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Abstract

To investigate the action of adenosine on interneurons as well as on excitatory synaptic transmission onto interneurons in the
hippocampus, intracellular recordings were made from electrophysiologically identified interneurons in the CA1 region of the
hippocampal slice in vitro. The effects of adenosine and the preferential adenosine A ; receptor agonist, chloroadenosine, were examined.
Application of 50 uM adenosine and 20 .M chloroadenosine to the bath produced a hyperpolarization of 5.6 + 1.6 (n=5) and 6.1 + 1.4
mV (n=6), respectively, as well as a decrease in membrane input resistance of 18.1+ 3.5% (n=>5) and 185+ 1.4% (n=6),
respectively. Adenosine depressed the postsynaptic potentials (PSPs) elicited in the interneurons by stimulation of Schaffer collateral
fibers by 73 + 6.8% (n = 5). The amplitude and the duration of the afterhyperpolarization which followed the spike of the action potential
were attenuated by 48 + 6.9% and 31 + 8.6%, respectively (n = 5). Chloroadenosine depressed the evoked PSPs in these interneurons by
61.2 4+ 2.7% (n = 6) and depressed the duration and the amplitude of the afterhyperpolarization by 85.2 + 4.5% and by 72.6 + 4.8%,
respectively (n = 6). The data show that adenosine and chloroadenosine directly inhibit hippocampal CA1 interneurons by blocking the
synaptic input, by hyperpolarizing the membrane potential and by depressing the afterhyperpolarization following individual action
potential spikes. It is proposed that adenosine A, receptors are present at pre- and/or postsynaptic sites of interneuron synapses in the
hippocampal CA1 region. The present findings demonstrate that adenosine A ; receptor activation in CA1 interneurons is able to modulate
the excitatory synaptic input to, and excitability of, these neurons. Thus, as adenosine is released during ischemia and epilepsy, adenosine
may protect both interneurons and pyramidal cells from glutamate excitotoxicity through activation of adenosine A ; receptors on these
neurons in the hippocampus. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although the direct effects of adenosine on hippocam-
pa pyramidal cell excitability and on excitatory synaptic
transmission onto pyramidal cells appear to be clearly
demonstrated, its effects on interneurons are not well
established. Effects of adenosine on excitatory input onto
hippocampal interneurons have been demonstrated only
under conditions of anoxia (Doherty and Dingledine, 1997;
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Khazipov et al., 1995). In fact, it has been reported that
adenosine fails to depress monosynaptic 1PSPs (inhibitory
postsynaptic potentials) in CA1 pyramidal cells (Yoon and
Rothman, 1991; Thompson et al., 1992; Kamiya, 1991)
and has no effect on y-aminobutyric acid (GABA) release
in the hippocampus (Burke and Nadler, 1988), suggesting
there may be lack of adenosine receptors in the region of
inhibitory terminals from interneurons to the pyramidal
neurons in the hippocampal CA1 region. Recently, how-
ever, adenosine A, receptor expression has been demon-
strated on some interneurons in the CA1 area using im-
munohistochemical detection (Rivkees et al., 1995) and in
striatal interneurons using single-cell reverse transcrip-
tion-polymerase chain reaction (Song et a., 2000). More-
over, adenosine A ,, receptor agonist CGS 21680 is able
to enhance the evoked GABA release from hippocampal
nerve terminals indicating adenosine may modulate the
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hippocampal functions by acting on adenosine receptor in
the interneurons as well. (Cunha and Ribeiro, 2000). How-
ever, direct electophysiological evidence of adenosine ac-
tion on interneuron and interneuronal circuitry has not yet
been shown in hippocampus.

Adenosine effects on interneurons are not necessarily of
secondary importance to overall regulation of function in
the hippocampus. It has been demonstrated that one in-
terneuron could form approximately 25,000 synapse within
the hippocampus (Sik et al., 1994). Thus, despite the fact
that interneurons comprise less than 10% of the neuronal
population of the hippocampus (Olbrich and Braak, 1985;
Buhl et al., 1994), these interneurons may have powerful
modulatory effects on pyramidal cells. Interneurons inhibit
pyramidal cells by the release of GABA (Andersen et al.,
1963; Alger and Nicoll, 1982). Thus, any inhibition of
these inhibitory interneurons may lead to increased ex-
citability of pyramidal cells. In fact, blockade of GABA ,
receptors has been shown to lead to epileptiform activity in
pyramidal cells(Prince, 1985), supporting the idea that
these interneurons may provide an important homeostatic
control of synaptic inputs to pyramidal cells.

In this paper, we report recording intracellularly from
electrophysiologically identified interneurons in the CA1
region of the rat hippocampus in vitro to examine the
effects of adenosine on these neurons as well as on synap-
tic inputs to these neurons. Based on these observations
from physiological and pharmacological analyses we con-
firm that the inhibitory effects of adenosine on the CA1
interneurons are mediated by activation of adenosine re-
ceptors on postsynaptic and presynaptic sites of these
interneurons.

2. Materials and methods

Guidelines in The Care and Use of Experimental Ani-
mals by the Canadian Council on Animal Care (vols. | and
I1) were strictly followed and all experiments were ap-
proved by the McGill University Animal Care Committee.

2.1. Preparation of slices

Slices of hippocampus were prepared and perfused as
previously described (Li and Henry, 1992). To outline the
methods briefly, brains were removed from adult male
Sprague—-Dawley rats (125-225 g) after anaesthesia with
halothane and decapitation with a guillotine. The hip-
pocampus was dissected in cold oxygenated (95% O,, 5%
CO,) artificial cerebrospina fluid (CSF; in mM: NaCl,
124; KCl, 3; MgCl,, 2; CaCl,, 2; NaH,PO,, 1.25,
NaHCO,, 26; glucose, 10; pH 7.4) and transverse slices
450-p.m-thick were cut using a Mcllwain tissue chopper.
In each case, dices were fixed on a nylon mesh in a
perfusion interface chamber (600 1) which was perfused
at arate of 1 ml/min with artificial CSF at 30°C, aerated

with 95% O, and 5% CO,. To alow stabilization, the
dices were maintained in the chamber for > 1 h before
electrical recording was attempted. Stable intracellular
recording was taken for > 20 min before any drug was

applied.
2.2. Recording and stimulation

The microelectrode for intracellular recording was
drawn from WPI 1.2 mm OD, filamented glass tubing and
was filled with 3 M KCl. The electrode was placed in the
CA1 region under visua guidance using a Zeiss/Jena
Opmi 211 stereomicroscope. An Axoclamp-2A bridge am-
plifier (Axon Instruments) was used for voltage recordings
and for current injection through the recording pipette.
Bridge balance was monitored continuously. The output
signal was filtered at 10 kHz. The amplifier was connected
in turn to a Tektronix 5111 oscilloscope and through a
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Fig. 1. Comparison of the properties of an interneuron (A) and of a
pyramidal cell (B) in the CA1 region of the hippocampus. (Aa), (Ab),
(Ac) and (Ae) show the sustained high frequency of firing of the
interneuron in response to maintained intracellular current injection of
0.2, 0.3, 0.4 and 0.5 nA, respectively (calibration indicated to the lower
right of (Ae)). The spike train was non-decrementing. Note the lack of
membrane depolarization in response to the injected positive current
pulses. (Ad) shows a spontaneous action potential in this interneuron.
This action potential was followed by a prominent afterhyperpolarization
lasting about 30 ms. In the pyramidal cell in (Ba), a depolarizing
afterpotential followed a spontaneous action potential. Intracellular cur-
rent injection of 0.5 nA produced a few initial action potentials followed
by a period of accommodation (Bb). Hyperpolarizing current pulses
induced similar downward deflections in both the interneuron (Ae) and
the pyramidal cell (Bb). Calibration in (Aa)—(Ac) applies to (Ae) and
(Bb) and the calibration in (Ad) applies to (Ba).
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Data Trandation DT2821 analogue-to-digital board to an
IBM 386 personal computer for data sampling and for
analysis using J. Dempster’s software and software devel-
oped in our laboratory. Data were stored on magnetic tape
after being fed through a pulse code modulator (Instrutech
VR-100) to a video cassette recorder. The trandating
frequency was set at 18 kHz. Membrane potential was
plotted continuously on a chart recorder (Gould 2200).
Quantitative data are given as mean + SE.M. Statistical
significance was analyzed by a paired t-test.

Stimulation was with bipolar NiCr twisted wire elec-
trodes at 0.05-0.1 Hz and an intensity set to evoke re-
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sponses. To activate Schaffer collateral afferents and evoke
postsynaptic potentials (PSPs) onto the interneurons
(Davies et al., 1990; Thompson et al., 1992) the stimula-
tion electrode was positioned at the border of CA1 and
CA2. During drug administration, the amplitude of the
PSP and input resistance as well as amplitude and duration
of afterhyperpolarization following the action potential
were measured at the time that effect of adenosine and
chloroadenosine were maximum. Otherwise, the mem-
brane potentials were held at the initial level before drug
administration. The measurements during control and after
drug administration were averages of five consecutive
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Fig. 2. Adenosine (50 wM) depresses the PSPs (indicated by filled triangle) elicited in a CA1 interneuron by stimulation of Schaffer collateral afferents,
and attenuates both the amplitude and the duration of the afterhyperpolarization following the spikes (indicated by open arrows), as well as input
resistance; the downward deflections were due to intracellular injections of hyperpolarizing current pulses. (A) Control evoked PSPs and spontaneous
action potentials before administration of adenosine. The PSP was evoked during the injection of a hyperpolarizing current pulse to avoid generation of
action potentials. (B) Record taken during the application of 50 wM adenosine; the membrane potential was held at the initial potential. During the
application of adenosine the membrane was hyperpolarized, the input resistance was decreased, the evoked PSP was depressed and the amplitude and
duration of the afterhyperpolarization were depressed. (C) Full recovery of these parameters after washout of adenosine. The initial resting membrane
potential was — 60 mV. The recording electrode was filled with 3 M KCI. (D) The cumulative data illustrate that both PSPs and input resistance (Ri) were
depressed (mean + S.E.; n=5). (E) The cumulative data illustrate that both the amplitude and the duration of the afterhyperpolarization were attenuated

(n=5). Full recovery was seenin al cases. " =p<0.05and “ * = p < 0.01.
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evoked PSP and afterhyperpolarization following the ac-
tion potentials.

2.3. Drugs

Adenosine (Sigma, Oakville, Ontario) and 2-chloro-
adenosine (Sigma) were applied by addition to the perfu-
sion fluid at known concentrations. Chloroadenosine was
chosen because it acts preferentially on adenosine A,
receptors and it is considerably more soluble in water than
more selective adenosine A, receptor agonists (Bruns et
al., 1980; Daly, 1982). Drugs were prepared as 10-fold
concentrated aqueous aiquots and stored frozen.

3. Results
3.1. ldentification of interneurons vs. pyramidal cells

3.1.1. Interneurons

Interneurons were identified electrophysiologicaly by
their characteristic properties distinct from pyramidal cells
(see comparative data in Fig. 1): mean action potential
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duration measured at the base was 0.61 + 0.06 ms; the
spike of the action potential was followed by a prominent
afterhyperpolarization (mean maximum amplitude of 12.4
+ 1.9 mV; mean duration of 26 + 2.7 ms); a depolarizing
current pulse produced a sustained high frequency of firing
(Fig. 1(A)). Thus, al of the interneurons included in this
study were typical basket cells which contact primarily the
somata of pyramidal cells (Buhl et al., 1994; Nicoll, 1994).
The membrane properties of the 11 interneurons were:
mean resting membrane potential of —61.2 + 2.1 mV and
mean input resistance of 33.7 + 3.6 M ().

3.1.2. Pyramidal cells

Stable intracellular recording were taken from 35 pyra
midal cells in the pyramidal cell layer of the CA1 region
(Fig. 1(B). The mean resting membrane potential of the
cells included in this study, measured upon withdrawal of
the electrode, was —66.2 + 2.8 mV (4 S.E.M.). The mean
input resistance of the cells was 37.6 + 3.2 M}, deter-
mined by passing a hyperpolarizing current pulse at a
duration of 200 ms across the neuronal membrane. Action
potentials generated by the passage of a brief depolarizing
intracellular current pulse (0.1-0.5 nA), had a mean ampli-
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Fig. 3. Chloroadenosine (CADO) hyperpolarizes the membrane potential of an interneuron and attenuates both the amplitude and the duration of the
afterhyperpolarization following a spike. (A) Spontaneous action potentials before (Aa), during (Ab) and after ((Ac) and (Ad)) administration of 20 wM
chloroadenosine. Records were taken at the initial membrane potential, maintained by DC current injection. (B) Chart record of the membrane potential of
the interneuron. Regularly repeated downward deflections were due to —0.4 nA intracellular current pulses. DC indicates periods of current injection to
return membrane potential to the preapplication level. During the application of 20 wM chloroadenosine, the membrane was hyperpolarized and the input
resistance was decreased. The amplitude and duration of the afterhyperpolarization (open arrows) were depressed. The amplitude and duration of the
afterhyperpolarization before, during and after drug application were measured at the preapplication membrane potential. The resting membrane potential

was —59 mV. The recording electrode was filled with 3 M KCI.
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tude of 95.7 + 3.3 mV and a mean overshoot of 26.1 + 2.9
mv.

3.2. Effects of adenosine and chloroadenosine on CA1l
interneurons and on PSPs from stimulation of Schaffer
collaterals

Asillustrated in Fig. 2, remote stimulation of the Schaf-
fer collaterals elicited PSPs in CAl interneurons (Fig.
2(Aa)—~(Ac)).

Adenosine (50 wM) depressed the PSPs by 73 + 6.8%
(n=5, Fig. 2(B) and (D)) and decreased input resistance
by 18 + 3.5% (n=5, Fig. 2(D)). In addition, adenosine
(50 wM) attenuated both the amplitude and the duration of
the afterhyperpolarization following the spikes (Fig. 2,
indicated by unfilled arrows) by 48 + 6.9% and 31 + 8.6%
(n=5, Fig. 2(E)), respectively. As application of 50 uM
adenosine produced a hyperpolarization of 5.6 + 1.6 mV
(n=5) and decreased input resistance the measurement of
PSPs and the afterhyperpolarization during the application
of adenosine were aways taken when the membrane po-
tential was held at the initial level by transient direct
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current injection. Full recovery of these parameters was
observed after washout of adenosine (Fig. 2(C)).

In view of this unexpected effect of adenosine on
membrane potential and input resistance as well as on the
duration and amplitude of the afterhyperpolarization fol-
lowing an action potential, the more water soluble and
preferential adenosine A, receptor agonist, chloroadeno-
sine, was examined on CA1 interneurons. As illustrated in
Figs. 3—5, 20 wM chloroadenosine produced a hyperpolar-
ization of 6.1 + 1.4 mV and decreased input resistance by
18.5 + 1.5% (n = 6; Figs. 3 and 4(D)). In addition, 20 M
chloroadenosine depressed both the duration and amplitude
of the afterhyperpolarization by 85.2 + 4.6% and 72.6 +
2.6%, respectively (n= 6; Figs. 3(Ab) and 4(E)). Remote
stimulation of Schaffer collaterals elicited a PSP in CA1
interneurons (Figs. 2(A) and (C), 4(A) and (C), 5) and 20
wM chloroadenosine depressed this PSP by 61.4 + 2.8%
(n=6; Figs. 4B) and 5(B)). Cell input resistances and
synaptic responses were assessed at different membrane
potentials by applying hyperpolarizing current pulses
through the recording electrode before (Fig. 5(Aa),(B),(C)),
during (Fig. 5(Ab),(B),(C)) and after washout of 20 uM
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Fig. 4. Chloroadenosine (CADO) depresses the PSPs elicited in a CA1 interneuron by stimulation of Schaffer collateral afferents and attenuates both the
amplitude and the duration of the afterhyperpolarization following a spike. (A) Control PSPs and action potentials evoked by stimulation before
administration of chloroadenosine. (B) During the application of 20 wM chloroadenosine the membrane was hyperpolarized, the input resistance was
decreased, the evoked PSPs were depressed and the amplitude and duration of the afterhyperpolarization (open arrows) were attenuated. The membrane
potential was held at the initial potential. (C) Full recovery of these parameters. (D) The cumulative data illustrate that both PSPs and input resistance (Ri)
were depressed (mean + S.E.; n=6). (E) The cumulative data illustrate that both the amplitude and the duration of the afterhyperpolarization were
attenuated (n = 6). Full recovery was seen in al cases. * =p < 0.05 and “ * = p < 0.01. The recording €electrode was filled with 3 M KCl.
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Fig. 5. At different membrane potentials, chloroadenosine (CADO) depresses the PSPs elicited in a CA1 interneuron by stimulation of Schaffer collateral
afferents and decreases the input resistance. (A) Synaptic responses were recorded at the point indicated by the filled triangles. The amplitude and duration
of the afterhyperpolarization (open arrows) were depressed. The change in membrane potential was induced by 120 ms duration hyperpolarizing current
pulses injected through the recording electrode. (B) Relationship between the amplitude of the synaptic response and the membrane potential before (Aa),
during (Ab) and after (Ac) administration of chloroadenosine. The initial resting membrane potential was —58 mV. The electrode was filled with 3 M
KCl. (C) Current—voltage relationships from the data presented in (Aa), (Ab) and (Ac). Membrane potential measurements were made at the end of the

depolarizing current pulses.

chloroadenosine (Fig. 5(Ac),(B),(C)). Asiillustrated in Fig.
5(A)—(C), there were changes in the current—voltage rela-
tionship and PSPs during the application of chloroadeno-
sine and both input resistance and PSPs were gained full
recovery after washout of chloroadenosine.

4. Discussion

4.1. Adenosine effects on membrane properties of interneu-
rons

More than seven types of interneuron have been de-
scribed in the hippocampus according to the location,
electrophysiological properties, connectivity to pyramidal
cells and pharmacological profile (Freund and Buzsaki,
1996). In general, three types of interneuron have been
identified in the hippocampal CA1 region based on differ-

ent distribution and on different morphological and electro-
physiological properties (Kawaguchi and Hama, 1987,
1988; Buhl et a., 1994; Nicoll, 1994). The basket cell
contacts primarily the somata of pyramidal cells (Buhl et
al., 1994). The axo—axonic cell contacts primarily the axon
initial segment of pyramidal cells (Buhl et al., 1994). The
bistratified cell contacts primarily the apical and basa
dendrites of pyramidal cells (Buhl et a., 1994). The
interneurons included in this study were all basket cells in
nature which are characterized as fast spiking interneurons
(Schwartzkroin and Mathers, 1978) and were recorded
from the stratum radiatum close to the CA1 region.

Our results demonstrate that activation of adenosine A ;
receptors hyperpolarizes the membrane and decreases the
input resistance of these hippocampal interneurons. An
enhancement of the afterhyperpolarization was never ob-
served in the interneurons in our experiments. It has been
demonstrated in myocytes and CA1 pyramidal cells that
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adenosine induces hyperpolarization by acting on adeno-
sine A, receptors to open potassium channels, including
K arp Channels, through a G-protein mediated mechanism
(Kirsch et al., 1990; Softky and Koch, 1993; Li and Henry,
1992). However, an effect of adenosine and chloroadeno-
sine on interneurons has not been reported previously in
the hippocampal CAL1 region. Our data thus provide the
first electrophysiological evidence for a direct action of
adenosine on hippocampal CA1 interneurons and supports
the idea that adenosine can decrease interneurona ex-
citability and thereby may protect these neurons from
excessive excitation during ischemic and anoxic attack,
conditions in which the extracellular adenosine concentra-
tion is dramatically increased (Dux et al., 1990).

With regard to the decrease in the afterhyperpolariza-
tion, this may have been due to an indirect shunting effect
resulting from the decrease in the input resistance of the
interneurons. However, in view of the fact that there was
only about an 18% decrease in the input resistance, but
adenosine and chloroadenosine attenuated the amplitude of
afterhyperpolarization by 48 to 85%, a shunting effect may
not be able to account for all of the effect on the afterhy-
perpolarization.

There has been one report focusing specifically on the
effects of adenosine on the afterhyperpolarization in hip-
pocampal pyramidal cells (Haas and Greene, 1984); the
data indicated an enhancement rather than a depression at
doses lower than 50 .M. However, the afterhyperpolariza-
tion studied in pyramidal cells appears to have been of a
different type than that studied here. Three different types
of afterhyperpolarization have been demonstrated in hip-
pocampal pyramida cells, a fast afterhyperpolarization
which lasts 2-5 ms, a medium afterhyperpolarization,
generated by a burst of action potentials provoked by
injection of depolarizing current, which lasts 50-100 ms
and a slow afterhyperpolarization which lasts more than 1
s (Storm, 1989). The previous report studied the long-dura-
tion afterhyperpolarization and there was only an effect on
the duration of the afterhyperpolarization, with no con-
comitant effect on the amplitude (Haas and Greene, 1984).
The afterhyperpolarization of the interneurons in our ex-
periments appears to be different from any of the three
types in pyramidal cells because the average duration was
26 ms, which lies outside the ranges of the durations
reported in pyramidal cells. In addition, the afterhyperpo-
larization in the interneurons occurred following sponta
neous action potentials, while the medium and slow after-
hyperpolarizations in pyramidal cells are generated by
altering the excitability of these cells (Storm, 1989).

Adenosine effects on excitatory synaptic transmission in
pyramidal cells in the hippocampus have been studied
extensively (Greene and Haas, 1985; Thompson et al.,
1992; Y oon and Rothman, 1991; Stone, 1981). The synap-
tic input from CA3 to CA1 interneurons is a'so mediated
by excitatory amino acids (Lacaille, 1991; Lacaille and
Schwartzkroin, 1988; Lacaille et al., 1987). Therefore, we

postul ated that adenosine might block the excitatory synap-
tic transmission to interneurons as it does the excitatory
inputs to pyramida cells in the CA1 region. Our data
provide the first evidence showing that adenosine has a
profound depressant effect on the PSP dlicited in CAl
interneurons by stimulation of Schaffer collaterals. At a
postsynaptic site, adenosine action is thought to be pre-
dominantly due to an increase in potassium conductance
(Segal, 1982). Apparently whether adenosine effects on the
membrane potential and afterhyperpolarization are medi-
ated by different mechanisms needs further investigation.
Depression of these excitatory inputs by adenosine may
serve as a further protective mechanism for these interneu-
rons during anoxia and ischemia (Dux et al., 1990).

In summary, our data demonstrate that adenosine recep-
tors are located at both presynaptic and postsynaptic sites
of interneurons in the CA1 region of the hippocampus.
Considering the effects of adenosine on both interneurons
and pyramidal cells in the hippocampus and separate distri-
butions of adenosine receptors on the somata and terminals
of interneurons, this may allow adenosine, glutamate,
GABA and other neurotransmitters to affect hippocampal
pyramidal cell function by regulating the excitability of
inhibitory interneurons. Therefore the present findings may
have potential therapeutic implications for the treatment of
clinical problems such as epilepsy and the neurotoxicity
which occurs with hypoxia and ischemia.
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