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According to the hypothesis advanced by Byzov
[1, 2], excitatory chemical synapses have an electrical
(ephaptic) feedback (EFB) due to the potential drop
across the resistance of the synaptic cleft (

 

Rg

 

) caused
by excitatory postsynaptic current (EPSC). The “supra-
linear” effects of postsynaptic hyperpolarization [3–6]
indicate the presence of EFB in large (“perforated”)
synapses of the central nervous system (CNS). How-
ever, these effects could also be explained by a decrease
in the potential-dependent postsynaptic release of an
inhibitory retrograde messenger (the “chemical”
hypothesis). A simplified (“nonquantal”) model of a
synapse with the number of the transmitter release sites

 

N

 

 = 1 was used in the studies [3–6]. The purpose of our
study was to test the hypothesis on the EFB and the
alternative chemical hypothesis with the use of a more
realistic model. Comparison of the predictions of this
model with physiological data disproves the chemical
hypothesis and provides evidence in favor of the exist-
ence of EFB, a new type of feedback, in central syn-
apses.

 

Computer experiments.

 

 The model, developed in
the Windows system, is available in the Internet
(www.iitp.ru/projects/eq/). Paired-pulse facilitation
(PPF) is included in the model as a change in the prob-
ability of transmitter release (

 

Pr

 

). In the experiments,
the parameters of the model were varied so as to simu-
late the probable characteristics of the synapses of
mossy fibers in the hippocampal CA3 region [7, 8],
including 

 

N

 

 (10–20), 

 

Pr

 

 (0.04–0.1), 

 

Rg

 

 (up to 1.1 G

 

Ω

 

),
the time constant (100 ms), and the PPF = EPSC2 /
EPSC1, where EPSC1 and EPSC2 are the amplitudes
of the first and second EPSCs, respectively, generated

in the case of paired-pulse stimulation. Figure 1a shows
that, on average, EPSC2 > EPSC1; however, as PPF is
of presynaptic origin [7], the fluctuating amplitudes
were not correlated with each other in the absence of
EFB (

 

Rg

 

 = 0) or when the responses did not overlap
(Figs. 1a, 1b, 70 ms). In the case of response overlap-
ping in the presence of EFB (Fig. 1b, 20 ms), the coef-
ficient of linear correlation (

 

r

 

) between EPSC2 and
EPSC1 was significant (Fig. 1a, 20 ms). We studied the
dependence of 

 

r

 

 on the “overlapping coefficient” OC =
EPSC1(

 

m

 

) / EPSC1(

 

s

 

2), where EPSC1(

 

m

 

) and
EPSC1(

 

s

 

2) are the maximum EPSC1 and the EPSC1
measured at the moment of the application of the sec-
ond stimulus pulse, respectively. We found that 

 

r

 

 > 0.2
if OC > 0.2 and 

 

Rg 

 

= 0.3–0.6 G

 

Ω

 

; at OC > 0.5, 

 

r 

 

was as
high as 0.5–0.7.
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Fig. 1.

 

 Correlation between the amplitudes of the first and
second EPSCs generated by the model with EFB (

 

Rg

 

 =
0.5 G

 

Ω

 

) in the cases of a long (70 ms) and a short (20 ms)
intervals between two presynaptic pulses (500 pairs).
(a) The diameter of the symbols is proportional to the num-
ber of EPSC pulses (5–30 pairs per point); 

 

r 

 

is the linear
correlation coefficient. (b) Mean EPSCs in the same model
experiments separated into failures and successes in
response to the first pulse in the pair.
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At low 

 

Pr

 

 values, both successes (EPSC1 > 0) and
response failures (EPSC1 = 0, if we ignore the back-
ground noise) were observed. The comparison of mean
EPSC2 values after the “failure” of the first response
(EPSC2

 

f

 

) with those after the “success” (EPSC2

 

s

 

) pro-
vides a good illustration of the correlation between
EPSC1 and EPSC2. Our simulation experiments dem-
onstrated that, in the absence of EFB or in the case of
long intervals between stimuli (Fig. 1b, 70 ms),
EPSC2

 

s

 

 = EPSC2

 

f

 

 (EPSC2

 

s

 

 / EPSC2

 

f

 

 = 1). In the pres-
ence of both EFB (

 

Rg

 

 > 0) and response overlapping,
EPSC2

 

s

 

/ EPSC2

 

f

 

 > 1 (Fig. 1b, 20 ms). EPSC2

 

s

 

/ EPSC2

 

f

 

was directly related to OC. For example, if 

 

N

 

 = 15 and

 

Pr

 

 = 0.047, the correlation was close to linear with 

 

r

 

varying between 0.99 and 0.86 at 

 

Rg

 

 = 0.3–0.6 G

 

Ω

 

.

 

Physiological experiments.

 

 To test the predicted
dependence of EPSC2 on EPSC1, which was previ-
ously unknown, we recorded the EPSCs from pyrami-
dal neurons of the CA3 region evoked by stimulation of
mossy fibers. The experiments were performed on hip-
pocampal slices of young (12- to 18-day-old) rats with
the use of the patch-clamp recording in a whole-cell
configuration (the voltage clamp mode) [3–6]. To
increase the precision of the measurements, the slices
were placed into a 0.05 mg/l concanavalin A solution
for 15 min during EPSC overlap, which increased the
EPSC duration [9]. Paired (interval, 20–70 ms) stimuli
(applied every 8–16 s; 75–600 pairs per neuron) were
selected so that “minimal” EPSCs with failures were
evoked. The significance of differences was estimated
using Student’s 

 

t

 

-test (at a significance level of 

 

p

 

 <
0.05).

Figure 2a shows EPSCs averaged over 25–70 pairs
at two membrane potentials. In Fig. 2a, a pronounced
PPF and a more than twofold (supralinear) increase in
EPSC1 during hyperpolarization (–100 mV) expected
for synapses with EFB [3–6] are seen. In Fig. 2b, the
first responses are divided into those with the lowest
amplitudes (failures) and the remaining (successes).
When the responses did not overlap (Fig. 2b, 70 ms),
EPSC2

 

s

 

 and EPSC2

 

f

 

 did not differ from each other;
however, when the responses overlapped (Fig. 2b,
20 ms), the EPSC2 after successes (EPSC2

 

s

 

) was con-
siderably higher than after failures (EPSC2

 

f

 

), reflecting
the positive correlation between EPSC2 and EPSC1.
The responses did not overlap in 4 out of 11 experi-
ments (OC < 0.08), and the ratio EPSC2

 

s

 

/EPSC2

 

f

 

 was
close to 1 (1.03 

 

±

 

 0.02; here and below, the mean 

 

±

 

 the
error of the mean is indicated). Conversely, this ratio
was greater than 1 (1.55 

 

±

 

 0.06, 

 

p

 

 < 0.01) in seven
experiments with OC = 0.2–0.8 (0.54 

 

±

 

 0.05), and it
was greater than 1.33 in six of them (the maximum
value was 2.0), as predicted for synapses with EFB.
EPSC2

 

s

 

/EPSC2

 

f

 

 was strongly correlated with OC (

 

r

 

 =
0.91, 

 

p

 

 < 0.001, 

 

n

 

 = 11); this correlation was close to
that obtained in the model with 

 

Rg

 

 = 0.3–0.4 G

 

Ω

 

.

Thus, our simulations demonstrated that, in the
case of the overlapping of two EPSCs generated by a

synapse with EFB, EPSC1 and EPSC2 were corre-
lated; however, the correlation was absent if the
EPSCs did not overlap. A positive correlation between
the degrees of overlapping of two EPSCs and the ratio
EPSC2

 

s

 

/EPSC2

 

f

 

 was predicted. The predictions were
confirmed by the results of physiological experiments,
which indicates the existence of EFB in central syn-
apses. Within sufficiently realistic ranges of model
parameters, the predictions best fitted experimental
data at 

 

Rg

 

 = 0.3–0.4 G

 

Ω

 

, which is close to the 

 

Rg

 

 esti-
mation in [5]. Earlier, the existence of EFB was hypoth-
esized on the basis of the supralinear effects of postsyn-
aptic hyperpolarization [3–6]. These effects were
always observed here when EPSC2 and EPSC1 were
correlated, which also confirms the EFB hypothesis.
The correlation between EPSC1 and EPSC2 disproves
the alternative (chemical) hypothesis, because the volt-
age clamp conditions in our experiments excluded
potential-dependent effects. Even if the fixation was
incomplete, the release of the hypothetical inhibitory
messenger should have become more intense during the
generation of the first EPSC, and the second EPSC
should not have increased. The synapses studied are
formed in the course of maturation of CA3; however,
the number of perforated synapses in the neocortex
increases during learning [10] and in other hippocam-
pal regions, also during long-term potentiation, which
is an experimental model of memory [2, 7]. In this case,
the formation of EFB could represent one of the possi-
ble mechanisms of memory storage traces. Our data
also indicate that EFB not only controls the information
processing in the case of slow shifts of postsynaptic
potentials [6], but also increases 

 

Pr

 

 in the case of high-
frequency (bursting) neuronal activity, which is charac-
teristic of the hippocampus, e.g., during the behavior
related to cognitive functions [11].
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Fig. 2.

 

 Correlation between the amplitudes of the first and
second EPSCs of hippocampal neurons. (a) Mean EPSCs of
two neurons at different intervals between paired stimuli
and the specified membrane potentials. (b) The same EPSCs
at a membrane potential of –65 mV shown as in Fig. 1b.
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