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Adenosine A, receptors mediate hypoxia-induced inhibition of
electrically evoked transmitter release from rat striatal slices
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Abstract

We have examined the role of adenosine in mediating effects of mild hypoxia on electrically evoked transmitter release. Rat striatal
slices, preincubated with [*H]dopamine and ['*Clcholine, were superfused continuously and stimulated electrically. Before and during the
second stimulation, some slices were superfused with Krebs’ solution with lowered oxygen. This mild hypoxia caused a significant
increase of the electrically evoked outflow of endogenous adenosine, hypoxanthine and inosine into the superfusion buffer, whereas
electrically evoked release of [*H]dopamine and ['*Clacetylcholine was significantly decreased. The addition of 8-cyclopentyl-1,3-dipro-
pylxanthine, a selective adenosine A receptor antagonist, blocked the hypoxia-induced inhibitory effect on the evoked release of these
two transmitters in a concentration-dependent manner. In summary, the results show that reduction of the oxygen supply to striatal slices
results in an increased release of endogenous adenosine, which, by acting on adenosine A receptors, decreases the electrically evoked

release of dopamine and acetylcholine. © 1997 Elsevier Science B.V.
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1. Introduction

It is well established that hypoxia leads to a marked
cerebral depression despite no major changes in high-en-
ergy phosphate compounds (see Duffy et al., 1972; Kogure
et al.,, 1977). Hypoxia is also associated with a failure of
synaptic transmission, which can be attributed to reduced
release of transmitters (for review see Somjen et al., 1993;
Martin et al., 1994). Most studies of this phenomenon
under in vitro conditions have used the hippocampal slice
preparation. Neurophysiological studies have provided ex-
cellent evidence that excitatory neurotransmission is re-
duced by hypoxia or anoxia (Fredholm et al., 1984; Yoneda
and Okada, 1989; Katchman and Hershkowitz, 1996) and
that in particular the excitatory input to the inhibitory
interneurons is affected (Khazipov et al., 1995). Under
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hypoxic conditions, the level of adenosine in the brain is
increased (for review, see Rudolphi et al., 1992; Winn et
al., 1981; Zetterstrom et al., 1982; Fredholm, 1996). There
is also an increased release of adenosine from hippocampal
slices subjected to anoxia (Fredholm et al., 1984). It is
therefore of interest that adenosine acting at A, receptors
has been shown to mediate part of the anoxia-induced
synaptic depression (Fredholm et al.. 1984; Fowler, 1990,
1993; Gribkoff et al., 1990; Gribkoff and Bauman, 1992;
Khazipov et al., 1995; Katchman and Hershkowitz, 1996).
It is well known that adenosine, acting on adenosine A
receptors, can inhibit the release of most neurotransmitters
including excitatory amino acids (Fredholm and Dunwid-
die, 1988). Thus, adenosine that is released when energy
supply to the brain is compromised appears to reduce the
release of neurotransmitters which have the capacity to
increase energy demand. Adenosine appears to act as a
feedback modulator, counteracting the reasons for its own
formation.

However, most studies performed on ischaemia /hypo-
xia in vivo {e.g., Benveniste et al., 1984: Phillis and
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Walter, 1989) have indicated dramatically increased levels
of excitatory amino acids in cortical structures and in
hippocampus. In the striatum, another area known to be
susceptible to ischaemic brain damage, there is an increase
both of dopamine (Brannan et al., 1987; Globus et al.,
1988; Yao et al., 1988) and of excitatory amino acids (e.g.,
Obrenovitch et al., 1993). This release is likely to be
related to the massive, calcium-independent efflux of amino
acids that is observed from synaptosomes (e.g., Sanchez-
Prieto and Gonzalez, 1988). It has been suggested that the
massive increase in glutamate that is seen in
ischaemia /hypoxia (for review see Szatkowski and At-
twell, 1994) in turn causes release of other transmitters
such as dopamine (Milusheva et al., 1992; Jin and Fred-
holm, 1997).

Is seems likely that the apparent discrepancy between
results showing reduced neurotransmission in vitro and the
in vivo results showing massively increased levels of many
transmitters can be related to the magnitude and /or dura-
tion of the deprivation of metabolic substrates. Whereas
short periods of anoxia cause a reversible depression,
long-term anoxia leads to irreversible damage coinciding
with a massive decrease in neuronal ATP and an inability
to maintain intracellular ionic composition (see Kass and
Lipton, 1986). It is known that complete omission of
glucose and oxygen from the superfusion medium markedly
increases the release of several transmitters including
dopamine and acetylcholine from striatal slices (Milusheva
et al., 1992). It is, however, not known if a milder hypoxia
can reduce the evoked release of these transmitters.

The aim of the present study was therefore to examine
the inhibition by endogenous adenosine of transmitter re-
lease during mild hypoxia by examining the electrically
evoked simultaneous release of radiolabelled dopamine
and acetylcholine from rat striatal slices. In a previous
study we showed that the activation of adenosine A,
receptors inhibits the electrically evoked release of
dopamine and acetyicholine from rat striatal slices under
normoxic conditions (Jin et al., 1993). The experiments
presented here used a simple in vitro model of mild
hypoxia that simply relies on omitting the gassing of the
superfusion solution with the customary 95% oxygen gas.

2. Materials and methods
2.1. Preparation and treatment of rat striatal slices

The experiments were approved by the regional animal
ethics board. Male Sprague-Dawley rats (150-250 g) were
housed under controlled conditions with 12 h day-night
cycles and with food and water available ad libitum. They
were decapitated without prior stunning or anaesthesia, and
the brains were rapidly removed. The right and left striata
were dissected out and placed in ice-cold Krebs’ solution
of the following composition (in mM): NaCl 118, KClI

4.85, CaCl, 1.3, KH,PO, 1.15, NaHCO, 25, MgSO, 1.15
and glucose 11.1. The striata were cut into 0.4 mm thick
slices by means of a Mcllwain tissue chopper operated
manually. Then the slices were kept in 10 ml of Krebs’
solution at room temperature for 30 min, continuously
gassed with a 95% O, /5% CO, mixture to maintain a pH
of 7.4. This procedure was repeated once at room tempera-
ture and once at 37°C. Thereafter the slices were labelled
by incubation for 30 min at 37°C with [*H]dopamine (5
pCi/ml) and ['*Clcholine (2 wCi/ml) in the presence of
123 uM pargyline chloride and 114 wM ascorbic acid.
The method makes it possible to study acetyicholine re-
lease in vitro without inhibiting cholinesterase, thus min-
imising autoinhibition of transmitter release caused by an
artificial accumulation of unhydrolysed acetylcholine
(Richardson and Szerb, 1974). Whereas basal efflux of '*C
radioactivity (after ['* Clcholine labelling) partly (40-60%)
represents choline, the evoked release is composed to
about 90% of ["Clacetylcholine (Richardson and Szerb,
1974; Fredholm. 1990; Broad and Fredholm, 1996). After
labelling, the 12 slices (one per chamber) were transferred
to superfusion chambers of a Brandel Superfusion model
SF-12 instrument and perfused with Krebs® solution at
37°C at a flow rate of 0.2 ml/min. After 2 h of washing,
when an essentially steady state of efflux of radioactivity
was found, 3-min fractions were collected continuously
and automatically. In all experiments the buffer contained
I wM nomifensine to inhibit dopamine reuptake and 10
M hemicholinium-3 to inhibit choline reuptake. After
collection of the third and the twelfth 3-min fractions, the
slices were subjected to biphasic electrical stimulation (2
ms duration, 1 Hz and 75 mA) for 3 min during the fourth
fraction (S,) and the thirteenth fraction (S,). The results
obtained with the superfusion system used in the present
study agreed well with the results obtained with the cus-
tom-built equipment employed previously (Jin et al., 1993).
Thus, the electrically evoked release was tetrodotoxin- and
Ca’*-sensitive as reported previously (not shown). The
slices were exposed to hypoxic conditions by changing the
oxygenated perfusion solution to one that was not oxy-
genated starting 5 min prior to S, until the end of the
experiment. The adenosine A, receptor-selective antago-
nist 1,3-dipropyl-8-cyclopentyl xanthine (DPCPX) and the
NMDA receptor antagonist MK-801 were present in the
superfusion buffer from 10 min before the start of the
experiment until its end. Two to four of the 12 slices from
each rat striatum were used as controls. At the end of the
experiment the slices were taken out of the chambers and
homogenised by boiling for 2 min in NaOH (2 M), neu-
tralised with HCI (5 M) and buffered with Tris (1 M),
These slice samples and fraction samples were mixed with
4 ml of scintillation cocktail (Ready Safe, Beckman). The
radioactivity in each sample was measured using a scintil-
lation counter (Rackbeta., LKB Wallac). Appropriate cor-
rections were made for counting efficiency. Cross-con-
tamination of 'H into C was minimised to less than
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0.04%, and that of "*C into "H averaged 4.8%. The results
were always corrected for cross-contamination. The count-
ing efficiencies of *H and "C averaged 17+ 0.2 and
69 + 0.3% for medium samples and 16 + 0.3 and 67 +
0.4% for tissue samples. Further experimental details are
given in the text.

2.2. Measurement of pO, in perfusion buffer

Samples from the perfusion buffers (gassed for 1-2 h
with 95% O,/5% CO, or not at all) were taken in glass
syringes, care being taken to exclude air bubbles, and
analysed for partial pressure of oxygen (pO,) with a blood
gas analyser (Radiometer ABL 300, Denmark) at 37°C.
When the buffer was gassed with 95% N, /5% CO, for
1-2 h the measured pO, was 6 kPa.

2.3. Measurement of purines

To examine the bath accumulation of endogenous
adenosine, inosine and hypoxanthine under the control or
hypoxic conditions. a series of experiments were carried
out essentially according to the procedure described above
for experiments on transmitter release, but incubation with
radiolabelled transmitters was omitted and samples were
collected for 9 min periods. The samples (9 X 0.2 ml) were
lyophilised and reconstituted in a 10-fold smaller volume.
The concentration of adenosine, inosine and hypoxanthine
in hypoxia and control experiments was measured using
high performance liquid chromatography (HPLC) essen-
tially as described previously (Lloyd et al., 1993). HPLC
analysis was carried out at room temperature using a
reverse-phase C,, column (Nucleosil 5 mm, 4.6 X 150
mm) with isocratic elution using 10 mM (NH,)H, PO,, pH
6.0, 13% methanol as the mobile phase and a flow rate of
1.0 ml/min.

2.4. Calculation and statistical analysis

The fractional release of transmitter over each 3-min
period was calculated by means of a microcomputer pro-
gram, which was also used to calculate the stimulation-
evoked release of radioactivity by subtracting basal ra-
dioactivity outflow. The total area under the curve describ-
ing fractional transmitter release over basal was calculated
for a 15 min period. The responses are usually expressed
as the ratio of evoked radioactivity release induced by S,
and by S,, and are given as means + S.E.M. All data were
the results of experiments using at least 6 slices from at
least 3 animals. During experiments where the effect of
one condition was compared to that of control condition,
an unpaired, two-tailed Student’s r-test was used. When
the effect of more than one condition was being examined
and compared to that of control, one-way analysis of
variance (ANOVA) followed by a Bonferroni post-hoc test

for multiple comparison was employed. A probability level
of < 0.05 was considered significant.

2.5. Chemicals

[*H]Dopamine (dihydroxy-phenylethylamine 3,4-ethyl-
2-[N-*H]; specific activity: 30 Ci/mmol) and ["*Clcholine
(specific activity: 54 mCi/mmol) were obtained from the
Radiochemical Center (Amersham, UK). DPCPX (8-
cyclopentyl-1,3-dipropylxanthine) and nomifensine were
obtained from RBI (Research Biochemicals International),
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Fig. 1. Decrease by hypoxia of electrically evoked [ *H]dopamine (A) and
[ Clacetylcholine (B) release from rat striatal slices, The slices were
stimulated twice with 1 Hz and 75 mA for 3 min (marked by the filled
bars), and were exposed to control or hypoxic conditions (marked by the
open bar) from 5 min prior to S, until the end of the experiment.
Responses are expressed as the fractional release per minute of the
radioactivity. Each point is the mean + S.E.M. of 617 observations.
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Table 1

Inhibition by hypoxia of electrically evoked [*H]dopamine and
[ Clacetylcholine release from rat striatal slices in the presence or the

absence of HEPES

S. Jin, B.B. Fredholm / European Journal of Pharmacology 329 (1997) 107-113

Treatment pH [*H[Dopamine ['*CJAcetylcholine n

Control 7.40 0.66+0.03 0.69+0.03 10
+HEPES20mM  7.32 0.674+0.04™  0.71+0.05" 7
+HEPES 20 mM (a) 8.15 0.66+0.03N5  0.68+0.06™ 14

Hypoxia 8.15 0294002 048+004° 12
+ HEPES 20 mM 7.35 0.24+0.03° 0.45+0.04 ¢ 17

The slices were stimulated twice with 1 Hz and 75 mA for 3 min, and
were exposed to control or hypoxic condition in the presence or the
absence of HEPES (20 mM) from 5 min prior to S, until the end of the
experiment. (a) Buffer with HEPES (20 mM) was adjusted with NaOH
solution (2 M) to pH 8.15. Responses are expressed as the ratio of
radioactivity overflow during S, and S,, and are given as mean + S.E.M.
n = number of determinations. A significant difference (by ANOVA) is
represented by: * P < 0.01, ®p <0.001, ™not significant. Each vs. corre-
sponding control.

Natick, MA, USA. HEPES (2-[4-(2-hydroxyethyD-1-
piperazinyl] ethanesulfonic acid) was obtained from Merck
(Darmstadt, Germany). Hemicholinium-3 and ascorbic acid
were from Sigma-Aldrich (Stockholm, Sweden). Pargyline
hydrochloride was obtained from Karolinska Apoteket
(Stockholm, Sweden). All other drugs and chemicals were
of the highest grade commercially available.

3. Results

Control slices were perfused with buffer gassed with
95% O, and 5% CO, (pO, = 112 kPa) and stimulated
twice. As reported previously there was a reproducible
electrically evoked release of both [*H]dopamine and
["*Clacetylcholine (Fig. 1, Table 1). To induce mild hy-
poxia, the striatal slices were superfused before and during
the second stimulation with Krebs’ solution that was not
gassed. Under such hypoxic conditions (pO, = 22 kPa), a
clear-cut decrease in the fractional release of [3 Hldopa-
mine and [ Clacetylcholine was observed during the pe-
riod of hypoxia in comparison with control (Fig. 1). The
electrically evoked release of [ H]dopamine was reduced
by about 56% (P <0.001) and the electricaily evoked
release of ['*Clacetylcholine reduced by about 30% (P <

Fig. 2. Time-course of electrically evoked overflow of endogenous
adenosine (A), hypoxanthine (B) and inosine {C) from rat striatal slices
into normoxic or hypoxic medium. The slices were stimulated twice with
I Hz and 75 mA for 3 min (marked by the filled bars). Responses are
expressed as the fractional release per 9 min of these purines. Each point
is the mean+ S.EM. of six observations. In each panel there is an insert
showing the ratio of the calculated evoked overflow of the relevant purine
during the second stimulation period (S,) and that evoked by the first
stimulation (S,). The control outflow (before S,) was subtracted in both
instances. A significant difference (by Student’s r-test) is represented by:
" P <005 °" " P<0.001. Each vs. corresponding control.
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0.01) as shown in Table 1. Our results with dopamine are
in agreement with previous observations from studies in
which a relatively mild hypoxic condition was used (Ochi
et al., 1994).

This method of inducing hypoxia also led to changes in
pH. Thus, the pH value of the ungassed Krebs’ solution
was, as expected, much higher than that of Krebs’ solution
gassed with 95% O, and 5% CO, (Table 1). In order to
examine the possible effect of the increased buffer pH
value on the hypoxia-induced inhibition, the following
experiments were carried out. Under control conditions,
raising pH with HEPES (20 mM) did not change the
evoked release of [*H]dopamine and ['*Clacetylcholine.
Conversely, reducing the pH value of the ungassed Krebs’
solution to 7.35 did not change the hypoxia-induced inhibi-
tion of the transmitter release. These results suggest that
the inhibition under hypoxic conditions of [?H]dopamine
and ['*Clacetylcholine release cannot be accounted for by
a change of buffer pH.

The electrically evoked release of endogenous adeno-
sine, inosine and hypoxanthine was also measured under
the same control or hypoxic conditions. Adenosine levels
increased first, followed by an increase in inosine and
hypoxanthine (Fig. 2). Furthermore, hypoxia significantly
increased the evoked release of endogenous adenosine,
inosine and hypoxanthine (Fig. 2).

Therefore, a selective adenosine A, receptor antagonist,
DPCPX, was employed to examine the role of the released
adenosine in mediating hypoxia-induced inhibition of elec-
trically evoked release of [*H]dopamine and
[**Clacetylcholine. DPCPX caused a concentration-depen-
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Fig. 3. Effects of increasing concentrations of DPCPX on hypoxic
inhibition of electrically evoked [*H]dopamine and ['*Clacetylcholine
release from rat striatal slices. For further details see legend to Fig. 1.
DPCPX was present in the superfusion buffer throughout the experiment.
Responses are expressed as a percentage of hypoxic inhibition. Each
point is the result of 6—19 observations.

dent decrease of the inhibitory effect of hypoxia on the
evoked release of both these transmitters (Fig. 3). At a
concentration of 1 wM DPCPX almost abolished the hy-
poxia-induced inhibition of transmitter release (90% for
dopamine and 80% for acetylcholine).

4. Discussion

In most previous in vitro hypoxia experiments, brain
slices have been superfused with Krebs’ solution previ-
ously equilibrated with 95% N, and 5% CO, (pO, =0
kPa) rather than with 95% O, and 5% CO, (pO, = 112
kPa). This is anoxia, or at least severe hypoxia, and may, if
prolonged, result in a severe disruption of neuronal energy
metabolism (e.g., Kass and Lipton, 1986). In our protocol,
a 30 min period of reduced oxygen was used. If a brain
slice is subjected to 30 min of complete anoxia irreversible
damage is likely to occur. It has also been pointed out
(Goldberg et al., 1997) that there are no simple methods to
remove oxygen completely and reproducibly from the
perfusion medium, and that some type of anaerobic work-
station is necessary. Such a workstation could not readily
be combined with the equipment used to stimulate the
striatal slices. For these two reasons we used a simple in
vitro model (pO, =22 kPa) where we omitted gassing
altogether for a brief period. Thus, the solution was equili-
brated instead with air, i.e., with a 5-times lower oxygen
content. This also caused a reduction in the CO, content,
and an increase in pH. The change in pH did not materiaily
affect transmitter release, but we did not specifically test
the effect of changes in CO,. However, small changes in
CO, levels do not change cerebral metabolism much and
large increases tend to reduce energy metabolism (see
Veech, 1980). Since we found that energy metabolism as
measured by purine overflow was reduced by not gassing
this is difficult to explain by lowered CO,. Thus, our
simple method, which does not require a special atmo-
sphere controlled chamber, appears to work for our pur-
poses.

Under these mildly hypoxic conditions, the accumula-
tion of endogenous adenosine and other purines (inosine
and hypoxanthine) in the superfusion solution was signifi-
cantly increased. Electrical stimulation per se induced a
small increase in such overflow of endogenous purines.
The magnitude of this overflow was much smaller than
that reported previously (Jonzon and Fredholm, 1985;
Lloyd et al., 1993) because we used much lower stimula-
tion frequencies in the present study —~ 1 Hz vs. 10-20 Hz
in the previous ones — as well as briefer stimulation
periods. Under the present conditions the electrically
evoked overflow of adenosine was quite reproducible,
whereas our previous studies using more intense stimula-
tion (Jonzon and Fredholm, 1985; Lloyd et al., 1993),
showed a much smaller overflow of purines by a second
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stimulation. When mild hypoxia was present during the
second stimulation period, the evoked accumulation of all
three measured purines in the superfusate was significantly
enhanced and almost doubled. The evoked release of ino-
sine and hypoxanthine peaked at a later time-point than the
evoked release of adenosine. This suggests that a substan-
tial part of the detected inosine and hypoxanthine is not
released as such but is derived from released adenosine
which is subsequently metabolised. Our previous results
do, however, suggest that part of the inosine and hypoxan-
thine are released by a mechanism that does not involve
adenosine formation (see Lloyd and Fredholm, 1995).

In slices superfused with buffer with reduced oxygen
levels, the electrically evoked release of striatal dopamine
and acetylcholine was significantly decreased. Thus we
show that not only the release of excitatory amino acids
from hippocampal slices (see Section 1), but also the
electrically evoked release of dopamine and acetylcholine
from striatal slices can be reduced by hypoxia. Previously
it has been shown that perfusion of striatal slices without
glucose and oxygen leads to a massive increase of both
acetylcholine and dopamine release from striatal slices
(e.g., Milusheva et al., 1992). We also show that the
decrease in the electrically evoked release of acetylcholine
and dopamine can be attributed mostly to adenosine since
a selective adenosine A, receptor antagonist, DPCPX,
blocked the effect of hypoxia on dopamine and acetyl-
choline release. It is possible that some other mechanism
might contribute since even a very high concentration of
DPCPX did not completely eliminate the inhibition, but we
have no further evidence for such an additional mecha-
nism.

In summary, we have shown that striatal slices equili-
brated with reduced oxygen release less transmitter upon
electrical stimulation. We also show that this can be
accounted for by release of endogenous adenosine acting
on A, receptors. In addition, a comparison with published
data provided support for the idea that transmitter release
is differently affected by mild hypoxia and by complete
lack of substrate, like that found under conditions of
ischaemia.
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