
@
Pergamon

PII: S002S-3908(97)00031-2

Neurophm-inacology, Vol. 36, No. 6, pp.831-844, 1997
Q 1997EIsevier Science Ltd. AtI rights reserved

Printed in Oreat Britain
0028-3908/97$17.00 + 0.00

Metabotropic Glutamate Receptor Mediated Long-term
Depression in Developing Hippocampus

L. S. OVERSTREET,l J. F. PASTERNAK?’3P. A. COLLEY,*3N. T. SLATER1
and B. L. TROMMER2’3_l

IDepartment of Physiology and ‘Departments of Pediatrics and Neurology, Northwestern University Medical
School, Chicago, IL, U.S.A. 3Department of Pediatrics, Division of Neurology, Evanston Hospital, Evanston,

IL, U.S.A.

(Accepted 23 Janua~ 1997)

sununary-The effectsofbathapplicationof themetabotropicglutamatereceptor(mGluR)agonistlS,3Z?-l-
aminocyclopentane-1,3-dicarboxylicacid(ACPD,10PM)werestudiedattheSchaffercollateral-CAlsynapse
in hippocampalslicesfromratsof8–33dayspostnatalage.In immatureanimals(8–12days)ACPDinduceda
biphasicresponsecharacterizedby an acutedecreasein field EPSP slope(N50-60Y0of baseline)in the
presenceof the agonist,followedby long-termdepression(LTD, -75–80V0of baseline)afterwashout.In
animalsolder than 20days,ACPDinduceda slowonsetpotentiationor minimalchange.Both the acute
depressionand LTD were blockedby the mGluRantagonista-methyl-4-carboxyphenylglycine(MCPG).
ACPD-inducedLTDwasblockedbytheN-methyl-D-aspartatereceptor(NMDAR)antagonistsD(–)-2-amino-5
phosphopentanoicacid (AP5) and dizocilpinemaleate (MK-801),and by ethanol. Glutamicpymvic
transarninase,an enzymethatselectivelymetabolizesendogenousextracelluhwglutamate,alsoblockedLTD
suggestingthattherequisiteNMDAcurrentsweretonicallyactivatedby extracellularratherthansynaptically
releasedglutamate.ACPD-inducedLTDwasblockedby staurosporine,indicatinga requirementfor serine–
threoninekinaseactivation,and was unaffectedby the L-typevoltagesensitivecalciumchannelblocker
nitrendipineand the Al adenosinereceptorantagonist8-cyclopentyl-1,3-dimethylxanthine(CPT).Because
mGluR-mediatedLTD was observedonly in immatureCA1, mGluRsmay play a role in hippocampal
development,perhapsby contributingto synapsepruningin a temporallyrestrictedfashion.01997 Elsevier
ScienceLtd.

Keywords-Hippocampus,areaCA1,synapticplasticity,N-methyl-D-aspartatereceptor(NMDAR),mGluR.

Metabotropicglutamate receptors (mGluRs)area family
of glutamate receptors coupled through G-proteins to
second messenger cascades. Recent results suggest that
mGluRs play a crucial role in synapticplasticityin brain.
For example, activation of mGluRs contributes to
tetanus-inducedlong-termpotentiation(LTP) in the adult
hippocampal formation at the Schaffer collateral-CAl
(SC-CA 1),mossy fiber-CA3, and perforantpath-dentate
gyms synapses(Behnischand Reymann, 1994a,b;Bashir
et al., 1993a;Sergueevaet al., 1993;Richter-Levinet al.,
1994;Riedel and Reymann, 1993;Riedel et al., 1994),as
well as long-term depression (LTD) at the parallel fiber
(PF)-Purkinje cell synapse in cerebellum (Linden and
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Cormor,1991;Daniel et al., 1992;Hartell, 1994),and the
medial perforant path-dentate gyms synapse in adult rat
dentate gyms (0’Mara et al., 1995). Anatomic support
for the role of mGluRs in mediating synaptic plasticity
has been provided by the restricted localization of
mGluRs 1 and 5 to the postsynaptic membranes of
dendritic spines in both hippocampus and cerebellum
(Baude et al., 1993; Gores et al., 1993; Lujan et al.,
1996).Finally, mutant mice that are genetically deficient
in the postsynaptic mGluR subtype mGluRl show
impaired cerebella LTD, hippocampal (mossy fiber)
LTP, eyeblink conditioning and severe motor coordina-
tion and spatial learning deficits (Conquet et al., 1994;
Aiba et al., 1994a,b).Impairmentsin short-termplasticity
and motor learning were observed in animals lacking the
gene codingfor the presynapticmGluR subtypemGluR4
(Pekhletskiet al., 1996).

The mGluR family consists of eight known subtypes
that can be distinguishedby their characteristic pharma-
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cological properties, coupled second messengers, effec-
ters and brain localization(Abe et al., 1992;Aramori and
Nakanishi, 1992; Schoepp, 1993; Tanabe et al., 1993;
Nakajima et al., 1993;Okamoto et al., 1994;Catania et
al., 1994;Fotuhi et al., 1993, 1994;Suzdek et al., 1994).
They have been categorized into three groups as follows
(Pin and Duvoisin, 1995): Group I mGluRs (mGluRs 1
aud 5) stimulate phosphoinositide hydrolysis and in-
tracellular calcium signal transduction; Group 11recep-
tors (mGluRs2 and 3) are negativelylinked to the cAMP
second messenger system; and Group III receptors
(mGluRs 4,6,7 and 8) correspond to the L-AP4 subtype
of receptor, of which mGluRs 4 and 7 are believed to be
presynaptic autoreceptors in the brain. Recent evidence
suggeststhat effectsof mGluRactivationmaybe develop-
mentally regulated. For example, whereas mGluR acti-
vation by ACPD is negatively coupled to cAMP
formationin adultrat hippocampus(SchoeppandJohnson,
1993a), in neonatal hippocampus a unique mGluR has
been identifiedthat is activatedby ACPD, is antagonized
by 2-amino-3-phosphonopropionic acid (AP3), and
enhances cAMP production by an adenosine receptor-
dependentmechanism (Schoeppand Johnson, 1993b).In
other brain regions including cerebral cortex, hypothala-
mus and retina, neuronal maturation has been associated
with a reduction in expression, functional activity,
number and/or distribution of mGluRs (van den Pol et
al., 1994;Dudek and Bear, 1989;Nomura et al., 1994).

In the present study, we examined the effects of
mGluR activation by the broad-spectrumagonist ACPD
on synaptic transmissionat the SC-CA1 synapse during
the first postnatal month. We found that ACPD induces
both an acute depression as well as LTD. This effect is
developmentallyregulated,as it was seen only in animals
of 8–17 days; thereafterACPD applicationinducedeither
no plastic change or LTP. Some of these results have
been reported previously in abstract form (Trommer et
al., 1993; Overstreet et al., 1994, 1995).

MATERIALSANDMETHODS

Hippocampal slices from Sprague–Dawley rats (8–
33 days postnatal age) were prepared as follows:animals
were anesthetized with isoflorane (age >12 days only),
decapitated and the brains were removed and placed in
chilled artificial cerebrospinal fluid (ACSF) gassed with
95% 02/5% COZand containing(in mM): NaCl 124,KC1
3, MgS04 1.3,NaHPOA1.25,CaC122.4, NaHC0324 and
D-@COSt? 10 (pH 7.4). Slices (350400pm thick) were
cut on a vertical tissue chopper (Stoelting), incubated at
room temperature, and transferred as needed to a
submersion chamber (Medical Systems Corp.) main-
tained at 30”C.

Field potentials were recorded in the stratum pyrarni-
dale or stratum radiatum of area CA1 in response to
stimulation of the Schaffer collateral pathway. Bipolar
stimulating electrodes consisted of twisted platinum
iridium or stainless steel wire (25 pm). Recording

electrodes were pulled from glass capillaries (OD
1.00mm, ID 0.50 mm, Dagan Corp.) tilled with 2 M
NaCl, and had tip impedances of 2–6 MQ. Constant
current stimuliwere delivered through stimulusisolation
units (A 360, World Precision Instruments) driven by
Grass S88 or S8800 stimulators, driven in turn by
custom-written computer software also used for data
acquisition and analysis. Responses were allowed to
stabilizefor 20–30 tin before the start of data collection.
Stimulus-response curves were constructed in response
to test pulses of fixed stimulus intensities (75–500pA)
over a range of pulse widths (30-200 psec) delivered at
0.016-0.033 Hz. Test pulses were also delivered at
0.016-0.033 Hz. Tetanic stimulation consisted of 1–2
trains of 1 sec duration at 50 or 100Hz and 200 psec
pulse width.

Populationspike amplitude(PS, mV) was measured in
the stratum pyrarnidale and was defined as the vertical
distance between the tangent connecting the two peak
positivitiesof the EPSP and the peak of the spike. EPSP
slope (mV/msec) was measured in the stratum radiatum
as the maximumslopeof the initialnegativedeflectionof
the evoked response. Responses were normalized by
conversionto a percentage of the baseline value for each
animal. In the initial somatic layer recordings, stimulus–
responsecurveswere obtainedat baseline,during the last
2–5 tin of ACPD administration, 30 and 60 min after
washout of ACPD, and 30 rnin following tetanic
stimulation.The evoked potentials selected for analysis
were obtainedat the pulse width that produced a 60–709io
maximum PS amplitude in the baseline condition. In
subsequent experiments responses were monitored at a
single pulse width (correspondingto 60-70?t0maximum
EPSP slope at baseline) throughout and the responses
used in statistical analysis were the mean EPSP slopes
approximately 30 tin after washout of the drug.
Recordings were performed in either the somatic or
dendritic layers or both. All values given in the text are
mean + SD.

Drugs used were (LS,3R)-1-aminocyclopentane-1,3-
dicarboxylic acid (ACPD), r)(-)-2-amino-5 -phosphono-
pentanoic acid (AP5) and (R) or (R,S)-c+methyl-4-
carboxyphenylglycine (MCPG) (Tocris Cookson, Bris-
tol, U.K.); dizocilpinemaleate (MK-801),8-cyclopentyl-
l,3-dimethylxanthine (CPT) and nitrendipine (Research
Biochemical International, Natick, MA, U.S.A.); glu-
tamic pyruvic transaminase, pyruvic acid and stauros-
porine (Sigma, St. Louis, MO, U.S.A.). ACPD, AP5 and
MK-801 were dissolved in distilled water at 1 mM and
diluted in ACSF. CPT was dissolved directly in ACSF.
Glutamate pyrnvate transaminase was dissolved in a
solution containing 2 mM pyruvic acid in ACSF.
Racemic (R,S)-MCPG was dissolved directly in ACSF
or in 50 PM NaOH and diluted in ACSF. (R)-MCPGwas
dissolved in 50PM NaOH and diluted in ACSF.
Staurosporineand nitrendipinewere dissoIvedin ethanol
prior to dilution in ACSF and had final ethanol
concentrationsof 0.01890and 0.023?Z0,respectively.
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Fig.1.TheeffectsofmGluRactivationbyACPD(10PM)atfourdevelopmentalstages.(A)Scatterplotshowing
the relationshipbetweenPS amplitude,measured30-40min after ACPD washout,and age. (0) indicate
individualexperimentsand(Q) correspondto themean+SEfor eachagegroup.All valuesareexpressedas a
percentageof the averagebaselinebeforeACPDapplication.Numbersin parenthesesindicatethe numberof
experimentsper age group.(B)Examplesof individualsomaticrecordingsfroman 11day (upper)and 30day
(lower)animalobtainedduringbaseline,duringACPDadministration,30minafterwashoutofACPD,and30min
aftertetanicstimulation.(C)ScatterplotshowingtherelationshipbetweenEPSPslope,measured3040 tin after
ACPDwashout,and age. Symbolsas in (A). (D) Examplesof individualdendriticrecordingsfrom a 10day

(upper)and31day(lower)animalobtainedat the sametimesas in (B).

RESULTS application of ACPD induced both acute and long-term
changes in synaptic transmission, and the direction of

Developmental changes in mGluR-activated long-te~’ pla5tic changewashighly age-dependent.As is summar-
plasticity ized for all experiments in Fig. l(A) (PS amplitude,

ACPD (10 PM) was bath-appliedfor 20 min to slicesat n = 34) and Fig. l(C) (EPSP slope,n = 53), the long-term
four developmental stages: 8–12 days, 15–17days, 21– plastic change (measured 3040 min following the
24 days and 28–33 days. As shown in Figs 1–3, the bath washout of ACPD) was LTD in animals of 8–17 days,
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Fig.2. ACPDinducesLTDin 8–12-dayanimals.(A)Timecourseplotsof PS amplitudein animalsexposedto
ACPD(n= 4, 10PM).PS amplitudewasreducedto 36 + 2970baselinein the presenceof ACPD,andfurther
depression(18 + 870) was seen at 35J40 rnin after washout.(B) Time courseplot of EPSP slope in the
experimentalgroupexposedto ACPD(n= 13, ●), and a controlgroupexposedto ACSFalone(n= 5, O).
Asterisk(*) indicatesthatmeanEPSPslopein experimentalgroup(76 + 1270baseline)differedfromslopein
controlgroup(92 ~ 1290,p < 0.03)at 35-40min.(C)Thetimecourseof a dendriticrecordingin a 10dayrat.
Gapsinplotscorrespondto thecollectionofstimulus–responsecurves.In theseandallsubsequentplotsdatawere
collectedevery30see,averaged,andbinnedin 2 or2.5tin intervals;verticalarrowsindicatedeliveryof tetanic

stimulation.

and LTP in animals of 21 days and older. Long-term and 28–33-day age groups. In the intermediate ages,
changes were more pronounced in PS amplitude than in minimal acute drug-inducedchanges were observed (not
EPSP slope, and LTD in the younger animals was more shown), but long-term effects were apparent after
robust and consistent than LTP in the older age groups. washout.
As illustrated in Figs 2 and 3, the direction of acute To test whether the apparentLTD in the 8–12-dayage
change paralleled the long-term change in the 8–12-day group was in fact deteriorationof the recorded potential,
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Fig. 3. ACPD effectsin adult (29–33day) animals.(A) Groupedaveragetime courseplots showiqgacute
(131+ 17%after20ruinexposureto ACPD)andlong-term(113~ 13%45tin afterwashout)potentiationof
PS amplitude(n= 6, 10pM). (B) Minimalchangeoccurredin meanEPSPslope(1 07 + 10%at 45ruinafter
washout,n = 11)inresponseto 20minapplicationofACPD.(C)In olderanimals,EPSPslopeshoweda variable
responsetoACPD.Superimposedaretimecourseplotsofindividualdendriticrecordingsfroma 31dayrat(0) in
whichpotentiationofEPSPslope(13170at 45rein)wasobserved,anda 29dayrat (()) in whichEPSPslopewas

unchangedby ACPD.

baseline data were collected for 10tin (n= 13), 20 min
(n= 6), or 30 tin (n= 11)prior to ACPD applicationand
the EPSP slope 3040 rnin after washout was compared
with that of control slices in which test pulses were
delivered in the absence of drug application (n= 11). In
these experiments the ACPD-induced change in EPSP
slope (relative to baseline) was 75 ~ 13% in the 10tin
group,77 + 8% in the 20 min group,and 78 + 7% in the

30 min group. None of the experimentalgroups differed
from each other in the degree of depression, indicating
that deteriorationof responses with prolonged recording
time did not account for the LTD. In contrast, each group
differed significantlyfrom the control group (95 ~ 7%),
p <0.01, ANOVA with post hoc Tukey HSD. Time-
courseplots from the 10tin baseline and control groups
are illustrated in Fig. 2(B). As illustrated in Fig. 2(A-C)
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Fig.4. Effectof blockadeof mGluRs.(A)ThemGluRantagonistMCPG(500pM)blocksACPD-inducedLTD
(n= 5) in immatureslices(8-13day).AnincreaseinmeanEPSPslopeis seeninMCPG(111+ 23%).in ACPD
(107+ 30%),and60minafterwash(117+ 48%).SubsequenttetanusinducesLTP(166t 6;% at30rein).(B)
AfterwashoutofMCPG,ACPDis capableof inducingLTD(81 ~ 4?i0ofresponsein ACSFjustpriorto second

ACPDapplication,n = 3).

and Fig. 4(B), slicehealth followingACPD-inducedLTD
was also verified by the subsequentinduction of LTP in
response to tetanic stimulation.

Effects of the inGluR antagonist MCPG

In order to confirm that the ACPD-induced LTD
observed in immature slices resulted from mGluR
activation, the mGluR antagonist (R,S)-MCPG
(500 pM) was applied for 20 min prior to and during
the 20 tin application of ACPD in 8–12-day slices
(n= 5, Fig. 4(A)). In these slices both the acute
depression and subsequent LTD typically induced by
ACPD were blocked. Instead, a mean increase in EPSP
slope was observed in MCPG alone (111 ~ 23910),in the

presence of both MCPG and ACPD (107 & 30%), and
after a 60 min wash (117 ~ 48%). This may be due to
inhibition of presynaptically-located mGluRs which
depress glutamate release (Baskys and Malenka, 1991)
and/oractivationof MCPG-insensitivereceptors.In three
additional slices (Fig. 4(B)) ACPD-induced LTD was
blockedby (R)-MCPG(500 MM);a secondapplicationof
ACPD was delivered40 rninafter washoutof both ACPD
and MCPG and induced LTD (81 ~ 4910of response in
ACSF just prior to the second ACPD application).

Contribution of NklDA Receptors to ACPD-induced LTD

LTP inducedby the bath applicationof ACPD to slices
from mature animals has previously been shown to be
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Fig. 5. ACPD-inducedLTD is NMDAR-dependent.(A) In the presenceof AP5 (20PM), only a transient
depression(67 + 12%)wasseenwithrecoveryto 101+ 10%by 30-35min afterwashout(n= 5). (B)In the
presenceof MK801(20PM) similarresultswere obtained,with acute depression(68 + 21%) followedby
recovery(94 + 570,n = 4). (C)In thepresenceofethanol(0.045~o)ACPDalsoinduceda transientdepressionof
EPSPslope(79 + 10%)followedby recoveryto 93 t 12%baselineby 30-35min.Lowerconcentrationsof

ethanol(upto 0.023~0)did not block ACPD-inducedLTD (see text).

independent of N-methyl-D-aspartate receptors tered in the presence of the competitive NMDAR
(NMDARs; Bortolotto and Collingridge, 1993). To antagonist, AP5 (20 PM). As shown in Fig. 5(A)
determine whether the ACPD-inducedLTD in immature (n = 5), an acute depression (67 ~ 12%) was observed
CA1 requires NMDAR activation, ACPD was adminis- in the presenceof ACPD but recovery was seen following
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Fig. 6.(A) Effects of selective metabolismofendogenous extracellular glutamate. In the presence ofthe enzyme
glutamic pyruvic transaminase (5unitshnl) ACPD induced an acute depression (80i 13%) but not LTD
(recoveryto 95 ~ 11%baselineby 25-30 min after washout,n = 4, ●). Control slices (n = 4, 0) were exposedto
ACPD alone and showed both acute depression (66 i- 12%) and LTD (71 ~ 12%). (B) ACPD-induced LTD
requires activation of serine-threonine kinases. In the presence of staurosporine(0.4 PM), ACPD induced acute
depression (62 ~ 15%)but not LTD (recoveryto 99 + 1890by 30-35 rein). Control slices exhibited both acute
depression (60 + 7%) and LTD (62 + 5%). Asterisks indicate significantdifferencesbetween experimental and

control slices.

washout (101 f 10?Ioof baseline by 30-35 tin). Thus, (68 ~ 21%) was seen during ACPD application,but this
the acute and long-term effects of ACPD can be was followed by recovery (94 ~ 570)after washout.
differentiated by AP5. The bath applicationof 0.045% ethanol also prevented

Similar results were seen in the presence of the open ACPD-induced LTD (n= 5, Fig. 5(C)). An acute
channel NMDAR antagonist, MK-801 (20 PM, n = 4, depression to 79 f 10Yowas seen followed by recovery
Fig. 5(B)) in that an acute reversible depression to 93 ~ 12?k0by 30-35 tin following ACPD washout.
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Fig. 7. ACPD-inducedLTD does not depend on L-type calcium channeIsorAl adenosine receptors. (A)When
ACPD was applied in the presence of the L-type voltage-sensitiveCa2+channel antagonist nitrendipine(5~M)
both acute depression (68+ 9%)and LTD (77+ 26%) were observed (n= 6).(B) Similarly, when ACPD was
applied in the presence oftheAl adenosine receptor antagonist CPT(5 ~M)both acute depression (60+ 1270)

and LTD(68 + 10%)were observed (n=5).

At this concentration, ethanol will decrease NMDAR-
mediated currents (Lovinger et al- 1989); lower
concentrations of ethanol did not block ACPD-induced
LTD either when applied alone (not shown)or when used
as a solvent for CPT (0.023%, see below) or in controls
for staurosporineexperiments (0.018%, see below).

We then attempted to determine the source of the
NMDAR-mediated current required for ACPD-induced
LTD. The effects of bath application of the enzyme
glutamic pyruvic transaminase (5 units/ml) were exam-
ined. This enzyme selectively metabolizes endogenous
extracellularglutamate to a-ketoglutaratein the presence
of elevated concentrations of pyruvic acid, and thus
reversibly reduces tonic activation of NMDARs in
cerebellum (Rossi and Slater, 1993). Slices (n = 4) were
exposed to glutamic pyruvic transaminase and pyruvic
acid (2 dvl) for 10 tin prior to and during20 tin ACPD

application;matched control slices (n = 4) received only
a 20 min application of ACPD. Experimental and
interleaved control slices both displayed acute ACPD-
induced depression (80 ~ 13% and 66 +- 12?Z0,respec-
tively). However, 25–30rnin following washout of
ACPD, the mean EPSP slope in the glutamic pyruvic
transaminase group showed recovery (95 ~ 1190base-
line) and differed significantlyfrom the mean EPSP slope
in the control group (71 f 129io,p <0.04, Fig. 6(A)).
These experiments suggest that tonic activation of
NMDARs by resting glutamate levels supplies the
NMDA-mediated contributionto LTD.

Effects of blockade of serine–threonine kinases by
staurosporine

Because protein kinase C (PKC) plays a role in some
forms of synaptic plasticity (Miss and Collingridge,
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1993),we tested the effects of the (non-selective)serine–
threonine kinase inhibitor staurosporine on ACPD-
induced LTD. Experimental slices (n = 5) were preincu-
bated in 0.4 pM staurosporine and interleaved with
control slices from the same animal incubated in solvent
(0.018%ethanol)alone.ACPD (20 pM) inducedan acute
depressionin both staurosporine-treated(62 i 15%)and
control (60 f 7%) slices. However, 30-35 min after the
washoutof ACPD, staurosporine-treatedslicesrecovered
to 99 + 18% baseline, and differed significantly from
control slices (62 + 5’ZO,p <0.05, paired t-test). Thus,
staurosporine-sensitivekinases also appear to participate
in ACPD-induced LTD in immature CA1.

Effects of blockade of voltage-sensitive Ca2+ channels by
nitrendipine

Severalforms of LTD have been found to dependon L-
type voltage sensitive calcium channels (L-VSCCS;
Bolshakovand Siegelbaum, 1994;Christieand Abraham,
1994; Linden, 1994). To determine if ACPD-induced
LTD requires activationof L-VSCCs,ACPD was applied
in the presence of the antagonist nitrendipine (5 MMin
0.023% ethanol; a prior control experiment established
that this concentration of ethanol did not alter synaptic
transmissionor block ACPD-inducedLTD). As is shown
in Fig. 7(A), ACPD-induced LTD was not blocked by
nitrendipine (n = 6). A typical biphasic response was
obtained, with an acute decrease in the presence of the
drug (68 f 9% of baseline) and only partial recovery in
washout (to 77 ~ 26Y0of baseline).

Effects of Al adenosine receptor blockade by CPT

Decreased synaptic transmission in the SC-CA1
pathway, when induced by application of NMDA
(Manzoni et al., 1994) or cotreatment with ACPD and
isoproterenol(Gereau and Corm, 1994)has been found to
be mediated by adenosine receptors. To determine
whether the actions of ACPD observed here were
mediated in part by adenosine receptors, ACPD was
applied in the presence of the Al adenosine receptor
antagonist,CPT (5 PM, n = 5). As is shown in Fig. 7(B),
CPT did not block either the acute depressionor the LTD
induced by ACPD. An acute decrease in EPSP slope in
the presence of ACPD (60 ~ 12’%of baseline) was
followed by modest recovery during washout (68 t 10%
baseline at 3540 rein). In these slices no attempt was
made to wash out CPT, since washout can be accom-
plished only slowly and with potentially unpredictable
and confoundingeffects (Manzoni et al., 1994).

DISCUSSION

The major result of our studies is that the bath
application of 10 PM ACPD, an mGluR agonist, induces
both acute and long-lastingdepressionof neurotransrnis-
sion at the SC–CA1 synapse in immature animals (8–
12 days postnatal age). This ACPD-induced synaptic
depression is consistently biphasic in appearance,

characterized by an acute decrease to ~ 50-60~o of
baselineEPSP slopein the presence of agonistand partial
reversal to m75–809i0of baseline EPSP slope after
washout. The transient reversible depression requires
only mGluR activation,whereas the ACPD-inducedLTD
is dependent on co-activationof mGluRs and NMDARs
as it was prevented by blockade of either receptor.
ACPD-induced LTD also requires activation of stauro-
sporine-sensitivekinases, but is independent of both L-
VSCCSand Al adenosine receptor activation.

Why should NMDAR antagonists block the LTD of
synaptic transmissioninduced by the bath application of
ACPD? We hypothesize that the requisite NMDAR
component is contributed by background NMDAR-
mediated currents, and that NMDAR antagonists block
these background currents. The background NMDAR-
mediated currents might be produced by synaptically
released glutamate evoked by test stimuli and/or
spontaneous miniature synaptic currents. Alternatively,
tonic activation of synaptic or extrasynaptic NMDARs
might arise from the background levels of glutamate
present in developing brain (Komuro and Rakic, 1993;
Rossi and Slater, 1993) which may be released from
adjacentglia (Parpuraet al., 1996).Our data suggest that
extracellular glutamate is responsible for the tonic
activation of NMDARs since LTD was not observed in
the presence of glutamic pyruvic transaminase, an
enzyme that selectively metabolizes extracelh.dargluta-
mate and blocks tonic NMDAR activity,without directly
altering postsynaptic NMDAR sensitivity (Rossi and
Slater, 1993). Although these background NMDAR-
mediated currents are presumably small, there are
multiple potential interactions between mGluRs and
NMDARs. For example, NMDAR-mediated currents
may be enhanced by mGluR activation (Aniksztejn et
al., 1991; Harvey and Collingridge, 1993; Kinney and
Slater, 1993; O’Connor et al., 1994). mGluR activation
may produce depolarizationof CA1 neurons (Desai and
Corm,1991),increasingthe currentdue to tonic NMDAR
activation (by relief of channel block by magnesium).
Conversely,NMDAR activation can enhance the stimu-
lation of phosphoinositolmetabolisminduced by mGluR
activation (Irving et al., 1992; Challis et al., 1994).
Moreover, co-activation of both mGluRs and NMDARs
is required for ACPD-induced LTP of both NMDA and
non-NMDA currents in dentate gyrus granule cells
(O’Connor et al., 1995) and cerebella granule cells
(Rossi et al., 1996).Thus co-activationof NMDARs and
mGluRs may result in mutual amplification of receptor
function as well as an enhancement of the effects
mediated by intracellularmessengers.

The transient, reversible depression of SC-CA1
synaptic transmission produced by mGluR activation
appears similar to that reported previously in 3–7 day
(Bolshakov and Siegelbaum, 1994) and 11-30 day rat
CA1 (Baskys and Malenka, 1991) and was attributed to
activation of presynaptic mGluRs that reduce glutamate
release. In the latter study, the activity of this presynaptic
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mGluR was shown to decrease with maturationbetween
11 and 30 days (Baskysand Malenka, 1991).Presynaptic
mGluRs that inhibit synapticglutamaterelease have also
been reported at the corticostriatalsynapsein neostriatum
(Lovingeret al., 1993),amygdala(Rainnieand Shinnick-
Gallagher, 1992), parallel fiber-purkinje cell synapse in
cerebellum (Glaum et al., 1992;Pekhletski et al., 1996)
and visual cortex (Sladeczek et al., 1993). In mature
CA1, activation of mGluRs raised cAMP levels and
depressed SC-CA1 synaptic transmissionby increasing
extracellular adenosine and activating adenosine recep-
tors (Gereau and Corm, 1994);a unique neonatal mGluR
that enhances cAMP production (Schoepp and Johnson,
1993b)could contribute to such an effect. However, our
results argue against the involvement of extracellular
adenosine (via Al receptors) in our mGluR-induced
transient reduction of EPSP slope.

Bath application of ACPD has previouslybeen shown
to induce LTD at the medial perforant path-granule cell
synapse in immature (Trommer et al., 1993) as well as
adult dentate gyms (0’Mara et al., 1995).In contrast to
our findings in CA1, ACPD-induced LTD in dentate
gyms was NMDAR-independent (0’Mara et al., W95),
perhaps reflecting differential anatomic distribution and
levels of expression of the mGluR subtypes within
hippocampus (e.g. Shigemoto et al., 1992;Ohishi et al.,
1993a,b;Fotuhi et al., 1994; Kinzie et al., 1995). Since
ACPD has marked activity at mGluRs 1, 2, 3 and 5
(Watkins and Collingridge, 1994),our data do not allow
us to determine whether the mGluR responsiblefor LTD
in immature CA1 belongs to Group I or Group II.
However, it has recently been found that the Group I
mGluR-specific agonist (RS)-3,5-dihydroxyphenyl-
glycine (DHPG) also induces LTD in immature CA1
(Fitzjohn et al., 1996), thus implicating the Group I
mGluRs (1 or 5). Our finding of inhibition by
staurosporineis consistentwith this conclusion.

ACPD-inducedLTD shares somepropertieswith LTD
of SC<A1 induced by low frequency stimulationof the
SC (LFS-induced LTD) at this stage of development.
Both methods of LTD induction are blocked by the
NMDAR antagonist AP5 (Dudek and Bear, 1992;
Mulkey and Malenka, 1992), are blocked by MCPG
(Bashir et al., 1993b), and are independentof L-VSCCS
(Mulkey and Malenka, 1992).Despite these similarities,
the overlap between LFS-induced and ACPD-induced
LTD does not appear to be complete. Whereas we found
that MCPG completely blocked ACPD-induced LTD,
Bashir et al. (1993b) reported that MCPG only
incompletely blocked LFS-induced LTD, reducing the
magnitudeof depressionby an average of 5490(although
LTD was completely blocked in some slices).Moreover,
ACPD-induced LTD requires immature hippocampusas
substrate, whereas LFS can induce LTD in adult
hippocampus (Dudek and Bear, 1992) although its
magnitude is greater in younger animals (Dudek and
Bear, 1993).It is of interest that, at a slightlyearlier stage
of postnatal development (3–7 days), the mechanism of

induction of LFS-induced LTD differs from that
described previously: it is L-VSCC dependent and
NMDAR-independent (Bolshakov and Siegelbaum,
1994).

ACPD-induced LTD also shares some features with
heterosynapticLTD as describedin maturehippocampus.
In this paradigm, vigorous stimulation of one input,
usually sufficientto allow Ca2+influxthrough NMDARs
and produce homosynapticLTP in the stimulated path-
way, may produce LTD of a second, unstimulated (non-
associative heterosynaptic LTD) or weakly and asyn-
chronously stimulated (associative heterosynapticLTD)
input (Linden, 1994). Heterosynaptic LTD can be
blockedby NMDAR antagonists(Stantonand Sejnowski,
1989;Kerr and Abraham, 1993),by L-VSCC antagonists
(Christie and Abraham, 1994), by mGluR antagonists
(Stantonet al., 1991),or by blockingarise in cytoplasmic
Ca2+by dialyzing the postsynapticneuron (CA1) with a
solution containing a Ca2+ chelator (Debanne et al.,
1994).

We found a striking dependence of ACPD-induced
synaptic changes on developmental age: LTD was
consistently observed at 8–12 days, whereas minimal
change or LTP resulted at 29–33 days. A major unknown
raised by our work is the physiologic significanceof the
conversion from LTD to LTP, and in particular whether
the change is at the level of the receptor, second
messenger systems, or effecters. It is important that the
cause and mechanism of this transition be determined,
since it occurs temporally as dendritic number, length,
and spine density in rat CA1 reach adult levels and
mature hippocampal morphology becomes apparent
(Minkwitz, 1977; Pokorny and Yamamoto, 1981). It is
thus temptingto speculatethat the phenomenonobserved
here may contribute to the dynamic processes that
accompany synapse maturation.
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