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ABSTRACT In the compound eve of Limulus the in-
hiibitery effect of a burst of impulses from one group of
ommatidia on the response of a neighboring ommatidium
is greater when that burst is preceded by another burst of
impulses. This facilitation of inhibition decays slowly,
with a time constant of several seconds. Facilitation of
inhibition zecumulates as the number of impulzes in the
first burst increases, but there is a maximum that it
cannot exeeed. The facilitation is loealized; one gronp of
ommatidia does not facilitate the inhibition exerted by
anolher group. The mechanism of this facilitation may be
similar to that which has been postulated for facilitation
of excitatory influences at the neuromuscnlar junction.

Ommatidia in the compound lateral eye of Limulus inhibit
oue another mutually {1). When several ommatidia are
simultaneously agtive, the total inhibition exerted on any one
appears to be the simple arithmetic sum of the separate
ihibitory effects exerted on it by eaeh of the others. This
study considers a facilitation of inhibition that may be
inherent in the summation of sub-threshold iuhibitory in-
fluenees (2-5).

The stesdy-state responses of # ommatidia interacting with
one another may be deseribed, to a good first approximation,
by a et of n simultaneous equations—one for each om-
matidium—in each of which the supra-threshold inhibitory
influences from the other ommatidia are simply summed (2):

T
Fp = € — Eika.f r; — )
=

The response 7, {frequency of discharge) of a particular
ommgtidium p is given by the excitation ¢, diminished by the
summed inhibitory influences of the other ommatidia j;
each inhibitory influence is given by the inhibitory co-
efficient &,,; multiplied by the response v, that exceeds the
thresheld #2,, ..

It is implicit in these equations that there is no sub-
threshold summation of inhibitory infuences from different
ammatidia or, in other words, that there are separate thresh-
olds 7 ; for each ommatidium § that inhibits ommatidium
p rather than one threshold that the sum of the inhibitory
activity on p from all ommatidia j must overcome, Although
many lines of evidence indirectly support this implicit
assumption, it has not previously been tested by direst
experiment, except, for one preliminary observation (4), The
first objeetive of the work reported here is to make such a
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test. A second objective is to explore the dynamics of sub-
threshold influences. The steady-state equations have now
been extended fo include the dynamies (3), but as now
written this set of dynamie equations is limited o the supra-
threshold range. A third objective is to consider possibie
neural mechanisms for the threshold of inhibition, which has
yet to be analyzed in terms of eellular or molecular processes,
although there are recent studies on the anatomy of the
inhibitory pathways (6).

METHODS

Compound lateral eyes of adult horseshoe crabs (Limulus
polyphemus) were used in these studies. The techniques were
based on earlier experiments in which activity of single optic
nerve fibers was recorded (7) and in which facilitation of
inhibition was studied either with light stimuli to ekicit ac-
tivity in neighboring fibers (4) or with eleetrical stimuli to
elicit antidromic activity in them (3, 5). An eye was excised,
along with about 1 or 2 cm of the optic nerve, and mounted
in the front of & moist chamber partially filled with Limudus
blood. A small bundle containing & single active axon was
dissected from the optic nerve and placed on cotton wick
gilver-silver chloride electrodes. A single glass optical fiber,
T4 um in diameter, was used to illuminate that ommatidium
{the “test” ommatidium) from which the sxon arose.

For those experiments done exclusively with light stimu-
lation, either one or two neighbering groups of ommatidia
were also illuminated through separate small bundles of
glass optical fibers. Bach of these bundles was 2 mm in
diameter and illuminated a eireular group of about 50 om-
matidia. The single optical fiber and the two bundies of
fibers were illuminated by light from glow modulator tubes
(Sylvania B 1131-C) focused on their far ends.

For those experiments in which the activity of neighbors
was controlled by electrical stimulation, the whole optic
nerve, except for the single axon from the test ommatidium,
was placed on three electrodes. The cut end of the nerve
was suspended in air by two platinum iridium elestrodes,
spaced about 2 mm apart. These served as the stimulating
electrodes through which current was passed to elicit anti-
dromic volleys of unpulses. The remainder of the nerve was
immersed in the bload, except for a short loop about midway
between the eve and the stimulating electrodes. This loop was
placed on a platinum iridium hook, which held it in contact
with a cotton wick silver—siiver chloride elasctrode. This
electrode recorded the compound aetion potential, which
served as a monitor 40 ensure that the elecirical siimulation
of the nerve was sgually effective throughout the experiment.
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Preset timers controlled the onset and duration of the light
stimuli and elecérical stimull, Episodes of stimulation were
10 sec in duration, spaced 120 sec apart. All experiments
were done at room temperature (about 19%). Date were
recorded by a smali computer {CDC 160-4) and stored on
digital tape (8). Instantanecus frequencies could be plotted
either as the reciprocal of inter-impulse interval at each
moment of time (the single records of Fig. 2) or as the number
of impulses per 50-msec time bin (the averaged records of
Iigs. 1,3, and 4).

RESULTS

The inhibitory effect of a burst of impulses from one group of
ommatidia en the response of a neighboring test ommatidium
is greater when the burst follows shortly after another burst
of impulses than when it oecurs alone (4, 5), The thick trace
of Fig. 1 shows the inhibition of the test ommatidium’s
response when its neighbors were stimwulated with one short
fizsh of light. The thin trace shows the facilitation of the
inhibition when this one short flash was preceded by an
identical flash. Increasing the separation of the two flashes
decreases the amount of facilitation. However, facilitation
offen persists at least 10 sec. For a fixed separation of the two
flashes, increasing the intensity or duration of the first
flash increases the amount of facilitation up to some limit.
Over a considerable range the effects of changing intensity
and duration of the first flash in oppostte directions can cancel

e w
o [=3
1 —

(=}
-y

jimpuises per secand)

Irstonigneous frequency

o

—~

—

=]

|
Secongs

F1s. 1. Facilitation of inhibition. The graphs show the in-
stantaneous frequency of impulses discharged by a single-test
ormmatidium from the 7th to 10th sec of a 10-sec peried of sieady
illumination. The sieady MNumination on the test ommatidium is
indicated by the stéppled bar labeled T underneath the graph.
The thin-line graph of instantaneous frequeney shows the test
ommatidium response when neighboring ommatidia were illumi-
nated by two short (0.2 see) flashes of light at the Tth and Sth sec.
These two short flashes causing inhibition are indicated by the
stippled squares on the line labeled I at the bottom of the figure.
The thick trace shows the response of the test ommatidium during
control trials when neighboring ommatidia were illuminated by
one short flash of light st the 8th sec. A l.sec adapting fash of
light illuminated the neighboring ommatidia at the beginning of
the 10-see period of llumination of the test ommatidium. This
adapting flash wes used so that the responses of the lluminated
group of neighbors to both of the later flashey of light would be
approximately of the same size. Without the adapting flash, or if
the adapting flash is not strong enough, the response of the
illuminated group of neighbors to the second of two light, flashes
will be smaller than iis response to the first, thus tending to
ohsenre any facilitation of inhibition. The spatial eonfiguration of
illumination is shown by the two circles. The small eircle represents
.the 0.25-mm diameter facet of the single test ommatidium, the
large circle represents the 2-mm diameter spot, of light on neigh-
boring ommatidia (about 50} BEach trace is the average of three
episodes.
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Fig. 2. Effect of a steady background. Symbols arve as in
Fig. 1, except that the hatched symbols on lines labeled T indicate
antidromic stimulation of neighboring ommatidia. The Igft
graph shows the instantaneous frequency of the test ommatidium
when its neighbors were stimulated by two bursis of 10 anti-
dromie shocks (at a rate of 25 per sec) that ocourred at the 4.8th
and 6th see of the 10-sec period of steady illumination of the test
cmmatidium. The right graph shows the instantaneous frequency
of the test ommatidium when its neighbors were stimulated at a
steady rate of 10 shocks per sec increased to 25 per sec during the
two time perieds corresponding to the two bursts in the left
graph, Each trace is a single episode. The same effect ean be
produced by light stimulation.

cach other, producing an approximately constant amount of
facilitation. In fact, experiments in which the neighbors are
stimulated antidromically, and thus their activity is known
exactly, show that the amount of facilitation depends only
on the total number of impulses discharged by the neighbors
during the preceding period of at least several seconds. This
integration of preceding aetivity over several seconds again
i;lggests a long time constant for the underlying process.
However, a5 the duration of a moderately intense first flash
i incressed, the amount of facilitation does not eontinue to
increase over this period of several seconds; it reaches a
maximum at a duradion of less than 1 see. This result suggests
that thereisa maximum to the amount of facilitation possible.

Such a maximum wag demonstrated in the experiment of
Fig. 2. Antidromic stimulation of the axous of neighboring
ormnmatidia was used in order to control their activity exactly.
The graph on the left shows facilifation of inhibition like that
in Fig. 1: The second burst produced more inhibition than the
first. The graph on the right of Fig. 2 shows the effect of the
same two antidromic bursts when they were imbedded in a
background of antidromic stimulation. With this background
activity the inhibition caused by both bursts was much
greater than that when there was no background, that is,
the steady background facilitated the inhibitery effect of the
brief bursts. However, the second burst did not cause any
more inhibition than the first: The first burst did not facilitate
the effect of the second burst. The effect of a background on
the inhibition produced by the two bursts is graded. As the
background was increased from zero upwards, the response
of the test ommatidium gradually ehanged from that in the
1eft record to that in the right. In the record on the right the
steady background was evidently producing the maximum
amount of facilitation possible, and therefore the first burst
could not contribute any additional facilitation.

The next guestion considered was whether a burst of nerve
wmpluses coming from ane neighbor of the test ommatidium
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Fre. 3. Localization of facilitation of inhibition. Symbols aa
in Fig. 1, except that the lines labeled J and I, represent the
stimulation of two different groups of neighboring ommatidia.
The thin traces show the instantaneous frequency of the test
ommatidium when its neighbors were stimulated by two 0.2-sec
fiashes of light oceurring at the 7th and §th sec of the 10-sec period
of illumination of the test ommatidium. In the wpper left graph
both flashes illuminated the leit-hand group of neightiors, and in
the lower right graph both fashes illuminated the right-hand
group of neighbors. In the upper right and lower lefi graphs the
first flash illuminated one group of neighbors and the second
flash Muminated the other, The thick fraces show the instan-
taneous frequency when the neighbors were illuminated only
once by a flash corresponding in temporsl and spatial location to
the second of the two flashes used for the thin traces. A l-sec
adapting flash of light illuminated both groups of neighboring
ommatidia at the beginning of the 10-sec period of Huminalion
of the fest ommatidium. Each trace is the average of three epi-
sodes. (The small apparent facilitation in the upper right-hand
graph is not significant.)

will facilitate the inhibitory effect of a later burst of nerve
impulses coming from another neighbor. (The facilitation
deseribed thus far has always resulted from a second stimulus
activating the same axons as the first.) Becauss it is im-
practical to measure the effect of only one neighbor at a time
{the amount of inhibition is too small), two groups of about
50 neighbors each were used in the experiment of Fig. 3.
When both flashes of light illuminated the same group of
neighbors (graphs at top left and bottom right), there was
facilitation of inhibition—-the inhibition produced by the
first flash increased the inhibitory effect of the second flash.
When the two flaghes illuminated different groups of neighbors
(graphs at bottom left and top right) there was no faeilitation.
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If there is a maximum facilitation (as indicated by the
results illustrated in Fig. 2) and if facilitation is indeed
locglized (Fig. 3), then a steady background of inhibition
produced by the activity of one group of ommatidia should
only limit the further facilitation of inhibition produced by
members of that same group; it should not affect the facili-
tation of inhibition by another group of ommatidia. Results
of an experiment demonstrating this are shown in Fig. 4.
The left side of the figure shows the resulte of an experiment
similar to that in Fig. 2, except that light rather than anti-
dromic stimulation was used. Inhibition of the test om-
matidium was elicited from one neighboring ares by il-
luminating it with flashes of light superimposed on a steady
backgro@nd of lower illumination. As in Tig. 2, the first
flash prgduced no facilitation of the inhibitory effect of the
second Hlash. The right side of the figure also shows an
experiment similar to that of Fig. 2, except that the steady
background light illuminated a different group of ommatidia
from that illuminated by the flashes of light., Here there was
facilitation. Evidently, when the background illuminated
the same ommatidia as those illuminated by the flashes, the
background drove the facilitation to its maximum. However,
when the background illuminated a different group of om-
matidia, it did not affect the mechanisms of facilitation of
those ommatidia illuminated by the flashes, and thus, could
not drive that [acilitation to Its maximum.

Ench of the above experiments was repeated on several
Limulus eyes, and qualitatively, the results were always the
same. Quantitatively, however, thers was considerahle
variation from eyc to eye, and there were occasional prepa-
rations where facilitation of inhibition was not found zt all.
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Fio. 4. Localization of the effect of steady background in-
hibition. The upper thin line is the instantaneous frequency of the
test ommatidium in response to the steady illumination on it but
in the absenee of any light on its neighbors, The lower thin line
is" the instantaneour frequency when there were two 0.2-sec
flashes of light plus a steady background of light on the neighbaors,
and the thick {ine is the instantaneous frequency when there was
otily one (.2-sec flash plus the background on the neighbors. In
t,hle left graph the short flashes and the steady background
llyminated the same group of neighboring ommatidia; in the
right graph the short flashes and steady background lluminated
groups of ommatidia on opposite sides of the test ommatidium.
The group of cmmatidia illuminated by the two short flashes
{oceurring ai the 7ih and Bth see of the 10-sec period of illumina-
tion of the test ommatidium) was also illuminated by a 2-sec
adapting flash at the beginning of the 10 sec.
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The absence of facilitation was noticed only in the course
of some experiments with light stimuli. In retrospect, it
appears that this absence of facilitation may have been due to
use of an adapting flash of light that preceded the two short
flashes of light by only 4-7 sec in those experiments. It is
possible that for some eyes the adapting flash produced
maximum facilitation that persisted long enough to prevent
any further facilitation in the responses to the two short
flashes.

DISCUSSION

The inhibitory effect of nerve impulses from one ommatidium
in the Limulus lateral eye on the activity of another om-
matidium is not constant but is larger {facilitated) when there
have been preceding inhibitory impulses. Within limits, the
amount of facilitation depends on the integral of the pre-
ceding activity (the number of nerve impulses no matter
how distributed in time), The decay of facilitation is slow—
there is still facilitation after several seconds. There is &
maximum that the amount of facilitation cannot exceed.
And nerve impulses from one group of ommaztidia cannot
facilitate the inhibitory effect of nerve impulses from another
group of ommatidia, at least not when the groups sre rather
widely separated.

A nonlinear mode! of the dynamies of the response of an
ommatidium that can account for some aspect of facilitation
was proposed earlier (5). This model was an extension of the
steady-state equations to nonsteady-state conditions. Each
impulse from a neighboring ommatidium j produced an
inhibitory influence that lasted for some time (half-time
ahout 500 msee) and added to other inhibitory influences to
form a “lateral inhibifory pocl.”’ A static threshold for the pool
was assumed (7%, , is constant) so that the activity of the
test ommatidium was inhibited cnly when the level of the
Iateral inhibitory pool exceeded the static threshold level.
{Whether each neighbor had its own poocl or they all con-
tributed to one pool was not an issue in the earlier studies
(& and 6}.] This model explained the facilitution in the
abzence of g steady background (Fig. 1) by assuming that the
inhibition due to the second flash is added {0 residual sub-
threshold inhibition left in the lateral inhibifory pool by the
first flagh. However, according to the early model, the
presence of steady background inhibition (right half of
Fig. 2) should merely raise the absolute level of lateral
inhibition without changing the form of the transients due
to the two short flashes. In particular, the maximum inhibition
in the transtent produced by the second flash should still be
greater than that in the transient produced by the first
flash. Or, in other words, the minimum instantaneous fre-
quenoy in the transient produced by the second fash should
still be less than that in the transient produced by the first
flash. That this is not the case can be seen in the right half of
Fig. 2.

In order to account for the experimental results in this
paper, the earlier model may be revised. Instead of assuming
7, s Is constant, assume 1% ; decreases as a result of past
activity of the inhibiting ommatidium 7 and recovers slowly
when that activity ceases. In particular, assume that the
threshold is highest when there has been no preceding aetivity
and that it gets lower as the amount of immediate past
activity increases until at some point the threshold reaches
& minimum level (the “steady-state” level). With this as-
sumption, the second of twe identical inhibitory pulses from
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ommatidium 7 will produce a greater decrement in' the test
ommatidium’s firing rate than the first because the threshold
will be lower for the second pulse than for the first. The
existence of & minimum level for the threshold will account
for the maximum to the facilitation cffect, and postulating
that past activity is integrated over a long time (geconds) in
determining the threshold will account for the long time-eon-
stant of the facilitation effect. In the steady state, this model
reduces to the original steady-state equations. At present
there is no clear interpretation of this model in terms of
underlying physiological mechanisms.

In looking for pessible physiological mechanisms, it may be
worthwhile to consider the facilitation of exeitatory influenees
found at the frog nevromuseular junection. The second of twe
nerve impulses arriving at the frog neuromuscalar junetion
produces a larger end-plate potential in the muscle than
does the first, and the time delay over which this facilitation
can last 1s long compared to the time-course of other synaptic
events. The end-plate potential iz known to depend on ex-
ternal calcium-ion concentration. This has led to the hy-
pothesis that the release of neural transmitter at the junction
synapse can only occur when caleiuin ions are “bound to
critical sites” on the pre-synaptic membrane (%) and that
facilitation is due to residual calcium ions left from the
first nerve impulse that are still bound to critical sites at the
time of the second nerve impulse {10}. The cooperative action
of about four ealcium ions at a critical site is apparently
necessary for the release of a neural transmitter packet (11).
The hypothesis that facilitation in the frog neuromuscuiar
junetion is due to residual caleium ions left bound to critical
sites on the pre-synaptie membrane has been tested with
some success (12, 13). Qualitatively, at least, this hypothesis
could explain many of the characteristics of inhibition in the
Limulus eye. A threshold for inhibition in the steady state
(r.s I the original steady-state equation) could result if
there were no post-synaptic effect at all whenever the number
of critical sites filled by critical lons was too low. Facilitation
of inhibition would result from residual ions left bound to
critical sites and its time-eourse would depend on: the time it
takes tons to become unbound, which might be long. A
maximum to the facilitation effect would result if there were s
maximum numtber of critica! sites to be filled. And inhibitory
impulses from one group of ommatidia would not facilitate
the effect of inhibitory impulses from another group of om-
matidia if the impulses from the two groups arrived et
different portions of pre-synaptic membrane.

Whether one regards facilitation as the result of an abstract
threshold whose level is dependent on the amount of im-
mediate past inhibitery activity or as the result of a concrete
threshold-producing mechanism involving ions and mem-
branes sueh as that hypothesized for the frog neuromuseular
junction, the results shown in Figs, 3 and 4 support the
assumption of the original steady-state equation that there is
a separate threshold for each inhibiting ommatidium j
rather than one threshold that the sum of the inhibitory
influences on p must overcome. For, in shstract terms, if
there were only one threshold, it must be affected by past
activity from both groups of ommatidia inhibiting the test
ommatidium (since both show facilitation when stimulated
alone), and thus, there should be crossgroup faciliiation
effects. Figs. 3 and 4 show that there are none. Likewisc, in
the more concrete terms of the mechanism postulated for the
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frog neuromuscular junction, sub-threshold activity has no
inhibitory effeet because it does not leave enough ions
bound to the eritical sites. The results in Figs. 3 and 4 show
that the activity of one ommatidium does not centribute to
the eritical sites associated with another ommatidium.
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