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Postsynaptic l nduction and Presynaptic Expression 
of Hippocampal Long-Term Depression 

Vadim Y. Bolshakov and Steven A. Siegelbaum 
Long-term depression (LTD) is an activity-dependent decrease in synaptic efficacy that 
together with its counterpart, long-term potentiation, is thought to be an important cellular 
mechanism for learning and memory in the mammalian brain. The induction of LTD in 
hippocampal CAI pyramidal neurons in neonatal rats is shown to depend on postsynaptic 
calcium ion entry through L-type voltage-gated calcium channels paired with the activation 
of metabotropic glutamate receptors. Although induced postsynaptically, LTD is due to a 
long-term decrease in transmitter release from presynaptic terminals. This suggests that 
LTD is likely to require the production of a retrograde messenger. 

Long-term potentiation (LTP) in the hip- 
pocampus and neocortex (1) and LTD in 
the cerebellum (2) are two important ex- 
amples of activity-dependent synaptic plas- 
ticity in the mammalian brain that is long- 
lasting. Both forms of synaptic plasticity are 
induced by an increase in the concentration 
of Ca2+ in the postsynaptic cell. However, 
the sources of Ca2+ are different. LTP in 
the CAI region of the hippocampus re- 
quires Ca2+ influx through the N-methyl- 
D-aspartate (NMDA)-type glutamate re- 
ceptors ( I ) ,  whereas LTD in the cerebellum 
requires Ca2+ influx (3) through voltage- 
gated Ca2+ channels (4). The two forms of 
plasticity also differ in their sites of expres- 
sion. LTD in the cerebellum results from a 
decrease in the postsynaptic response of Pur- 
kinje neurons to glutamate (2). LTP is 
thought to result from both enhanced pre- 
synaptic release of glutamate (1, 5, 6) in 
response to a retrograde messenger produced 
in the postsynaptic cell (7) and from an 
increased postsynaptic response (1, 6, 8). 

Relatively little is known about hippo- 
campal LTD in comparison to LTP (9). 

Center for Neurobiology and Behavior Department of 
Pharmacology Howard Hughes Medical Institute, Co- 
lumbia University, New York, NY 10032, USA. 

However, the recent finding that pro- 
longed, low-frequency (1 to 5 Hz) stimula- 
tion induces LTD (1 0-1 2) makes it possible 
to investigate the mechanism of induction 
and site of expression of hippocampal LTD. 
Although the induction of LTD in the 
hippocampus (1 0) and cerebral cortex (1 3) 
requires postsynaptic Ca2+ [see (14) for an 
opposing view], its source is less certain and 
may depend on influx through NMDA re- 
ceptors (1 0, 1 1, 15), voltage-gated Ca2+ 
channels (16), or internal Ca2+ release 
after activation of metabotropic glutamate 
receptors (mGluRs) (1 3, 17). Moreover, it 
is not known whether hippocampal LTD is 
due to a decrease in transmitter release or to 
a decrease in the postsynaptic response to 
glutamate. Our study shows that hippocam- 
pal LTD resembles cerebellar LTD (4) be- 
cause it requires the paired activation of 
mGluRs and postsynaptic Ca2+ entry 
through L-type voltage-gated CaL+ chan- 
nels. However, in contrast to the cerebel- 
lum, LTD in the hippocampus is expressed 
presynaptically and results from a long- 
lasting decrease in transmitter release. 

LTD was studied without contamination 
from LTP in 3- to 7-day-old rats, a stage 
before the development of LTP (1 2 ) ,  at the 
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synapse between CA3 and CAI pyramidal min induced LTD of the excitatory postsyn- only when we allowed the postsynaptic 
neurons. Stimulation of the presynaptic aptic current (EPSC) in CAI neurons (Fig. neuron to depolarize under current-clamp 
Schaffer collateral ~a thwav at 5 Hz for 3 1. A and B) (18). LTD could be induced conditions during the 5-Hz stimulation and , > ,  

was blocked by ioltage-clamping the CAI  
neuron at -70 mv during s[imulation. 
LTD occurs specifically in the stimulated 
pathway and thus is homosynaptic (10, 11, 
18). LTD lasted at least 70 min with an 
average depression of the EPSC amplitude 
to 46.9 + 8.0% of its control value. 

The requirement for postsynaptic depo- 
larization could reflect a role for a voltage- 
dependent postsynaptic Ca2+ influx. In 
support of this view, we find that LTD is 
blocked when 10 mM EGTA is included in 
the whole cell recording solution to buffer 
the internal Ca2+ concentration, [Ca2+],, 
to concentrations below 10 nM (Fig. lC) ,  
consistent with other findings (1 0, 13, 14). 
However, this high concentration of 
EGTA also reduces the normal resting 
[Ca2+], and blocks any increase in [Ca2+], 
in response to stimulation. To distinguish 
between a permissive role for resting Ca2+ 
versus an inductive role of a rise in [Ca2+],, 
we used a pipette solution containing 11 mM 
BAPTA (1,2-bis- (0-aminophenoxy) ethane- 
N,N,N',N1-tetracetic acid), a rapid Ca2+ 
chelator, and 3 mM CaC12 to buffer [Ca2+], 
near its normal resting concentration of 100 
nM. LTD was also blocked under these 
conditions, suggesting that an increase in 
[Ca2+], is required (Fig. ID). However, in- 
creased [Ca2+], is apparently not sufficient to 
induce LTD because raising postsynaptic 
[Ca2+], through photolysis of the Ca2+ che- 
lator DM-nitrophen did not alter the EPSC 
(Fig. 1E) (19). 

Fig. 1. Dependence of A 1 1+2 1+3 
LTD induction on post- ? 
synaptic depolarization $ 2001 

Fig. 2. Dependence of LTD induction on L-type 
Ca2+ channels and mGluR activation. (A) Block A CNQX + APV 

of NMDA receptors by D-APV did not block LTD. 
(Top) EPSCs recorded at holding potentials of -, '-Control 
-30 mV (left) or -70 mV (right). The D-APV (50 $ 2,51 $ 2.57 
JLM) blocked a slow component of the EPSC .s J I .- 
present at -30 mV but not at -70 mV. The 2,0- 25 ms 'P 2.02 

E 
EPSC was completely blocked by CNQX (20 ; APV m 1  Nitrendipine 

0 1.54 
pM), a selective blocker of non-NMDA gluta- 2 2 ~ 
mate receptors, and D-APV (50 pM). (Bottom) w, 1.0- 
Graph shows average LTD in response to 5-Hz 8 .- 
stimulation (arrow) in the presence of D-APV % 0.5: 
(EPSC reduced to 60.8 -c 16% of control; n = 5). E 
The difference between the extent of LTD in the q 0.0' 

0 20 40 20 40 
presence and absence of D-APV was not statis- 

Time (min) Time (min) 
tically significant (t test, t = 1.013). (B) Nitren- 
dipine (5 pM; Miles Pharmaceuticals, New Ha- 
ven, Connecticut) blocked induction of LTD with I 1 + 2  1 + 3  1+4 D 1 1 + 2 1 +3 

5-Hz stimulation (arrow) (n = 5). (C) MCPG (500 
JLM) blocked induction of LTD with 5-Hz stimu- loo- 

lation (first arrow) (n = 4). After we washed away 
MCPG, 5-Hz stimulation induced LTD (second - MCPG MCPG 
arrow) (D) MCPG (500 pM) did not block LTD P 

when applied after LTD had been induced by 
5-Hz stimulation (arrow). Labeled bars indicate 
periods of drug application; error bars indicate 
SEM. Z 

20 40 60 0 20 40 
Time (mln) Time (min) 

and [Ca2+l,. (A) (Top) 2 150- 
EPSCs recorded at -70 W 

mV. (Bottom) We in- 5 '0°- 

duced LTD by stimulat- 50- 
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1 4 V 
.:s . . 25 ms 

w'J( yy . q w $ ~ % % d ~ b  
ing the Schaffer collateral . * 3 

0 pathway at 5 Hz for 3 to E 20 40 60 80 
4 min in current-clamp a Time (min) 
mode (arrow 2). The same B e C 
stimulation was used dur- 5 2.5- P 

ing voltage-clamp condi- % 
tions at -70 mV (arrow 1). 2.0- 

The pipette contained a % 1.5- 
standard intracellular so- 

[EGTAII = I .I mM 
[Ca2+li = 0.4 mM 

1 
mz_n_ lution (0.4 mM Ca2+ and P 

1,1 mM EGTA) (B) Av- 0.5j 
eraged data for LTD in- E 0.0 duced under current- 8 0 2'0 4'0 6b 
clamp conditions (mean Time (min) Time (min) 
+ 95% confidence inter- D e E 
val; n = 22). [EGTA], is 5 2.5. u 

the internal EGTA con- = .z - 2.51 [DM-nitrophen], = 2 mM 
[BAPTA], = I I mM 2,0- [Ca2+]. = 1.0 mM 

centration (c) Effect of 1 2.0 [ca2+],= 3 m~ m [ ~ g ~ + i ,  = 0 
10 mM EGTA on induc- 1.5. 1.5- 
tion of LTD (n = 9). Free n 4 .. -. .-.. 2 

- .  : pipette [Caa] was cal- y i Flash 
1.0.- . 

culated to be <10 nM. ' .8 - 0.54 
(D)  lock of LTD in cells s 0.5j a i 

with [Ca2+], buffered at O.O 0 20 40 g o.0J8 0 20 40 

100 nM (n = 6). The pi- Time (min) Time (min) 
pette contained 11 mM 
BAPTA and 3 mM Caw+. In (B) through (D), LTD was induced (at arrows) with the same protocol as 
in (A) with arrow 2. (E) Cell loaded with 2 mM DM-nitrophen and 1.0 mM Caa+. Ultraviolet photolysis 
for 30 to 40 s (at arrow) caused no change in EPSC size (n = 12). Data in (C), (D), and (E) indicate 
the mean + SEM. 



What is the source of the increased onist 2-amino-5-phosphonovaleric acid (D- 
[Ca2+],? Induction of LTD was not blocked APV) (Fig. 2A), although NMDA recep- 
by the competitive NMDA receptor antag- tors are f~~nc t iona l l~  expressed in the neo- 
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Fig. 3. Role of mGluRs in the induction of LTD. (A) Effect of ACPD (20 FM) on EPSC (EPSC reversibly 
reduced to 47.2 + 2.4% of control; n = 21). (B) ACPD (20 pM) did not affect the amplitude 
distribution of sEPSCs (mean amplitude was -6.5 L 0.24 PA, n = 11 1. before and -6.68 t 0.26 
PA, n = 217, after ACPD application). (C) Effect of MCPG (500 FM) on presynaptic inhibition by 
ACPD. (D) Pairing ACPD application with a train of depolarizing postsynaptic pulses (second arrow) 
produced LTD. The depolarizing train applied alone (first arrow) had no effect (27). 

Fig. 4. Properties of LTD induced by paired 
application of ACPD and postsynaptic depolar- 
ization. (A) Summary graph showing [Ca2+], 
requirement. Open symbols, pipette solution 
contained 1 .l mM EGTA and 0.4 mM Caa (n = 
7); filled symbols, pipette solution contained 10 
mM EGTA and 0 mM Ca2+ (n = 4). Arrow 
indicates application of a train of depolarizing 
steps. (B) LTD induced by ACPD plus a train of 
depolarizing pulses (first arrow) occludes LTD 
with 5-Hz stimulation for 3 min (second arrow: n 
= 3). (C) Presynaptic locus for LTD induced by 
ACPD plus postsynaptic depolarization. Traces 
show sEPSCs before (top) and after (bottom) 
induction of LTD. (D) Cumulative average am- 
plitude histogram of sEPSCs before (open sym- 
bols) and after (filled symbols) induction of 
LTD. Data were obtained from experiments 
shown in (A) (open symbols) (n = 7). All exper- 
iments were done in the presence of 100 )*M 
picrotoxin. Error bars indicate SEM. 

, 2.5- 
u - .- --, 2.0- 

S 
0 1.5- 
U) 
P w, 1.0- 

3 .- - E 0.5- 
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natal CA1 pyramidal neurons and contrib- 
ute an APV-sensitive late component to 
the EPSC (Fig. 2A, top) (20). In contrast, 
nitrendipine, an inhibitor of L-type Ca2+ 
channels, blocked LTD induction (Fig. 
2B). Nitrendipine did not alter basal syn- 
aptic transmission, suggesting that the 
L-type Ca2+ channels do not directly con- 
tribute to transmitter release. 

Activation of mGluRs has been impli- 
cated in the induction of LTP (21) and 
LTD (1 3, 17). Thus, the fact that increased 
[Ca2+], caused by DM-nitrophen photolysis 
did not induce LTD could reflect a require- 
ment for the paired activation of mGluRs. 
To test this idea, we used (R,S)-a-methyl- 
4-carb~x~phenylglycine (MCPG) , a selec- 
tive mGluR antagonist (22) that blocks 
induction of hippocampal LTP (2 1 ) . We 
found that in neonatal hippocampal neu- 
rons MCPG (500 pM) selectively blocked 
mGluRs (Fig. 2C) (23). Moreover, MCPG 
blocked LTD induction in a fully reversible 
manner (Fig. 3C). The mGluR activation 
appears to be necessary for the induction 
but not the expression or maintenance of 
LTD because MCPG did not block LTD 
after it had been induced (Fig. 2D). 

Is mGluR activation sufficient to induce 
LTD? Activation of mGluRs with the spe- 
cific agonist trans-l-amino-cyclopentyl- 
1,3-dicarboxylate (ACPD) caused a revers- 
ible inhibition of synaptic transmission at 
the CA3-CAI synapse (Fig. 3A) (24) that 
was blocked by MCPG (Fig. 3C) (25). The 
inhibition was presynaptic because ACPD 
produced no change in the amplitude of 
spontaneous EPSCs (sEPSCs) (Fig. 3B) 
(26). The reversibility of the inhibition 
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with ACPD suggests that mGluR activation 
alone is insufficient to induce LTD. 

The induction of LTD appears to require 
the pairing of postsynaptic depolarization 
with activation of mGluRs. Thus, applica- 
tion of ACPD during a train of short, 
depolarizing pulses applied to the C A I  neu- 
ron induced a long-lasting irreversible de- 
crease in  the EPSC (Figs. 3D and 4) (27). 
Similar to LTD produced by the ;-Hz 
stimulation, the ACPD-induced LTD was 
blocked by inclusion of 10 mM EGTA in 
the pipette solution, implying a require- 
ment for postsynaptic Ca2+ (Fig. 4A). 
Moreover, induction of LTD with ACPD 
occludes the depression normally seen with 
;-Hz stimulation (Fig. 4B), suggesting that 
the two processes are closely related. 

To  determine whether the site of expres- 
sion of hippocampal LTD is postsynaptic, as 
in  the cerebellum (2), or has a presynaptic 
component, as occurs with hippocampal 
LTP (1, 5, 6), we used an approach that 
relies on  variations in  the size of the EPSC 
generated by successive stimuli, previously 
applied to LTP (5). If we assume that 
synaptic variability reflects probabilistic re- 
lease, the parameter M 2 / a 2  (where M is the 
mean EPSC amplitude and u2  is the vari- 
ance in  EPSC amplitude) provides an index 

of synaptic function that is independent of 
postsynaptic transmitter sensitivity but re- 
flects changes in transmitter release [(5); 
see (28) for an opposing view]. As shown in 
Fig. 5, induction of LTD is accompanied by 
a large change in M2/u2,  suggesting a pre- 
synaptic effect. 

Independent evidence for a presynaptic 
locus for LTD was derived from an analysis 
of sEPSC amplitudes; these amplitudes 
should reflect postsynaptic receptor sensi- 
tivity to the transmitter. T o  ensure that 
LTD was likely to be induced at all syn- 
apses, we induced LTD by pairing ACPD 
with postsynaptic depolarization. Despite a 
50% decrease in  the size of the evoked 
EPSC, there was no change in the sEPSC 
amplitude (Fig. 4, C and D; amplitude was 
-7.1 ? 0.4 pA before and -7.0 + 0.4 pA 
after LTD induction; n = 7). 

These results show that LTD in neonatal 
C A I  pyramidal cells depends on  postsyn- 
aptic depolarization, inducing Ca2+ entry 
through L-type channels, paired with acti- 
vation of mGluRs. Our results with 3- to 
7-day-old rats agree with findings implicat- 
ing mGluRs in LTD in adult rat hippocam- 
pus (1 7) and visual cortex (13) and in the 
related process of depotentiation, in  which 
a low-frequency train of action potentials 

1.5 
C Percent of control 

0 50 100 150 
' I  I 

[EGTA], = 1 .I mM 

N I 

Q 

Nitrendipine 

0.0 0.5 1 .O 1.5 
M 

Fig. 5. Decreased transmitter release during LTD (A) Variability in size of the EPSC eliclted by 
successive stimuli before (left) and after (right) induction of LTD. (8) Effect of LTD Induction on 
M ~ u ~ e r s u s  M (solid line). Parameters were computed before and after 5-Hz stimulation. Each 
symbol is a separate experiment (150 to 400 trials analyzed in different experiments). Values of 
M2/u2 and M measured during the period after stimulation were normalized by their values before 
stimulation. There is a correlation between changes in M and changes in M2/u2 [ r  (correlation 
coeff~cient) = 0.82, P i 0.051. The horizontal dotted line shows the predicted relation if LTD were 
purely postsynaptic. The dashed line shows the relation if the change in M 2 / u ~ s  identical to the 
change in M. Thls occurs if LTD is presynaptic and due to either an Increase in the number of 
release sites or an increase in the probability of release when this probability is low. (C) Summary 
of results from different protocols comparing changes in M and M2/u2. 

reverses LTP (29). Our results differ from , , 

findings in  hippocampal slices from 14- to 
22-day-old rats in  which induction of LTD 
required activation of NMDA receptors 
(10, 11) but not L-type channels ( lo) ,  
differences that could be related to the ages 
of the animals. 

Although the induction of LTD has an 
important postsynaptic component, the ex- 
pression of LTD appears to be presynaptic. 
This observation implies that, similar to 
LTP (7), LTD requires production of a 
retrograde messenger, consistent with evi- 
dence that nitric oxide might mediate LTD 
in the hippocampus (30). The similarity of 
LTD to uresvnautic inhibition with ACPD . , .  
suggests that the mGluRs may be presynap- 
tic. This localization could explain the 
synapse specificity of LTD; only inputs ac- 
tive during the induction of LTD would 
receive a retrograde signal that resulted " " 

from increased postsynaptic [Ca2+] along 
with oresvnautic mGluR activation. A re- 

& , &  

quirement for presynaptic mGluR activa- 
tion could also explain why it is often 
necessary to pair retrograde messengers with 
presynaptic stimulation to produce long- 
lasting changes in  synaptic strength (7). 
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Linkage Analysis of IL4 and Other Chromosome 
5q3 1 . 1  Markers and Total Serum 
Immunoglobulin E Concentrations 

David G. Marsh,* John D. Neely, Daniel R. Breazeale, 
Balaram Ghosh, Linda R. Freidhoff, Eva Ehrlich-Kautzky, 

Carsten Schou, Guha Krishnaswamy, Terri H. Beaty 
Sib-pair analysis of 170 individuals from 11 Amish families revealed evidence for linkage 
of five markers in chromosome 5q31.1 with a gene controlling total serum immunoglobulin 
E (IgE) concentration. No linkage was found between these markers and specific IgE 
anflbody concentrations. Analysis of total IgE within a subset of 128 IgE antibody-negative 
sib pairs confirmed evidence for linkage to 5q31 . l ,  especially to the interleukin-4 gene 
(IL4). A combination of segregation and maximum likelihood analyses provided further 
evidence for this linkage. These analyses suggest that IL4 or a nearby gene in 5q31.1 
regulates IgE production in a nonantigen-specific (noncognate) fashion. 

T h e  immunogenetic mechanisms underly- 
ing heightened IgE responsiveness seen in 
the atopic diseases may be divided into two 
types, antigen (Ag)-specific and non-Ag- 
specific (1). The former is strongly influ- 
enced by HLA-D-encoded, major histo- 
compatibility complex class I1 genes (1, 2) 
and involves cognate T cell-B cell interac- - 
tion. The latter, noncognate regulation of 
IgE, could involve primarily basophils, mast 
cells, and possibly other FceRI+ cells, with 
supplemental involvement of T cells (3, 4). 

T helper lymphocytes, types 1 and 2 
(TH1 and TH2), play a crucial role in 
facilitating the immune response (5, 6). 
The expression of several diseases can de- 
pend on whether TH1 or TH2 lymphocytes 
predominate in response to an Ag challenge 
(7). The IgE antibody (Ab)-mediated 
atopic allergies provide a particularly good 
model for studying TH2-associated diseases. 
The Ag-cognate interaction of B cells with 
TH2 cells involves CD40-CD40L binding, 
B cell activation, and the release of IL-4 
and IL-13 from the TH2 cells. This process 
leads to Ig heavy chain class-switching to 
the E isotype, resulting in specific IgE Ab 

D. G. Marsh, J. D Neely, B Ghosh, L. R Fredhoff, E. 
Ehrlich-Kautzky, G Krishnaswamy, Johns Hopkins 
Asthma and Allergy Center, School of Medicne, 5501 
Hopklns Bayvlew Boulevard, Baltimore, MD 21224, 
USA 

responses (6, 8, 9). It appears that IL-5 
facilitates IL-4-induced class-switching (1 0). 
Interleukin-4 is crucial for the develop- 
ment and functioning of TH2 cells (5, 6, 
8, 1 I ) ,  including their ability to express 
IL-5, leading to eosinophilia (1 I) .  It has 
been shown that activated normal human 
basophils express and secrete IL-4, in a 
process that is facilitated by IL-3 (3). The 
basophils are able to interact with B cells 
through CD4O-CD40L, leading to the pro- 
duction of IgE (3). This interaction is not 
Ag-driven and is, therefore, noncognate. 
The overall production of IgE by both 
cognate and noncognate pathways is re- 
flected in the total serum IgE concentra- 
tion, which can readily be measured as a 
quantitative trait. 

Studies of twins have shown that total 
serum IgE concentration is largely deter- 
mined by genetic factors (12). Family stud- 
ies have favored recessive, dominant, or 
codominant models for a postulated major 
gene controlling total IgE (1, 13, 14), 
usually with a significant polygenic influ- 
ence (involving multiple minor genes). Es- 
timates of heritability of log[total IgE] from 
twin and family studies of Caucasoid sub- 
jects range from about 0.37 to 0.84 (12, 
14). Several family studies have provided 
evidence against linkage between a major 
gene for total IgE and HLA in chromosome 
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