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Effects of caffeine on hippocampal pyramidal cells in
vitro

R.W. Greene, H.L. Haas? & A. Hermann'

Neurochirurgische Universititsklinik, 8091 Ziirich, Switzerland

1 The effects of caffeine on the electrophysiological properties of CA1 pyramidal neurones were
investigated in the rat hippocampal slice preparation in vitro.

2 A concentration-dependent increase in both the extracellularly recorded excitatory postsynaptic
potential (e.p.s.p.) and the population spike resulting from stimulation of the stratum radiatum could
be evoked by caffeine with a threshold concentration of 10 uM.

3 Intracellular recordings demonstrate a caffeine-evoked decrease in resting membrane potential, an
increase in input resistance, a reduction of the long afterhyperpolarization (a.h.p.) and a decrease in
accommodation.

4 The interaction between caffeine and adenosine was investigated on the extracellularly recorded
e.p.s.p. The maximal response evoked by caffeine was increased in the presence of adenosine and the
adenosine concentration-response curve was shifted to the right in a parallel fashion in the presence of
caffeine.

5§ Itissuggested that the effects of caffeine on hippocampal neurones may be mediated by a decrease
of one or more potassium conductance(s), and that adenosine and caffeine may compete for the same

electrophysiologically active receptor site on these cells.

Introduction

Caffeine, a methylated xanthine, is the most widely
used central nervous system (CNS) stimulant in the
world. Its behavioural effects are well known (see
Goldstein et al., 1965). However, the direct effect of
caffeine on the electrophysiological properties of
mammalian CNS neurones is not known. Brain stem
reticular formation neurones increase their firing rates
following oral administration of caffeine but the
mechanism for this effect is unclear (Foote, et al.,
1978). In the mammalian peripheral nervous system,
caffeine evokes spontaneous membrane potential hy-
perpolarization (Kuba & Nishi, 1976) and potentiates
the afterhyperpolarizations (a.h.ps) following action
potentials of rat superior cervical ganglia neurones
(Busis & Weight, 1976). These effects are likely to be
mediated by a caffeine-evoked increase in intracellular
free calcium concentration, released from intracellular
stores, as has been demonstrated in rat cultured dorsal
root ganglia neurones (Neering & McBurney, 1984).
However, both the spontaneous hyperpolarizations
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and enhanced a.h.ps would be expected to reduce the
excitability of neurones and thus are not the most
likely mechanisms to mediate the caffeine-induced
stimulation of the CNS. To gain some insight into the
mechanism of action of caffeine, we have investigated
the effects of this agent on mammalian hippocampal
neurones in the in vitro slice preparation.

Methods
Preparation of hippocampal slices

Transverse slices were cut, 450 um thick, with a
Mcllwain tissue chopper from the hippocampi of 24
young adult Wistar rats. The slices were transferred to
the experimental chamber where they were kept
completely submerged in a triple perfusion chamber
modified from our original design (Haas et al., 1979).
Each of the three compartments had a volume of 50 pl
and was independently perfusable. The solutions were
maintained at 32°C, and the flow rate was 0.3 to
0.5 mimin~! in each compartment. The medium con-
tained (in mM): NaCl 124, KCl 2, MgSO, 1.3, CaCl,
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2.5, KH,PO, 1.25, NaHCO; 26, glucose 10, at pH 7.4.
In some experiments tetrodotoxin (TTX) 0.003 mM or
BaCl, 2 mM was added. Sulphate and phosphate were
replaced by chloride in solutions containing barium to
avoid precipitations. Solutions containing drugs were
usually perfused for periods of at least 10 min to reach
plateau effects before experimental evaluation.

Extracellular recording and stimulation

A bipolar nichrome electrode was placed under visual
guidance in the stratum radiatum to stimulate Schaffer
collaterals and commissural fibres with monophasic
0.1 ms pulses of 50—150 pA of current. For simultan-
eous recording of the resultant field excitatory post-
synaptic potential (e.p.s.p.) and the population spike,
the recording electrodes were placed in the stratum
radiatum and stratum pyramidale, respectively (see
Andersen et al., 1971), at ca. 1 mm distance from the
stimulating electrode. The recording electrodes consis-
ted of glass micropipettes filled with NaCl (1 M), and
had resistances of 1-5MQ. The amplitude of the
e.p.s.p was measured at a fixed latency from the time
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of stimulation. This latency was determined before
drug exposure such that the measurement occurred on
the negative slope of the e.p.s.p. at about 75% of the
maximum e.p.s.p. amplitude, in order to avoid con-
tamination from the population spike.

Intracellular recording

Micropipettes for intracellular recording and current
injection contained 2 M KCl. Recording and current
injection were performed using a high input im-
pedance preamplifier (WPI707). Signals were
amplified, photographed from a storage oscilloscope
and stored on an FM tape recorder. Membrane
potential was plotted continuously on a chart recor-
der. Measurements, unless otherwise noted, are given
as the mean * s.e.

Drugs

Caffeine, theophylline and adenosine were obtained
from Fluka, TTX from Sigma.
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Figure 1 Effects of caffeine (Caf) on hippocampal field potentials. (a) Superimposed oscilloscope sweeps from
recordings in stratum pyramidale (upper traces), and stratum radiatum (lower traces), taken before, during and after
the application of caffeine (300 uMm). In the presence of caffeine (middle record) the e.p.s.p. was increased in amplitude
and a large population spike appeared. (b) Graph of the e.p.s.p. amplitude versus the population spike amplitude
obtained from the same preparation (abscissa scale: e.p.s.p. amplitude, mV; ordinate scale: population spike (Pop)
amplitude, mV) in the absence (O) and presence (@) of caffeine 300 uM. The curve was shifted to the left in the presence

of caffeine.
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Figure 2 Effects of caffeine (Caf) on membrane potential and input resistance of hippocampal neurones. (a)
Continuous recording of membrane potential before, during (horizontal bar), and after the application of caffeine
(0.5mMm). An increase in spontaneous activity is reflected in the thickened line. The large deflections are membrane
potential responses to transient intracellular current injections. (b) Continuous recording of membrane potential in the
presence of tetrodotoxin (TTX) before, during (horizontal bar), and after application of caffeine (1.0 mm). Calibration
is the same in (a) and (b). (c) Graph of the voltage response to intracellular current injection in the presence (V) and
absence (@) of caffeine (1.0mMm). Abscissa scale: membrane potential, mV; ordinate scale: intracellular current

injection, nA.

Results
Synaptically-evoked field potentials

Caffeine (10uM, 100puM, 500puM and 1mM) and
theophylline (10uM and 100puM) increased the
amplitude of the extracellulary recorded e.p.s.p. and
population spike of hippocampal CA 1 pyramidal cells
resulting from stimulation of the stratum radiatum
(Figure 1a). The input volley (i.e. the population spike
of the afferent fibres) was unaffected. In 3 experiments
the stratum oriens and alveus were stimulated so that
an antidromic and a synaptic spike were recorded in
stratum pyramidale. Only the synapticaly-evoked
spike was increased by caffeine (100puM). No sig-
nificant difference was found between the actions of
the two methyl xanthines (Wilcoxon two-sample test,
P>0.1). The threshold concentration was approx-
imately 10 uM, which caused a 10% increase of the
e.p.s.p. amplitude. The increase evoked by 100 uM
caffeine was 34.8 + 12.9% (n = 10) and that evoked
by 300 uM caffeine was 71.8 £ 21.6% (n = 10). The
ratio of population spike amplitude to e.p.s.p.
amplitude (Figure 1b) was increased by caffeine. Thus
not only was the e.p.s.p. increased but a given e.p.s.p.
also gave rise to a larger population spike in the
presence of caffeine.

Membrane potential and input resistance

The effects of bath applied caffeine were investigated
in 21 intracellularly recorded neurones with resting
potentials of 72 + 7.6 mV. Caffeine, 100 uM, evoked a
4.3+ 1.8mV depolarization (n =13) and a con-
comitant increase in input resistance of 16.6 + 9.3%
(n=5). A 1 mM concentration of caffeine evoked a

depolarization of 6.6 + 4.4 mV (n = 5), (Figures 2, 3a
and 4a). In order to rule out caffeine-independent
voltage-sensitive changes of input resistance, two
procedures were employed. In the first, the input
resistance was tested after the membrane potential had
been returned to the level of the resting potential
during the application of caffeine, by intracellular d.c.
current injection. Alternatively, following the washout
of caffeine and recovery of the original resting mem-
brane potential, the neurone was artificially de-
polarized to the same potential as had been attained in
the presence of caffeine and then input resistance was
tested (Figure 2). In both cases, the increase in resis-
tance, observed during exposure to caffeine, was
found to be independent of membrane potential.
Caffeine (100 uM; n = 9) also increased the amplitude
and frequency of synaptically-mediated membrane
potential fluctuations and the action potential (AP)
firing rate.

Comparisons of the current-voltage (IV) relation-
ships before and during the application of caffeine
(500 uM and 1 mM) were made on 2 neurones as an
initial step for the analysis of the ionic mechanism of
the depolarization. Both of the I/V relationships in the
presence of caffeine were greater than that of the
control I/V curve, and in both cases the two curves
intersected at — 85 mV (Figure 2c), the approximate
reversal potential for potassium (Halliwell & Adams,
1982). When caffeine was perfused onto TTX-treated
hippocampal slices, its effects were similar to those on
untreated slices (Figure 2b).

Voltage- and calcium-sensitive conductances

In the presence of 100puM caffeine both the long
duration a.h.p. and the associated accommodation are
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Figure 3 Effect of caffeine (Caf) on the long afterhyperpolarization (a.h.p.) and accommodation. (a) The pen
recording shows a reduction in the long a.h.p. following a burst of action potentials (AP) after the addition of caffeine
(100 puM) to the bathing medium (an AP burst is shown by the pen recording as a single upward deflection followed by a
longer duration downward deflection representing the long a.h.p.). Partial recovery is also shown. (b) Oscilloscope
traces before (on the left) and during (on the right) application of caffeine (Caf; 100 uM). For each record, the top sweep
reflects depolarizing intracellular current injection (0.2nA during the upward deflection), the middle sweep reflects
0mV potential, and the bottom sweep reflects the membrane potential. During caffeine application, the membrane
potential was returned to the control level by d.c. hyperpolarizing current injection and then the depolarizing current
pulse was applied. Accommodation was antagonized during the caffeine application. Note the reduction of the AP
amplitude.
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Figure 4 The effect of caffeine (Caf) on the slow action potential (AP) in tetrodotoxin (TTX)-treated slices. (a) The
oscilloscope trace on the left shows the slow action potential (AP) before the addition of caffeine. The three overlapping
traces on the right were made during exposure to caffeine (100 uM). The trace beginning from a more depolarized level
was recorded before d.c. intracellular current injection and the two traces beginning from a more hyperpolarized level
were recorded after the membrane potential was returned to the control level by the current injection. (b) The addition
of BaCl, to the perfusate resulted in current evoked slow APs which appear superimposed upon a depolarizing plateau
potential. Caffeine (500 uM) did not alter either the slow AP amplitude or duration but did reversibly antagonize the
plateau potential.




antagonized in 5 of 7 neurones tested (Figure 3).
Caffeine (100 uM, n =9; 500 uM, n = 3) also reduced
the peak amplitude of the AP which only partially
recovered in normal solution. The decrease was most
prominent following the initial AP of a burst of APs
(Figure 3b). The duration of the AP was unaffected by
caffeine. The reduction in AP amplitude might be due
to a decrease in calcium inward current which could
also account for the effect of caffeine on the a.h.p. and
accommodation. To examine this possibility, slices
were treated with TTX to antagonize the fast inward
sodium currents. The remaining high threshold, slow
AP results from an interaction of depolarizing calcium
current (Schwartzkroin & Slawsky, 1977, Brown &
Griffith, 1983b) and a hyperpolarizing calcium-depen-
dent potassium current (Schwartzkroin & Prince,
1980; Brown & Griffith, 1983a) and other potassium
currents. This slow AP was unaffected by 100uM
caffeine (Figure 4a). However, this result does not rule
out effects on both the inward and outward currents.

To make a more direct investigation of the effects of
caffeine on calcium currents, both TTX and BaCl,
were added to the bathing medium. BaCl, was used
because it not only passes more readily through
calcium channels (Hagiwara & Byerly, 1981), but also
antagonizes many of the potassium currents that can
be activated during a slow AP (Connor, 1979; Her-
mann & Gorman, 1979; Constanti et al., 1981). In the
TTX-barium-treated slice, small depolarizing current
pulses initiated slow overshooting spikes followed by a
depolarized plateau potential which lasted for several
hundred milliseconds. Caffeine (500 uM, n = 3) had no
effect on the amplitude or duration of the slow AP.
However, the depolarized plateau was reversibly re-
duced (Figure 4b).
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Interaction with adenosine

Previous studies have indicated that methylxanthines
can antagonize the binding of adenosine to its receptor
(Daly et al., 1983). To test for a corresponding
relationship between caffeine and adenosine with
respect to electrophysiological parameters, we ex-
amined their interactions of the extracellulary recor-
ded e.p.s.p. In 4 preparations, 24 perfusions of caffeine
(50, 10, 500 uM) resulted in a reversible and concentra-
tion-dependent antagonism of the adenosine-evoked
inhibition of the e.p.s.p. Two concentration-response
curves were drawn, each from a different preparation,
by averaging twenty evoked e.p.s.ps for each perfusion
of the drugs.

The first curve in Figure 5 shows the relationship
between the log concentration of caffeine and the %
increase of e.p.s.p. Two curves were obtained, one in
normal perfusion medium and the other with the
addition of adenosine (40 uM). Following equilibra-
tion with adenosine, the stimulation strength was
increased so that the control (without caffeine) e.p.s.p.
amplitude was identical to that obtained before the
addition of adenosine. Under these conditions, the
effect of caffeine appeared to be enhanced (Figure 5a).
This was particularly evident at the concentrations of
caffeine evoking the maximal response, where there
was a greater than twofold increase. The second graph
shows the relationship between the log-concentration
of adenosine and the % depression of the evoked
e.p.s.p., in the presence and absence of 50 uM caffeine
(Figure 5b). The curve was shifted to the right in the
presence of caffeine and the maximal response to
adenosine was unaffected.
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Figure 5 The interaction between caffeine (Caf) and adenosine on extracellularly reoo;'ded hippocampal e.p.s.ps.
Each point in the two graphs represents 20 averaged e.p.s.ps recorded during a single perfusion. There were 7 perfusions
for (a) and 15 for (b). (a) The concentration-response curve for caffeine before (H) and after (@) the ad'dmon of
adenosine (40 uM) to the bathing medium (see text). The response was measured as the % increase frpm base-line of the
extracellularly recorded e.p.s.p. (b) Illustrates a parallel shift to the right of the adenosine concentration-response curve
by caffeine (50 um); () before and (@) after the addition of caffeine. The response was measured as the % reduction of

the base-line extracellularly recorded e.p.s.p.
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Discussion

Our results show that caffeine excites hippocampal
CA 1 neurones, as is demonstrated by its actions on
both the extracellulary recorded population e.p.s.p
and the population spike, and intracellulary recorded
membrane responses. The excitation reflects four
changes in the neuronal membrane properties: (1) a
depolarization from resting membrane potential, (2) a
decrease in the membrane conductance, (3) a reduc-
tion of the long duration a.h.p., and (4) a reduction of
accommodation. Our data suggest that the ionic
mechanism responsible for all four excitatory changes
may be a decrease of one or more potassium conduc-
tance(s) (GK). The I/V curves obtained in the presence
and absence of caffeine cross at the reversal potential
of potassium, indicative of a reduction of GK as the
mechanism of action for the first two effects. An
alternative explanation could be that caffeine reduces
a chloride conductance. However, this is unlikely since
KClfilled electrodes were used which shift the chloride
reversal potential 30— 50 mV in a depolarized direction
(unpublished observations). It is also unlikely that a
voltage-sensitive inward conductance increase is res-
ponsible for these actions of caffeine. Although such
an increase might depolarize the membrane potential
with an apparent increase or no change in input
resistance, it would generate I/V curves that do not
Cross.

The long duration a.h.p. and accommodation of AP
firing are mediated by an increase in GK (Gustafsson
& Wigstrom, 1981; Brown & Griffith, 1983a). In both
these cases the GK has been shown to be calcium-
dependent (Hotson & Prince, 1980; Alger & Nicoll,
1980; Brown & Griffith, 1983a). Thus, the caffeine-
evoked decrease in the long a.h.p. and accommoda-
tion probably reflects a decrease of the calcium-depen-
dent GK. A similar mechanism of action has been
found for histamine and noradrenaline in the hip-
pocampus (Madison & Nicoll, 1982; Haas & Kon-
nerth, 1983). However, further investigation is needed
to establish more firmly that the caffeine-sensitive GK
is calcium-dependent.

Caffeine reduces the plateau potential but not the
slow AP observed in a TTX-barium-treated prepara-
tion. The plateau potential may be generated by either
a TTX-resistant increase of sodium or calcium con-
ductance or, alternatively, a decrease of outward
conductance. A similar effect of caffeine, a reduction
of a slow inward current, has been demonstrated in
cardiac Purkinje fibres but there too the ionic
specificity is not known (Hess & Wier, 1984). If, in
hippocampal neurones, a calcium conductance is
involved, then its antagonism by caffeine might con-
tribute to the reduction of the calcium-dependent
a.h.p. and accommodation.

The slow APs in TTX-barium-treated slices were

unaffected by caffeine. Therefore, it is unlikely that the
TTX-resistant currents are responsible for the caf-
feine-induced reduction of the fast AP amplitude in
normal perfusion media. It is more likely that this
reduction in amplitude is due to a reduced inward
sodium current as has been observed in invertebrate
neurones (A. Hermann, personal observation).

The four changes in neuronal membrane properties
in the presence of caffeine are very different, and with
respect to the long a.h.p., of opposite polarity from
that seen in vertebrate peripheral (Busis & Weight,
1976, Kuba & Nishi, 1976) and invertebrate (Her-
mann, 1981) nervous systems. However, these
previous studies all employed concentrations of caf-
feine one to two orders of magnitude greater than
those used in this study, to evoke a presumed in-
tracellular action. The effects described here probably
reflect an extracellular action (see below).

Adenosine has been shown to hyperpolarize hip-
pocampal neurones by increasing GK (Segal, 1982)
and to enhance both accommodation and the long
a.h.p. (Haas & Greene, 1984). The effects of caffeine
on these neurones are a remarkable mirror image of
the actions of adenosine raising the possibility that
exogenously applied caffeine may interact with en-
dogenously active adenosine.

Binding studies have provided evidence for com-
petitive inhibition of adenosine by caffeine at both the
A,- and A,-receptor sites (Smellie et al., 1979; Daly et
al., 1983). They have further shown that an increase in
the number of brain adenosine receptors follows
chronic consumption of caffeine (Boulenger et al.,
1983). The shift to the right of the adenosine log dose-
response curve by caffeine (similar to that seen with
theophylline; Scholfield, 1978; Dunwiddie & Hoffer,
1980) is consistent with a competitive antagonism of
adenosine by caffeine. Such an action of caffeine could
explain why the maximal potentiation of the popula-
tion e.p.s.p by caffeine was further enhanced by the
addition of adenosine to the perfusion medium. It
follows that the maximum caffeine effect before the
addition of adenosine could reflect maximal antagon-
ism of the electrophysiological effects of endogenously
active adenosine. These are an increase in resting
potassium conductance and an enhancement of the
a.h.p. and accommodation (Haas & Greene, 1984).

Perhaps more relevant to the CNS stimulatory
effect than the simple membrane depolarization is the
modulation of neuronal responses evoked by the
actions of caffeine: namely, an increase in signal to
noise ratio and a potentiation of excitatory signals,
especially those of long duration, which could switch
the nervous system to a more responsive state. We
propose that these excitatory effects are a consequence
of the antagonistic effects of caffeine on adenosine
present in the extracellular fluid in electro-
physiologically active concentrations.
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