by 95.3 =
3.3%,n = 10, P < 0.05, paired ¢ test) by BIC, a GABA type A
receptor antagonist (1 uM, 30 min). The sensitivity to BIC
indicates that the evoked IPSP is mediated largely, if not
exclusively, by activation of the basket interneuron (BAS)-CA1l
pathway and involves GABA type A receptors.

Kynurenate, a wide-spectrum competitive antagonist for glu-
tamate receptors (15), was used to reveal whether the stimulating
current might spread to activate the SCH. Kynurenate blocks
both NMDA and non-NMDA ionotropic subtypes, receptors for
the most dominant excitatory inputs to the CAl pyramidal
neurons. At 500 uM (20 min; ref. 10), it effectively eliminated
SCH-CAL1 EPSPs (by >90%; not shown) but did not increase
BAS-CA1 IPSP magnitudes (Fig. 1¢). In the presence of kynure-
nate (20 min), the BAS-CA1 IPSP (-8.0 = 0.3 mV,n =9,P <
0.05) did not differ (P > 0.05, paired ¢ test) from that before
kynurenate application (—=7.9 = 0.3 mV,n = 9, P < 0.05). The
BAS-CAL1 IPSP reversed at a single-membrane potential (Fig. 1
d—f; —=79.6 £ 0.4 mV, n = 77), revealing no obvious minor
component that exhibits a different reversal potential. In all
cases, the IPSP-membrane potential relations could be described
with a straight line and were not affected by blocking the
ionotropic glutamate receptors (n = 9; Fig. 1f).

CA1 pyramidal cells in the hippocampus, a region intensely
studied for its importance in explicit memory, are characterized
with greater abundance of the RyRs than the inositol trisphos-
phate receptors in their spines (21). The RyR agonist, CADP
ribose (22), an endogenous metabolite of nicotinamide-adenine
dinucleotide, was used to activate the RyRs (22). In the presence
of extracellular 1 uM tetrodotoxin to block the generation of
action potentials, cADP-ribose (20 mM internal solution) in-
creased [Ca’*]i (by 172 £ 11 nM on average, n = 4, P < 0.05;
Fig. 2a) and depolarization-evoked increases in [Ca?"]; (peak
responses by 98.7 = 8.2% on average, n = 4, P < 0.05; Fig. 2a).
The cADP-ribose-induced increases in baseline [Ca?*]; and
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Fig. 2. Effects of cADP-ribose on [CaZ*]; and depolarizing-induced [Ca2*];

increases and sensitivity to RR. Under whole-cell voltage clamp, cADP-ribose
increased [Ca2*];and the depolarizing-induced [Ca2*];increase (Insets) (a). The
presence of RR in the internal solution eliminated cADP-ribose’s effects on
[CaZ*]; and the enhancement of the depolarizing-induced [CaZ*]; increase
(Insets) (b). The zeros on the abscissas indicate the beginning of whole-cell
patch formation. Depolarizing pulse was from —75 to —20 mV for 100 ms in
duration. Insets (Right) Pseudocolor images of neurons about 10 min after the
recording. Measurements of the ratiometric data were made in the somata
near primary dendrites (white ovals; calibration bar = 50-500 nM).

depolarization-evoked [Ca?*]; increase both were eliminated by
RR (Fig. 2b; 20 uM internal solution), a membrane impermeant
molecule that inhibits the RyRs with ICs( in the nanomolar range
without affecting inositol trisphosphate receptor-mediated Ca?*
release (23), in four cells tested (P > 0.05 for the changes in
[Ca?"]; and depolarization-evoked changes). Intracellular injec-
tion of cADP-ribose (see Methods) into CAl pyramidal cells
produced a lasting (>1 h), significant reduction in magnitude (by
76.8 = 7.8% 30 min after cADP-ribose, n = 9, P < 0.05) of the
BAS-CA1 IPSP (Fig. 3a) without changing membrane input
resistance. NEMM, a sulfhydryl reagent (23), also was used to
activate the RyRs (22), yielding qualitatively and quantitatively
similar results. The cADP-ribose- or NEMM-induced reduction
in BAS-CA1 IPSP does not appear to result from a simple
blockade of the involved receptor—channel complex. Rather,
injection of each agent caused a shift (Fig. 3¢) of the relationship
between the BAS-CA1 PSP and membrane potential to the right
and of the reversal membrane potential to a more positive
potential (to —68.9 £ 2.2 mV about 30 min after cADP-ribose
from —79.7 = 2.0 mV about 5 min before cADP-ribose). The
effects were prevented (n = 7) by RR (Fig. 3d). RR produced
aperiod of enhanced magnitude of BAS-CA1 IPSPs (Fig. 3d and
e; by 20.5 = 2.0%, n = 15, P < 0.05). The enhancement was not
simply an increase in postsynaptic response for a given mem-
brane potential. The relationship between BAS-CA1 IPSPs and
membrane potential was shifted to the left (Fig. 3f). RR, thus,
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induced a significant change in the reversal potential to a more
negative potential (to —87.7 = 2.2 mV 30 min after, from
—79.2 = 2.0 mV 5 min before RR injection, n = 15, P < 0.05,
paired ¢ test). The observation that RR neither reduced synaptic
responses nor affected postsynaptic membrane properties sug-
gests that no significant amount got through the membrane to
block voltage-sensitive Ca’* channels and transmitter release,
effects that otherwise would be observed.

Coapplication of cADP-ribose or NEMM with postsynaptic
depolarization (to load Ca*) during the injection period re-
versed the BAS-CA1 IPSP to an excitatory response (Fig. 3b).
The transformation thus requires a temporal association of
RyR-mediated Ca?* release with Ca?* influx. The synaptic
transformation did not occur suddenly but, rather, as an exten-
sion of an initial gradual reduction in the BAS-CA1 IPSPs,
lasting for more than 1 h (Fig. 3g). The reversal potential of the
BAS-CA1 PSPs 30 min after cADP-ribose depolarization was
—65.3 mV (£2.4 mV), significantly differing (n = 8, P < 0.05,
paired ¢ test) from its control value (=78.7 £ 1.9 mV). RR
application was effective in blocking the cADP-ribose depolar-
ization- or NEMM depolarization-induced synaptic transforma-
tion. After RR injection, coapplication of cADP-ribose (n = 8)
or NEMM (n = 7) with postsynaptic depolarization did not
transform the synaptic responses. For instance, the BAS-CA1
IPSPs after RR-cADP-ribose depolarization were —118.9%
(£2.6%,n = 8, P <0.05), not significantly different (n = 8, P >
0.05) from —117.2% (£2.2% before cADP-ribose depolariza-
tion; n = §, P < 0.05, paired ¢ test). The effectiveness of RR
indicates that the synaptic transformation depends on postsyn-
aptic depolarization and associated RyR activation. The effects,
however, were sensitive to carbonic anhydrase inhibition. In the
presence of acetazolamide (1 uM, 30 min), a carbonic anhydrase
inhibitor, cADP-ribose depolarization caused no obvious alter-
ations in the BAS-CA1 IPSPs (n = 7; Fig. 3h).

Long-term synaptic transformation (11, 14) alters GABAergic
synaptic sign as well as the amplitudes of the glutamatergic
inputs, thereby providing a mechanism to selectively activate a
subset of pyramidal neurons and block others. Such selective
activation also may contribute to long-term synaptic potentia-
tion. Activation of BAS produced fast IPSPs and reduces excit-
ability and probability of action potential generation of the CA1
pyramidal cells (Fig. 4 a and b). SCH stimulation at intensities
above (30%) threshold elicited action potentials (100% of 10
trials; Fig. 4a). BAS stimulation produced an effective signal-
filtering period of 50-100 ms (up to 200 ms in some cases), during
which no action potential (0% of 10 trials) was evoked by SCH
stimulation at the same intensities (Fig. 4b; n = 10, P < 0.05).
Action potentials were elicited reliably (Fig. 4f; 100% of 10 trials
each cell; n = 10, P < 0.05) after cADP-ribose postsynaptic
depolarization-induced transformation (Fig. 4¢) by single-pulse
costimulation of SCH (at below threshold) intensities and BAS.
Before the cADP-ribose depolarization, the same intensities of
costimulation did not evoke action potentials (Fig. 4 ¢ and d; 0%
of 10 trials each; n = 10). cADP-ribose postsynaptic depolar-
ization also induced a brief period of reduction in afterhyper-
polarization, which gradually recovered to its control values (Fig.
4f). Weak excitatory signals thus are amplified in those cells that
receive transformed IPSPs, while allowing only very strong
excitatory signals to successfully pass through those cells under
normal BAS inhibition (Fig. 4g). Thus, opposite GABAergic
effects in subsets of neurons could act as either filters or
amplifiers.

Discussion

Controlled Ca?* release from intracellular stores within a neu-
ron represents an important mechanism for amplifying Ca?*
signals received from outside the neuron. Such intracellular
release is also important for the generation of stimulus-specific
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Fig. 3. (a—c) cADP-ribose reduces BAS-CA1 IPSP and reverses the IPSP to EPSP when associated with postsynaptic depolarization and shifts the potential
response-membrane potential curve to the right. (d-f) RR prevents cADP-ribose- and cADP-ribose postsynaptic depolarization-induced changes in the BAS-CA1
responses and shifts the potential response-membrane potential curve to the left. (g) Time courses of the response to cADP-ribose postsynaptic depolarization
(cADP-ribose/Ca2*; at arrow) as compared with those of pre-RR application (at arrowhead); each point represents the mean PSP magnitudes + SEM normalized
to the average of their control values before application of agents. In the cADP-ribose/Ca2* group, the same procedure (sham injection of RR at arrowhead) also
was applied through the electrode containing no RR. (h) Acetazolamide (1 uM, 30 min) prevents cADP-ribose postsynaptic depolarization-induced changes in

the BAS-CA1 responses (40 min after cADP-ribose postsynaptic depolarization vs. control trace).

spatiotemporal patterning of cytosolic Ca?* signals, including
Ca?* waves (4, 24), and in switching responses to low-frequency
stimulation from long-term depression to long-term synaptic
potentiation (25). Consistent with such a hypothesis are the
observations that intracellular Ca?* mobilization is altered in
fibroblasts from patients with Alzheimer’s disease (26) and that
ischemia/stroke reduces RyR binding in the hippocampal CA1
(27). Decreases in calexcitin have been found in fibroblasts from
the patients and can be induced by B-amyloid (28). Clarifying the
underlying molecular mechanisms of RyR synaptic transforma-
tion may help elucidate pathophysiological involvement as well
as cellular and molecular signal pathways important for higher
cognitive processes.

RyR enables the endoplasmic reticulum to play an amplifying
role in [Ca?*]; elevation in neurons (29). It mobilizes Ca?* from
internal stores as a function of [Ca?*]; (30, 31) by activating at
least one isoform RyR; (32-34). cADP-ribose has been proposed
to be a putative messenger (33, 35) of type 2 and type 3, but not
type 1, RyRs. It releases Ca®* from an inositol trisphosphate-
insensitive mechanism in many mammalian cells (33, 36), in-
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cluding neurons (37-39). It increases the frequency of RyR Ca?*
channel opening in a planar lipid bilayer-incorporated prepara-
tion (33). The cADP-ribose concentration for half-maximal
stimulation of Ca?" from brain microsomes was reported (33) to
be 100 nM (at extravesicular free Ca?* concentration of 1077 M).
Others, however, reported that cADP-ribose concentrations
higher than physiological range are needed to activate the
RyR-channel complex (ref. 40; see ref. 22 for reviews). The
requirement of higher concentrations may be due to the rela-
tively lower amounts of luminal Ca?>* (40). In the present study,
cADP-ribose is used as a pharmacological ligand. When diffused
or injected into the recorded cells postsynaptically, it increased
[Ca?™];, reduced GABAergic inhibition by itself, and reversed
the GABAergic postsynaptic responses when associated with
postsynaptic depolarization. These results are consistent with the
notion that the sensitivity of the RyR itself is regulated by
[Ca?"];. Nevertheless, the sensitivity of the responses to postsyn-
aptic injection of RR indicates the essential role of RyR in the
evoked responses.

The cADP-ribose depolarization-induced reversal of the
GABAergic postsynaptic responses was sensitive to carbonic
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amplifying excitatory signals so that weaker inputs can pass through the neural circuits. BAS, basket GABAergic interneurons (in gray); Pyr, CA1 pyramidal cells;
SP, stratum pyramidale.
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anhydrase inhibition. Carbonic anhydrase exists in CAl pyra-
midal cells (41). The cellular mechanism underlying the RyR
activation-induced GABAergic synaptic transformation thus
apparently involves an induction of a depolarizing HCO3; flow
through the GABA type A receptor—Cl~ channel. The HCO5;
reversal potential is about —12 mV (42), so that an outward flux
would result, depolarizing the membrane at the resting mem-
brane potentials of neurons. Ca?>* may induce changes in anion
selectivity of the Cl~ channels, activity of carbonic anhydrase,
and/or formation of HCOj5, consistent with others’ reports of
reversing GABAergic inhibitory responses to depolarizing re-
sponses in neonates (43) that were caused by prolonged activa-
tion of GABA type A receptors (44) or the use of steroids (45).

The RyR activation-evoked reversal of the GABAergic postsyn-
aptic responses may redirect signal transfer through the hippocam-
pal network. Input signals that are strong enough to elicit action
potentials in the pyramidal cells are filtered out by GABAergic
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