
Nature © Macmillan Publishers Ltd 1997NATURE | VOL 388 | 31 JULY 1997 439

articles

Propagation of activity-dependent
synaptic depression in simple
neural networks
Reiko Maki Fitzsimonds, Hong-jun Song & Mu-ming Poo

Department of Biology, University of California at San Diego, La Jolla, California 92093-0357, USA

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Triple whole-cell recordings from simple networks of cultured hippocampal neurons show that induction of long-term
depression at glutamatergic synapses is accompanied by a back propagation of depression to input synapses on the
dendrite of the presynaptic neuron. The depression also propagates laterally to divergent outputs of the presynaptic
neuron and to convergent inputs on the postsynaptic neuron. There is no forward propagation of depression to the
output of the postsynaptic neuron and no presynaptic propagation accompanying long-term depression at GABAergic
synapses. Activity-induced synaptic modification is therefore not restricted to the activated synapse, but selectively
propagates throughout the neural network.

The development and plasticity of the nervous system involve
activity-dependent modification of synaptic connections1–3. Long-
term potentiation (LTP) and long-term depression (LTD) of central
synapses induced by repetitive activity in various regions of the
brain have been implicated as the cellular mechanisms that underlie
learning and memory4–7. These modifications are known to be
input-specific, so only activated pathways are affected. But within
the vicinity of activated pathways, other non-activated synapses also
become modified, leading to more distributed synaptic modifica-
tions within a neural network. For example, LTP generated at one
synaptic input to a CA1 hippocampal neuron was found to spread
to adjacent synapses on the same or on a different postsynaptic
neuron8–11 and to result in LTD in more distant neurons12,13. Such
spread of synaptic modification appears to depend on membrane-
permeable or secreted factors released by the activated synapse, and
the extent of influence on other synapses depends on their physical
proximity. On the other hand, the spread of synaptic modification
can also be mediated by signalling within the neuron. On the
postsynaptic side, LTP at one synaptic input can result in hetero-
synaptic modification of other convergent inputs14–19. On the
presynaptic side, changes may spread through the cytoplasm to
other divergent outputs. In Xenopus nerve-muscle cultures, LTD
induced at one neuromuscular synapse can propagate to other
synapses made by the same neuron onto other myocytes, apparently
by signalling within the neuronal cytoplasm20. A similar presynaptic
cytoplasmic mechanism may also account for the spread of short-
term depression of inhibitory synapses observed in cerebellar
slices21.

Here we find that induction of LTD at glutamatergic synapses
within small networks of cultured hippocampal neurons is accom-
panied by a retrograde spread of depression to synapses on the
dendrites of the presynaptic neurons (back propagation). The
depression also spreads laterally to synapses made by divergent
outputs of the presynaptic neuron (presynaptic lateral propagation)
or to convergent inputs on the postsynaptic neurons (postsynaptic
lateral propagation). In contrast, there was no forward propagation
of depression to output synapses of the postsynaptic neuron.
Moreover, we found no evidence for back propagation or presy-
naptic lateral propagation of depression resulting from LTD
induced at GABAergic synapses. Taken together, these results
indicate that there is an extensive yet selective distribution of
activity-induced synaptic changes within the neural network.
Furthermore, the discovery of back propagation of LTD indicates

that there is an axon-dendritic flow of information which conveys
signals from the outputs of a neuron to its inputs. It gives added
credence to the idea that the back-propagation algorithm, which
was used effectively for supervised learning in artificial neural
networks22,23, may be implemented in simple biological neural
networks.

Triplet networks of hippocampal neurons
Low-density cultures of hippocampal neurons were prepared from
embryonic day (E) 18–20 rat embryos24 and used for experiments
10–14 days after plating. For the present study we searched for
isolated groups of three interconnected hippocampal neurons
(triplets) located in the microscopic field of view (a diameter of
,950 mm) in the absence of other neurons (Fig. 1a). The connec-
tivity in the triplet was examined by simultaneous whole-cell
perforated patch recording from the soma of all three neurons.
For each neuron, we recorded glutamatergic (excitatory) postsy-
naptic currents (EPSCs) or GABAergic (inhibitory) postsynaptic
currents (IPSCs) in response to brief step-depolarizations initiated
in each neuron under voltage-clamp conditions (V c ¼ 2 80 mV).
By examining the latency of onset, the time course and the reversal
potential of synaptic currents, all monosynaptic connections among
three neurons in the isolated triplet and autaptic connections made
by each neuron onto itself were characterized. As shown in Fig. 1b, c,
the latency of onset of monosynaptic EPSCs and IPSCs following a
1-ms presynaptic depolarization had a mean value in the range of
1.5 to 2.6 ms, whereas polysynaptic responses exhibited much
longer latencies .5 ms). We have thus defined the monosynaptic
connection by the presence of postsynaptic currents that exhibit a
latency #2.6 ms and a monotonic rising phase. The monosynaptic
connections used here had a mean latency of 1:8 6 0:4 and
1:5 6 0:4 ms (n ¼ 80 each) for EPSCs and IPSCs, respectively (see
also Fig. 1d, e). For an unambiguous interpretation, experiments
were done only on triplets with limited reciprocal synaptic connec-
tions. Many neurons in the triplets form autapses, which share
physiological properties with synapses25–27. For simplicity of
description, we used the terms ‘synapse’ and ‘autapse’ to refer to
the ensemble of all synaptic and autaptic contacts (or boutons)
made by a neuron.

Induction of LTD
We first characterized the induction of LTD at both glutamatergic
and GABAergic synapses in these hippocampal cultures. Pairs of
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Figure 1 Simple networksof hippocampal neurons in culture.a, A phase-contrast

microscopic image of a triplet network in a 10-day-old hippocampal culture,

together with three pipettes used for whole-cell perforated patch recording. Scale

bar, 50 mm. b, c, Distribution of the latency of onset of EPSCs and IPSCs recorded

from four different pairsof neurons.Whole-cell recordingswere madeat the soma

of both pre- and postsynaptic neurons in voltage-clamp mode (Vc ¼ 2 80mV).

Step-depolarizations (+100 mV,1ms) were applied to the presynaptic neuron and

postsynaptic membrane currents were monitored. Samples of successive

evoked synaptic currents are shown in the inset associated with each histogram.

The latency was defined as the time interval between the end of 1-ms stimuli and

the onset of synaptic currents. Arrowheads mark the onset time for mono- or

polysynaptic responses. In c, arrows mark the mean latency for monosynaptic

EPSCs (left) and IPSCs (right). Note the occasional failures in evoked polysynaptic

responses inb. Scales: 20ms, 200 pA forb; 10 ms, 200 pA forc.d,e, Distributionof

the mean latency for a large number of monosynaptic glutamatergic (d) and

GABAergic (e) connections (n ¼ 80each) within the triplets used here.

Table 1 Summary of propagation of synaptic depression in small neural networks

Site of LTD induction Site of propagation Propagation

Network configuration EPSC/IPSC Depression (%)* EPSC/IPSC Depression (%)* N† Yes/No
...................................................................................................................................................................................................................................................................................................................................................................

(1) Back propagation
EPSC 43:5 6 4:9‡ EPSC 27:6 6 3:0‡ 12 Yes
EPSC 49:8 6 7:0‡ IPSC 48:4 6 7:5‡ 5 Yes
IPSC 48:3 6 7:6‡ EPSC 4:7 6 2:3 4 No
IPSC 52:2 6 11:5‡ IPSC 2 6:0 6 10:2 5 No

Forward propagation
EPSC 40:6 6 4:9‡ EPSC 4:5 6 3:1 3 No
EPSC 24:8 6 3:5‡ IPSC 2 8:3 6 7:4 4 No
IPSC 53:0 6 19:9‡ EPSC 3:7 6 3:2 3 No
IPSC 68:3 6 1:8‡ IPSC 2 1:3 6 4:7 3 No

(2) Presynaptic lateral propagation
EPSC 43:8 6 6:3‡ EPSC 41:9 6 7:0‡ 10 Yes
IPSC 51:2 6 5:3‡ IPSC 3:7 6 1:9 6 No

(3) Postsynaptic lateral propagation
EPSC 46:1 6 6:9‡ EPSC 29:5 6 5:9‡ 6 Yes
EPSC 44:3 6 15:0‡ IPSC 49:3 6 17:2‡ 3 Yes
IPSC 32:7 6 5:9‡ EPSC 20:7 6 4:2‡ 3 Yes
IPSC 56:7 6 12:5‡ IPSC 19:2 6 9:4‡ 3 Yes

...................................................................................................................................................................................................................................................................................................................................................................
* The value of depression represents the percentage reduction in the amplitude of EPSCs and IPSCs during the first 10–15min following the induction of LTD.
† N, total number of triplets examined for each condition.
‡ Significantly different from zero (P , 0:01, Mann-Whitney test).
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hippocampal neurons were simultaneously recorded and the pre-
synaptic neuron was stimulated repetitively under current-clamp to
fire 1-s trains of action potentials (5 Hz) with 1-s intervals for 6 min
(a total of 900 stimuli) in the presence of a sustained postsynaptic
depolarization (V c ¼ 2 50 mV). This paired stimulation gave a
persistent reduction in the amplitude of the EPSCs or IPSCs at
glutamatergic and GABAergic synapses, respectively (Fig. 2a, b).
The reduction during the first 10–15 min following the stimulation
was 49:5 6 0:4% (s.e.m., n ¼ 10) and 34:6 6 0:5% (s.e.m., n ¼ 6)
for EPSCs and IPSCs, respectively, and it persisted for at least 20 min
(Fig. 2c, d). Concurrent postsynaptic depolarization was necessary
for the induction of LTD by the present stimulation protocol; when
the postsynaptic neurons was voltage-clamped at −80 mV during
the period of repetitive presynaptic stimulation, no LTD was
observed (Fig. 2c, d). Furthermore, the induction of LTD at
glutamatergic synapses was largely abolished by the presence of
(6)-2-amino-5-phosphonopentanoic acid (AP5, 50 mM; Fig. 2e),
an antagonist that blocks the NMDA (N-methyl-D-aspartate) sub-
type of glutamate receptors, whereas LTD at GABAergic synapses
was unaffected by the same AP5 treatment (Fig. 2f). These
properties of the induction of LTD agree with those previously
described for glutamatergic synapses in hippocampal cultures26 and

slices28–32. The properties of GABAergic LTD remain to be further
characterized.

Back propagation of synaptic depression
Serially connected triplets were first used for studying the propaga-
tion of LTD. Figure 3a shows an example consisting of only
glutamatergic synapses. Matrix tabulation of representative
averages of synaptic and autaptic currents is used to depict the
connectivity and time-dependent synaptic changes. Alternating test
stimuli were applied to neurons 1 and 2 at low frequency (0.06 Hz)
to monitor the synaptic efficacy of connections, except during the 6-
min period when LTD was induced at the glutamatergic synapse (E)
from neuron 2 to 3 (E2–3). During the induction period, neuron 2
was stimulated repetitively to fire action potentials (see above),
while neuron 3 was voltage-clamped at −50 mV. Neuron 1 remained
voltage-clamped at −80 mV throughout the experiment. Immedi-
ately after the stimulation, the amplitude of EPSCs at E2–3 was
persistently reduced. EPSCs at E1–2 were also reduced, indicating a
back propagation of depression from the axonal output of neuron 2
to its dendritic input. In a different triplet consisting of both
glutamatergic and GABAergic neurons (Fig. 3b), induction of
LTD at E2–3 was also accompanied by a depression of the GABAergic
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Figure 2 Induction of LTD at glutamatergic and GABAergic synapses in

hippocampal cultures. a, b, Examples of recording at glutamatergic (a) and

GABAergic (b) synapses. Data points depict the amplitudes of EPSCs or IPSCs

before and after the induction of LTD, normalized to the mean value recorded (as

100%) before the induction. For the induction of LTD, the presynaptic neuron was

stimulated repetitively under current clamp to fire 1-s trains of action potentials

(5Hz) with 1-s intervals for 6min (a total of 900 stimuli) in the presence of a

sustained postsynaptic depolarization (Vc ¼ 2 50mV). Dotted lines delineate the

period of repetitive stimulation. Arrowheads indicate the time of application of

glutamate antagonists (50 mM AP5; 10 mM CNQX) and GABAA receptor antago-

nists (10 mM bicuculline) in a and b, respectively. Traces of EPSCs and IPSCs

(average of 5 consecutive events) before (I) and after (II) the induction of LTD and

after additionof receptor antagonists (III) areshownabove.Note the slowerdecay

of the IPSCs. Scales: 20ms, 200 pA for a; 40ms, 200 pA for b. c, d, Summary of

experiments on the induction of LTD at glutamatergic (c) and GABAergic

synapses (d). When the postsynaptic cell was voltage-clamped at −50mV

during the repetitive presynaptic stimulation, there was significant and persistent

reduction of EPSCs (c, open triangles; n ¼ 10) and IPSCs (d, open circles; n ¼ 6)

(P , 0:05, Student’s paired t-test). In contrast, when the postsynaptic neuron was

voltage-clamped at −80mV during stimulation, no significant change in EPSCs (c,

filled triangles; n ¼ 5) or IPSCs (d, filled circles; n ¼ 5) was observed (P . 0:05,

Student’s paired t-test). Data points represent mean 6 s:e:m: e, f, Effect of AP5 on

the induction of LTD. The same as that described in c and d, except that AP5

(50 mM) was added in the extracellular bath solution throughout the experiment.

The degree of depression was greatly reduced for glutamatergic LTD (e; n ¼ 6),

whereas GABAergic LTD was unaffected (f; n ¼ 4). Both the residual depression

at glutamatergic synapses and the depression at GABAergic synapses were

significant (P , 0:05, Student’s paired t-test).
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synapse (I) from neuron 1 to 2 (I1–2). Note that there was no
depression of the autapse made by neuron 1 (E1–1 or I1–1; Fig. 1a, b),
but the reciprocal synapse E2–1 was depressed in both cases. The
depression of E2–1 suggests a lateral propagation of LTD to divergent
axonal outputs of the presynaptic neuron (see below).

The results from all serial triplets recorded are summarized in Fig.
3c, d and Table 1. In control experiments (Fig. 3c), we found no
change in the synaptic efficacy of either E1–2 or I1–2 after applying
repetitive stimulation to neuron 2 while voltage-clamping neuron 3
at −80 mV. Thus coincident pre- and postsynaptic excitation is
required not only for the induction of LTD, but also for the back
propagation of depression. The same stimuli resulted in a persistent
depression of both synapses E2–3 and E1–2 (or I1–2) when neuron 3
was concurrently depolarized to −50 mV (Fig. 3d). The average
steady depression at back-propagation site E1–2 or I1–2 was signifi-
cantly lower than that of the LTD induced at E2–3 (P , 0:02,
Student’s t-test; Fig. 3d and Table 1). In these experiments, we
noted in many cases an initial short-term depression following the

termination of the repetitive stimuli at the site of LTD induction but
not at the propagation site (Fig. 3b), consistent with the absence of
repetitive presynaptic stimulation at the propagation site.

In contrast to the back propagation of depression associated with
glutamatergic LTD, we found no evidence for back propagation of
depression following induction of LTD at GABAergic synapses. In
the example shown in Fig. 4a, when LTD was induced at the
GABAergic synapse I2–3 by the same stimulation protocol, no
depression of E1–2 was observed. Back propagation was also
absent in serial triplets that consisted only of GABAergic synapses.
Neither was I2–1 affected by the induction of LTD at I2–3,
suggesting the absence of presynaptic lateral spread of depression
in GABAergic neurons (see below). The results on the back
propagation of GABAergic LTD are summarized in Fig. 4b and
Table 1.

Forward propagation
Serial triplets of hippocampal neurons were also used to determine
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Figure 3 Back propagation of synaptic depression following the induction of LTD

at glutamatergic synapses. a, An example of a glutamatergic triplet. The diagram

on the left indicates the connectivity deduced from measurements of mono-

synaptic and autaptic currents recorded from all three neurons. The matrices

below depict samples (average of 4 consecutive events) of synaptic and autaptic

currents before (I) and after (II) the induction of LTD as well as superimposed

currents (I and II) for comparison. S, stimulated neuron; R, recorded neuron. Note

that a large stimulation artefact precedes the autaptic current. Scales: 20ms,

250 pA.Datapoints depict the amplitudeof EPSCsat the autapseof neuron1 (E1–1,

white symbols) and at synapses from neuron 1 to 2 (E1–2, red), from 2 to 3 (E2–3,

black) and from 2 to 1 (E2–1, blue). Amplitudes were normalized as for Fig. 2. The

same stimulation procedure as for Fig. 2 was used to induce LTD at E2–3 (black

arrow and asterisk), while neuron 1 was voltage-clamped at −80mV. b, An

example of a triplet formed by glutamatergic and GABAergic neurons. The same

as ina, except that neuron 1 was GABAergic. Note the slow time course for IPSCs

elicited by neuron 1 (S1; scales: 40ms, 200 pA) compared to that of EPSCs elicited

by neuron 2 (S2; scales: 20ms, 200 pA for S2 and S3). c, Summary of control

experiments. The same repetitive stimulation as that used in the induction of LTD

(a) was applied to neuron 2 in serial triplets while neuron 3 was voltage-clamped

at −80mV. Left, generic configuration for serial triplets studied. Data

(mean 6 s:e:m:) represent synaptic responses at E1–2 and I1–2 (n ¼ 7, including 3

E1–2 and 4 I1–2). d, Summary of back propagation of depression following the

induction of LTD at glutamatergic synapses in serial triplets. The same repetitive

stimulation as that used in a was applied to neuron 2 while neuron 3 was

depolarized to −50mV. Data points are mean 6 s:e:m: (n ¼ 8). Filled triangles,

EPSCs at E2–3; red diamonds, averages of EPSCs and IPSCs at E1–2 (n ¼ 6) and I1–2

(n ¼ 2), respectively.
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Figure 4 Absence of back propagation of depression following the induction of

LTD at GABAergic synapses. a, An example of a triplet consisting of both

glutamatergic and GABAergic neurons. LTD was induced at the GABAergic

synapse I2–3 (black) by using the same protocol as for Fig. 3, and the synaptic

efficacy at E1–2 (red) and I2–1 (blue) were monitored before and after induction.

Scales: 40ms, 250 pA for S2; 20ms, 250 pA for S1 and S3. b, Summary of back

propagation of depression following the induction of LTD at GABAergic synapses

(I2–3) in serial triplets similar to that in a. Data represent mean 6 s:e:m: (n ¼ 7).

Black circles, IPSCs at I2–3; red diamonds, average synaptic currents at E1–2 (n ¼ 4)

and I1–2 (n ¼ 3).

Figure 5 Absence of forward propagation of depression. a, An example of a

serially connected triplet. Using the same stimulation procedure as that

described in Fig. 3, LTD was induced at E1–2. The data shown are normalized

amplitudes of synaptic currents at E1–2 (black), E2–3 (red), and E2–1 (blue). Scale:

20ms; 500 pA for R1, 250 pA for R2, 1 nA for R3. b, An example of a triplet with

‘circular’ connection. Alternating assays of EPSCs at E3–1 (red) and E1–2 (blue)

showed that, following the induction LTD at E2–3 (black), depression was

observed at E1–2, but not at E3–1. Scale: 20ms; 500pA for R1, 125 pA for R2 and

R3. c, d, Summary of all experiments on forward propagation. Schematic diagram

on the left depicts the generic serial connectivity used in these studies. Induction

of LTD was achieved at E1–2 (c) or I1–2 (d), respectively, and the efficacy of either

E2–3 or I2–3 was examined (red diamonds). Data represent mean 6 s:e:m: (n ¼ 6

each in c and d, including 3 E2–3 and 3 I2–3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q
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Figure 6 Lateral propagation of LTD. a, An example of a triplet with divergent

glutamatergic outputs. For induction of LTD at E1–2, neurons 1 and 2 were co-

activated as for Fig. 3 while neuron 3 was voltage-clamped at −80mV. Data shown

are normalized EPSCs recorded at E1–2 (black), E1–3 (red), and E3–3 (blue). Scales:

20ms; 1 nA for R1, 500 pA for R2 and R3. b, An example of a triplet with converging

GABAergic inputs. Induction of LTD was achieved at I1–3 while neuron 2 was

voltage-clamped at −80mV. Data depict normalized amplitudes of EPSCs at I1–3

(black), I2–3 (red) and I2–1 (blue), before and after induction of LTD at I1–3. Scales:

20ms; 400 pA for R1 and R2, 100 pA for R3. c–h, Summary of results from

experiments on lateral propagation of depression. Diagrams on the left depict the

generic triplet configuration used. c, Control experiments. Repetitive stimulation

of the presynaptic glutamatergic neuron (as in a) in the absence of postsynaptic

depolarization of neuron 2 and 3 (Vc ¼ 2 80mV) did not induce synaptic depres-

sion at E1–3. Data represent mean 6 s:e:m: (n ¼ 6). d, Summary of presynaptic

lateral propagation of depression following induction of glutamatergic LTD. Data

shown are normalized amplitudes of EPSCs (mean 6 s:e:m:; n ¼ 6) at the site of

LTD induction (black) and at the other divergent output of the same presynaptic

neuron (red). e, Summary of presynaptic lateral propagation of depression

following the induction of GABAergic LTD. Shown are data of normalized

amplitudes of IPSCs at the site of LTD induction (black) and at the other divergent

output (red) (n ¼ 4). f, Control experiments. Sustained depolarization of the

postsynaptic cell (Vc ¼ 2 50mV) for 6min in the absence of repetitive presynaptic

stimulation did not induce any change in EPSCs (red, n ¼ 4) or IPSCs (black,

n ¼ 7). Data represent mean 6 s:e:m: g, Summary of postsynaptic lateral propa-

gation of depression following the induction of glutamatergic LTD. Data depict

normalized amplitudes of EPSCs at the site of LTD induction (black) and of EPSCs

(n ¼ 5) or IPSCs (n ¼ 1) at the other convergent input on the same postsynaptic

neuron (red). Data represent mean 6 s:e:m: (n ¼ 6). h, Summary of postsynaptic

lateral propagation following the induction of GABAergic LTD. Data depict

normalized amplitudes of IPSCs at the site of LTD induction (black) and of

EPSCs (n ¼ 3) or IPSCs (n ¼ 1) at the other convergent input on the same

postsynaptic neuron (red). Data represent mean 6 s:e:m (n ¼ 4).
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whether LTD can spread in the anterograde direction from the
dendrites of the postsynaptic neuron to synapses made by its
axonal terminals. In the example shown in Fig. 5a, we found that
induction of LTD at E1–2 did not result in significant depression of
E2–3, although the depression had back propagated to E2–1 and
laterally propagated to E1–1 (see matrix in Fig. 5a). In an example
of a ‘circular’ triplet (Fig. 5b), induction of LTD at E2–3 did not
result in any depression of E3–1, but caused significant depression
of E1–2. Thus back propagation occurred in the absence of forward
propagation within the same triplet. In other experiments on
serial triplets containing GABAergic neurons, we also found no
evidence of forward propagation of depression to either E2–3 or I2–

3 following the induction of LTD at I1–2. These results on the
absence of forward propagation are summarized in Fig. 5c, d and
Table 1.

Lateral propagation
In addition to the serial configuration, networks of triplets with
other configurations were also studied. In triplets consisting of one
neuron making connections onto two other neurons (Table 1), we
examined whether LTD can spread laterally between divergent
outputs of the presynaptic neuron. An example of pure glutama-
tergic triplet is shown in Fig. 6a. LTD was induced at E1–2 by
repetitive firing of neuron 1 concurrently with sustained depolar-
ization of neuron 2 (V c ¼ 2 50 mV), while neuron 3 remained
voltage-clamped at −80 mV. Following the induction of LTD at E1–2,
significant and persistent depression was also observed at E1–3, while
E3–3 was not affected. Control experiments showed that repetitive
firing of the presynaptic neuron alone, with the postsynaptic neuron
2 and 3 voltage-clamped at −80 mV, resulted in no persistent change
in the amplitude of EPSCs at either E1–2 or E1–3 (Fig. 6c). For all
divergent triplets examined, we found consistent propagation of
LTD to other synaptic outputs of the glutamatergic neuron and the
degree of depression at the propagation site correlated with that
found at the induction site (Figs 6d, 7e and Table 1). Triplet
networks consisting of GABAergic neurons with divergent outputs
were also examined. As summarized in Fig. 6e, the same paired-
stimulation of neuron 1 and 2 as described above resulted in LTD of
the GABAergic synapse I1–2. However, only an initial transient
depression of I1–3 was observed following the induction of LTD at
I1–2, indicating an absence of lateral propagation of LTD to diver-
gent GABAergic outputs. The lack of presynaptic lateral spread was
also observed for the triplet shown in Fig. 4a. Note that the
appearance of transient depression at all divergent outputs of the
presynaptic neuron is consistent with short-term depression fol-
lowing repetitive stimulation. Overall, although the extent of LTD at
GABAergic synapses was similar to that found at glutamatergic
synapses, there was no spread of depression to divergent outputs of
the presynaptic GABAergic neurons (Table 1).

We have also examined triplets that contained two neurons
making convergent inputs on a third neuron (Table 1). An example
of a triplet with two convergent GABAergic inputs is shown in
Fig. 6b. Induction of LTD at I1–3 was achieved by repetitive firing
of neuron 1 in the presence of sustained depolarization of neuron 3
at −50 mV, while neuron 2 was voltage-clamped at −80 mV. This
also resulted in a persistent depression of I2–3, indicating lateral
propagation of LTD to convergent inputs on neuron 3. However, the
autapse I1–1 and synapse I2–1 were not affected by the induction of
LTD at I1–3, consistent with the lack of presynaptic lateral and back
propagation in the GABAergic neurons. Sustained postsynaptic
depolarization of neuron 3 during the induction of LTD was not
sufficient to cause the depression at I2–3, because depolarization of
postsynaptic cells at −50 mV for 6 min by itself had no effect on
either glutamatergic or GABAergic synapses (Fig. 6f). Figure 6g, h
summarizes results of all experiments on postsynaptic lateral
propagation following the induction of LTD at glutamatergic and
GABAergic synapses, respectively. Depression was similar for

lateral propagation to either glutamatergic or GABAergic synapse
(Table 1).

Range of propagation
Our simultaneous recordings were limited to only three neurons;
thus the propagation of depression was not monitored beyond the
triplet network. We noted, however, that the autapse E1–1 in triplets
shown in Figs 3a, b and 5b was not depressed, whereas E1–2 were
depressed by back propagation in presynaptic neuron 2. Assuming
that autapses may be considered as converging inputs or divergent
output within the network, then the absence of depression at E1–1

indicates that propagated depression at E1–2 does not further
laterally or back propagate to a more ‘upstream’ neuron 1. In the
divergent triplet shown in Fig. 6a, the autapse E3–3 did not become
depressed while depression had propagated to E1–3. Further lateral
propagation was lacking in all cases with similar configuration
(n ¼ 5). The propagated depression at the divergent output thus
appears to be incapable of further propagation to more ‘down-
stream’ synapses made by or on the postsynaptic neurons associated
with that divergent output. In addition, we found that in all cases
examined for postsynaptic lateral propagation (n ¼ 7), autapses in
neurons not directly associated with the induction of LTD were not
depressed, regardless of whether LTD was induced at glutamatergic
or GABAergic synapses. The lack of further propagation beyond the
immediate pre- and postsynaptic neurons involved in the induction
of LTD may be due to the limited degree of propagated depression.
Alternatively, there may be a qualitative difference in the mechanism
underlying the depression at the induction and propagation sites.

Potential cellular mechanisms
We have observed extensive propagation of depression from the site
of induction of LTD to other synaptic sites within a triplet network.
The propagation may result from the spread of ‘depressive’ signals
either within the pre- or postsynaptic neurons or through the
extracellular space. In these cultures, multiple synaptic (and autap-
tic) contacts made on each neuron were usually distributed rather
haphazardly. The average spatial distributions of synaptic and
autaptic sites with respect to sites of LTD induction are likely to
be similar, regardless of their functional position within the serial
network. However, the depression did not spread non-selectively to
all synapses and autapses within the network. This was shown by the
absence of forward propagation, whereas lateral and back propaga-
tion were observed within the same triplet (Fig. 5) and by the lack of
effect on autapses formed on the neuron exhibiting propagated
depression in the example shown in Figs 3, 5b, 6a. These findings,
together with the fact that constant perfusion of fresh medium was
applied to the culture throughout the recording period, are evidence
against extracellular diffusible factors being mediators of the spread
of depression.

Previous studies of LTD at developing neuromuscular
junctions33,34 and in brain slices29,30,35 have shown that, although
postsynaptic influx of Ca2+ is required for its induction, LTD is
expressed as a presynaptic reduction of evoked transmitter release.
This suggests the existence of retrograde signalling from the post- to
the presynaptic neuron. The retrograde signal may generate a
secondary cytoplasmic factor in the presynaptic glutamatergic
neuron for the back and lateral propagation of depression. The
absence of back and lateral propagation of GABAergic LTD suggests
a postsynaptic expression of LTD at these synapses, without invol-
vement of retrograde presynaptic modification. As there is no
forward propagation of depression for both glutamatergic and
GABAergic synapses, the depressive signal produced at the site of
LTD induction appears to be incapable of propagation in the
anterograde direction. The postsynaptic site may fail to generate a
necessary secondary signal, the signal may not be transported in
the anterograde direction, or the output terminal of the post-
synaptic cell may not be susceptible to modification by the signal.
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Finally, although cytoplasmic signalling would explain a selective
propagation of depression, we cannot exclude the possibility that
extracellular depressive signals are involved. Repetitive paired sti-
mulation during the induction of LTD may have rendered all
synapses associated with the pre- or postsynaptic neuron selectively
susceptible to an extracellular depressive signal.

A clue to the mechanisms underlying back propagation of
depression may be provided by the extent of back-propagated
depression in different triplets. As shown in Fig. 7a, the degree of
depression observed at either E1–2 or I1–2 after the induction of LTD
at E2–3 was strongly correlated with the initial amplitude of EPSCs
or IPSCs at E1–2 or I1–2, respectively. A weak correlation was found
between the degree of the propagated depression and the rise time of
the synaptic currents (Fig. 7b). In contrast, for either the induced
LTD or forward-propagated depression, there was no correlation
between the degree of depression and the initial amplitude of the
synaptic current (Fig. 7c). The amplitude and rise time may reflect
the average electrotonic distance of various synaptic sites from the
soma; those on more distal dendrites elicit currents of smaller
amplitude and longer rise time. The correlation found for the
back-propagated depression is thus consistent with the notion of
cytoplasmic retrograde signals, which decrement with the cytoplas-
mic distance between the axonal endings and synaptic sites on the
dendrite. On the other hand, the amplitude of the synaptic current
can also be attributed to other intrinsic properties of the synapse, for
example the number of synaptic boutons, the effectiveness of the

synaptic contact, or the probability of transmitter secretion. These
properties may result in a differential susceptibility of a synapse to
the retrograde signal, resulting in the observed correlation between
the degree of depression at the back-propagation site and the initial
amplitude of the postsynaptic currents at that site. Indeed, synapses
with different release probability show different degrees of short-term
plasticity36.

The presence of reciprocal connections between neurons 1 and 2
(E1–2 and E2–1) was neither required nor related to the degree of
propagated depression, as shown by the similar range of depression
for triplets without E2–1 (Figs 7a, b, 5b). However, we cannot
exclude the potential contribution of recurrent presynaptic inhibi-
tion or facilitation, which escapes detection by our recording
methods. The mean amplitude of synaptic currents for synapses
used for examining forward propagation covered a range of values
similar to that used for studying back propagation (Fig. 7c),
indicating that the lack of forward propagation was not due to a
biased sampling of forward synapses with smaller synaptic currents.
We found no correlation between the degree of back-propagated
depression and induced depression (Fig. 7d), suggesting that the
extent of induced LTD bears no relation to the retrograde influence
received by the dendrite of the presynaptic neuron. In contrast, the
extent of depression due to presynaptic lateral propagation is
linearly correlated with that of the induced LTD (Fig. 7e). There
was no obvious correlation between the postsynaptic lateral depres-
sion and the induced depression (Fig. 7f). These differences indicate
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Figure 7 a, b, Correlation between the degree of back propagation of synaptic

depression and synaptic properties. The percentage of reduction in the mean

amplitude of EPSCs (triangles, n ¼ 12) or IPSCs (circles, n ¼ 5) at the back-

propagation site of presynaptic neurons during the first 10–15min following the

induction of LTD is plotted against the initialmean amplitude (a) or the risetime (b)

of the synaptic currents at the back-propagation sites before induction. The same

data set as that shown in Table 1 was used. The line represents the best linear fit

of the data (correlation coefficient, r ¼ 0:87, P , 0:001, and r ¼ 2 0:36, P ¼ 0:16 in

a and b, respectively). Red symbols represent serial triplets that did not contain

the reciprocal connectionE2–1 (Fig. 3). c, The degree of depression for the induced

LTD (black) or forward-propagated depression (red) is plotted against the initial

amplitude of the synaptic current at the site of induction or the forward-propaga-

tion site, respectively. Triangles and circles represent glutamatergic and GABAer-

gic synapses, respectively. Lines represent the best linear fits to the data (black,

r ¼ 2 0:02, P ¼ 0:9; red, r ¼ 0:32, P ¼ 0:3). d, The degree of depression at the

back-propagated site is plotted against that observed at the site of LTD induction

for each triplet. Triangles and circles represent glutamatergic and GABAergic

synapses, respectively. Lines represent best linear fits to the data (r ¼ 0:20,

P ¼ 0:5). e, The degree of depression at the presynaptic propagated sites and

LTD induction sites was plotted for each triplet network examined for glutama-

tergic synapses. The line represents the best fit to the data (r ¼ 0:80, P ¼ 0:005). f,

The degree of depression at the propagation and induction sites was plotted for

postsynaptic lateral propagation of LTD to glutamatergic (triangles) and GABAer-

gic (circles) synapses. Red and black symbols represent data for which LTD was

induced at a glutamatergic or GABAergic synapse, respectively, and the corre-

sponding lines represent the best linear fits to the data (red, r ¼ 0:13, P ¼ 0:7;

black, r ¼ 2 0:28, P ¼ 0:6).
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that the nature of cellular signals underlying various forms of pre-
and postsynaptic propagation of depression is likely to be different.

Information flow in a neural network
Information coded by changes in the membrane potential flows
rapidly from dendrites to the axon and across the synapse to the
postsynaptic neuron in an anterograde direction. Retrograde signals
also flow across the synapse on a slower timescale to regulate the
development, maintenance and modification of the properties of
the presynaptic neuron1,37–41. Gradual loss of synapses at the
dendrites after axotomy42–44 or interruption of axonal transport45

has demonstrated the existence of slow axon-dendritic trophic
interaction of the order of days to weeks which is crucial for
maintaining the structural and functional integrity of synaptic
inputs at the dendrites. Our results on the back propagation of
synaptic depression further indicate an axon-dendritic signalling
that conveys information on activity-dependent synaptic modifica-
tion at the axonal terminals with a timescale of the order of minutes.
In addition to their role in integrating synaptic potentials, dendrites
may also integrate retrograde signals on the efficacy of the axonal
outputs of a neuron. Further investigation is necessary to determine
whether synaptic potentiation also undergoes back propagation,
and whether back-propagated influences from multiple axonal
outputs of the neuron can be integrated at its dendrites.

The extensive propagation of synaptic modification in glutama-
tergic neurons suggests that local excitatory activity within the
neural network may result in a more extensive distribution of long-
term synaptic modification in the network than that induced by
repetitive activities at GABAergic synapses. Lateral propagation of
depression, either pre- or postsynaptic, will result in a loss of
pathway specificity associated with LTD. This loss of specificity
appears to contradict findings on LTD induced at CA1 regions of
hippocampal slices, where only synapses made by the activated
input were depressed, but non-activated inputs remained
unaffected7,28,29. However, these latter experiments were usually
done using well-separated inputs to the CA1 region. Lateral
propagation of LTD may be spatially restricted, in a way similar
to that found for the lateral spread of LTP in hippocampal slice9,10

and slice cultures8,11. The extensive propagation of depression
observed here may reflect the restricted geometry of nerve processes
and higher density of connectivity between neurons in an artificial
culture condition. Although the phenomena in cell culture may be
an exaggeration of those occuring in vivo, our simple neural
networks will enable investigation of network properties that may
be present to varying degrees in more complex neural systems.

Artificial neural networks with multiple layers of interconnected
‘neuronal’ units and modifiable synaptic connections have been
used for modelling learning processes of the nervous system23. Such
a network can be trained by reiterative adjustments of the weight of
synaptic connections between units of different layers to reduce the
errors in the output. An efficient computational procedure for
supervised learning in simple feedforward networks, known as the
back-propagation algorithm22,46, uses the error in the output to
compute adjustments to the weights of synaptic connections from
upstream units within the network. The biological plausibility of
such an algorithm requires information flow from output synapses
of a neuron back towards its input synapses. Although more
complex feedback circuits may be used to convey information in
a retrograde direction47, the back propagation of synaptic modifica-
tion demonstrated here offers an efficient cellular mechanism for
the implementation of a powerful learning algorithm in a simple
biological neural network. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Cell culture. Low-density cultures of dissociated embryonic rat hippocampal
neurons were prepared as described24. Briefly, hippocampi were removed from
E18–20 embryonic rats and treated with trypsin for 20 min at 37 8C, followed

by washing and gentle trituration. The dissociated cells were plated at densities
of 30,000 to 50,000 cells ml−1 on poly-L-lysine-coated glass coverslips in 35-mm
Petri dishes. The plating medium was Dulbecco’s minimum essential medium
(DMEM; BioWhittaker) supplemented with 10% calf serum (Hyclone), 10%
Ham’s F12 with glutamine (BioWhittaker) and 50 U ml−1 penicillin–strepto-
mycin (Sigma). The culture medium was changed to the above medium
containing 20 mM KCl 24 h after plating. Both glial and neuronal cell types
are present under these culture conditions. Cells were used for electrophysio-
logical recordings after 10–14 days in culture.
Electrophysiology. Whole-cell perforated patch recordings48–50 from three
hippocampal neurons were performed simultaneously, using amphotericin B
(Sigma) for perforation. The micropipettes were made from borosilicate glass
capillaries (Kimax), with a resistance in the range of 2–4 MQ. The pipettes were
tip-filled with internal solution and then back-filled with internal solution
containing 150 ng ml−1 amphotericin B. The internal solution contained the
following (in mM): potassium gluconate 136.5; KCl 17.5; NaCl 9; MgCl2 1;
HEPES 10; EGTA 0.2 (pH 7.30). The external bath solution was a HEPES-
buffered saline (HBS) containing the following (in mM): NaCl 145; KCl 3;
HEPES 10; CaCl2 3; glucose 8; MgCl2 2 (pH 7.30). The bath was constantly
perfused with fresh recording medium at a slow rate throughout the recording;
all experiments were done at room temperature. Neurons were visualized by
phase-contrast microscopy with a Nikon inverted microscope. Recordings were
made with three patch-clamp amplifiers (Axopatch 200; Axon Instruments).
Signals were filtered at 5 kHz using amplifier circuitry and stored on a VCR.
Data were sampled at 10 kHz and analysed using a pClamp 6.0 software (Axon
Instruments). Series resistance (10–30 MQ) was always compensated at 75–
80% (lag, 10 ms). Data from experiments were accepted for analysis only in
cases where the postsynaptic currents did not vary beyond 10% of the average
values during the control period and the input resistance (100–300 MQ)
remained constant throughout the experiment. For assaying synaptic con-
nectivity, each neuron was stimulated at a low frequency (0.06 Hz) by 1-ms step
depolarization from −80 mV to +20 mV in voltage-clamp mode, and the
responses from the other two neurons as well as autaptic responses in
the stimulated neuron itself were recorded. The use of potassium gluconate
as the principal ionic constituent in the intracellular solution resulted in inward
EPSCs and IPSCs at resting membrane potentials (−80 to −60 mV). The IPSCs
have distinctly longer decay times and more negative reversal potentials than
EPSCs. Autaptic currents, when present, followed the 1-ms step depolarization
in voltage-clamp mode. Consistent with previous reports24,26, EPSCs and IPSCs
in these cultures are glutamatergic and GABAergic in nature, respectively. As
shown in Fig. 2a, b, pharmacological studies indicated that EPSCs are mediated
by AMPA and NMDA receptors, blocked by receptor antagonists (6)-2-
amino-5-phosphonopentanoic acid (AP5, 50 mM; Research Biochemicals
International and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 mM,
Research Biochemicals International); IPSCs are mediated by GABAA recep-
tors, blocked by bicuculline methiodide (10 mM, Research Biochemicals Inter-
national). For all triplets consisting of divergent outputs (configuration 2 in
Table 1), in no case did we observe a single neuron making both glutamatergic
and GABAergic synapses with other neurons, consistent with the expected
uniformity in the transmitter type used at all axonal terminals of the same
neuron.
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