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Treatment with N-ethylmaleimide selectively reduces
adenosine receptor-mediated decreases in cyclic AMP
accumulation in rat hippocampal slices
Bertil B. Fredholm, Eva Lindgren & Karin Lindstr6m

Department of Pharmacology, Karolinska Institutet, Box 60 400, S-10401 Stockholm, Sweden

1 N-ethylmaleimide (NEM) has been reported to interact with the GTP-binding N1-protein; we have
examined its effect on adenosine receptor binding in feline cortical membranes and on adenosine-
receptor mediated effects on cyclic AMP accumulation in rat hippocampal slices.
2 Treatment of cortical membranes with NEM (100 pM for 5 min) altered the binding of [3H]-
phenylisopropyladenosine (PIA) from being almost exclusively to a single class of high affinity sites
(KD = 1.65 nM) to binding at two classes of sites (KDH = 2.1 nM, KDL = 102 nM). The total number of
binding sites was similar (825-845 fmol mg1 I in control membranes, 944-1428 fmol mg-' in NEM-
treated membranes).
3 In rat hippocampal slices treated with forskolin (0.3 fLM) L-PIA produced a biphasic effect on cyclic
AMP accumulation: an inhibition at 0.03 to 1 tiM and at higher concentrations, a stimulation.
Treatment with 50 AM NEM selectively inhibited the inhibitory phase, causing stimulation at lower
concentrations of L-PIA. At 50 pM, NEM did not alter basal or forskolin-stimulated cyclic AMP
accumulation but at higher concentrations inhibition was observed.
4 It is concluded that NEM can, in certain doses, selectively block adenosine Al-receptor-mediated
effects without affecting A2-receptor-mediated actions in the same tissue. It is suggested that this is due
to NEM affecting the Ni guanine nucleotide binding protein.

Introduction

Adenosine is able either to stimulate or inhibit aden-
ylate cyclase. These effects are mediated via two
different classes of receptors Ra or Ri, respectively
(Londos et al., 1980). More recently another termin-
ology has been more widely accepted to denote the two
subtypes since it does not imply a specific mechanism
of action (for discussion see Stone, 1985): the two
receptor types are called Al (essentially equivalent to
Rj) and A2 (essentially equivalent to Ra). Both forms of
the receptor have been demonstrated in the rat
hippocampus by binding techniques and adenylate
cyclase measurements (Yeung & Green, 1983; 1984) as
well as by studies of cyclic AMP accumulation in
forskolin-treated slices (Fredholm et al., 1983). Forsk-
olin is a diterpene that can stimulate adenylate cyclase
independently ofreceptor activation (Seamon & Daly,
1981).
The sulphydryl alkylating agent N-ethylmaleimide

(NEM) has been shown to inhibit certain hormone-
induced inhibitory responses, including ax-adrenergic,
muscarinic, cholinergic, histamine and TRH-

mediated while leaving stimulatory effects unaltered
or much less affected (Jakobs et al., 1982; Harden et
al., 1982; Carman-Kran, 1984; Sharif & Burt, 1984;
Yamaguchi et al., 1984). In membranes from NG108-
15 neuroblasoma x glioma cells treatment with NEM
(100-220#AM) led to a loss of the capacity of three
different types of agonists (muscarinic, cholinoceptor,
opiate receptor and c2-adrenoceptor) to inhibit aden-
ylate cyclase (Smith & Harden, 1984). There was a
parallel loss of GTP-sensitive agonist binding. By
contrast the capacity of prostaglandins to stimulate
adenylate cyclase was unimpaired.

Recently, Yeung & Green (1983) reported that
NEM-treatment caused a marked reduction in the
affinity of the adenosine Al-receptor agonist, cyclo-
hexyladenosine (CHA) to specific binding sites in the
rat hippocampus without any concomitant loss in the
binding of an antagonist. The effect of NEM on
adenosine receptors was further elucidated by Ukena
and coworkers (1984) using membranes from rat fat
cells (Al) or blood platelets (A2). They found that
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treatment of fat cell membranes with NEM converted
the high affinity binding sites for L-phenyl-
isopropyladenosine (L-PIA) to a low affinity form,
without any concomitant change in the binding of an
antagonist. In low concentrations NEM reduced the
ability of L-PIA to inhibit adenylate cyclase without
affecting basal or isoprenaline-stimulated enzyme
activity. By contrast the binding of N-ethylcarbox-
amido adenosine (NECA) to presumably A2 aden-
osine receptors in platelets was enhanced rather than
reduced by NEM treatment (Ukena et al., 1984). All
these results are compatible with the theory that
NEM, in a limited concentration range, causes a
relatively selective inactivation of the N, GTP-binding
protein that mediates the inhibitory effect of receptor
agonists on adenylate cyclase and that modifies their
binding.
Given this background, we wanted to see if NEM

could be used in a tissue slice, containing several cell
types, to antagonize the inhibitory effects of L-PIA on
cyclic AMP accumulation without altering its
stimulatory effects. We have also examined the effect
ofNEM treatment on the specific binding of L-PIA to
feline cortical membranes.

Methods

For these experiments we used male Sprague-Dawley
rats (150-250g) or mongrel cats (2.5-3.5 kg).
The cats were killed by an overdose of sodium

pentobarbitone or by air embolism after light anaesth-
esia with sodium pentobarbitone. The brains were
removed and the cortical tissue dissected out. The
cortices were frozen in liquid nitrogen and stored at
- 80'C for a period of not more than 2 weeks.
The rats were killed by decapitation and the brains

rapidly removed on ice. The hippocampus was dissec-
ted out and washed in ice-cold saline.

Formation of [3HI-cyclic AMP

The middle half to one third of the hippocampus was
cut transversely into 0.4mm thick slices with a McIl-
wain tissue chopper. The slices were preincubated and
labelled as described previously (Fredholm et al.
1982). All incubations were carried out in Krebs
Ringer bicarbonate buffer of the following composi-
tion (mM): NaCl 118, KCI 4.85, MgSO4 1.15, KH2PO4
1.15, CaCl2 2.5, NaHCO3 25, glucose 1 1.1 and
rolipram 0.03. The incubations were carried out at
37°C for 15 min with additions as indicated. Under
most circumstances forskolin (0.3 pM) was added to
raise the level ofcyclic AMP accumulation. At the end
of the experiment the slices were homogenized in 8%
trichloroacetic acid and [3H]-cyclic AMP was isolated
by combined alumina and Dowex 50 chromatography

as described by Salomon (1979) from the protein-free
supernatants after centrifugation. The results are
expressed as percentage conversion of radioactivity to
cyclic AMP. No corrections were made for incomplete
recovery (40-70%).

Preparation of brain membranes

The frozen brain tissue was crushed and homogenized
in 0.25 M sucrose containing 5 mM Tris-Cl, pH 7.4,
2mM MgCI2 and 1 mM EDTA. The crude homogenate
was centrifuged at 2000 g for 15 min. The supernatant
was centrifuged at 10 000 g for 15-30 min. The pellet
was resuspended in the same buffer and washed twice.
The final pellet was resuspended in 100mM Tris-
acetate pH 7.4 containing 2mM MgCl and 1 mM
EDTA. The resuspended particulate fraction was
incubated with adenosine deaminase (Boehringer,
Mannheim) in a concentration of 1 jg ml-' for 15 min
at 30°C and thereafter stored frozen in aliquots until
required. This enzyme treatment is necessary to
remove endogenous ligands from the membrane
preparations and does not otherwise distort the results
as discussed previously (Bruns et al., 1980; Schwabe &
Trost, 1980). Three different preparations of pooled
cat cortical membranes were used in these studies.
Protein was measured by the method of Lowry et al.
(1951) with bovine serum albumin used as standard.

Binding assays

Membranes from 5 to 50mg tissue (0.03-0.4mg
protein) were incubated in a total volume of0.3 to 1 ml
50mM Tris-CI pH 7.4 and other additions as in-
dicated. Usually incubations were carried out at 30°C
for 90 to 120min and in triplicate. The incubations
were ended by filtration through Whatman GF/B
filters followed by washing twice with 5 ml cold
medium. The filters were removed and allowed to
equilibrate for at least 12 h with the scintillation fluid
before counting in a scintillation counter with an
efficiency of30-50%. Non-specific binding was deter-
mined in the presence of 1 to 10 JAM L-PIA or 3 pM 2-
CA and generally amounted to about 5%.
The data were analysed by microcomputer

procedures. Equilibrium binding data were analysed
by the LIGAND programme of Munson & Rodbard
(1980) as modified for the IBM PC by McPherson
(1983).

Chemicals

[2,8-3H](-)-N6-2-phenylisopropyladenosine (17 Ci
mmolP ), [2-3H]-adenine (25 Ci mmol ') and [8-3H]-
adenosine 3',5'-monophosphate, ammonium salt
(28 Ci mmol-') were obtained from the Radio-
chemical Centre, Amersham U.K. Adenosine, aden-
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Figure 1 The effect of N-ethylmaleimide (NEM)-treat-
ment on the binding of L-phenylisopropyladenosine (L-
PIA) to feline cortical membranes. The membranes were

incubated with 100 pM NEM for 5 min at 37C. After
dilution with buffer the membranes were used in the
binding assay as described under Methods. (a) Shows the
original binding data: (A) NEM-treated; (0) control; (b)
and (c) give the Scatchard plots for the control and NEM-
treated mumbranes, respectively. The computer-gen-
erated curves are also drawn.
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osine 3',5'-monophosphate, N-ethylmaleimide were
obtained from Sigma, St Louis. Mo. U.S.A. Forskolin
and 8-phenyltheophylline were obtained from Calbio-
chem-Behring, LaJolla, Ca, U.S.A. The two dias-
tereoisomers of PIA were obtained from Boehringer,
Mannheim, BRG, Rolipram (ZK 62,711, 4-(3-
cyclopentyloxy-methoxyphenyl)-2-pyrrolidone was a
gift from Schering AG, Berlin, BRG.

Results

As shown in Figure 1 treatment of feline cortical
membranes with NEM markedly altered the binding
of L-PIA. The inhibition of binding that occurred at
low agonist concentrations could be explained by a
shift in the binding sites from a high affinity state to a
low affinity state. After treatment with 0.1 mM NEM
for 5 min only 8% of the binding sites were in the high
affinity form. The total number of binding sites was
not significantly altered. The fact that the total
number of binding sites tended to be lower in the
control incubations is probably due to the presence of
a small fraction oflow affinity binding sites also in this
condition, which could not be analysed with certainty.
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Figure 2 The effect of increasing concentrations of L-
phenylisopropyladenosine (L-PIA) on the accumulation
ofcyclicAMP in forskolin (0.3 JAM)-treated rat hippocam-
pal slices before (0) or after treatment with N-ethyl-
maleimide (50 jiM) (-).
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Table 1 The effect of increasing doses of N-ethyl-
maleimide (NEM) on basal and forskolin (0.3 pM)-
stimulated cyclic AMP accumulation in rat hip-
pocampal slices

Drug treatment Basal Forskolin

Control (9) 0.48 + 0.02 2.12 ± 0.15
NEM (0.05 mM) (6) 0.48 + 0.04 2.25 ± 0.30
NEM (0.1 mM) (3) 0.44 + 0.03 1.80 ± 0.35
NEM (0.5mM) (3) 0.45 ± 0.10 0.41 ± 0.04
NEM (1 mM) (4) 0.36 ± 0.08 0.36 ± 0.02
NEM (3 mM) (3) 0.89 ± 0.18 0.52 ± 0.02

The slices were treated with NEM at the concentra-
tion indicated for 15 (1 and 3 mM) or 25
(0.05-0.5 mM) min. Results are expressed as percen-
tal conversion of labelled adenine nucleotides to
labelled cyclic AMP. Mean ± s.d. Number of ex-
periments are given in parentheses.

In agreement with our previous findings (Fredholm
et al., 1983; 1985) L-PIA had a biphasic effect on cyclic
AMP accumulation in forskolin-treated rat hip-
pocampal slices; at low concentrations it produced
inhibition, at higher concentrations (above 1 tM)
stimulation. Both phases were antagonized by 10 M
8-phenyltheophylline (not shown), indicating that
they are receptor-mediated. In the presence of 50 jAM
NEM only the stimulatory phase remained. Moreover
stimulation tended to occur at lower concentrations of
L-PIA than it did in the absence ofNEM (Figure 2). At
higher concentrations of NEM the stimulatory effect
of L-PIA was also affected (Table 1). Thus, at 500 pM
NEM the stimulatory effect of forskolin was com-
pletely abolished.

Discussion

The major finding of the present study is that a low
concentration ofNEM can antagonize relatively selec-
tively the inhibitory effect of L-PIA on cyclic AMP
accumulation in rat hippocampal slices. This in-
hibitory effect is probably mediated via adenosine
receptors of the Al subtype (Fredholm et al., 1983;
Fredholm, Jonzon & Lindgren, unpublished). The
stimulatory effect on cyclic AMP accumulation that is
observed with higher concentrations ofL-PIA and that
is probably mediated via A2-receptors was essentially

unaffected by NEM at 50 pIM. Similarly, this concen-
tration ofNEM did not alter the basal or the forskolin-
stimulated accumulation of cyclic AMP.
As mentioned in the introduction there is good

evidence that NEM binds to and modifies the Ni
protein that couples receptors to inhibitory effects on
the adenylate cyclase. We have confirmed in brain
membranes the finding ofUkena et al. (1984) in fat cell
membranes that NEM causes a shift in the receptor
population from a high to a low affinity state. The
results of Yeung & Green (1983) and of Ukena et al.
(1984) showing that the binding of an antagonist is
unaffected by NEM binding, strongly argues against
NEM inactivating the receptor directly. The finding
that the total number of agonist binding sites is
unaltered (or at least not decreased) by NEM-treat-
ment similarly argues against an inactivation at the
level of the receptor (Yeung & Green, 1983; Ukena et
al., 1984; present results). If it is assumed that there is a
small component of low affinity binding also in the
control situation, which was not detected by us, and
that the total number of binding sites is, in fact,
identical in both instances then it can be calculated
that 70% of the binding sites are in the high affinity
state in the control situation as compared to 8% after
NEM-treatment. These figures agree very well with
those reported by Ukena et al. (1984).
The present results therefore suggest that NEM can

be used as a tool, even in a relatively complex
preparation such as the hippocampal since prepara-
tion, to discriminate between such receptor-mediated
events as are mediated via the Ni protein and those
that are not. In this respect NEM may be used as a
complement to the islet-activating protein (IAP),
isolated from pertussis toxin by Ui and coworkers
(1984). NEM is unlikely to act completely selectively
but has the advantage of producing its effects rapidly.
By contrast IAP is probably quite specific but may
require a long time to produce complete inactivation
of the N, protein. In particular NEM and IAP may be
used to determine which effects of adenosine are
mediated via the Ni-protein. These effects may or may
not all be secondary to changes in adenylate cyclase
and cyclic AMP formation.

These studies were supported by the Swedish medical
research council (proj no. 2553), by Bergwalls foundation, by
Ostermans foundation and by Karolinska Institutet.

References

BRUNS, R.F., DALY, J.W. & SNYDER, S.H. (1980). Adenosine
receptors in brain membranes: binding of N6-cyclohexyl
[3H]adenosine and 1,3-diethyl-8[3H]phenylxanthine.
Proc. natn. Acad. Sci. U.S.A., 77, 5547-5551.

CARMAN-KRAN, M. (1984). The effect of group selective
reagents N-ethylmaleimide and dithiothreitol on his-
tamine HI-receptor binding sites in the vascular smooth
muscle membranes. Agents & Actions, 14, 561-565.



NEM AND A1-RECEPTOR-MEDIATED EFFECTS 513

FREDHOLM, B.B., JONZON, B., LINDGREN, E. & LIND-
STROM, K. (1982). Adenosine receptors mediating cyclic
AMP production in the rat hippocampus. J. Neurochem.,
39, 165-175.

FREDHOLM, B.B., JONZON, B. & LINDSTROM, K. (1983).
Adenosine receptor mediated increases and decreases in
cyclic AMP in hippocampal slices treated with forskolin.
Acta physiol. scand., 117, 461-463.

HARDEN, K., SCHEER, A.G. & SMITH, M.M. (1982). Differen-
tial modification of the interaction of cardiac muscarinic
cholinergic and beta-adrenergic receptors with a guanine
nucleotide binding component(s). Mol Pharmac., 21,
570-580.

JAKOBS, K.H., LASCH, P., MINUTH, M., AKTORIES, K. &
SCHULTZ, G. (1982). Uncoupling of o-adrenoceptor-
mediated inhibition of human platelet adenylate cyclase
by N-ethylmaleimide. J. biol Chem., 257, 2829-2833.

LONDOS, C., COOPER, D.M.F. & WOLFF, J. (1980). Subclasses
of external adenosine receptors. Proc. natn. Acad. Sci.
U.S.A., 77, 2551-2554.

LOWRY, O.H., ROSEBROUGH, N.J., FARR, A.L. & RANDALL,
R.T. (1951). Protein measurement with the Folin phenol
reagent. J. biol. Chem., 193, 265-275.

MCPHERSON, G.A. (1983). A practical computer-based
approach to the analysis of radioligand binding ex-
periments. Computer Prog. Biomed., 17, 107-114.

MUNSON, P.J. & RODBARD, D. (1980). LIGAND: a versatile
computerized approach for characterization of ligand-
binding systems. Analyt. Biochem., 107, 220-239.

SALOMON, Y. (1979). Adenylate cyclase assays. Adv. cyclic
Nucl. Res., 10, 220-239.

SCHWABE, U. & TROST, T. (1980). Characterization of
adenosine receptors in rat brain by (-)[3H] N6-phenyl-
isopropyl-adenosine. Naunyn Schmiedebergs Arch. Phar-
mac., 313, 179-187.

SEAMON, K.B. & DALY, J.W. (1981). Forskolin: A unique
diterpene activator of cyclic AMP-generaling systems. J.
cyclic. Nucl. Res., 7, 201-204.

SHARIF, N.A. & BURT, D.R. (1984). Sulfhydryl groups in
receptor binding of thyrotropin-releasing hormone to rat
amygdala. J. Neurochem., 42, 209-214.

SMITH, M.M. & HARDEN, T.K. (1984). Modification of
receptor-mediated inhibition of adenylate cyclase in
NG108-15 neuroblastoma X glioma cells by n-ethyl-
maleimide. J. Pharmac. exp. Ther., 228, 425-433.

STONE, T.W. (1985). Summary of symposium discussion on
Purine receptor nomenclature. In Purines: Pharmacology
and Physiological Roles. ed. T.W. Stone, pp. 1-4. Lon-
don: Macmillan.

UI, M., KATADA, T., MURAYAMA, T., KUROSE, T., YAJIMA,
M., TAMURA, M., NAKAMURA, T. & NOGIMORI, K.
(1984). Islet-activating protein, pertussis toxin: a specific
uncoupler of receptor-mediated inhibition of adenylate
cyclase. Adv. cyclic Nucl. Res., 17, 145-151.

UKENA, D., POESCHLA, E., HOTTEMANN, E. & SCHWABE,
U. (1984). Effects of N-ethylmaleimide on adenosine
receptors of rat fat cells and human platelets. Naunyn
Schmiedebergs Arch. Pharmac., 327, 247-253.

YAMAGUCHI, T., HAYASHI, K., MURAKAMI, H.,
MURAYAMA, S. & YAMAGUCHI, M. (1984). Distribution
and characterization of the TRH receptors in the CNS of
ataxic mutant mouse. Neurochem. Res., 9, 477-484.

YEUNG, S.M. & GREEN, R.D. (1983). Agonist and antagonist
affinities for inhibitory adenosine receptors are re-
ciprocally affected by 5'-guanylylimidodiphosphate or N-
ethylmaleimide. J. biol. Chem., 258, 2334-2339.

YEUNG, S.-M.H. & GREEN, R.D. (1984). (3H)5'-N-ethylcar-
boxamide adenosine binds to both Ra and Ri adenosine
receptors in the rat striatum. Naunyn-Schmiedebergs Arch
Pharmac., 325, 218-225.

(Received May 17, 1985.
Revised June 28, 1985.
Accepted July 3, 1985.)


