way as mice in the second experiment
except that none received larvae.
Among the groups in which two indi-
viduals were dosed with 50 or 150 larvae,
the number of groups with dominant
uninfected mice was not significantly dif-
ferent from the number for which chance
alone would account (Table 1). Uninfect-
ed mice became dominant significantly
more often in groups in which two indi-
viduals received a dose of 250 larvae

(Table 1). The heaviest mouse in each

group became dominant no more often
than expected by chance [x*> (1) =
0.4171, P > .05]. Analysis of variance
indicates that neither dosage nor domi-
nance status influenced weight gain by
individuals during the experiments [50
larvae F(51) = 0.52, P > .67; 150 larvae,
F(84) = 1.13, P > .32, 250 larvae,
F(58) = 0.79, P > .51}. None of the
doses used in the second experiment
resulted in dominant mice becoming sub-
ordinate significantly more often than
occurred among the control groups (Ta-
ble 2).

The dominance status of a male mouse
is of prime importance in its gaining
access to females (4). The same is true
for other mammalian species (5). If para-
sites impair the development of domi-
nance in males of other host species, this
would support Freeland’s (6) suggestion
that female sexual characteristics (olfac-
tory, visual, and so forth) evolved in part
to induce competition by males so as to
reveal their disease states. Males with
high parasite loads are thus eliminated
from the sexual arena, reducing the
probability that a female will contract a
pathogen capable of diminishing or elim-
inating her reproductive output. Also,
healthier males may provide genes or
gene complexes associated with resist-
ance to pathogens, thereby increasing
the probability that the offspring will
survive and reproduce.
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Epileptogenic Agents Enhance Transmission at an
Identified Weak Electrical Synapse in Aplysia

Abstract. To examine the possibility that alterations in the effectiveness of
electrical synapses might participate in epileptogenesis, the effects of several
convulsants on an identified weak electrical synapse in Aplysia were examined.
Application of pentylenetetrazole, strychnine, or tetraethylammonium led to a
dramatic increase in the size of the electrical postsynaptic potential mediated by the
synapse; penicillin was considerably less effective. In a number of animals, the
increased electrical synaptic effectiveness led to the abnormal conduction of spikes
across the synapse. If convulsants have a similar action in mammalian cortex,
enhanced transmission at weak electrical synapses may provide abnormal pathways
for the flow of seizure activity and contribute in part to the synchronous firing of

neurons characteristic of epileptic activity.

Recent studies suggest that a surpris-
ing number of cells in the mammalian
cerebral cortex are interconnected by
weak electrical synapses (I, 2). For ex-
ample, MacVicar and Dudek (3) have
recently found evidence for electrical
coupling between hippocampal pyrami-
dal cells by measurements of electrical

L. pleural
LP!4

coupling, observations of dye passage,
and detection of gap junctions by freeze-
fracture electron microscopy. In this in-
stance and others, the electrical coupling
is relatively weak in that action poten-
tials in one cell do not lead to firing of the
connected cell, but only to small post-
synaptic potentials (PSP’s). However, in

Fig. 1. Enhancement of elec-
trical transmission at the R,-
LPl, synapse by convulsants.
The PSP in the LPl, soma re-
sulting from R, spikes pro-
vides a measure of synaptic
effectiveness. Dose-response
curves plotted on a log-log ba-
sis are shown for the four

10 drugs. Abbreviations: TEA,
tetracthylammonium; S7TRY,
strychnine; PTZ, pentylene-

6 - " tetrazole; PEN, penicillin;
5 s ° TEA (N=10) ASW, artificial seawater; N,

A i g;inY(’\LN;)m) number of animals. Numerals
44 v PEN (N=5) on graph indicate number of

Relative amplitude of PSP in LPl4
15
!

Zd
1 ¥ T T T T

ASW 12,5
0.25 0.5 1.0 2.0

Drug concentration (mM)

25 50 100 TEA,PTZ,PEN
STRY

observations; data are shown
as mean * standard error of
the mean indicated in one di-
rection. Drugs were applied in
increasing concentration (Fig.
2A shows data from a typical
trial). For comparison, the
PSP’s have been normalized
by taking the initial control
PSP in ASW as 1.0. (Inset)
Schematic of the nervous sys-
tem of Aplysia with the axonal

trees of R, (solid line) and LPl; (dashed line) indicated (5, 15). The cells are coupled by way of
an electrical synapse in the cerebral ganglion. By virtue of the asymmetry in the axonal trees of
the cells, a reciprocally functioning synapse appears to rectify: spikes in either cell produce 10-
mV PSP’s in the postsynaptic axon of the other cell in the cerebral ganglion. However, because
the R, soma is much farther from the synapse than that of LPl;, PSP’s are recorded in the LP],

soma, while none are seen in the R, soma.
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the hippocampus, which is a prime site
for epileptogenesis, if this weak electri-
cal coupling were to be enhanced by
epileptogenetic factors, it might contrib-
ute to the synchronous firing characteris-
tic of epileptic activity. To test this idea,
we examined the effects of several con-
vulsant agents on a weak electrical syn-
apse in the nervous system of the marine
mollusk Aplysia californica. We found
that strychnine, pentylenetetrazole, and
tetraethylammonium (4) substantially in-
creased the effectiveness of the electrical
synapse, while penicillin was only mod-
estly effective. In some animals, the syn-
apse was transformed from functioning
relatively insignificantly to conducting
spikes on a one-for-one basis.

The electrical synapse we examined
connects two cholinergic giant neurons:
R,, whose soma is in the right abdominal
ganglion, and LPl;, whose soma is in
the left pleural ganglion (Fig. 1, inset).
These neurons are homologous, forming
a left-right pair, differing only in the
asymmetrical location of their cell bodies
and the resulting difference in their axo-
nal trees. As a result, even though the
synapse itself does not rectify, a spike in
ILPl;, has no measurable effect in the
soma of R, while a spike in R, produces
a small PSP of less than 1 mV in the cell
body of LPl; because the electrical syn-
apse is much closer to the soma of LP],
than to that of R, (5, 6).

To measure the strength of the syn-
apse, we recorded the depolarizing am-
plitude of the PSP in LPl;. Normally, the
PSP is diphasic, resulting from low-pass
filtering of the presynaptic spike, and has
a brief depolarizing phase followed by a
longer lasting hyperpolarization (Fig.
2A, ASW). With each of the four convul-
sants we tried (7), the depolarizing com-
ponent of the PSP was enhanced (8) and
the hyperpolarizing component eliminat-
ed. Except when penicillin was used, the
amplitude of the depolarizing phase of
the PSP grew progressively with increas-
ing drug concentration (Fig. 1). The drug
concentrations ranged from the thresh-
old concentration for achieving a clear
effect to eight times that concentration,
above which the drugs began to produce
conduction blockade. Tetracthylammon-
ium application at the maximum concen-
tration used led to about a sixfold in-
crease in PSP size, strychnine to a five-
fold increase, pentylenetetrazole to a
threefold increase, and penicillin to at
most a 1.5-fold increase.

To obtain insights into the mecha-
nisms of the synaptic enhancement, we
placed an electrode in the R, axon close
to the electrical synapse (in the cerebral
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Table 1. Frequency with which spike conduction across the R,-LPl; synapse was elicited by
convulsant application. Each value is the fraction of animals (N is the number of animals used)
in which the convulsant led to more than 10 percent or more than 90 percent spike following.
Spike following was measured by recording about 20 spikes in each cell and observing the
percent that led to firing of the follower cell. The maximum drug concentration indicated in Fig.
2A was used unless a lower concentration was maximally effective. Usually, spikes conducted
across the synapse from LPl, to R, more frequently than from R, to LPl;.

Fraction showing conduction

Drug N R, — LP]; LPl, » R,
> 10 > 90 > 10 > 90
percent percent percent percent
Tetraethylammonium 10 0.5 0.2 0.8 0.4
Strychnine 12 0.25 0.17 0.5 0.25
Pentylenetetrazole 5 0.4 0 0.4 0.2
Penicillin S 0 0 0 0

ganglion) to monitor the presynaptic ac-
tion potential. By this means, we found
that the different agents acted through
distinctly different mechanisms. Strych-
nine does not affect the resting input
resistance of the cells (measured with
small hyperpolarizing current pulses),
but rather enhances synaptic transmis-
sion by broadening the presynaptic ac-
tion potential (9) and blocking the hyper-
polarizing afterpotential of the spike
(Fig. 2A). Because of the low-pass filter
properties of the postsynaptic axon, a
broader (thus lower frequency) presyn-

ASW 2.5 0.5 1.0

LPy
soma

axon

soma

B Ca 2

Seawater 1 mM STRY 26 mM PTZ

IR
N R

50 msec 500 msec

C TTTTC
A Y T

100 msec

aptic spike produces a larger postsynap-
tic depolarization. In addition, the PSP
decays more slowly (thus lasting longer
and reaching a greater average ampli-
tude) when it is not repolarized by the
hyperpolarizing afterpotential of the pre-
synaptic spike.

Tetraethylammonium resembles
strychnine in acting presynaptically. But
rather than primarily affecting the pre-
synaptic axonal spike (which broadens at
most twofold), tetraethylammonium ap-
plication leads to the firing of somatic
spikes that may be increased 50-fold in

Fig. 2. (A) Strychnine
(STRY) enhancement
of electrical transmis-
sion. Electrodes were
placed in the R,
soma, the R, axon in
the synaptic region in
the cerebral ganglion,
and the LPl; soma.
Spikes were triggered
in the R, cell body by
short depolarizing
current pulses. The
spike in the R, axon
follows the R, soma
spike with a constant
but considerable de-
lay due to conduction
time. In addition,
strychnine  reduces
conduction velocity,
leading to greater de-
lays with higher drug

2.0 mM STRY

20 mV
250 msec

100 mM TEA

concentrations. The
20 mv  immediately presyn-
500 msec aptic axon spike

shown leads to a PSP in the LPl; axon (not recorded) that spreads passively to the LPl; soma,
producing the recorded PSP. With increasing strychnine concentration, the presynaptic spike
broadens, resulting in an ~ fivefold increase in the depolarizing amplitude of the PSP in LPl,.
(B) Under normal conditions, the firing of LPl, (a spontaneous spike is shown) has no
measurable effect in the R, soma [the time required for conduction from LPI, to R, is about 70
msec (5)]. (C) In some cases PSP enhancement leads to spike conduction through the R,-LPl;
electrical synapse (in the case shown the direction is from LPl, to R,). Here, spikes in LPl, are
triggered by short intracellular depolarizing current pulses. For each drug, we show one
example from a series of spikes evoked regularly in LPl; where conduction from LPl; to R,
occurred repeatedly. The same demonstration could be made for conduction from R, to LPl,,
but conduction across the synapse in this direction occurred less frequently (see Table 1).

Examples shown are from five animals.
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duration. As a result, a single somatic
spike triggers multiple axonal spikes at
an abnormally high frequency, which
leads to effective temporal summation of
the resulting axonal PSP’s and to en-
hancement of the now compound PSP
recorded in the LPl; soma (/0).

In contrast, pentylenetetrazole mainly
affects postsynaptic properties. With its
application, R, and LPl, are transformed
from silent cells to bursting pacemakers
(11). The induced pacemaker potential
leads to parallel cyclic depolarizations
and increases in input resistance, both
maximal in each cycle at about the in-
stant when burst firing begins. As a
result, presynaptic spikes coincident
with these maxima in input resistance
produce PSP’s of enhanced effective-
ness. Measurements of d-c coupling
across the synapse suggest that the con-
vulsants act on the membranes of the
cells and do not appreciably affect the
properties of the gap junctions that make
up the actual connection (/0).

If enhanced electrical PSP’s should
result in spike conduction across the
synapse, they would have special clinical
significance. To explore this possibility,
we looked for spikes conducting from
one cell to the other cell. We have de-
scribed the R,-LPl; synapse as weak
because single spikes in one cell never
conduct across the synapse to the other
cell under normal conditions in adult
animals (Fig. 2B) (5, 6).

In striking contrast to the normal situ-
ation, we found that pentylenetetrazole,
strychnine, and tetraethylammonium not
only enhanced the electrical PSP but in
some animals did so sufficiently to result
in spike conduction from cell to cell.
Figure 2C shows single examples from a
series of spikes evoked in each cell, once
every 3 seconds or more slowly, where
spikes in LP1; led repeatedly to postsyn-
aptic spikes in R,, Stimulation of R, also
led to spikes in LP1,, but conduction
was less frequent in this direction (see
Table 1). With the convulsant concentra-
tions used, tetraethylammonium (4) was
the most consistently effective, leading
to spike conduction across the synapse
(from LPI1; to R,) in 80 percent of ani-
mals (/2). Strychnine (50 percent) and
pentylenetetrazole (40 percent) were less
effective. In some cases with each of
these three convulsants more than 90
percent of the spikes evoked in one cell
conducted to the other (Table 1). Penicil-
lin, on the other hand, never induced
spike following (N = 5). Spike conduc-
tion appears to be the direct result of
PSP enhancement, since at the maxi-
mum concentrations of the convulsants
used, their enhancement of PSP ampli-
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tude was roughly correlated with their
effectiveness in producing spike conduc-
tion through the synapse (Fig. 1 and
Table 1); essentially the same hierarchy
of effectiveness—100 mM tetraethylam-
monium > 2 mM strychnine > 100 mM
pentylenetetrazole > 100 mM penicil-
lin—holds for both PSP enhancement
and frequency of drug-induced spike fol-
lowing.

Intra-axonal recordings suggest that
the variation in convulsant-induced
spike conduction may be the result of
differences in the baseline strength of the
synapse from animal to animal. In the
absence of drugs, the axonal PSP record-
ed in either axon in the synaptic region in
the cerebral ganglion ranges from 5 to 17
mV (10). With a threshold of about 22
mV for spike initiation in the axons (5),
an increase in initially large axonal PSP’s
would lead to suprathreshold depolariza-
tions, while initially smaller PSP’s would
still remain subthreshold.

The finding that epileptogenic agents,
in addition to their recognized effects on
chemical synapses (/3), enhance electri-
cal synaptic transmission may have clini-
cal significance. Epilepsy involves syn-
chronous firing of neurons and propaga-
tion of electrical activity along pathways
that are not normally used (/4). In partic-
ular, the synchronizing ability of electri-
cal synapses (/), enhanced by epilepto-
genic factors, might contribute to the
synchronous activity that typifies epilep-
tic cortex. In addition, spike conduction
by way of normally nonfunctional elec-
trical connections might determine new,
abnormal pathways for the flow of sei-
zure activity. Thus characteristic sites of
initiation and direction of spread of sei-
zures may be determined in part by
variations in the effectiveness of electri-
cal connections from region to region
and from animal to animal. Indeed, elec-
trical synaptic organization could pro-
vide an anatomic or genetic basis for
varying predispositions to epileptogene-
sis.
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