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Abstract—Computer simulations and electrophysiological experiments have been performed to test the hypothesis on the exis-
tence of an ephaptic interaction in purely chemical synapses. According to this hypothesis, the excitatory postsynaptic current
would depolarize the presynaptic release site and further increase transmitter release, thus creating an intrasynaptic positive
feedback. For synapses with the ephaptic feedback, computer simulations predicted non-linear amplitude—voltage relations and
voltage dependence of paired-pulse facilitation. The deviation from linearity depended on the strength of the feedback determined
by the value of the synaptic cleft resistance. The simulations showed that, in the presence of the intrasynaptic feedback, recruitment
of imperfectly clamped synapses and synapses with linear amplitude—voltage relations tended to reduce the non-linearity and
voltage dependence of paired-pulse facilitation. Therefore, the simulations predicted that the intrasynaptic feedback would parti-
cularly affect small excitatory postsynaptic currents induced by activation of electrotonically close synapses with long synaptic
clefts. In electrophysiological experiments performed on hippocampal slices, the whole-cell configuration of the patch-clamp
technique was used to record excitatory postsynaptic currents evoked in CA3 pyramidal cells by activation of large mossy fibre
synapses. In accordance with the simulation results, minimal excitatory postsynaptic currents exhibited “supralinear” amplitude—
voltage relations at hyperpolarized membrane potentials, decreases in the failure rate and voltage-dependent paired-pulse facili-
tation. Composite excitatory postsynaptic currents evoked by activation of a large amount of presynaptic fibres typically bear linear
amplitude—voltage relationships and voltage-independent paired-pulse facilitation.

These data are consistent with the hypothesis on a strong ephaptic feedback in large mossy fibre synapses. The feedback would
provide a mechanism whereby signals from large synapses would be amplified. The ephaptic feedback would be more effective on
synapses activated in isolation or together with electrotonically remote inputs. During synchronous activation of a large number of
neighbouring inputs, suppression of the positive intrasynaptic feedback would prevent abnormal boosting of potent signals. © 2000
IBRO. Published by Elsevier Science Ltd. All rights reserved.
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According to the classical view, chemical synaptic transmis-
sion is “polarized” in the sense that the signal is passing from
the presynaptic to the postsynaptic site. However, chemical
“retrograde” signalling has also been suggested whereby post-
synaptic events can control presynaptic ones.**®> Byzov has
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Abbreviations: ACSF, artificial cerebrospinal fluid; A-V, amplitude—
voltage; CF, commissural-associative fibre; CV, coefficient of variation
of response amplitude; EGTA, ethyleneglycolbis(aminoethyl ether)tetra-
acetate; EPSC, excitatory postsynaptic current; EPSC1 and EPSC2,
EPSCs evoked by the first and second paired pulses, respectively;
EPSP, excitatory postsynaptic potential; HEPES, N-2-hydroxyethylpi-
perazine-N'-2-ethanesulphonic acid; I, EPSC amplitude; &, coefficient
of EPSC attenuation along dendrites; K, coefficient of intrasynaptic feed-
back; L-CCG-I, (2S,3s,4S)-CCG/(2s,1’S,Z/S)-2-(carboxycyclopr0pyl)-
glycine; MF, mossy fibre; mGluR, metabotropic glutamate receptor;
MP, membrane potential; n, number of synapses; N, sample size; Ny,
number of response failures; PPF, paired-pulse facilitation; Ry, dendritic
resistance between synapses; R., extracellular resistance; R,, synaptic
cleft (gap) resistance; R,, resistance of the activated subsynaptic
membrane; V, postsynaptic potential; VDCC, voltage-dependent Ca’*
channel; V,, potential across Ry; V,, presynaptic potential.
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hypothesized that a positive intrasynaptic electrical (or ephap-
tic) feedback can be generated by the excitatory postsynaptic
current (EPSC) itself and can increase release probability,
thus acting as a retrograde signal.®*#%% The increase might
be caused by the depolarization of the release sites, provided
that the resistance of the synaptic cleft is high enough. This
would create a positive feedback so that any small increase in
EPSC amplitude would be amplified. Therefore, one method
to test this hypothesis is to increase the EPSC amplitude in a
predictable way and to measure the actual increase. Post-
synaptic hyperpolarization is a known reliable method to
increase EPSC amplitude. In the presence of any positive
ephaptic feedback, the hyperpolarization should increase the
amplitude not linearly as a result of the increased driving
force for cations,?’ but “supralinearly”, due to additional
concomitant enhancement of transmitter release. While, in
support of this hypothesis, it has recently been shown that
artificial postsynaptic hyperpolarization can influence several
indices of transmitter release such as the failure rate, the mean
quantal content and the coefficient of variation of response
amplitude (CV) in a subset of visual cortex and hippocampal
CA1 neurons,’! no deviation from linear amplitude—voltage
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(A-V) relations has been reported for responses recorded
from various structures, including hippocampal areas.>?"?
Moreover, recordings of hippocampal a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionate-type glutamate receptor-
mediated EPSCs at two different membrane potentials
(MPs) have revealed no differences®® in CV or in the
paired-pulse facilitation (PPF) ratio,'>*® which is a known
index of presynaptic function.® To solve this apparent contra-
diction, in the present work a computer model, based on
different numbers of activated synapses having different
magnitudes of intrasynaptic feedback, has been developed.
Predictions from the model have been tested in electro-
physiological experiments. According to the hypothesis, a
membrane hyperpolarization should particularly influence
large synapses with long synaptic clefts located in the proxi-
mal portion of the apical dendrites, such as the mossy fibre
(MF) terminals in the CA3 region of the hippocampus.!'*
Therefore, we induced EPSCs by MF stimulation. Computer
simulations have demonstrated that recruitment of additional
synapses tends to linearize A—V relations and to reduce the
voltage dependence of PPF. Compatible with the existence of
the ephaptic feedback at the MF synapses and its relief with
synchronous activation of numerous inputs, physiological
experiments showed that minimal MF EPSCs bear a supra-
linear A—V relation, whereas compound EPSCs elicited by
synchronous activation of a large number of presynaptic
fibres have a conventional linear A—V relation and smaller
(if any) PPF voltage dependence.

EXPERIMENTAL PROCEDURES

Slice preparation and recordings

Experiments were performed on juvenile Wistar rats (from 18 days
to six weeks) bred at the Leibniz Institute of Neurobiology, Magdeburg,
Brain Research Institute, Moscow or Trieste University, Trieste. All
efforts were made to minimize the number of animal used and their
suffering. All experiments in Magdeburg and Trieste were carried out
in accordance with the European Communities Council Directive of 24
November 1986 (86/609EEC) and in Moscow according to the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23) and were approved by the local
authority veterinary service. Hippocampal slices were prepared
according to the methods already described.>>! In brief, animals were
decapitated after being anaesthetized with intraperitoneal injection of
urethane (2 g/kg). The brain was quickly removed from the skull and
the hippocampi were dissected free. Transverse 400- to 600-um-thick
slices were cut with a tissue chopper or with a vibroslicer and main-
tained at room temperature (22—-24°C) in oxygenated artificial cerebro-
spinal fluid (ACSF) containing (in mM): NaCl 124, KCl 1.5, CaCl,
2.45, MgCl, 1.3, KH,PO, 1.25, NaHCO; 25, p-glucose 10. After incu-
bation in ACSF for at least 1 h, an individual slice was transferred to a
submerged recording chamber, continuously superfused at 32—-33°C
with oxygenated ACSF at a rate of 3 ml/min. Picrotoxin (50 uM)
and CsCl (2 mM) were routinely added to ACSF in order to block
GABA, receptors and to eliminate possible influences of the hyper-
polarization-activated cation current (I,) on the recorded response.*?
Tetrodotoxin (10 nM) was also present to diminish polysynaptic acti-
vation and prevent epileptiform discharges. In four experiments, o-3-
(2-carboxy-piperazin-4-yl)-propyl-1-phosphonic acid (20 wM) or D-2-
amino-5-phosphonopentanoic acid (50 uM; Cambridge Research
Biochemicals) was also added to the extracellular solution to block
N-methyl-D-aspartate-type receptors. Recording pipettes, pulled from
2-mm borosilicate glass, had a resistance of 2—5 M() when filled with
an intracellular solution containing (in mM): caesium methanesulphon-
ate 140, MgCl, 2, HEPES 10, glucose 20, EGTA 0.2. In most experi-
ments, QX-314 (5-10 mM) was added to block voltage-dependent
Na™ conductances. EPSCs were recorded from CA3 pyramidal cells,
using the whole-cell configuration of the patch-clamp technique.
Recordings were performed after capacitance optimization and series
resistance compensation with standard patch-clamp amplifiers (either

Axoclamp 2A, Axon Instruments, Foster City, CA, USA or EPC-7,
List Medical Instruments, Darmstadt, Germany). Series resistance
(typically 10-30 M) and membrane input resistance were estimated
by analysing current transients during 3- to 5-mV, 100-ms voltage
pulses. The absence of systematic significant changes in the current
at different MPs suggested that, in our conditions, the hyperpolariza-
tion-activated cation current I, was largely blocked.*’ Afferent fibres
were stimulated with patch pipettes (about 10 wm diameter) filled with
ACSF or with bipolar twisted NiCr insulated electrodes (50 pm
diameter). The stimulating electrode was placed in the stratum lucidum
(see MF-I in Fig. 3A) to stimulate the MF tract. In some experiments,
an additional stimulating electrode was used to activate either MF or
commissural-associative fibre (CF) input (Fig. 3A). Due to the complex-
ity of the dentate gyrus—CA3 circuitry,!! isolated activation of the MF
input is problematic. In order to see whether the recorded EPSCs really
reflected MF activation, in four experiments a selective agonist of the
metabotropic glutamate receptors (mGluRs) of group I, (25,3s,45)-CCG/
(25,1'S,2'S)-2-(carboxycyclopropyl)glycine (L-CCG-I, 10 pM; Tocris
Cookson Ltd., UK), was applied. These receptors are localized only on
MFs, and it has been shown that mGluR activation reduces the MF but
not the CF responses.*® As expected, L-CCG-I diminished EPSC ampli-
tude by 40 = 26% (mean £ S.D., N=4; Fig. 7B). These observations
indicate that the electrodes shown in Fig. 3A indeed stimulated MFs,
but they do not demonstrate that only MFs were activated. We suggest
that when composite responses were recorded, mixed MF and non-MF
inputs could be activated. Single or paired (50-ms) stimuli (1-10 V, 40—
100 s duration) were delivered every 8 or 15 s and were adjusted either
to induce minimal EPSCs with occasional failures or composite EPSCs
without failures. As already reported,®' the effects of MP shifts were
not cell- but input-specific. Therefore, the description refers to “inputs”
(or EPSCs) rather than “cells”.

Experimental protocol

EPSCs were recorded at different holding potentials, starting from
“rest” (usually from —60 to —65 mV). Typically, eight to 20 samples
were collected at each MP and averaged. To control for stability,
responses were repeatedly evoked at the resting MP during the experi-
ment. Recordings with unstable EPSCs at control were rejected. The
A-V plots for minimal EPSCs appeared to be less stable than for
composite EPSCs. This could be due to (i) response rundown, espe-
cially during the initial part of the experiment, which might be
explained either by low-frequency depression?® or by stabilization
of recording conditions, or both, and (ii) transient or persistent EPSC
potentiation.” While only one of 15 composite EPSCs recorded at
various MPs was rejected because of significant instability, only 12
of 20 recordings of minimal EPSCs from eight of 10 neurons were
stable enough to collect four to seven data points for A—V curves.
Seven EPSCs evoked by minimal stimulation of the MF input and
two EPSCs evoked by minimal stimulation of the CF input were
recorded at two different MPs with a different protocol, similar to
that used previously in the visual cortex and in hippocampal CAl
neurons.®' After response stabilization, 75—100 consecutive responses
were recorded at —50 or —63 mV. Subsequently, the cell was hyper-
polarized by 30 mV (i.e. to —80 or —93 mV) and a further 90—150
responses were collected. The responses were filtered at 1, 3 or 10 kHz,
digitized at 5 or 10 kHz and stored on the disc.

Response measurements

The amplitude of composite EPSCs was measured from averaged
responses between the poststimulus baseline and the peak. As has been
pointed out,? in spite of the presence of an Na* channel blocker in the
recording pipette, signs of voltage-dependent activity appeared in
some cases at MPs between —63 and 0 mV, especially in the response
to the second pulse in the paired-pulse paradigm. An example is shown
in Fig. 3B (—63 mV, response to the second pulse). We tried to choose
stimulus parameters that did not trigger such activity and measurement
points that did not include it. We note that at hyperpolarized (more
negative than —63 mV) and at positive MPs such activity was absent
(Fig. 3B, +40 and —109 mV), so that it did not strongly influence the
resulting A—V plots.

Measurements of minimal excitatory postsynaptic current and compo-
nent analysis

To improve the signal-to-noise ratio for minimal EPSCs, we used a
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Fig. 1. Basic module of the simulation experiments: chemical synapse with intrasynaptic ephaptic feedback. (A) Presynaptic [Pre (1)] and postsynaptic [Post
(2)] cells with respective input resistances (R; and R,). The local resistance of the presynaptic ending at the site of transmitter release is represented separately
as R,. Continuous arrow I; shows the EPSC generated by opening of respective ionic channels (black box under point 3). The current /; depolarizes the
postsynaptic membrane (+ and — over R;) and also creates a potential drop V, over the synaptic cleft resistance (— and + in circles over Ry), which is negative
at point 3 relative to the extracellular space (point 4). This negative potential should depolarize the presynaptic membrane close to the locus of transmitter
release. This may increase Ca’" influx (left-hand arrow) and transmitter release, and therefore create a positive intrasynaptic feedback. The dashed arrow
shows a component of /; passing through the presynaptic part to give another (but physically equivalent) illustration of the feedback. This component would
depolarize the transmitter release site (+ and — over R;). Note that this component produces a hyperpolarization of the presynaptic part remote from the
transmitter release zone and can increase presynaptic spike amplitude here. The resistances of the extracellular space (R.; and R.,) are given to complete the
circuit, but they are significantly smaller than all other resistances and can be neglected (see B). (B) Equivalent electrical scheme also showing resting
membrane potentials (E; and E,), subsynaptic resistance (R;) controlled by synaptic transmitter, and potential drop (V,) generated by I across R,. (C)
Dependence of the subsynaptic conductance (1/R;) on the presynaptic membrane potential V,, (continuous curve, EPSC1) used in simulation experiments. To
imitate PPF, similar dependence for the second response in the paired-pulse paradigm (EPSC2) was obtained by lateral parallel shift (dashed curve). (D) A-V
relationships for various synaptic cleft resistances (R,). Note the deviation from linearity for R, > 0. The deviation is essential even at resting MP of about
—70 mV, when R, is large enough. Note also a rectification at positive potentials clearly seen for the largest R, =3 G(). Here and in E, the dashed lines
represent data for the simulation of synapses without ephaptic feedback (R, = 0). (E) Voltage dependencies of the PPF ratio at various R,. The PPF ratio is
voltage independent in the absence of the ephaptic feedback (R, = 0), whereas in its presence (R, > 0) the shape of the respective function and especially the
location of its maximum depend on the R, value. The point at 0 mV was not calculated because it is a ratio of zero to zero. Here and in Fig. 2, the dimensions
are not given because they are conventional units used in simulations, but they can be taken as gigaohms for the resistances and millivolts for the potentials.

covariance measure provided by the multivariate techniques of the Estimation of the number of response failures
principal component analysis.? Its application to the minimal synaptic
responses has recently been described in detail.? In brief, scores of the
first principal component were determined from the initial slope and
the peak using an algorithm written on the basis of the standard prin-
cipal component analysis.?> Such integral “covariance amplitudes”
were strongly correlated with more common measures of peak ampli-
tudes. They were recalculated into pA using comparison of peak ampli-
tudes and scores of averaged waveforms, and they are referred to in the
text as “amplitudes” for simplicity. For four minimal EPSCs, we
compared A-V curves obtained by measuring conventional peak

To estimate the number of response failures (V,) from recordings of
minimal EPSCs we used two methods.*® Firstly, we separated failures
from successes visually (Fig. 6B, C). Averaging of failures was used to
control the separation.”® Secondly, we estimated N, as the double
number of positive amplitudes. The similarity (Figs 6D, 8C, D) and
high correlation between N, estimated by the two methods®' confirmed
the adequacy of the visual selection. Statistical significance of N,
changes was assessed applying the Chi-square test.

amplitudes from averages with the mean values calculated from the
respective component scores. The A—V curves were not significantly
different. In addition, a special algorithm? was used to separate com-
ponents of minimal EPSCs having different latencies and kinetics, and
therefore mediated by different inputs. Applications of this algorithm
to minimal hippocampal responses have been described recently.>>!
The component analysis was performed here for six of nine minimal
EPSCs which were used for construction of A—V relations and had
enough statistics for reliable analysis (N> 200 trials). There were
four cases with two components and one case with three components.
The different latency and kinetics strongly suggested that the separated
components were mediated by different inputs, i.e. by different axons
or synapses.> These procedures allowed us not only to increase the
signal-to noise ratio, but also to make more precise analysis separating
individual inputs from mixed minimal EPSCs. It also increased the
sample size, which was important because obtaining A—V curves
under stable recording conditions is not easy. Data are expressed as
means = S.E.M. unless stated otherwise. Differences were evaluated
with Student’s t-test for paired data, and P <0.05 was considered as
statistically significant.

Computer simulations

A computational model was built using the programming language
Object Pascal 9.0 in a Borland Delphi environment. The environment
was arranged in such a way that it allowed construction of different
models from standard pre-programmed modules.*’ The basic module
represented a chemical synapse (Fig. 1A, B) with pre- and postsynaptic
parts (1 and 2, respectively). The postsynaptic current (Fig. 1A, I) was
calculated from the scheme shown in Fig. 1B, where R represents the
subsynaptic resistance modified by the activation of receptor channels.
The amount of transmitter released per presynaptic volley and there-
fore subsynaptic conductance (1/R;) were assumed to depend on the
presynaptic potential (V;,). We used a synaptic transfer (input—output)
characteristic (Fig. 1C, continuous curve),”* which reflects an
increase in 1/R; following presynaptic depolarization. It represents a
modification of known dependencies’**¥” of the postsynaptic response
amplitude on the presynaptic spike-like depolarization, specifically
in the squid giant synapse.’’’ The exact numerical characteristics
of the synaptic transfer function (steepness and threshold) were vari-
able even in the same preparation®'*” and they are not known for the
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hippocampal synapses. We used smaller steepness of the transfer func-
tion as compared to those published for the squid giant synapse**’ to
account for possible partial inactivation of related voltage-dependent
Ca®* channels (VDCCs) and for changes in presynaptic spike ampli-
tude in the presence of steady depolarization (see below). We also
decreased the threshold of this dependence to account for the known
data from experiments with steady KCl depolarization.** The data
suggest that even a relatively small (about 20 mV) presynaptic depo-
larization is sufficient for a strong increase in the Ca’'-dependent
release. Approximately the same curve can be used to describe the
release probability provided that it is < <1 at low V,,. In the simula-
tions, we assumed 1/R;=0.3 nS at V,= —70 mV, which corresponds
to the release of a single quantum in the MF synapse.?”” However, we
simplified the analysis by not considering the stochastic quantal
release. Nevertheless, it should be kept in mind that the positive feed-
back described by the model can occur only in synapses either having
several release sites or able to produce multiple quantal release from a
single release site (see Discussion). An important element of the elec-
trical scheme of the chemical synapse is the synaptic cleft (gap) resis-
tance (R,; Fig. 1B). We considered R, to be generally different from 0,
unlike other extracellular resistances (R, and R, in Fig. 1A) ignored in
Fig. 1B. Under voltage-clamp conditions, the presynaptic potential V,
(between points 1 and 3, Fig. 1B) deviates from the resting potential of
the presynaptic membrane V; (between points 1 and 4, Fig. 1B) due to
the potential drop V, across R, created by the postsynaptic current /g

Vo=V, =V, (1)
Under the natural assumption R, > >R,, V,= I;-R,. Therefore,
V=V, — IR, )
and, according to the scheme (Fig. 1B),
I; = VI(Rs(1 + Ry/Ry)), 3)

where V is the postsynaptic potential between points 2 and 4 in Fig. 1B.
The calculations of /; from Eq. (3) are not trivial because of the positive
ephaptic feedback mediated by the potential drop over R,. As
explained in the Results, the presynaptic potential V,, which influences
R, (Fig. 1C), in turn depends on /. Therefore, iterations were used for
the calculations.

In the case of paired stimulation with small (up to tens of milli-
seconds) intervals between the stimuli, the response (/) to the second
pulse (EPSC2) is often larger than to the first (EPSC1) due to increased
transmitter release, a phenomenon® known as PPF. To imitate the
PPF at a 50-ms interval between two presynaptic volleys, the depen-
dence 1/R, from V), for EPSC2 (Fig. 1C, dashed curve) was obtained by
shifting to the left the basic EPSCI curve.

RESULTS

Theoretical considerations of the positive ephaptic feedback
in large chemical synapses

Before quantitative considerations, we shall describe the
feedback qualitatively. The arrow I in Fig. 1A represents
the EPSC generated by opening subsynaptic receptor chan-
nels (black box). The current produces a potential drop across
the synaptic cleft resistance R, (Fig. 1A, + and — in circles).
The potential (point 3), which is negative relative to the extra-
cellular space (point 4), would be applied to the presynaptic
release site and would depolarize it. This fast depolarization
would be added to the presynaptic depolarization induced by
the presynaptic spike and would therefore increase transmitter
release, thus creating a positive intrasynaptic feedback.*#

This effect represents an example of non-chemical inter-
neuronal interactions (see Refs 18 and 26 for reviews).
Consistent with the definition of Jefferys,26 we shall call
this particular type of non-chemical interaction “ephaptic”
to distinguish it from electrical coupling through gap junc-
tions.2° * In some respects, the mechanism of this effect is
analogous to the known ephaptic interaction in teleost
medulla,'8 but the effect is of opposite sign. The strength of

the positive intrasynaptic ephaptic feedback depends on the
R, value, similarly to the interaction between the Mauthner
cell and neighbouring axons, which depends on a high resis-
tance of the axon cap. '8

The negative potential V, (Fig. 1B) produced by the EPSC
across R, would depolarize the presynaptic release site. When
V, is large enough, it can result in an additional Ca** entry
through VDCCs (Fig. 1A, thick arrow), leading to an
enhancement of transmitter release. This positive feedback
can be negligible in “typical” small central synapses with low
R, but can be powerful in large synapses’ with high R,. We
assumed that the feedback should be essential at MF—CA3
connections, where invaginations of pre- and postsynaptic
membranes''* lengthen the synaptic cleft and therefore
increase R,.

Another explanation of the feedback is illustrated by the
dashed arrow (Fig. 1A), showing that a part of I, would devi-
ate at point 4 and flow through the presynapse. Here, it would
produce a depolarization of the release zone (Fig. 1A, + and
— over R;), where the density of Ca2* channels is maximum,
thus increasing transmitter release. Both considerations are
physically equivalent, but the second is more traditional,>
whereas the first has the advantage of allowing a quantitative
evaluation of the strength of the feedback on the basis of R,
values.

Our calculations are based on the presynaptic input—output
function (Fig. 1C) similar to those obtained in experiments
with application of presynaptic spike-like depolariza-
tion. 33137 Therefore, this curve is valid for explanation of
the feedback effect on the basis of fast additional depolariza-
tion induced by the EPSC itself. However, we used post-
synaptic hyperpolarization to increase the EPSC amplitude.
This may induce a steady presynaptic depolarization in
synapses with large R, (see below), with reduction in pre-
synaptic spike height and transmitter release. This effect is
the basis of the classical primary afferent depolarization
explanation of presynaptic inhibition.*” However, when the
positive feedback is strong enough, any decrease in presyn-
aptic spike amplitude can be overcome by increased trans-
mitter release due to additional fast depolarization resulting
from the increase in the EPSC amplitude under conditions of
postsynaptic hyperpolarization. Moreover, the current branch
illustrated by the dashed arrow (Fig. 1A; also see Fig. 2A)
could even hyperpolarize a part of the presynapse, thus actu-
ally increasing spike amplitude. According to this scheme, the
steady-state presynaptic depolarization occurs at the site of
transmitter release, so that it should actually facilitate release
processes.*?

As noted above, in the presence of the positive ephaptic
feedback, an intrasomatic hyperpolarization would increase
EPSC amplitude more than expected from the shift in the
driving force. The right part of Fig. 2A (Synapse 2) also
shows that both branches of the hyperpolarizing current I,
(continuous and dashed curves) have the same direction as
the EPSC of the same synapse. Therefore, similarly to the
EPSC (Fig. 2A, I), I. should hyperpolarize a part of the
presynapse (dashed arrow) and induce a depolarization at
the release site (+ and — in circles over R,,). Therefore, in
addition to the above fast mechanism mediated by the positive
feedback, the steady postsynaptic depolarization can induce
a steady increase in transmitter release probability and a
decrease in N,, especially if the current does not induce a
complete inactivation of presynaptic VDCCs (see Ref. 43
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Fig. 2. Effects of activation of adjacent synapses in simulation experiments.
(A) Scheme to show the current flow from activated Synapse 1 () across
the synaptic cleft resistance (Ry,) of the adjacent Synapse 2. Note that
counteracts the action of both the hyperpolarizing current I, applied through
the intrasomatic microelectrode (ME) and the EPSC of Synapse 2 (/).
Both . and [, depolarize the presynaptic membrane in the vicinity of the
release site of Synapse 2 (— and + in circles over Ry,). Note also that the /.
branch (dashed arrow) hyperpolarizes a part of the presynapse. See Fig. 1
for similar branch of I and for other notations. (B) A—V relationships for
EPSCs generated by various proportions of synapses with linear A—V rela-
tionships added to a synapse with a non-linear A—V relationship and
R,=0.4 G(). The proportion of the adjacent synapses is given in percen-
tages at respective curves. The dashed line represents a linear A—V relation-
ship (R, = 0 for all synapses). (C—E) A-V relationships (C, D) and the PPF
ratios (E) for various coefficients of attenuation of the signal along the
dendrites (k) and various number of synapses with positive ephaptic feed-
back (n). The EPSC amplitudes in B-D were normalized to the mean
amplitude obtained for a single synapse. Note that the increase in the
percentage of synapses with linear A—V relations (B) and addition of
synapses with attenuated signals (C, D) tend to linearize the A—V curves
and to diminish the voltage dependence of the PPF ratio (E).

for additional effects of presynaptic depolarization). In
contrast, EPSCs generated by neighbouring synapses would
have an opposite action. Indeed, the current produced by
synapse 1 (arrow I;) would produce a voltage drop across
Ry, of a sign opposite to that produced by I, and I, (Fig. 2A).
Therefore, activation of adjacent synapses would diminish the
positive feedback and counteract the facilitatory effect of the
artificial postsynaptic hyperpolarization. As a result, the
effects of postsynaptic hyperpolarization on large (composite)
responses induced by activation of a large number of synapses
can be smaller than its effect on minimal EPSCs. It should be
mentioned that with EPSC recordings under conditions of
perfect voltage clamp, no current is flowing between adjacent
synapses, but this condition is difficult to achieve in practice,

when not only synapses proximal to the cell body but also
remote synapses are activated.

Computer simulations

Ephaptic feedback. To evaluate the influence of the ephap-
tic feedback in a more quantitative way, the dependence of the
EPSC amplitude (I, in Fig. 1A) on R, was calculated. Assum-
ing R, > >R,, the presynaptic part of Fig. 1B can be ignored.
According to the Ohm law under clamped potential, the post-
synaptic potential between points 2 and 4 (Fig. 1B) is given
by:

V =1IR, +Ry), 4

where the subsynaptic membrane conductance 1/R; is an
increasing function of the presynaptic potential V, (Fig.
1C). Due to the presence of the intrasynaptic feedback, V,
is also a function of I [see Eq. (2)]. We calculated /; from
the system of Eqgs. (2) and (4) using iterations. In order to
study the effect of the ephaptic feedback on I (i.e. on the
EPSC amplitude), R, was varied (Fig. 1D). As considered
in the Discussion, R, in the MF synapses could be as large
as hundreds of megaohms. A large (supralinear) increase in
the EPSC amplitude at negative MPs in the presence of the
feedback (R,>0) is shown in Fig. 1D. For instance, at
—100 mV and R,= 0.4 G(), the amplitude was about 50%
larger than that in the absence of the feedback (R, = 0). The
supralinearity increased with increasing R, values (Fig. 1D).
These numerical dependencies have been obtained with the
transfer function (input—output curve) shown in Fig. 1C. The
strength of the feedback depends not only on R,, but also on
the threshold and steepness of the input—output curve. As
explained in the Experimental Procedures, we suggested
that the steepness is generally smaller than that obtained in
the squid synapses.*'7 With larger steepness, hyperpolariza-
tion effects would be stronger even at smaller R, values.
Because of the lack of exact parameters of synaptic transmis-
sion, our model considerations should be regarded as semi-
quantitative rather than strictly quantitative. Nevertheless, the
validity of the estimated dependencies is supported by physio-
logical data (see below).

Effects of the ephaptic feedback on amplitude—voltage
relations. In Fig. 1D it is seen that while, at R, =0, the A-V
relation was linear, this became “‘supralinear” at negative poten-
tials when the ephaptic feedback was present (R, > 0). Note
also that the relation was “underlinear” at positive MPs (Fig.
1D). This effect is due to the EPSC reversal that converts posi-
tive intrasynaptic feedback into negative because of the oppo-
site sign of the potential drop across R,.

Voltage dependence of paired-pulse facilitation in
synapses with ephaptic feedback. When two EPSCs (EPSC1
and EPSC2) were evoked with a sufficiently short interval
(e.g. 50 ms), PPF was found at many synapses,® including
hippocampal ones (for review, see Ref. 58). Changes in the
PPF ratio provide an index of variations in presynaptic release
probability.®® We evaluated the influence of several variables
(Vp» Ry and V) on PPF using the dependencies shown in Fig.
1C for EPSC1 and EPSC2 (continuous and dashed lines,
respectively). The results of computer experiments using
different R, values are illustrated in Fig. 1E. Because of its
purely presynaptic nature,’% PPF was voltage independent
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Fig. 3. Effects of different holding potentials on composite EPSCs in
physiological experiments. (A) Arrangement of recording (REC) and
stimulating electrodes positioned to activate the CFs and the MFs (MF-I
and MF-II). (B) Superposition of averages (n=20) at indicated holding
potentials. (C) A-V relationship for the same experiment. (D) Plot of the
PPF ratio against MP. The curves in C and D represent third-order poly-
nomial fits of the experimental points. Coefficients of the linear regression
(r) with their significance levels (P) are also given. The high r in C signifies
that the dependence does not differ significantly from linear theoretical
prediction. The low r in D indicates that PPF is voltage independent.

in the absence of the feedback (R,=0), but showed compli-
cated voltage dependencies at R, > 0.

Effects of activation of multiple inputs. To simulate activa-
tion of adjacent synapses, the respective equations were
solved for two equivalent electrical schemes similar to Fig.
1B and connected with a resistance Ry (Fig. 2A). The latter
imitated dendritic attenuation of the signal and varied from 0
(no attenuation, i.e. attenuation coefficient k= 1) to infinity
(complete electrical separation of remote synapses). In prac-
tice, to imitate the separation we used k equal to several
thousand (10,000 in Fig. 2C). First, we studied the influence
of activation of additional electrotonically close synapses
(Ry=0) without feedback (Fig. 2B). As expected, A—V rela-
tion linearity improved with increased proportion of synapses
without feedback (Fig. 2B). Next, we tested possible feedback
reduction, when adjacent synapses even with ephaptic feed-
back were activated under conditions of imperfect voltage
clamp. Signal attenuation (k) and the number of adjacent
activated synapses (n) were varied. Cases with a fixed number
of adjacent synapses (n=>50) and attenuation absent (k=1)
or very large (k=10,000) are illustrated in Fig. 2C (lower
curve). In both cases, the A—V relation was about the same
and indistinguishable from that of a single synapse with the
same ephaptic feedback. In contrast, the A—V curve became
almost linear at k=35 (Fig. 2C). Simulations in which n was
varied while k was maintained constant are illustrated in Fig.
2D. The increase in the number of synapses not perfectly
clamped made the A-V relation more linear in spite of the
large R, (0.8 G() in each synapse (Fig. 2D, compare n=0
and 100).

Effect of multiple inputs on paired-pulse facilitation.
Making the A—V relation more linear, addition of neighbour-
ing synapses should influence PPF voltage dependence. This
suggestion was confirmed in simulations in which both k and
n were varied. In Fig. 2E, it is seen that for the coefficient of

attenuation k=2, the PPF voltage dependence for 10 acti-
vated synapses was not strongly different from that for one
synapse (R, = 0.8; Fig. 1E). For k=35 and a larger number of
synapses (n = 100; Fig. 2E), the dependence was smaller: the
PPF ratio increased <40% when the MP was changed from
—100 to O mV.

Physiological experiments

The computer modelling predicted presynaptic effects of
postsynaptic hyperpolarization and also different A—V depen-
dencies for large and small synaptic currents. We tested these
predictions in electrophysiological experiments. These are
described below under subheadings specifying five key
predictions.

Amplitude—voltage dependence of composite excitatory
postsynaptic currents is close to linear. Averages (n=20)
of composite EPSCs evoked by MF stimulation (MF-I, Fig.
3A) at three different holding potentials in a single neuron are
shown in Fig. 3B. The absence of response failures confirmed
that a large number of presynaptic fibres were activated. The
EPSC amplitude increased during hyperpolarization and
reversed its sign at positive MPs (Fig. 3B, C). The A-V rela-
tion was linear: the polynomial fitting of the experimental
points appeared to be very close to a straight line and the
coefficient of the linear correlation was highly significant
(Fig. 3C, r=0.97). Similar linear A—V relations were found
in seven of 10 experiments in which EPSCs were evoked by
MF stimulation (MF-I or MF-II, Fig. 3A). In three of 10 cells,
the A—V curve rectified in the outward direction at hyper-
polarized MPs (Fig. 4B). As a result, the average curve for
all 10 neurons (Fig. 5A) showed a small “underlinearity” at
negative MPs, but the deviation from the linear prediction
(dashed line) did not reach the significance level (P =0.07
at —109 mV). Similar linear A-V relations were observed for
composite EPSCs evoked by CF stimulation (CF in Fig. 3A,
n=4 cells, Fig. 5B).

Paired-pulse facilitation of composite excitatory post-
synaptic currents is voltage independent. We applied paired
pulses with 50-ms inter-pulse intervals (Fig. 3B) and calcu-
lated PPF ratios at various MPs (Fig. 3D). In spite of some
variability, especially at MPs around 0, where the responses
were relatively small, the PPF ratio was voltage independent,
as shown by the polynomial fit close to linear (with a slope not
significantly different from 0, r=0.16, P> 0.1; Fig. 3D).
Altogether PPF ratios at 50-ms inter-pulse intervals were
calculated at different MPs for eight MF EPSCs. Six neurons
showed PPF. The PPF ratios varied from 1.37 to 5.31
(2.94 = 0.80, mean = S.E.M.). In four of six neurons, no
significant voltage dependence was found (Fig. 3D). Two
neurons showed PPF voltage dependencies qualitatively simi-
lar to those predicted from the model with the ephaptic feed-
back (Fig. 1E, R,>0). An example (Fig. 4C) shows clear
voltage dependence. However, the overall linear fit had a
slope not different from O (r=0.04). The mean data from
all six cells showed only a trend to voltage dependence
(Fig. 5C). Neither the linear regression nor the differences
between the PPF ratio at hyperpolarized and 0 mV MPs
were statistically significant (P > 0.1).

Postsynaptic induces

hyperpolarization supralinear



Amplitude—voltage relations of mossy fibre—CA3 synapses 329

A Composite D Minimal
+40mV WWU’\ +16mV Y——\r‘&
-63 mV H/— -63 mV W

-110 mV -86 mV
90 pA 30pA
10 ms § 10 mﬂ
L J
45 4
B L,
,/
r T 7] 2
-120 60 =
// 45 4 '“-;
£
-90 4 §
%]
A
m
(=}
C 91 g
* =
r=0.04 g
P>0.1 6 1 2
3
. &
34 2
E
o
. T . . 3
-120 -60 0 -120 -60 0 5

Membrane potential (mV)

Fig. 4. Comparison of the voltage dependencies of composite (A—C) and
minimal (D—F) EPSCs evoked in the same neuron by strong and minimal
MF stimulation, respectively, at the indicated membrane potentials. (A, D)
Examples of averaged EPSCs at different MPs. (B, E) A-V plots. Dashed
lines represent linear predictions crossing the amplitude at —63 mV and the
point with 0,0 coordinates. (C, F) Plots of the PPF ratios vs holding poten-
tials. All measurements were obtained from averaged waveforms. For the
“resting” holding potential (—63 mV), the measurements were repeated
(n=4) and the means are given together with =S.E.M. See Fig. 3 for
other explanations.

amplitude increase and reduces failure rate of minimal exci-
tatory postsynaptic currents mediated by large synapses. The
hypothesis and modelling predict supralinear increase in the
amplitude of single fibre EPSCs distinct from the above linear
A-V relations for composite EPSCs. To test this difference,
composite and minimal EPSCs were compared at “resting”
and at hyperpolarized MPs. In Fig. 6A, the amplitudes of
minimal MF EPSCs evoked at —63 and —93 mV are plotted
against time. With hyperpolarization, the increase of EPSC
amplitude was more than expected from the —30 mV MP
shift (see Fig. 7D) and it was accompanied by a reduction
in Ny. We calculated N, by separating failures visually (Fig.
6B, C) or by doubling the number of positive responses.
According to both methods, N, decreased during hyperpolar-
ization (Fig. 6D, empty and striped columns). Similar N,
reduction was seen in the amplitude distributions (Fig. 6E),
where the dashed columns represent background noise. The
modification of the shape of the distribution due to hyper-
polarization (Fig. 6E, —93 mV) cannot be explained by
a linear re-scaling of the control distribution (Fig. 6E,
—63 mV), as would be expected from the classical A—V rela-
tion. Composite EPSCs recorded from the same neuron
following a stronger MF stimulation, so that failures dis-
appeared and amplitude fluctuations were strongly reduced,
are shown in Fig. 7A. At —93 mV, the amplitude increased,
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Fig. 5. Summary of A—V relationships (A, B) and voltage dependencies of
the PPF ratio (C) for composite EPSCs. (A, B) Data for EPSCs elicited with
MF (A; n=10) and CF stimulation (B; n =4 neurons; means £ S.E.M.).
EPSC amplitudes at different MPs were divided by the value at —63 mV
and were multiplied again by the mean current value at —63 mV from
different experiments. (C) Data for MF EPSCs (n=6). The thin line in C
represents the linear regression (r =0.32 is not significantly different from
0, P>0.1). See Fig. 3 for other notations.

but the increase was significantly smaller than for minimal
EPSCs (Fig. 7C, D). The latter showed clear “supralinear”
increase during hyperpolarization (Fig. 7D, small symbol).
The same statistically significant difference was evident in
the summary data for all six minimal and composite MF
EPSCs recorded from the same neurons (Fig. 7E, P <0.01,
t-test for matched pairs).

The MF synapses are typically much larger than the CF
synapses and therefore should posses larger R, and should
exhibit larger hyperpolarization effects. The effects of the
MP shift on minimal EPSCs induced by MF and CF stimula-
tion in the same neuron are compared in Fig. 8. Although both
inputs showed significant changes in N, (Fig. 8C-F), the
increase in the amplitude of the MF EPSC was larger (Fig.
9A). The experimental points for minimal CF EPSC ampli-
tudes (Fig. 9A, small triangles) were close to the linear predic-
tion and to the A—V relations for composite EPSCs recorded
from the same neuron (Fig. 9A, large symbols). The mean
relative amplitude of minimal CF EPSCs recorded at
—93 mV in three other experiments was also close to the
linear prediction (129 = 5%). In contrast, the location of the
experimental point for the minimal MF EPSCs indicates
strong supralinear voltage dependence (Fig. 9A, small filled
circle at —80mV). Altogether, statistically significant
(P <0.03, at least) supralinear amplitude increase and N,
reduction were observed in five of seven minimal MF
EPSCs (see summary plots of Fig. 9B and C). Different hyper-
polarization effects in two inputs to the same neurons suggest
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butions from the same experiment. Conventional and smoothed distribu-
tions are given. The dashed columns represent noise distributions.
Amplitudes of EPSC1 and EPSC2 were pooled. Note a large difference
between the first peaks in the two distributions, which contain response
failures (amplitudes similar to the noise values).

that the deviation from linearity in the MF input was not due
to general alterations in the postsynaptic neuron or changes in
the recording conditions.

The amplitude—voltage relation for minimal excitatory
postsynaptic currents is non-linear. In the above experiments,
minimal EPSCs were compared only at two different MPs
(Figs 6-9). For 12 minimal MF EPSCs, we obtained stable
data for the A—V curves (see Experimental Procedures for the
control of stability). In four of 12 inputs, the curves for both
composite and minimal EPSCs were constructed from the
same neurons. In the example of Fig. 4A and B, composite
EPSCs showed “underlinear” A—V dependence at hyperpolar-
ized MPs. In contrast, minimal EPSCs showed “supralinear”
increase at hyperpolarized potentials (Fig. 4D, E) similar to
that in simulations of the ephaptic feedback (e.g. Fig. 1D,
R,=0.4). Altogether, the A~V curves for nine of 12 minimal
EPSCs showed “supralinear” dependencies so that the
summary curve (Fig. 10A) showed a statistically significant
(P <0.05) difference between the linear prediction (dashed
line) and the experimental points at —109 mV. In addition, at
positive potentials (Fig. 10A), “underlinear” deviation from
the linear dependence was observed (P < 0.05) in accordance
with respective results of simulation experiments (Fig. 1D).
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Fig. 7. Comparison of effects of postsynaptic hyperpolarization on compo-
site and minimal EPSCs recorded from the same neurons. (A) Single (upper
raw) and average (lower raw) EPSCs evoked in the same neuron as in Fig. 6
after increasing stimulus strength (X 1.3). (B) Superposition of the aver-
aged EPSCs induced before (lower trace) and during 10 puM L-CCG-I bath
application (upper trace). The depressing L-CCG-I effect suggests activa-
tion of MFs. (C) Superpositions of averaged composite (upper raw) and
minimal EPSCs (lower raw) at —63 and —93 mV to show a stronger
hyperpolarization effect on the minimal EPSCs. Amplitude calibration
for composite EPSCs is the same as in A. (D) Amplitudes of the composite
and minimal EPSCs from the same experiment (larger and smaller symbols,
respectively) plotted against two MPs (resting and hyperpolarized). The
amplitude at —63 mV is taken as 100%. (E) Similar summary plot for six
minimal EPSCs (small filled circle) recorded from the same neurons as
composite EPSCs (large filled circles). The dashed lines in D and E show
linear predictions with the equilibrium potential at 0. Note that the experi-
mental points for composite EPSCs are close to the linear prediction, while
in the same neurones, the amplitudes of minimal EPSCs significantly
deviated from the classical prediction at —93 mV, showing strong “supra-
linearity” (P <0.01). Means £ S.E.M. are shown in D and E at the hyper-
polarized holding potential.

Paired-pulse facilitation of minimal excitatory postsyn-
aptic currents is voltage dependent. PPF ratios for composite
and minimal EPSCs recorded from the same neuron are
compared in Fig. 4C and F. In comparison with the composite
EPSC, the increase in PPF of the minimal EPSC during depo-
larization from —63 to 0 mV was larger (about 1.5 and 5.5
times, respectively). The polynomial fit for the minimal EPSC
resembled the dependence predicted from the model with the
ephaptic feedback (Fig. 1E, R,=1.6). Altogether, paired-
pulse experiments were performed on eight neurons. At 50-
ms inter-pulse interval, six MF EPSCs showed PPF with
ratios ranging, at —63 mV, from 1.34 to 5.46 (mean
3.03 =0.80). In four of six cells, the PPF ratio increased
during depolarization, as exemplified in Fig. 4F. As expected
for R, variations across synapses (Fig. 1E), the voltage depen-
dencies varied quantitatively in different neurons. In spite of
this variability, the summary data (Fig. 10C) showed that PPF
at —109 mV was significantly smaller than that at —63 mV
(P <0.05, r-test for matched pairs, n=06).

DISCUSSION

The present work was designed, firstly, to test Byzov’s
hypothesis on intrasynaptic ephaptic feedback®**® using
EPSCs mediated by large MF synapses which are particularly
suitable for such analysis and, secondly, to resolve contra-
dictions on hyperpolarization effects. In contrast with numer-
ous published linear A-V relations,**'?7 previous findings of
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linear fits. Note that the experimental data for the minimal CF EPSC (see the small triangle at —80 mV) are close to the fit for the composite EPSCs, while
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Data over consecutive 30 trials (about 8 min) were normalized to the 30 trials obtained immediately before hyperpolarization. Statistical significance of the
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changes in indices of transmitter release during postsynaptic Comparison of minimal and composite excitatory postsyn-
hyperpolarization®! suggested non-linear A—V relations. To aptic currents

resolve this contradiction, we performed computer simula-

tions and compared physiological recordings of minimal Our results are in agreement with literature data showing
and composite MF EPSCs. The simulations gave several linear AV relations® 2'?" and the lack of voltage dependen-
predictions, which were confirmed experimentally. This cies of indices of presynaptic release'>*® calculated from
resolves the above contradiction related to voltage dependen- recordings of composite EPSCs. The A—V relations for mini-
cies of hippocampal EPSCs. In general, our data strengthen mal EPSCs have not been studied in detail so far. Neverthe-
the intrasynaptic feedback hypothesis. Independently of this less, a published example*® shows a supralinear amplitude
interpretation, we presented a number of novel findings increase of a CA1 EPSC during hyperpolarization. No non-
suggesting the existence of novel mechanisms whereby post- linear differences between amplitude distributions of five

synaptic MP changes control presynaptic release. minimal CA1 EPSCs recorded at two MPs have been reported
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minimal EPSCs. (C) Data from six neurons. Note that the coefficient of
linear regression (r=0.63), although not significant for this small sample,
was larger than that for the composite MF EPSCs in Fig. 5C. See Fig. 5 for
other explanations.

by Kullmann and Nicoll.** However, in the CAl region,
supralinear hyperpolarization effects are rather rare,®' and in
the published example (Fig. 2)** response failures were
absent. It has also been reported'’ that postsynaptic hyper-
polarization affects only quantal size of minimal depolarizing
inhibitory postsynaptic currents in one dentate gyrus neuron,
suggesting a linear A—V relation. However, in spite of the fact
that failures were excluded from the published distribution
(Fig. 8),'7 changes in separate peaks are difficult to explain
only by driving force shifts. We conclude that our data have
no clear disagreement with known literature and that they
reveal novel properties of minimal (single fibre) responses.

Ephaptic feedback in mossy fibre—CA3 synapses

In addition to supralinear amplitude increases during
hyperpolarization, our simulations predicted that, when the
feedback is sufficiently strong, the A—V curve at positive
potentials becomes ‘“underlinear”. The reason is that the
EPSC reverses its sign at positive MPs and therefore would
generate negative rather than positive feedback. Our physio-
logical data confirmed both the supralinear amplitude
increase during postsynaptic hyperpolarization and “under-
linear” dependency at positive MPs.

The strength of the feedback is determined by several
factors, especially by R,, which are likely to be specific for

each synapse because of their variable morphology (see
below). Therefore, results are expected to vary widely from
one experiment to the next. Nevertheless, the summary A-V
curve (Fig. 10A) shows significant deviations from linearity,
suggesting large average efficacy of the ephaptic feedback in
the MF—CA3 synapses.

A theoretical evaluation of the feedback efficacy has been
done for a retinal chemical synapse.’ The key value is the
potential drop V, across R,. From Fig. 1B, V,=Vyy R,/
(Ry + R), where Vy is the potential between points 2 and 4.
Therefore, the ratio K= R,/(R, + R;) can be called “the coef-
ficient of intrasynaptic feedback”. It has been evaluated’
assuming a cleft width of 20 nm and R,=1 Q-cm? as for
the activated neuromuscular junction.”” For a small flat
synapse of about 0.3 wm diameter, K=0.01 and therefore
the feedback would be negligible.® However, with a thin
(0.1 wm) postsynaptic process invaginating 1 wm deep into
the presynaptic membrane, K=0.5, so that the additional
presynaptic depolarization due to the ephaptic feedback
reaches a considerable part of the excitatory postsynaptic
potential (EPSP) amplitude. Electron microscopy data''*
have shown that, in the stratum lucidum of the CA3 area,
“spinules”, which are processes of dendritic spines, penetrate
large (about 4 wm diameter) presynaptic boutons. Typical
spines diameters are about 0.4 wm (0.2—1 wm).* Assuming
a cleft width of 20 nm, it is possible to estimate the lower and
upper bounds of R,. For a “thin” spinule (0.2 m in diameter)
penetrated through the whole of the presynaptic bouton
(4 wm), R, would vary from 177 to 708 M{) depending on
the specific cleft resistivity® (from 50 to 200 Q-cm). R, would
range from 84 to 335 M() for a spinule of 0.4 wm diameter
and from 32 to 130 M( for a “thick” (1 wm) spinule. Assum-
ing R;=3G(), which corresponds to a single quantum
release,?’ the above estimates suggest that, when spinules
are thin, an essential part of the EPSC drops across the syn-
aptic cleft (K=0.06-0.24). These estimates give only rough
approximations. Additional factors can influence R, and R,,
and therefore K. These include a possible higher resistivity of
the extracellular matrix in the synaptic cleft, and the presence
of barriers (“corks”) between the synaptic cleft and the extra-
cellular space created by glial cells,® as well as multiquantal
release. In these cases, the feedback would be effective even
for thinner and shorter spinules.

Our simulations demonstrated that addition of synaptic
inputs either with imperfect clamp or without intrasynaptic
feedback would linearize the A—V relation. This explains
apparent contradictions between our previous results®’ and
data reported in the literature.>?” Our physiological experi-
ments directly demonstrated differences between minimal and
composite EPSCs. In Fig. 10B, normalized A—V relations for
the composite and minimal EPSCs are superimposed and
compared with the linear prediction (dashed line). At
—109 mV, the mean amplitude of the minimal EPSCs was
1.5-fold larger than that expected from the linear A—V rela-
tionship and 1.8-fold larger than that for the composite
EPSCs. The mean A—V curve for the minimal MF EPSCs is
slightly more “supralinear” than that obtained in simulation
experiments for R, = 0.5 G{) and K=0.2. These values are in
striking agreement with respective estimations made above
for MF synapses with the thin spinules. These con-
siderations suggest that, on average, at resting MP, the ephap-
tic feedback is moderate, although it should influence EPSC
amplitude. Also, the strong average hyperpolarization effect
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(—109 mV; Fig. 10A) indicates that MP shifts would effec-
tively influence presynaptic release. Stronger than average
non-linearity in some experiments (Fig. 4E) could suggest
larger R, and K (about 1 G(2 and 0.3, respectively), and effec-
tive influences of the feedback already at resting MP.

The differences between the hyperpolarization effects on
synapses made by the MF and CF were noted here and
investigated in more detail elsewhere.® This difference,
together with smaller hyperpolarization effects on Schaffer
collateral-CA1 responses,’! can be considered as additional
support to our hypothesis. This difference could be at least
partially related to different distances from the soma and
hence different clamp efficacies. However, clear difference
was recently demonstrated also under conditions of current
clamp recordings.’ Simulation studies have shown that
attenuation of the constant current along the dendrite is
small.>

We noted above that we used the simplest scheme with a
single release site and without considering EPSC time-
courses to simplify the feedback illustration. It is clear that
the proposed feedback acts after the release event has already
taken place. Hence, it is only the subsequent releases that are
affected by the feedback. Recent recordings from putative
single synapses at CAl demonstrated a strong suppression
of EPSCs evoked at short intervals, suggesting a short-term
synaptic depression after a prior exocytotic event.'> This
observation seems to be in contradiction to the intrasynaptic
ephaptic feedback hypothesis that supposes additional trans-
mitter release immediately after EPSC generation. More
detailed considerations (Ref. 60 and unpublished simulations)
show that the ephaptic feedback mechanism is readily applic-
able to synapses with multiple release sites similar to giant
MF-CA3 synapses. Accordingly, for a junction with multiple
release sites, no depression was found at short intervals
following previous release.% Consistent with the hypothesis,
notches on the rise of multiquantal MF EPSCs can be
detected, revealing delays in releases of successive trans-
mitter quanta (vesicles).?’

Could membrane capacitance affect the ephaptic feedback?

For computer simulations, several simplifications were
introduced and one is that we did not consider time-courses
(only EPSC amplitudes) and therefore neglected capaci-
tances. However, under voltage-clamp conditions, the influ-
ence of capacitors is negligible. Even under conditions of
imperfect voltage clamp, capacitors cannot critically influ-
ence the feedback in the sense of abolishing it. Capacitors
may diminish EPSC amplitude, thus reducing the feedback,
but for our considerations the absolute EPSC amplitude is
of secondary importance. In fact, if capacitances are con-
sidered, the ephaptically transmitted feedback signal (poten-
tial drop V, in Fig. 1B) should be only slightly reduced in
addition to its natural change due to the diminution of the
EPSC amplitude. It is difficult to evaluate the exact value of
the capacitance associated with the synaptic gap resistance
(Ry), but it should be very small in comparison with the
postsynaptic membrane capacitance. Therefore, the kinetics
of the feedback depolarization should not be essentially
slower than the kinetics of the EPSP generated in the dendritic
spine and the EPSC amplitude should not significantly
decrease.

Voltage dependence of paired-pulse facilitation

It was expected that, in synapses with ephaptic feedback,
PPF would decrease with hyperpolarization and increase with
depolarization due to respective changes in the probability of
transmitter release. However, our simulations showed that,
generally, the voltage dependence of PPF is more compli-
cated (Fig. 1E). Thus, the PPF ratio was voltage independent
for large membrane hyperpolarizations and large feedback.
The explanation is that, under these conditions, transmitter
release probability would be close to saturation (theoretically
to 1) already for EPSC1, so that the second pulse cannot be
more effective. At less hyperpolarized MPs, the PPF ratio
would increase because of a decrease in release probability.
A seemingly paradoxical asymmetry of the curve around 0
is explained by the interplay of two factors: classical EPSC
voltage dependence, which strongly diminishes amplitudes
of both EPSC1 and EPSC2 at small negative MPs, and
subsequent changes in the sign of the feedback at positive
potentials.

Possible complications due to steady presynaptic depolarization

Our model is based on the presynaptic input—output func-
tion (Fig. 1C), similar to that obtained in experiments with
application of spike-like depolarization.3*3!37 These experi-
ments clearly showed that the larger the presynaptic depolar-
ization, the larger the transmitter release. Therefore, the fast
ephaptic feedback should increase transmitter release due to
additional fast presynaptic depolarization. One complication
is that, to test the presence of the positive feedback, we
increased the EPSC amplitude using steady MP hyperpolar-
ization. If this hyperpolarization induces appreciable steady
depolarization shift presynaptically, it can inactivate pre-
synaptic VDCCs and therefore change the input—output
function. We used a smaller steepness as compared to the
published functions,®*” to account for a partial VDCC
inactivation. We believe that the inactivation should be
incomplete on the bases of known strong Ca”*-dependent
transmitter release in central synapses during steady K*
depolarization.*® It is also known that presynaptic depolariza-
tion strongly increases spontaneous transmitter release?>3°
and can strongly facilitate evoked transmitter release.*® As
we have noted, quantitative changes in the synaptic transfer
function should influence the effects of the feedback in the
sense that the same R, values would produce larger or smaller
feedback effects. Therefore, for the present semi-quantitative
description of the feedback, the exact numerical characteris-
tics of the transfer function are not very important provided
that its basic shape remains the same, i.e. transmitter release is
an increasing function of the fast presynaptic depolarization.

Alternative hypotheses

We have previously discussed several alternative explana-
tions and found them less likely than the ephaptic feedback
hypothesis.*®' Theoretically, non-linear voltage depend-
encies could result from postsynaptic interactions between
N-methyl-D-aspartate receptor-gated conductances, VDCCs
and non-ideal voltage clamp. However, the involvement of
N-methyl-D-aspartate receptors can be excluded, because
strong non-linear effects have also been observed in the pres-
ence of N-methyl-D-aspartate receptor antagonists.®>* Among
VDCCs, the most likely candidate is the low-threshold
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T-type calcium channel,” whose inactivation could be
reduced by membrane hyperpolarization. However, VDCCs
have been shown to be activated only under current-clamp
conditions, when composite EPSPs reach 15-20 mV ampli-
tude,* and they contributed to the peak rather than to the
initial slope of the EPSCs. Therefore, this mechanism could
hardly explain the supralinear increases in small EPSCs
recorded here, changes in indices of presynaptic transmitter
release®%%' and the lack of non-linear changes in large
EPSCs.

Several theoretical possibilities could explain the presyn-
aptic effects of postsynaptic hyperpolarization.®®! One possi-
bility is changes in extracellular ionic concentration resulting
in alterations of transmitter release. However, early data from
the neuromuscular junction®® suggest that the major effect of
postsynaptic hyperpolarizing current is a reduced K* concen-
tration around the synaptic terminal, associated with a reduc-
tion in transmitter release rather than with its increase.
Concentration of the major extracellular cation, Na™, could
theoretically decrease with postsynaptic hyperpolarization.
However, the changes should be negligible because its
concentration is high outside, and the major expected effect
would again be EPSC decrease. An increase in the concentra-
tion of the major extracellular anion C1~ with hyperpolariza-
tion should also be negligible, especially taking into account
its reversal potential (—70 mV). These changes cannot essen-
tially influence EPSC amplitude, because glutamate-activated
channels are not permeable to C1™. Accordingly, in experi-
ments with depolarization to 0 mV, we did not see outward
currents.

The most obvious alternative to the ephaptic feedback is
that postsynaptic hyperpolarization suppresses release of a
retrograde messenger, which at rest would inhibit presynaptic
transmitter release. A possible candidate is glutamate.?
Glutamate is known to inhibit presynaptic release acting on
inhibitory presynaptic ionotropic glutamate receptors and
especially mGluRs.* However, mGluRs do not seem to be
involved, since their antagonists did not affect baseline hippo-
campal transmission.> Moreover, predominantly facilitatory
after-effects of intracellular depolarizing pulses®*? in the
CAl and CA3 area’ are difficult to reconcile with the
inhibitory presynaptic action of any hypothetical retrograde
messenger. The suppression of an inhibitory retrograde
messenger is also difficult to reconcile with the observed
differences in voltage dependencies between minimal and
composite responses, an observation well understandable in
the framework of the ephaptic feedback hypothesis.

Another related possibility is that postsynaptic hyperpolar-
ization increases glutamate uptake, thus decreasing its
concentration in the synaptic cleft and its suggested presynap-
tic inhibitory action.! However, the above general arguments
against participation of a chemical retrograde messenger are
applicable to this explanation as well. Although literature data
suggest transporters’ location in some types of postsynaptic
cells,’® no detectable transporter currents were revealed in
CA1 pyramidal neurons.* Hyperpolarization effects on pre-
synaptic release have been found in these neurons,® without
any signs of synaptically activated transporter current when
ionotropic glutamate receptors were blocked. If indeed a
strong background glutamate release exists, the block of
transporter activity should further depress EPSCs. However,
glutamate uptake blockers have been found to reduce the
size of MF responses only during relatively high-frequency

stimulation, when the glutamate release was strongly facili-
tated, an effect that was entirely reversed by mGluR antagon-
ist.”® These and related observations on other hippocampal
areas?*%%67 suggest that small and variable glutamate effects
on hippocampal responses are mediated by receptor desensi-
tization and only partially by presynaptic inhibition via
mGluRs. Our recent observations show that mGluR antagon-
ists do not block the “supralinear” EPSP increase during
hyperpolarization (Sokolov et al., unpublished observations).
Altogether, the literature and our data provide additional
evidence against any chemical hypothesis based on either
postsynaptic glutamate release or postsynaptic glutamate
transporters.

Physiological implications

The existence of the positive ephaptic feedback may
explain several phenomena, such as spontaneous synchronous
multiquantal releases,?>% unusual effects of postsynaptic
hyperpolarization on Ca?* responses in a subset of central
synapses'*% and “all-or-none” responses with a low CV in
the visual cortex.>*37 In fact, one explanation for such “all-or-
none” responses is synchronization of transmitter release
from several release sites,’” which can be easily achieved
by the ephaptic feedback. The relative number of synaptic
inputs with “all-or-none” responses (about 10%) is in striking
agreement’’ with an approximate number of large perforated
synapses in the visual cortex. The ephaptic feedback may help
to understand the physiological significance of the appearance
of large (“perforated”) synapses following behavioural learn-
ing'® or long-term potentiation induction'6'*#! (but see Ref.
52). Indeed, the efficacy of such synapses can be larger than
that of smaller, non-perforated synapses without spinules, not
only due to a larger number of release sites, but also due to the
positive intrasynaptic feedback.

The positive feedback was shown here to be fully func-
tional only when a small number of adjacent synapses are
synchronously activated or when a synapse is activated
together with a large number of electrotonically remote
synapses. Thus, the physiological significance of the feedback
may essentially consist of amplification of signals from a
subset of single synapses. The subset includes synapses
which change their size and structure (i.e. acquire spinules
and invaginations) as a function of their maturation or activ-
ity.!%161941 The amplification due to the ephaptic feedback
can be especially effective for responses induced under
natural conditions without voltage clamp at much shorter
intervals as compared to the 50-ms interval used in the present
study. The facilitating effects of overlapping EPSCs may be
of special importance for hippocampal neurons, where bursts
of action potentials are commonly observed in vivo.

Increasing the number of activated inputs reduces the
effects of the positive feedback and would prevent synaptic
activity from going beyond a normal physiological limit.
When a large amount of similar inputs is activated, additional
amplification could be unnecessary or even harmful because
of excessive postsynaptic depolarization. The strong diminu-
tion of the feedback under conditions when composite EPSCs
are induced does not diminish the physiological relevance of
the feedback. In fact, simultaneous activation of multiple
adjacent inputs commonly used in physiological experiments
is expected only infrequently under conditions of natural
brain activity. Such activation is characteristic of pathological
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(epileptic) states with synchronous discharges of a neuronal
population.

CONCLUSIONS

A previous study® provided initial evidence in favour of
the existence of Byzov’s ephaptic feedback®® in central
synapses. However, effects of postsynaptic hyperpolarization
on indices of transmitter release were found only in a portion
of CA1 hippocampal neurons, and contradicted known data
on both linear voltage dependence of hippocampal responses
and voltage independence of their PPF. In computer simula-
tions, we showed that unusual voltage dependencies should be
prominent in large synapses and should be diminished when
multiple inputs are activated. These predictions were con-
firmed experimentally with recordings of both minimal and
composite MF EPSCs from the same CA3 neurons. We dis-
cussed alternative explanations of our observations and

found that the ephaptic feedback hypothesis is the most likely
at present. We stress that, independently of underlying
mechanisms, our findings of supralinear A—V dependencies
and of the effects of the postsynaptic MP shifts on release
variables in a subset of central synapses reveal the existence
of a novel synaptic mechanism. This mechanism may have
important implications in controlling the strength of large
synapses by the postsynaptic MP level and by currents gener-
ated in adjacent synapses.
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