ty, presumably because of the occur-
rence of presynaptic action potentials.
Records from one such cell are shown in
Fig. 2. The upper trace illustrates the
response of the cell to glycine; the sec-
ond trace, obtained at a higher gain,
shows the spontaneous activity. The
bulk of the spontaneous synaptic cur-
rents are inward (downward deflec-
tions), corresponding to excitation, but
several large inhibitory events (upward
deflections) can also be seen. The num-
bered segments are expanded on the four
subsequent traces to show the time
course of the inhibitory currents. Strych-
nine abolished the response to glycine in
these cells (upper trace in Fig. 2B) (5)
and the spontaneous inhibitory currents
as well (lower trace). A total of 44
IPSC’s from four different cells had am-
plitudes that were distributed unimodal-
ly, with a mean corresponding to a peak
conductance of 107 = 62 nS, and de-
cayed exponentially with a mean time
constant of 32 = 11 msec, the same as
the mean relaxation time obtained for the
glycine-activated channels. The average
reversal potential for the IPSC’s was
—67 mV and, in individual cells, was
indistinguishable from the reversal po-
tential for the responses to glycine.

In summary, both the glycine respons-
es and the IPSC’s were blocked by
strychnine, both had the same reversal
potential, and the time constant of decay
of the IPSC’s was identical to the mean
relaxation time constant of the glycine-
activated channels. These observations
support glycine as the inhibitory trans-
mitter in these cells. The channel con-
ductance reported here is two to five
times greater than that reported for chlo-
ride channels in other cells (I), but is
consistent with the large conductance
underlying the IPSC’s. Thus the sponta-
neous inhibitory events each appear to
be associated with the synchronous acti-
vation of about 1500 channels, which is
similar to the number of excitatory chan-
nels activated by a quantum of acetyl-
choline at the neuromuscular junction of
the frog (6, 7). This, in turn, suggests that
the spontaneous IPSC’s are due to the
release of single quanta of inhibitory
transmitter. In support of this idea, we
have preliminary evidence that sponta-
neous IPSC’s produced in tetrodo-
toxin-blocked preparations by potassium
depolarization have equivalent ampli-
tudes.

MicHAEL R. GoLD
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Mutual Coupling Between the Ocular Circadian

Pacemakers of Bulla gouldiana

Abstract. The ocular circadian pacemakers of Bulla gouldiana were found to be
mutually coupled, and their interaction could be observed in an isolated nervous
system maintained in vitro. Experimentally induced phase separations between the
two ocular pacemakers were reduced when the eyes were allowed to interact for 48
hours. The reduction in phase separation did not occur however when the cerebral
commissure was severed, indicating that this neural tract is a critical pathway

coupling these two circadian clocks.

Most circadian behaviors analyzed to
date are under the control of multiple
pacemakers (/). For example, Page (2)
has described the effects on locomotor
behavior of shifting the phase of one
member of a bilaterally distributed pace-
maker pair in the cockroach circadian
system. These elegant experiments, and
the work of others (3), indicate that, in
the cockroach, locomotor rhythmicity is
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controlled by two mutually coupled cir-
cadian pacemakers located in the optic
lobes. Similarly, in the rodent, the disso-
ciation of the locomotor rhythm into two
independent free-running components
(““‘splitting’’) suggests that at least two
pacemakers control locomotor activity
in these animals (4). Because of the
apparent multi-oscillator nature of circa-
dian systems, a complete understanding

Fig. 1. (A) Phase separations

in vivo between the ocular
pacemakers of Bulla. After a
specified time in darkness,

both eyes of Bulla were re-

moved and the ocular rhythms
recorded. Each vertical line in

! the figure connects the phase
reference points of the two oc-

ular rhythms from a single ani-

mal. The ordinate shows the

time of day (old dawn, 0

hours). As the time in dark-

ness increases, the two ocular

rhythms drift relative to clock

I time (that is, the eyes are free-
running), but maintain a rela-

10 20 30

Days in darkness

o 50 msec

N1 min

40 tively constant phase relation

to one another, never deviat-
ing by more than 3 hours
[mean phase  separation,
1.45 = 1.03 (S.D.) hours.] (B)
(Left) Recording from both
optic nerves of an intact ner-
vous system maintained in vi-
tro. Each optic nerve potential
is followed one for one by an
efferent signal in the contralat-
eral optic nerve. (Right) Oscil-
loscope recordings from an
isolated Bulla nervous system,

uv"&\/A/1L
~_/\/\—~A2

—A/~ 8 R
Mﬂ/\/*'4

made with four electrodes, two on each optic nerve: (traces 1 and 2), left optic nerve; (traces 3
and 4), right optic nerve. Electrodes 2 and 3 are closest to the cerebral ganglia. The temporal
ordering of the signals (4-3-2-1 or 1-2-3-4) demonstrate that the impulses pass down one optic

nerve and up the contralateral optic nerve.
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of circadian organization requires de-
tailed analysis of pacemaker interactions
).

Because an activity rhythm represents
an output of the entire circadian system,
the exact state of each contributing pace-
maker is difficult to assess. We now
show that the marine mollusc Bulla goul-
diana has two mutually coupled circadi-
an pacemakers whose interaction can be
observed and manipulated in an isolated
nervous system maintained in vitro.

As in Aplysia, arelated gastropod mol-
lusc, both Bulla eyes contain pacemak-
ers that drive a circadian rhythm in the
frequency of spontaneously occurring
optic nerve impulses (6). The pacemak-
ers are located among a small group of
cells at the base of each retina (7). Bulla

also exhibit a circadian locomotor
A
Eye
Optic nerve-
Cerebral .
commissure Brain
Pedal
commissure
[
C 3 Dual Mn
15
Shifted
13+
=
»
4y
- L
£
- ~BINT-PEDX
11k
Unshifted
_____________ X CCX
9k
1 1
o] 48

Hours of interaction

rhythm. Eye removal leads to aperiodic
locomotor behavior, suggesting that the
ocular pacemakers play a clock-like role
in timing the activity rhythm (8).

Two observations suggested to us that
the Bulla ocular circadian pacemakers
are coupled. First, animals maintained in
continual darkness for 1 month or more
during the course of locomotor experi-
ments had ocular rhythms that were al-
most in phase with one another. Further
analysis of ocular phase separations after
periods of darkness confirmed this ob-
servation (Fig. 1A). This result is sur-
prising since, in Aplysia, the phases of
the ocular rhythms are separated by as
much as 9 hours after only 3 weeks in
continual darkness (9). Second, in re-
cordings made from both optic nerves of
intact Bulla nervous systems in vitro,

Hours of separation

0 48
Hours of interaction

Fig. 2. (A) Schematic of the experimental
chamber. Nervous systems were removed
from Bulla between 2000 and 2200 EST
and placed in petri dishes of artificial sea-
water. The dishes were separated into
three compartments by a Y divider. The
brain (cerebral, pedal, and pleural ganglia)
was placed in the central compartment
with each optic nerve lying in a slot cut
into the arms of the Y. The slots were
sealed with Vaseline so that each eye,
located in the right and left compartments,
could be provided with a phase-shifting
treatment independent of the other eye or
brain. The dishes were located in light-
tight boxes inside a temperature controlled
incubator (15° + 0.5°C). (B) The average
phase separation between shifted and un-

shifted ocular rhythm pairs recorded immediately after the manganese pulse is displayed as a
filled square. The phase separation between shifted and unshifted eye pairs that were allowed to
interact for 48 hours is displayed as a filled circle (/NT). Severing the cerebral commissure
(CCX) blocks the reduction in phase separation, whereas section of the pedal commissure
(PEDX) appears to have little effect. The gray band displays the range of phase separations
between the ocular rhythms recorded in our studies in vivo. (C) The average half-maximum
phase reference points for all eyes are plotted in relation to clock time. Reference points for
eyes isolated immediately after the manganese pulse are plotted as 0 hours of interaction (solid
square). The unshifted eyes show half-maximum points near projected dawn (9:00 EST),
whereas the shifted eyes have been delayed. After 48 hours of interaction (INT; solid circles and
solid lines), the phase separation has been reduced through the movement of both the shifted
and the unshifted eye rhythms toward an intermediate phase. These transients are not observed
if the interaction is blocked by cerebral commissure section (CCX; small crosses and dashed
lines), while section of the pedal commissure (PEDX; open circles and dashed lines) appears to
have little effect on the reduction in phase separation. Open squares and solid lines indicate
phase reference points of eye pairs that were both subjected to phase delay by manganese

treatment (Dual Mn); see text.
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afferent impulses generated by one eye
were followed one for one by efferent
impulses in the contralateral optic nerve
(Fig. 1B). Thus the output of each ocular
pacemaker is available to the other reti-
na.

Three criteria should be met in order
to demonstrate coupling between two
circadian pacemakers. First, the pace-
makers should maintain a stable phase
relation in the absence of external syn-
chronizing cues. Second, experimentally
induced desynchrony should lead to the
reestablishment of a stable phase rela-
tion through pacemaker interactions. Fi-
nally, if the coupling between the two
pacemakers is mutual, as distinguished
from hierarchical, synchrony should be
regained through transient phase shifts
of both pacemakers’ rhythms (10).

According to the above criteria, ex-
perimentally induced interocular de-
synchrony should be minimized or elimi-
nated through pacemaker interactions if
the ocular pacemakers are coupled. Ex-
perimentally shifting the phase of one of
the pacemakers would then allow the
effects of this desynchrony on the behav-
ior of the two ocular rhythms to be
observed. Experiments were performed
with isolated central nervous systems,
which were placed in specially designed
treatment chambers (Fig. 2A). Phase
shifts were induced by pulsed applica-
tion to one eye of an artificial seawater
solution in which calcium was replaced
with manganese (11).

We first determined the magnitude of
the Mn-induced phase shift by isolating
and recording the ocular rhythms of
some of the eye pairs (N = 7) immedi-
ately after the Mn treatment (12). We
then tested for the effects of possible
coupling by leaving the rest of the eye
pairs (N = 10) attached to the nervous
system and thus free to interact for 48
hours after the Mn pulse. We found that
the Mn initially produced about a 5-hour
phase difference between the treated and
untreated eyes [mean * standard devi-
ation (S.D.), 4.71 = 0.76]. This differ-
ence was reduced to 2 hours (1.95 =
0.69) in the eye pairs that were allowed
to interact (/NT in Fig. 2B). The ob-
served reduction in phase separation oc-
curs through transient phase advances in
the initially shifted ocular rhythms and
phase delays in the initially unshifted
ocular rhythms (Fig. 2C) (I13). The final
mean phases of eye pairs after 48 hours
of interaction (/NT) was significantly dif-
ferent from the mean phases of eyes
prevented from interacting for the 48-
hour period (CCX in Fig. 2; see below).

These results suggest that pacemaker-
pacemaker interactions lead to the tran-
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sient phase shifts and the eventual adop-
tion of an intermediate phase by the two
ocular rhythms. We were concerned,
however, that the phase advances in the
Mn-treated eyes during the 48 hours of
interaction might be an artifact of the
chemical treatment and unrelated to the
desynchrony of the two ocular rhythms.
If this were the case, initially shifting
both pacemakers with Mn, thereby
maintaining ocular synchrony, would
still lead to phase advances in the treated
eyes during the 48-hour interaction peri-
od. The results indicate, however, that
without desynchrony, phase advances
do not occur. When both pacemakers
were treated with Mn (Dual Mn in Fig.
2C), the initial phase delay was main-
tained (I4). Thus, the phase separation
between the two pacemakers, and not
the Mn treatment as such, generates the
phase advances that lead to a reduction
in phase separation between the two
ocular rhythms.

The two possible neural pathways by
which the ocular pacemakers can inter-
act are the cerebral commissure and the
pedal commissure. Cutting the pedal
commissure (PEDX in Fig. 2; N = 4)
had no effect on the reduction in phase
separation, whereas cutting the cerebral
commissure (CCX; N = 6) blocked the
reduction in phase separation normally

_observed after pacemaker interaction
(Fig. 2, B and C). This indicates that the
cerebral commissure is a critical path-
way for pacemaker coupling (15).

The ocular pacemakers of Bulla goul-
diana meet the criteria needed to show
mutual coupling. First, our experiments
in vivo reveal that the pacemakers’
rhythms remain closely synchronized in
the absence of temporal cues. Second, if
the eyes are allowed to interact in vitro,
experimentally induced phase differ-
ences are reduced to the range of values
observed in the studies in vivo. Finally,
our experiments show that both ocular
rhythms undergo transient phase shifts
in the course of their interaction.

Thus, we have shown mutually cou-
pled neural circadian pacemakers in vi-
tro (16). The identification of a critical
coupling pathway and the ability to ma-
nipulate this system in vitro should pro-
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vide opportunities for studying the
physiology of interacting pacemakers
and the underlying entrainment process-
es.

The fact that the Bulla ocular pace-
makers are coupled whereas their Aply-
sia counterparts interact only weakly is
surprising in view of the similarities be-
tween the animals’ circadian systems.
An explanation may be found in the
different behavioral niches occupied by
these animals. Aplysia are diurnal and
are continually exposed to the environ-
mental light cycle. Bulla, in contrast, are
nocturnal and spend the day buried in
the sand. It has been suggested that in
general, diurnal animals can rely on daily
environmental time cues to maintain
pacemaker synchrony, whereas noctur-
nal animals, which may not detect the
light cycle for a number of days, require
tight coupling between their circadian
pacemakers in order to avoid desynch-
rony (I7). Thus, strong pacemaker cou-
pling may have evolved in Bulla in order
to maintain synchrony in its circadian
system.

MicHAEL H. ROBERTS
GeNE D. Brock
Department of Biology, ‘
University of Virginia,
Charlottesville 22901
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