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Metabotropic
glutamate
receptors
(mGluRs) are coupled to
effector systems through GTP-binding
proteins (G-proteins)
and appear to mediate slow synaptic responses
in the CNS.
Although
mGluR-mediated
increases
in phosphoinositide
hydrolysis have been well characterized,
other mechanisms
for signal transduction
employed
by mGluRs are poorly understood.
We recently
reported
that the selective
mGluFl
agonist
1 -aminocyclopentane-1
SJR-dicarboxylic
acid
(1 S,3R-ACPD)
increases
CAMP accumulation
in rat hippocampal slices. We have now investigated
the mechanisms
involved in this response.
A number of G-protein-linked
receptors that are not directly coupled to adenylate
cyclase
increase
CAMP accumulation
by potentiating
CAMP responses
to other agonists.
Furthermore,
previous
studies
suggest that glutamate
increases
CAMP accumulation
by a
mechanism
that is dependent
upon the presence
of endogenous adenosine.
Therefore,
we tested the hypothesis
that
1 S,3R-ACPD-stimulated
increases in CAMP accumulation
in
rat hippocampal
slices are dependent
upon the presence of
endogenous
adenosine
and are mediated
by an mGluR that
potentiates
CAMP responses
to other agonists.
We found
that adenosine
deaminase
abolished
1 SJR-ACPD-stimulated CAMP accumulation
whereas
the adenosine
uptake
blocker dipyridamole
enhanced
this response. Additionally,
adenosine
receptor
antagonists
blocked
mGluR-mediated
increases
in CAMP accumulation
with potencies
that were
highly correlated
with their potencies
at A, adenosine
receptors. Furthermore,
we performed
a series of studies that
suggest that 1 S,3R-ACPD activates an mGluR subtype that
potentiates
responses
to agonists
of other receptors
that
are coupled
to adenylate
cyclase and that lS,3R-ACPDstimulated
increases
in CAMP accumulation
in hippocampal
slices are mediated
by potentiation
of the CAMP response
to low levels of endogenous
adenosine
that are continuously
present extracellularly.
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Receptors for the excitatory neurotransmitter glutamate have
been classifiedinto two broad families. Ionotropic glutamate
receptors are coupled directly to cation channelsand mediate
fast excitatory synaptic responsesat various synapsesthroughout the CNS (for reviews, seeCollingridge and Lester, 1989;
Monaghan et al., 1989). The more recently discovered metabotropic glutamate receptors (mGluRs) are linked to second
messengersystemsvia GTP-binding proteins (G-proteins) and
participate in generation of slow synaptic responsesand modulation of neuronal excitability (for reviews, seeSchoeppet al.,
1990; Conn and Desai, 1991). To date, the most well characterized mGluR subtype is coupled to activation of phosphoinositide hydrolysis. However, relatively little is known about
the other mechanismsof signal transduction employed by the
mGluRs.
A major advance in our understandingof mGluRs camewith
the recent cloning of four mGluR subtypesfrom rat brain (designated mGluR 1-mGluR4) (Houamed et al., I99 I; Masu et al.,
199I; Tanabe et al., 1992). Studies of cloned mGluRs in expression systemssuch as Xenopus oocytes (Houamed et al.,
1991; Masu et al., 1991; Tanabe et al., 1992)and Chinesehamster ovary cells (Aramori and Nakanishi, 1992) have yielded
some information regarding the secondmessengersystemsactivated by mGluRs. However, biochemical responsesto receptors expressedin suchsystemsmay not alwaysreflect the second
messengersystemsemployed by receptorsin cellsin which they
are normally expressed.Thus, to gain a clear understandingof
the signal transduction mechanismsemployed by mGluRs, it
will be important to characterize the responsesto activation of
native receptors and compare the pharmacological properties
of those responsesto those of the cloned receptors.
The recent discovery of selective mGluR agonistssuch as
tram- 1-aminocyclopentane-1,3-dicarboxylic acid (trans-ACPD)
(Palmer et al., 1989; Desai and Conn, 1990) hasgreatly facilitated the study of the effectsof mGluR activation in brain slices
and primary cell cultures. We recently reported that the active
isomer of tvans-ACPD, 1-aminocyclopentane-1S,3R-dicarboxylic acid (lS,3R-ACPD), increasesCAMP accumulation in rat
hippocampal slices(Winder and Conn, 1992). This increased
CAMP accumulation appearsto be mediatedby an mGluR since
it is not blocked by ionotropic receptor antagonistssuch as D2-amino-5phosphonovaleric acid (D-AP5)
and 6-cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX), but is blocked by a putative mGluR antagonistL-2-amino-3-phosphonoproprionicacid
(L-AP3) (Winder and Conn, 1992). However, the mechanisms
involved in lS,3R-ACPD-stimulated increasesin CAMP accumulation are not known.
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Previous studies indicate that excitatory amino acids (EAAs)
other than lS,3R-ACPD
increase CAMP accumulation in rat
brain slices by a mechanism that is dependent on the presence
of endogenous adenosine (Shimizu et al., 1974; Schmidt et al.,
1977; Bruns et al., 1980). Since mGluRs had not been discovered when these studies were performed, it was concluded that
EAA-stimulated increases in CAMP accumulation were mediated by activation of ionotropic glutamate receptors, subsequent
depolarization, and release of endogenous adenosine. However,
it is now clear that agonists of a number of G-protein-linked
receptors increase CAMP levels by potentiating CAMP responses
to other receptors rather than by direct coupling to adenylate
cyclase (Magistretti and Schorderet, 1985; Pile and Enna, 1986;
Johnson and Minneman, 1987; Garbarg and Schwartz, 1988;
Schaad et al., 1989). It is possible that adenosine-dependent
increases in CAMP accumulation are mediated by activation of
receptors belonging to this class and that activation of these
receptors increases CAMP levels by potentiating responses to
extracellular adenosine. Indeed, basal levels of extracellular
adenosine in brain have been estimated to be in a range near
that required for activation of the adenylate cyclase-coupled A,
adenosine receptors (Fredholm et al., 1984). Thus, we performed a series of studies in which we tested the hypothesis that
the mGluR-mediated increase in CAMP accumulation is dependent on the presence of endogenous adenosine and involves
activation of an mGluR subtype that potentiates CAMP responses to other agonists.

Materials

and Methods

Increases in CAMP accumulation were measured using a modification
of the method of Shimizu et al. (1969) as described in Johnson and
Minneman (1986). This method involves measurement of agonist-induced accumulation of >H-cyclic AMP in rat hippocampal slices prelabeled with ‘H-adenine. Briefly, cross-chopped hippocampal slices (350
x 350 pm) were prepared from male Sprague-Dawley rats (150-200
gm) and incubated in Kreb’s bicarbonate buffer (KBB, 108 mM NaCl,
4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM MgSO,, 1.2 mM KH,PO,, 10 mM
glucose, and 25 mM NaHCO,), at 37°C for 15 min. Tissue was washed
and incubated for 40 min in 15 ml of KRB containing 30 &i ‘Hadenine (American Radiolabelled Chemicals, St. Louis, MO) and 6 pM
unlabeled adenine. After several rinses with warm KRB, 25 ~1 aliquots
of gravity packed slices were transferred to incubation tubes and incubated for 15 min with appropriate drugs (final volume, 0.5 ml). The
reaction was terminated with 50 pl 77% trichloroacetic acid, and 25 ~1
of 10 mM cyclic AMP was added as a carrier. The tissue was homogenized and centrifuged (15 mitt, 17,000 x g), and 25 pl ofthe supematant
was removed for determination of total radioactivity incorporated into
the tissue. ‘H-cyclic AMP in the remaining supematant was isolated by
sequential elution through Dowex and then alumina columns. The results were expressed as a percentage conversion of total radioactivity
to ‘H-cyclic AMP. All incubations were at 37°C under an atmosphere
of Olr CO, in a shaking water bath.
Materials. lS,3R-ACPD, lS,3S-ACPD, D-AP5, L-AP3, and CNQX
were nurchased from Tocris Neuramin (Essex. UK). 1R,3S-ACPD was
a generous gift from Dr. James A. Mann (Lilly Research Laboratories).
Theophylline, caffeine sodium benzoate, prostaglandin E, (PGE,), isoproterenol, 3-isobutyl- 1-methylxanthine (IBMX), vasoactive intestinal
neptide (VIP), and 2-chloroadenosine (2-CA) were purchased from Sigma. Ad&to&e
deaminase (ADA) was purchased from Boehringer
Mannheim. 8-Cyclopentyl-1,3-dipropylxanthine
(DPCPX), xanthine
amine congener (XAC), and Ro20 1724 were purchased from Research
Biochemicals Inc.

Results
Consistentwith our previous report (Winder and Conn, 1992)
incubation of cross-choppedhippocampal slices with lS,3RACPD resulted in a concentration-dependent
increase in CAMP
accumulation.
The increase in CAMP accumulation
upon ad-
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Figure 1. Effect of Ro20 1724 (200 PM) on conversion of ‘H-adenine
to )H-CAMP induced by lS,3R-ACPD (100 PM). The inset shows dose
response of lS,3R-ACPD-stimulated
CAMP increases as previously reported (Winder and Conn, 1992). Each bar and noint represent the
mean (Z&EM) of three separate experiments, each done in triplicate.
ACPD, 1S,3R-ACPD.

dition of 100 PM lS,3R-ACPD waspotentiated in the presence
of the cyclic nucleotide phosphodiesterase
inhibitor Ro20 1724
(200 PM) (Fig. l), suggesting that phosphodiesterase
inhibition
is not a mechanismof 1S,3R-ACPD-stimulated CAMP increas-

es.

lS,3R-ACPLMtimulated
increase in CAMP accumulation is
inhibited by ADA and enhanced by blockade of adenosine
uptake
The hypothesis that adenosinemediates 1S,3R-ACPD-stimulated CAMP increasesin hippocampal slices was tested by
measuringthe effect of lS,3R-ACPD (100 PM) on CAMP accumulation in the presenceof ADA. ADA inhibited lS,3RACPD-stimulated CAMP increasesin a concentration-dependent manner

with an IC,, of approximately

0.5 U/ml

(Fig. 2).

ADA at a concentration of 10U/ml completely inhibited CAMP
increasesstimulatedby 1S,3R-ACPD. The concentrationof ADA
needed to inhibit lS,3R-ACPD-stimulated CAMP accumulation wassimilar to the concentration previously shownto inhibit
the CAMP responseto glutamate (Schmidt et al., 1977; Bruns
et al., 1980).
Another prediction of the hypothesis that lS,3R-ACPDstimulated CAMP accumulation is mediated by endogenous
adenosineis that blockade of adenosineuptake shouldenhance
the CAMP response to lS,3R-ACPD.
We measured the effect
of the adenosine uptake blocker dipyridamole on lS,3RACPD-stimulated increasesin CAMP accumulation. Dipyridamole ( 10PM)induceda slight (= 1.5x basal)increasein CAMP
accumulation when added alone and markedly potentiated the
responseto 1S,3R-ACPD (100 PM) (Fig. 3).

lS,3R-ACPD-stimulated
increase in CAMP accumulation is
dependent on activation of AZ6adenosine receptors
Adenosine stimulatesCAMP accumulation in rat hippocampal
slicesby activating the A,, subtype of adenosinereceptor (Bruns
et al., 1986; Lupica et al., 1990; Olah and Stiles, 1992). Thus,
it is possiblethat activation of mGluRs increasesCAMP accumulation by increasing A,,-mediated effects of adenosine.
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Figure 2. Effect of ADA on lS,3R-ACPD-stimulated
CAMP accumulations. Incubations are in the presence of 100 PM 1S,3R-ACPD. In
the absence of ADA, conversion of 3H-adenine to “H-cAMP elicited
by 100 PM lS,3R-ACPD was 0.2888 k 0.02796, while basal conversion
was 0.1323 rt 0.0 12%. Data are presented as percentage of this maximal
response to lS,3R-ACPD. Bach point represents the mean (+SEM) of
four separate experiments, each done in triplicate.
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Therefore, we next tested the hypothesis that the lS,3RACPD-stimulated increasein CAMP accumulation wasdependent upon activation of A,, adenosinereceptors. This was accomplished by determining the effects of adenosine receptor
antagonistswith a range of affinities at A, adenosinereceptors
on CAMP responsesto lS,3R-ACPD and adenosine.In these
studies,we usedconcentrations of 1S,3R-ACPD (100 PM) and
adenosine(30 PM)that elicited CAMP responsesof similar magnitudes. The responsesto theseconcentrationsof lS,3R-ACPD
and adenosinewere 207 + 18% and 232 rf: 30% of basal respectively. The adenosinereceptor antagonists used in these
experimentsincluded a number of xanthine derivatives (IBMX,
DPCPX, XAC, caffeine, and theophylline) and one non-xan1.50
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Figure 3. Effect of dipyridamole (10 & on 100 PM lS,3R-ACPDstimulated CAMP accumulation. Data are presented as percentage conversion of3H-adenine to 3H-cAMP. Bach bar represents the mean (+SEM)
ofthree experiments, each done in triplicate. Dipyr., dipyridamole; ACPD,
1S,3R-ACPD.
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Figure 4. Effects of adenosine receptor antagonists on 100 NM lS,3RACPD-stimulated
(A) and 30 PM adenosine-stimulated
(R) CAMP accumulations. Each point represents the mean (+SEM) of three or four
separate experiments, each done in triplicate. lS,3R-ACPD (100 PM)
and adenosine (30 PM) in the absence of antagonist stimulated CAMP
accumulations of 207 If: 18% and 232 + 30% of basal, respectively.
Data are presented as percentage of the response to lS,3R-ACPD or
adenosine in the absence of antagonists. 0, XAC, V, CGS 15943; A,
DPCPX; 0, IBMX, +, theophylline; l , caffeine.

thine (CGS 15943). IBMX inhibits cyclic nucleotide phosphodiesterasesat the concentrations neededto block adenosinereceptors(Choi et al., 1988).Thus, experimentswith this antagonist
were performed in the presenceof the phosphodiesterase
inhibitor Ro20 1724 (200 PM). All antagoniststestedinhibited both
lS,3R-ACPD-stimulated and adenosine-stimulatedCAMP accumulation in a concentration-dependent manner (Fig. 4). The
rank order and absolutevalues of the IC,, values of thesecompoundsat inhibiting responsesto the two agonistswere similar.
These values were also similar to the previously reported K,
values of theseantagonistsat A, adenosinereceptors(for review,
seeJacobsenet al., 1992). Regressionanalysisof the IC,, values
of these antagonists at inhibiting responsesto lS,3R-ACPD
versus inhibiting responsesto adenosineyielded a significant
correlation, with a correlation coefficient of 0.968 0, < 0.02)
(Fig. 5). These data are consistent with the hypothesis that
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1 S,3R-ACPD potentiates CAMP responsesto endogenous
adenosine
The data presentedto this point suggestthat activation of A,
receptorsby adenosineis necessaryfor lS,3R-ACPD stimulation of CAMP accumulation in the hippocampus.One possible
mechanismby which lS,3R-ACPD could exert this effect is by
increasingreleaseof adenosinefrom cellular stores.However,
previous studiessuggestthat other EAAs potentiate CAMP responsesto adenosineand other agonists(Schmidt et al., 1977;
Bruns et al., 1980; Schaadet al., 1990).Thus, it is possiblethat
an mGluR subtype exists that belongsto the classof receptors
that potentiate CAMP responsesto agonistsof other G,-coupled
receptors. If so, lS,3R-ACPD could increaseCAMP accumulation by potentiating the CAMP responseto low levels of adenosine that are already presentin the extracellular space.If this
is the mechanismof lS,3R-ACPD stimulation of CAMP accumulation, it is predicted that lS,3R-ACPD will potentiate
CAMP responsesto application of exogenousadenosineand
other agonistsof receptorsthat are coupledto adenylatecyclase.
Thus, we measuredthe effect of increasingconcentrationsof the
adenosinereceptor agonist2-CA on CAMP accumulation in the
presenceand absenceof lS,3R-ACPD. lS,3R-ACPD (100 PM)
induced a clear potentiation of the CAMP responseto all concentrations of 2-CA (Fig. 6). We also examined the effects of
lS,3R-ACPD on the CAMP responsesto agonistsof other receptorsthat arecoupledto activation of adenylatecyclase.1S,3RACPD markedly potentiated the CAMP responsesto all agonists
tested (Fig. 7). In addition to 2-CA, theseincluded PGE, (100
PM), VIP (100 nM), and isoproterenol(l0 PM).
We next compared the pharmacological profile of lS,3RACPD-induced increasesin basal CAMP accumulation with
that of lS,3R-ACPD-induced potentiation of 2-CA-stimulated
CAMP accumulation to determine if these responsesare mediated by the samereceptor. As shown in Figure 8, A and B,
both lS,3R- and lS,3S-ACPD stimulate an increasein CAMP
over basal and potentiate the responseto 50 PM 2-CA, while
1R,3S-ACPD hasno effect on basalor 2-CA-stimulated CAMP
accumulation. Also, neither 500 PM D-AP~ nor 200 pM CNQX
blocked the lS,3R-ACPDstimulated increasesin CAMP accumulation or potentiation of the responseto 50 PM2-CA, while
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Figure 5. Regression
analysisof ICsOvaluesfor eachantagonistfrom
datashownin Figure4. Linearregression
revealeda correlationcoefficientof +0.968 (p < 0.02).
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Figure 6. Effectof 100PM lS,3R-ACPDon 2-CA-stimulatedCAMP

accumulation.Data are expressed
aspercentage
conversionof ‘H-adenineto ‘H-CAMP. Eachpoint represents
the mean(+SEM) of three
separate
experiments,
eachdonein triplicate.ACPD, lS,3R-ACPD.
500 PM L-AP3 significantly attenuated both responses(data not
shown). Thesedata suggestthat both potentiation of responses
to 2-CA and increasesin basalCAMP aremediatedby activation
of an mGluR.
It is interesting to note that ADA doesnot appear to reduce
CAMP accumulation to a level below that seenin the absence
of added agonists(Fig. 2). This suggests
that extracellular adenosineis not presentin sufficient concentrationsto influencebasal
CAMP turnover appreciably. This brings into question the hypothesisthat the resting extracellular adenosineconcentration
is high enoughto allow a CAMP responseto lS,3R-ACPD without a lS,3R-ACPD-induced increasein adenosinerelease.To
addressthis issue, we performed an experiment wherein the
endogenousadenosinewas removed by addition of ADA and
then replacedin the form of the ADA-resistant 2-CA at a concentration that doesnot stimulate increasesin basalCAMP accumulation. As shownin Figure 9, application of ADA (5 U/ml)
abolishedthe increasein CAMP induced by lS,3R-ACPD. Fur-
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Figure 7. Effectof 100FM lS,3R-ACPDon theCAMPaccumulations

inducedby agonists
otherthanadenosine.
Eachbarrepresents
themean
(+SEM) of threeexperiments,eachdonein triplicate.PGEZ, prostaglandinE, (100PM);VZP, vasoactiveintestinalpeptide(100nm); Zso,
isoproterenol(l0phi).
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whether this effect was mediatedby mGluRs or ionotropic glutamate receptors.We now report that the selectivemGluR agonist lS,3R-ACPD potentiates CAMP responsesto adenosine,
4
PGE,, VIP, and isoproterenol, all of which activate receptors
that are positively coupled to adenylate cyclase.This response
2
is not blocked by selectiveantagonistsof ionotropic glutamate
0
receptorsbut is blockedby the putative mGluR antagonistL-AP3.
iS.BS-ACPD
1 R,BS-ACPD
fS,3R-ACPD
Thus, it is likely that EAA-induced potentiation of CAMP responseis mediated by an mGluR.
Figure 8. Effects of ACPD isomers on basal (A) and 50 PM
At present, the mechanismby which activation of this class
2-CA-stimulated(B)
CAMP accumulations. Isomers of ACPD were used
at a concentration of 100 PM. Each bar represents the mean (ASEM) of
of receptor potentiates G,-mediated increasesin CAMP accuthree separate experiments, each done in triplicate.
mulation is not known. However, one possiblemechanismwas
recently proposedby Tang and Gilman (199l), who showedin
cultured insect ovarian Sfp cells that although the By subunits
thermore, 750 nM 2-CA had no effect on CAMP accumulation
of a heterotrimeric (cr&) G-protein inhibit type I adenylate
when added alone. However, when 100 PM lS,3R-ACPD was
added in the presenceof 750 nM 2-CA, it elicited a response cyclase, these same subunits potentiate activation of type II
that was similar to that elicited by 100 PM lS,3R-ACPD in
adenylate cyclaseby the cysubunit of G,. Furthermore, Federman et al. (1992) showed that activation of cyzadrenergic reslicesthat were not incubated with ADA and 2-CA. (Fig. 9).
ceptorsincreasesCAMP levels in cells transfectedwith the type
These data indicate that activation of mGluRs is capable of
stimulating an increasein CAMP accumulation to a concentraII adenylate cyclasein a pertussistoxin-sensitive manner. Furtion of adenosinethat alone is not capableof stimulating dether studiesin their system suggestedthat this is mediated by
generation of free /3r subunits, which potentiate q-mediated
tectable increasesin CAMP.
activation of type II adenylatecyclase.Type II adenylatecyclase
Discussion
is abundant in rat brain (Feinstein et al., 1991). We have supWe present evidence for the existence of an mGluR subtype
plied evidence that lS,3R-ACPD-stimulated CAMP accumulation is not mediated by activation of phosphoinositide hythat belongswith the growing number of receptorsthat interact
synergistically with G,-coupled receptorsto increaseCAMP acdrolysis or protein kinases(Winder and Conn, 1992). Thus, it
will be interesting to determine whether the lS,3R-ACPD-incumulation. Activation of membersof this classof receptorsin
duced enhancementof CAMP responsesto other neurotransthe absenceof other agonistsgenerally has no effect on CAMP
mitters is mediated by a similar generation of /3-rsubunits and
accumulation. However, agonistsof these receptors markedly
potentiate CAMP responsesto activation of other receptorsthat
activation of type II adenylate cyclase.
We also present evidence that lS,3R-ACPD-stimulated inare directly coupled to adenylate cyclasevia G,. Receptorsthat
creasein basal CAMP accumulation in hippocampal slicesis
belong to this classinclude (Y,adrenergicreceptors,H, histammediated by potentiation of the CAMP responseto endogenous
inergic receptors,and others (Magistretti and Schorderet, 1985;
adenosine.We found that 1S,3R-ACPD-stimulated increasein
Pile and Enna, 1986; Johnsonand Minneman, 1987; Garbarg
CAMP levels is blocked by addition of ADA or adenosinereand Schwartz, 1988; Schaadet al., 1989).In addition, previous
studieshave shown that other EAAs increaseCAMP responses ceptor antagonists,and is potentiated by the adenosineuptake
to other agonists(Schmidt et al., 1977;Bruns et al., 1980;Schaad blocker dipyridamole. Furthermore, analysisof the IC,, values
et al., 1990).However, it wasnot clear from theseearlier studies of various adenosinereceptor antagonistsat inhibiting lS,3RF
5
0
\o
0
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ACPD-stimulated
CAMP accumulation suggests that this effect
is mediated by activation of A, adenosine receptors. Taken together with previous findings (Bruns et al., 1986; Jarvis and
Williams, 1988; Lupica et al., 1990) these data suggest that the
CAMP response to lS,3R-ACPD is dependent on activation of
the A,, adenosine receptor subtype.
Previous studies suggest that adenosine also plays a role in
mediating the effects of glutamate and other EAAs on CAMP
accumulation in brain slices. It was concluded in these earlier
studies that the EAAs tested stimulated CAMP formation indirectly through release of adenosine (Schmidt et al., 1977; Bruns
et al., 1980). We performed studies to determine whether the
1S,3R-ACPD-stimulated
increase in basal CAMP accumulation
is mediated by an increase in adenosine release or potentiation
of responses to adenosine that is already present in the extracellular space. If potentiation of the CAMP response to adenosine is sufficient to account for lS,3R-ACPD-stimulated
increases in basal CAMP accumulation, we would predict lS,3RACPD could potentiate the response to low concentrations of
adenosine that do not elicit a detectable CAMP response in the
absence of mGluR agonists (Delapp and Eckols, 1992). This
potentiation should result in a detectable CAMP response of a
magnitude similar to that normally elicited by lS,3R-ACPD.
Thus, we performed an experiment in which the CAMP response
to 1S,3R-ACPD was abolished by removal of endogenous adenosine with ADA. We then replaced the endogenous adenosine
with 2-CA, an adenosine analog that is not a substrate for ADA.
Extracellular adenosine concentrations in hippocampal slices
have been estimated to be in the range of 500 nM to 1 FM
(Fredholm et al., 1984). Adenosine and 2-CA have virtually
identical affinities A1adenosinereceptors(Bazil and Minneman,
1986; Bruns et al., 1986). Therefore, we replaced endogenous
adenosinewith 750 nM 2-CA. This concentration of 2-CA had
no detectableeffect on CAMP accumulation when added alone.
However. in ADA-treated slices.this low concentration of 2-CA
completely restored the ability of lS,3R-ACPD to stimulate
increases
in CAMP accumulation.Under theseconditions, 1S,3RACPD could not exert its effect by stimulating adenosinerelease.
Thus, potentiation of responses to low levels of endogenous
adenosine could entirelv account for 1S.3R-ACPD-stimulated
increasesin CAMP accumulation in untreated slices.Consistent
with this hypothesis, we previously reported that lS,3RACPD-stimulated increasesin CAMP accumulation are not
blocked by concentrations of TTX that completely block cell
firing (Winder and Corm, 1992) suggestingthat the responseto
IS,3R-ACPD is not likely to be mediated by depolarizationinduced adenosinerelease.
Although our data do not entirely rule out the possibility that
lS,3R-ACPD induces a slight increasein adenosinerelease,it
is possiblethat the pool of extracellular adenosineis sufficient
to allow stimulation of increasesin CAMP levelsupon activation
of mGluRs. However, it should be noted that studiesby Hoehn
and White (1990a,b) show that other EAAs evoke adenosine
releasein rat cortical slices. Thus, under normal conditions,
glutamate’s actions on ionotropic and metabotropic receptors
could act synergistically to increaseCAMP levels by increasing
adenosinereleaseand potentiating the CAMP responseto adenosine receptor activation.
To date, stimulation of mGluRs has been shown to activate
at leastfour signaltransduction mechanismsin rat hippocampal
slices.In addition to the increasesin CAMP accumulation reported here, these include increasedphosphoinositide hydro-

of Neuroscience,

January

1993,

13(l)

43

lysis (for review, see Schoepp et al., 1990; Conn and Desai,
199l), inhibition of forskolin-stimulated CAMP accumulation
(Cartmell et al., 1992; Schoeppet al., 1992) and inhibition of
a calcium conductance (Lester and Jahr, 1990). Furthermore,
activation of mGluRs elicits a variety of electrophysiological
effectsin rat hippocampal slices.For example, Irons-ACPD depolarizes pyramidal cellswith an accompanying increasein input resistance,blocks spike frequency adaptation (Charpak et
al., 1990; Charpak and Gahwiler, 1991; Desaiand Corm, 199l),
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