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Recently, we have reported an associative long-term depression (LTD) of synaptic strength in hippocampal field CAI that is produced when a 
low-frequency test input is negatively correlated in time with a high-frequency conditioning input. We have also found that pairing of synaptic 
activity with postsynaptic hyperpolarization is sufficient to induce LTD. We report here that 2-amino-3-phosphonopropionate (AP3), a selective 
inhibitor of phosphoinositide (PI) turnover mediated by the metabotropic glutamate receptor, blocks the induction of associative LTD in hippocam- 
pal field CA1, but does not impair the induction of LTP. Our data suggest that metabotropic glutamate receptor activation is involved in the induc- 
tion of LTD. 

The hippocampus, a cortical structure involved in 
learning and memory [21], is capable of exhibiting both 
long-term potentiation (LTP) and depression (LTD) of 
synaptic strength in response to certain patterns of affer- 
ent firing. LTP in the hippocampus is produced by brief, 
high-frequency stimulation of excitatory afferents [4]. 
Associative LTP is elicited when low-frequency test in- 
puts, which do not produce LTP when stimulated alone, 
are activated simultaneously with high-frequency condi- 
tioning inputs to the same neurons [2,16]. Induction of 
LTP requires the simultaneous depolarization of the 
postsynaptic membrane and activation of glutamate 
receptors of the N-methyl-D-aspartate (NMDA) subtype 
[6,10,12,30]. Earliest reports of long-term depression 
(LTD) of synaptic transmission in the hippocampus de- 
scribed a heterosynaptic LTD for inputs that are inactive 
[19] or weakly active [17,18] during high-frequency sti- 
mulation of a separate converging input. Recently, we 
described an associative form of LTD in field CA1 that 
is produced when a low-frequency test input is negatively 
correlated in time with a second, high-frequency condi- 
tioning input [5,27]. In these studies, LTD of synaptic 
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strength was also produced by activating presynaptic 
terminals while hyperpolarizing the postsynaptic neuron 
with somatic current injection. Furthermore, we also 
found that the NMDA receptor antagonist 2-amino-5- 
phosphonovaleric acid (APS) failed to block LTD [27], 
suggesting the involvement of a non-NMDA subtype of 
glutamate receptor in the induction of LTD. 

Recent studies have uncovered a second messenger- 
coupled, or metabotropic, subtype of glutamate receptor 
that stimulates phosphoinositide (PI) hydrolysis in the 
hippocampus and neocortex [23,25]. The discovery of a 
selective agonist for this receptor, trans-l-aminocyclo- 
pentane-1,3-dicarboxylic acid (ACPD), has allowed this 
receptor to be distinguished pharmacologically from the 
ionotropic excitatory amino acid receptors (AMPA, 
NMDA, kainate) [22]. Dudek and Bear [7] have shown 
that, in kitten visual cortex, excitatory amino acid-stimu- 
lated PI turnover correlates well with the critical period 
for ocular dominance plasticity. These authors sug- 
gested that this mechanism might contribute to use-de- 
pendent depression of synaptic strength [3]. Further- 
more, it has also been reported that 2-amino-3-phospho- 
nopropionic acid (AP3) is a potent and selective inhibi- 
tor of metabotropic receptor-mediated PI turnover 
[23,24], and mobilization of intracellular Ca 2+ [13]. In 
view of these results, we investigated the possible invol- 
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vement of metabotropic receptors in LTD, by testing the 
ability of AP3 to block associative LTD in hippocampal 
field CA 1. 

Hippocampal slices (400 pm thick) from adult male 
Sprague-Dawley rats were prepared by standard meth- 
ods [26] and incubated in a modified Haas-style interface 
slice perfusion chamber [11]. Slices were maintained at 
34-35°C, pH 7.4, in an artificial cerebrospinal fluid 
(ACSF) medium bubbled with a 95% 02/5% CO2 mix- 
ture. ACSF composition was (raM): NaC1 126, KC1 5, 
NaH2PO4 1.25, MgCI2 2, CaC12 2, NaHCO3 26, and glu- 
cose 10. Extracellular recording electrodes (1-5 Mr2) 
were filled with 2 M NaCI, while intracellular electrodes 
(70- 120 Mg2) were filled with 2 M potassium acetate. 
Intracellular potentials were amplified through an Axo- 
clamp IIA amplifier with an active bridge circuit in cur- 
rent clamp mode (Axon Instruments). Bipolar stimulat- 
ing electrodes were made from 50 pm diameter teflon- 
insulated platinum-iridium wire [26]. D,L-AP3 and 
D-AP5 (Cambridge Research Biochemicals) were dis- 
solved directly in artificial cerebrospinal fluid im- 
mediately before bath application. 

Extracellular evoked field potentials were recorded 

Fig. I 2-Amino-3-phosphonopropionic acid (AP3) blocks induction 

of associative LTD by out of phase stimulation of synapses on hippo- 

campa l CA I pyralmdal neurons, a: schematic diagram of the recording 

arrangement in the CAI pyramidal cell somatic and dendritic layers, 

and stimulus sites activating two independent groups of Schaffer colla- 

teral/commissural afferents (COND and TEST). b: schematic diagram 

of the stimulus paradigms used for extracellular experiments. Condi- 

tioning input stimuli were four trains of bursts, given at 10 s intervals, 

each train containing 10 bursts. Each burst consisted of 5 stimuli at 

100 Hz, with an interburst interval of 200 ms. Thus, each train lasted 

2 s, with 50 pulses per train. When these inputs were IN PHASE, the 

test single shocks were superimposed on the middle of each burst of 

the conditioning input. During OUT OF PHASE stimulation, single 

shocks were timed symmetrically between the bursts [4,21]. c: time 

course of the average percent changes in peak initial slope of the field 

EPSP (EPSP SLOPE, closed circles) and population spike amplitude 

(POP SPIKE AMPLITUDE, open circles) of the TEST input evoked 

potentials. Each point represents the mean + S.E.M. of 7 separate 

experiments in which the same time course of stimulations were given. 

First, the test and conditioning stimuli were given alone, causing no 

long-term changes in TEST input responses, 25 ~M AP3 was then bath 

applied, and out of phase stimulation of the TEST plus COND inputs 

failed to elicit LTD. After washout of AP3, a second identical out of 
phase stimulation now elicited associative LTD of the test input res- 

ponses (*, P < 0.05, paired t-test), d: summary of all extracellular exper- 

iments showing that AP3 blocks associative LTD. In control medium, 

out of phase stimulation elicited LTD of both population spikes (solid 

bars) and EPSP slopes (hatched bars) recorded 30 min after stimula- 

tion (*, P <  0.05, paired t-test compared to prestimulated baselines). In 

contrast, the same out of phase stimulation in the presence of 20 25 
pM AP3 (out of phase in AP3) no longer produced LTD. Note that 

there were no persistent effects of the application of AP3 itself (AP3 

wash in) or the subsequent washout (AP3 washout). (n) = number of 

slices. 



f rom the apical  dendr i t ic  ( popu la t i on  EPSP)  and  somat ic  

(popu la t ion  spike) layers o f  CA1 p y r a m i d a l  neurons ,  

while s t imula t ing  e lec t rodes  were p laced  on  ei ther  side in 

s t r a tum rad i a tum,  to ac t ivate  separa te  converg ing  

synapt ic  inputs  (Fig.  1 a). One input  was selected at  ran-  

d o m  as the test site, while the o ther  served as the condi-  

t ioning  s t imulus  inpu t  pa thway .  F o u r  low-f requency  

t ra ins  o f  test s t imuli  (5 Hz/2  s, every 15 s) were first ap-  

pl ied a lone  (Fig.  lb ;  TEST)  and  d id  no t  themselves  in- 

duce long- las t ing  changes  in synapt ic  strength.  The  con-  

d i t ion ing  site was then s t imula ted  a lone  at  high frequen-  

cy (Fig.  lb ;  C O N D :  5 pulse/100 Hz  bursts) ,  el ici t ing 

h o m o s y n a p t i c  L T P  o f  the cond i t ion ing  p a t h w a y  (not  

shown) wi thou t  pers is tent ly  a l ter ing amp l i t ude  o f  res- 

ponses  to the test input .  Af te r  these con t ro l  cond i t ions  

were met,  D , L - A P 3  (25 # M )  was ba th  app l ied  (solid bar ,  
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Fig.  lc)  for  30 min p r io r  to the app l i ca t ion  o f  ou t  o f  

phase  s t imula t ion  o f  bo th  pa thways  together  (TEST + 

C O N D ) .  This  s t imulus pa rad igm,  which no rma l ly  eli- 

ci ted associat ive  L T D  o f  the test pa thway ,  d id  not  do  so 

in the presence o f  AP3.  The  slices were then washed  in 

drug-free  med ium for 45 min,  and  a second ident ical  out  

o f  phase  s t imula t ion  was app l ied  to bo th  pa thways ,  now 

elici t ing L T D  o f  the test pa thw a y  (*, P < 0 . 0 5  pa i red  t- 

test c o m p a r e d  to p res t imula ted  baselines,  n = 7 slices). 

Al l  exper iments  involving app l i ca t ion  o f  AP3 (20-25 

# M )  are  summar ized  in Fig. ld ,  showing the percent  

changes  in test p a t h w a y  evoked  EPSP slopes and  popu la -  

t ion spike  ampl i tudes  recorded  30 min  af ter  each s t imula-  

tion. Out  o f  phase  s t imula t ion  o f  test and  cond i t ion ing  

pa thways  no rma l ly  elicited significant L T D  o f  test pa th -  

way EPSP and  popu l a t i on  spike, i l lus t ra ted 30 min  post -  

8 
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Fig. 2. AP3 blocks LTD induced by pairing postsynaptic hyperpolari- 
zation with stimulation of synapses on CA1 pyramidal neurons, but 
does not block LTP induced by pairing of postsynaptic depolarization 
with synaptic activation, a: intracellular current-clamp records of 
evoked EPSPs (O denotes stimulus artifact) before and 30 min after 
pairing hyperpolarizing current injection (constant -0.6 nA current 
produced a -20  mV hyperpolarization of the soma in the absence of 
synaptic stimulation) with TEST input synaptic activation (four 5 Hz/2 
s trains). In the presence of AP3 (20/~M), TEST responses showed no 
persistent changes. After a 60 min drug-free wash, the same hyperpo- 
larization paired with TEST input stimulation were applied a second 
time, now eliciting homosynaptic LTD of the test pathway. CON- 
TROL synaptic inputs, unstimulated during hyperpolarization, 
showed no changes in either condition. (RMP = -65  mV, RN = 50 
12). b: time course of the changes in intracellular EPSP slopes in anoth- 
er experiment. Arrows indicate the times of stimulation of the TEST 
pathway, while a CA1 pyramidal neuron was at resting potential, 
hyperpolarized by -20  mV (Hyperpol) or depolarized by + 20 mV 
(Depol). Single responses from the test input (filled circles) show that 
5 Hz stimulation at rest produced no persistent changes in synaptic 
strength. In AP3 (20/~M), 5 Hz stimulation of the TEST input while 
the cell was hyperpolarized by -20  mV (-0.8 nA injected current) 
also failed to elicit any long-lasting alterations in EPSPs. Following 
washout of AP3 for 30 min, the same 5 Hz stimulation was paired with 
hyperpolarization a second time, and now elicited homosynaptic LTD 
of the TEST pathway. Finally, this same stimulation in conjunction 
with + 20 mV depolarization elicited LTP of the test pathway, indicat- 
ing that both LTD and LTP mechanisms were functional in this neu- 
ron. (RMP = -62  mV, RN = 44 MO). c: summary of intracellular 
experiments showing that AP3 blocks LTD, without impairing LTP, 
in CAI pyramidal neurons. In drug-free medium (CONTROL, solid 
bars), pairing of TEST stimulation (four 5 Hz/2 s trains) with -20  mV 
hyperpolarization (Stim + Hyperpol) elicited LTD (*, P<0.05 com- 
pared to prestimulation baselines) of maximal EPSP slope measured 
30 min after stimulation. In AP3 (20/~M, hatched bars), the same pair- 
ing of stimulation with hyperpolarization failed to induce LTD. In 
contrast, pairing of this same TEST stimulation with + 20 mV depolar- 
ization (Stim + Depol) elicited robust LTP in both CONTROL and 

AP3. (Mean + S.E.M., (n) = number of cells.) 
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stimulation (OUT OF PHASE, *P<0.05  paired t-test, 
(n) = number of  slices). In contrast, a 30 min bath appli- 
cation of  AP3 prior to the same out of  phase stimulation 
completely blocked LTD in CA1 pyramidal neurons 
(OUT OF PHASE IN AP3), without producing any sig- 
nificant changes in EPSP slope or population spike 
amplitude by itself (AP3 WASH IN). 

In previous studies, we have shown that LTD can be 
induced by pairing hyperpolarizing current injected into 
the soma with presynaptic activation [27]; Similar results 
have been reported in visual cortical neurons [1]. There- 
fore, we also examined the ability of AP3 to block LTD 
induced by such pairing in intracellular recordings from 
CA I pyramidal neurons. Fig. 2a illustrates typical 
EPSPs recorded intracellularly in CA1 pyramidal neu- 
rons and evoked by stimulating on the Schaffer collateral 
(TEST) or subicular (CONTROL) sides in the apical 
dendritic layer (stratum radiatum). AP3 (20 #M) was 
bath applied for 30 min prior to stimulation, and had no 
significant effect on resting membrane potential, input 
resistance, evoked synaptic potentials or threshold for 
action potential firing (not shown). The soma was then 
hyperpolarized - 2 0  mV by intracellular current injec- 
tion through the recording electrode, and the test path- 
way stimulated with 4 low-frequency trains (5 Hz/2 s, 
every 15 s). Current injection was then turned off, and 
the evoked EPSPs in each pathway tested by alternating 
single shocks each 30 s. Fig. 2a shows evoked responses 
immediately before, and 30 min after, test pathway sti- 
mulation paired with hyperpolarization. In the presence 
of AP3, stimulation did not produce persistent alter- 
ations in evoked potentials in either test or control path- 
ways. Thereafter, the slice was washed in drug-free 
medium for 60 min and the same stimulation and hyper- 
polarizing current was applied a second time, which now 
elicited LTD, an approximately 50% reduction in the test 
pathway evoked EPSP 30 min after the second stimula- 

tion. 
Fig. 2b shows the time course of a representative 

intracellular experiment, graphing the maximum initial 
slope (V/s) of  the EPSP evoked by test (closed circles), 
and control (open circles), pathway stimulation. First, 
test pathway stimulation (5 Hz/2 s × 4) was applied 
alone, and had no effect on synaptic strength. Then, AP3 
(20 #M, bar) was bath applied for 30 min prior to an- 
other series of  four 5 Hz trains given while hyperpolariz- 
ing by - 20 mV. This pairing failed to elicit LTD of test 
pathway synaptic strength, after which AP3 was washed 
out for an additional 30 min and the same stimulation 
paired with hyperpolarization applied a second time. This 
stimulation paradigm now elicited marked homosynaptic 
LTD of the test pathway, persisting for 30 min. At this 
time, another series of four low-frequency trains was 

again applied to the test pathway, this time while depo- 
larizing the neuron by +20  mV, eliciting associative 
LTP of this pathway, which returned evoked responses 
to their original amplitude. Intracellular experiments are 
summarized in Fig. 2c, illustrating the percent change in 
EPSP slope elicited by pairing of synaptic stimulation 
with hyperpolarization (LTD) or with depolarization 
(LTP), in the absence and presence of 20 #M AP3. AP3 
completely prevented the induction of LTD, measured 
30 min after stimulation (n = 10). Then, AP3 was washed 
out and the same stimulation given a second time, which 
now led to significant LTD of the test pathway (*, 
P<0.05,  paired t-test compared to pre-stimulus base- 
lines, n = 9). In contrast, LTP was unaffected by the same 
concentration of AP3 (Fig. 2c; LTP, n = 5). 

Our observations that AP3 had no effect on induction 
of associative LTP, induced either by in phase stimuli or 
pairing depolarization with synaptic activation, suggests 
that AP3 does not significantly block N MD A  receptors. 
We further verified that N MD A  receptors do not play 
a direct role in LTD induction by applying the NMDA 
antagonist AP5 during the pairing of intracellular hyper- 
polarization with presynaptic stimulation. The experi- 
mental paradigm was identical to previous studies, 
except that D-AP5 (20 #M) was bath applied. LTD was 
elicited in the presence of AP5 ( - 5 2 . 6  __ 8.8%, n = 6), 
and did not differ from that observed in control drug- 
free experiments. In our initial studies, we also found 
that AP5, which blocked LTP induction at synapses on 
apical dendrites of CAi pyramidal neurons, had no ef- 
fect on LTD of these same synapses [27]. Our present 
findings supply the first evidence implicating a specific 
non-NMDA glutamate receptor, the metabotropic 
(ACPD) glutamate receptor, in the induction of LTD in 

the hippocampus. 
The evidence for homosynaptic depression in neocor- 

tex is consistent with the characteristics of LTD that we 
have found in the hippocampus. Studies in neocortical 
slices [1,8] suggest that there is a narrow window of 
membrane potentials for eliciting depression: there is no 
long-term change in synaptic strength if the membrane 
potential is below the threshold for depression, and LTP 
occurs if the membrane potential is above a second 
threshold. However, at present, mechanisms linking the 
voltage sensitivity of LTD to the involvement of  meta- 
botropic receptors are not clear. Furthermore, another 
common feature underlying hippocampal and neocorti- 
cal LTD is that it results when a synapse is active and 
when its use is uncorrelated with activity at other 
synapses on the same neuron. The signal for lack of cor- 
relation might be the changes in calcium levels in dendri- 
tic spines. One such mechanism, absence of calcium in- 
flux through N MD A  receptor channels during presy- 
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napt ic  act ivi ty,  is appa ren t l y  no t  sufficient to induce 

L T D  or  reverse L T P  [9]. But  the extent,  spa t ia l  loca t ion  

and  t ime course  o f  rise in in t race l lu lar  ca lc ium concen-  

t r a t ion  m a y  nonetheless  be impor t an t ,  since ac t iva t ion  o f  

m e t a b o t r o p i c  receptors  can  t r igger  the release o f  ca lc ium 

f rom in t race l lu la r  s tores [13,20]. 

Recent  evidence indicates  tha t  in k i t ten  s tr ia te  cortex,  

the age -dependen t  coupl ing  o f  exc i ta tory  a m i n o  acid-st i -  

mu la t ed  PI  hydro lys i s  corre la tes  with pos tna t a l  changes  

in cor t ica l  suscept ibi l i ty  to visual  dep r iva t ion  [7]. F u r t h -  

e rmore ,  AP3 t r ea tmen t  in 2 -mon th -o ld  ki t tens  can b lock  

the e lec t rophys io logica l  effects o f  m o n o c u l a r  dep r iva t ion  

on  the s tr ia te  cor tex  con t ra l a t e ra l  to the depr ived  eye [3]. 

Thus,  in the visual  cortex,  exper ience-dependen t  reduc-  

t ions in synapt ic  s t rength  m a y  be dependen t  on meta -  

bo t rop i c  recep tor  ac t iva t ion  leading  to L T D  o f  depr ived  

eye synapses.  In  the cerebel lum,  L T D  at para l le l  fiber- 

Purkin je  cell synapses  occurs  when para l le l  fiber inputs  

are  pa i red  with c l imbing  fiber inputs  [14]. Recent  s tudies 

suggest  that ,  in this form o f  L T D ,  AMPA-spec i f i c  g luta-  

mate  receptors  med ia t ing  para l le l  f iber-Purkinje  cell res- 

ponses  are  desensi t ized th rough  a process  which involves 

co-ac t iva t ion  o f  m e t a b o t r o p i c  A C P D  receptors  [15]. In  

agreement  with these recent  findings, ou r  results  suggest  

tha t  ac t iva t ion  o f  m e t a b o t r o p i c  receptors  m a y  be 

requi red  for  induc t ion  o f  L T D  at  h i p p o c a m p a l  synapses.  

However ,  this i n t e rp re t a t ion  is based  on a s sumpt ions  o f  

the specificity and  mechan i sm of  ac t ion  o f  AP3 tha t  are 

still uncer ta in .  There  is evidence suggest ing var ia t ions  

between the p h a r m a c o l o g y  o f  e lec t rophys io log ica l  ef- 

fects and  o ther  b iochemica l  responses  el ici ted by  meta-  

bo t rop i c  recep tor  ac t iva t ion  [28,29]. F u r t h e r  s tudies will 

be requi red  to de te rmine  the b iochemica l  l inks between 

m e t a b o t r o p i c  recep tor  s t imula t ion  and  the induc t ion  o f  
LTD.  
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