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A Neuronal Inhibition Mediated Electrically

Abstract. When the goldfish Mauthner cell fires an impulse there is a simul-
taneous hyperpolarization of adjacent medullary neurons as far as 200 micro-
meters from its soma. This hyperpolarization is due to an inward transmembrane
flow of some of the current generated by the Mauthner cell spike and is suffi-
ciently large to block spikes evoked both directly or transsynaptically.

“Electrical inhibition” can be medi-
ated in a number of vertebrate and
invertebrate systems where neuronal
elements are electrotonically coupled
(), but since the coupling is often
weak, its excitatory effects generally
predominate. In addition, the extra-
cellular currents generated by nerve
cell impulses can also decrease the
excitability of adjacent neurons (2);
again, however, the effects of such
ephaptic currents have generally been
found to be facilitatory (3). The clearest
case of a significant electrical inhibition
described so far, that of the Mauthner
cell, has been attributed to a failure
of impulse propagation in the neurons
mediating this effect (4). We report
here a presumably related case where
the extracellular currents set up by the
action potential of a single neuron can
impose an inhibitory hyperpolarization
on the membrane of neighboring cells.

Experiments were performed on
goldfish (14 to 22 cm in length)
paralyzed with Flaxedil (1 pg per gram
of body weight) and perfused through
the mouth with dechlorinated tap
water. The methods used for exposure
of the medulla and for electrical stim-
ulation of the eighth nerve and spinal
cord were similar to those described
elsewhere (4, 5). Intracellular record-
ings from the Mauthner cell (M-cell)
and from adjacent neurons located as
far as 200 pm from its soma were
obtained with single- or double-barreled
micropipettes filled with 0.6M K,SO,
or 3M KCI. A Howland pump (6) was
used to inject current intracellularly.

Antidromic invasion of the M-cell
produced by a spinal cord stimulation
results in a characteristic all-or-none
extracellular negativity which is fol-
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lowed by a later positivity, the well-
known (4) “extrinsic hyperpolarizing
potential” (Fig. 1A). The negativity is
as large as 20 to 40 mv in the axon
cap and falls off steeply in amplitude
as the recording electrode is moved
away from the maximum focus. Sur-
prisingly, we have found when re-
cording from cells located in regions
where the extracellular field is no more
than a few millivolts that there is a
corresponding but significantly larger
intracellular negativity, as illustrated in
Fig. 1B. Subtraction of the extracellu-
lar field (Fig. 1B,) from the intra-
cellular potential (Fig. 1B;) indicates
a net membrane hyperpolarization

of 6.4 mv. Usually lower values were
found (Fig. 1C); in 93 cells the average
was 2.01 mv, with a range of 0.7 to
6.4 mv. In all the investigated neurons
it had the same threshold, all-or-none

character (Fig. 1, B and C), latency,
and peak time (Fig. 1, A and B) as
the M-cell field. Since the M-cell has
the fastest conducting axon in the gold-
fish spinal cord (5) this hyperpolariza-
tion cannot be mediated through
chemical synapses (7); it is therefore
necessarily brought about by an inward
transmembrane flow of the current
generated by the M-cell spike, and it
may be termed a “passive hyper-
polarizing potential” (PHP).

If this hypothesis is correct, the
PHP should decrease membrane excit-
ability and should be relatively inde-
pendent of membrane potential. Both
characteristics were demonstrated. As
shown in Fig. 1, D and E, when ade-
quately timed the PHP did block the
generation of spikes either directly
evoked by depolarizing current pulses

. (Fig. 1D) or synaptically induced by

stimulation of the ipsilateral eighth
nerve (Fig. 1E). The latter effect could
already be observed extracellularly prior
to penetration of the neurons. Finally,
when the PHP was made to interact
with a subthreshold excitatory post-
synaptic potential (EPSP) the two sum-
mated algebraically. The insensitivity
of the PHP to changes in membrane
potential produced by applied trans-
membrane currents is illustrated in Fig.
2: the size and time course of the PHP
evoked during large hyperpolarizing

Fig. 1. Evidence that impulses evoked
in the M-cell can generate inhibitory
PHP’s in adjacent neurons. (A to C)
The spinal cord was stimulated at strengths
straddling the threshold for M-cell anti-
dromic activation; several sweeps are
superimposed on each record. (A) Anti-
dromic field potential extracellularly
recorded in the axon cap. (B:) Intracel-
lular recording obtained during the same
experiment as in (A) from a neuron lo-
cated 75 um caudal to the axon cap; the
spinal stimulus evoked a PHP. (B:) Field
potential recorded outside that cell. The
vertical dashed line indicates that the
potentials in (A) and (B) had the same
latency. (C) Another example of an intra-
cellular PHP, followed in this case by an
EPSP which fired the cell. The records in
(D) and (E) are from two different neu-
rons; in each record, sweeps were super-
imposed without and with spinal stimula-
tion. (D) A spike evoked by a depolariz-
ing current pulse (lower trace) was
blocked by an adequately paired PHP.
(E) A spike synaptically evoked by stim-
ulation of the ipsilateral eighth nerve was
similarly blocked; its failure unmasked
a now subthreshold EPSP [the upper and
lower traces in (C) and (E) are record-
ings of high a-c and low d-c gain, respec-
tivelyl. In all records positivity is upward,
and the PHP is indicated by a filled circle.
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Fig. 2. Passive hyperpolarizing potentials evoked at different membrane potential levels.
Series of responses recorded intracellularly through one barrel of a double microelec-
trode from two different neurons are shown on each side of the graph. The membrane
potential was changed by passing a d-c current through the second barrel (the current
amplitude is indicated on each series). (Left) The unit is activated synaptically by a
stimulation of the ipsilateral eighth nerve; a subsequent stimulation of the spinal cord
evokes a PHP (records at both high and low gain are shown). A hyperpolarization of
about 20 mv as indicated by increased spike height does not affect the size of the PHP.
(Right) A spinal stimulus produces a PHP followed by an EPSP. A depolarization of
the neuron sufficient to cause a polarity reversal of the EPSP leaves the PHP unaffected.
The values of the recorded potentials on the graph, expressed in percentages of the
control values (determined at the resting potential) are plotted against the correspond-
ing applied currents. The resistance of the neuron on the left is 4 megohms, as deter-
mined from changes in spike height produced by hyperpolarizing currents. Positive
currents are depolarizing (Depol.) and negative hyperpolarizing.

and depolarizing shifts remained un-
changed. It should be stressed that the
input resistance of these neurons as
measured both by changes in spike
height (8) and by applied pulses was
not low; it ranged from 1.9 to 7.0

Fig. 3. A model for PHP generation. The
schematic is an expansion of that proposed
(5) to explain the extracellular fields as-
sociated with the M-cell spike. The lower
half represents the M-cell, R, and E being,
respectively, the membrane resistance and
the driving electromotive force of the
activated portion of the cell, and R, the
passive resistance of the inactivated mem-
brane. R’; and R; are the extracellular re-
sistances associated with these two parts
of the M-cell. In parallel with R’; is a
simplified model of a cell exhibiting a
PHP. Some of the current generated by
the M-cell spike flows inward across one
membrane of the cell, producing a hyper-
polarizing potential, or PHP, across this
membrane, and exits from the cell at a
point presumably within the axon cap.
This latter region of the cell should be
depolarized during the M-cell spike. Zm;
and Z.w. are the effective impedances of
these two portions of the cell, the PHP
being generated across Zum;, and R; is the
internal resistance of the cell. This model
must be regarded as tentative, since it
ignores the distributed, three-dimensional
characteristics of the neuronal elements
and tissue involved.
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megohms (mean, 4.15 megohms; num-
ber of cells, 38).

The evidence so far obtained sug-
gests that cells exhibiting PHP’s belong
to two neuronal populations: (i) neurons
of the vestibular nuclei, as indicated
by their short-latency action potential
following stimulation of the ipsilateral
eighth nerve (Figs. 1E and 2), and
(ii) interneurons in the recurrent col-
lateral network (4) which feeds back
inhibition onto the M-cell, since in
some of the investigated neurons a
spinal cord stimulation just sufficient to

Outside

M-cell

activate the M-cell axon produced a
delayed all-or-none EPSP (Figs. 1C and
2). Whether an immediate inhibition
of these two groups of neurons by the
M-cell spike—that is, during mediation
of the startle response (9)—could be of
functional significance remains to be
clarified.

It can be postulated that the PHP
is generated by an intracellular chan-
neling of some of the current flowing
back to the axon cap during the M-cell
spike (Fig. 3). This presumably is
possible only if processes of the neurons
exhibiting PHP’s lie along the lines of
return current flow, for example, if
these neurons send processes into the
axon cap. Whether this intracellular
channeling of the current is simply a
consequence of the high extracellular
current density (10) associated with the
M-cell spike or involves in addition
morphological specializations requires
further investigation. Finally, Fig. 3
suggests that at least some of the
inhibited neurons mediate the pre-
viously described electrical inhibitions
of the M-cell itself (4). If this is indeed
the case, we have a situation with two
neurons effectively coupled electrically,
but in such a manner that the polarity
of the signal in one cell is inverted
as it is transmitted to the other (I1).
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