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Abstract

In mammals, the part of the nervous system responsible for most circadian behavior can be localized
to a pair of structures in the hypothalamus known as the suprachiasmatic nucleus (SCN). Previous
studies suggest that the basic mechanism responsible for the generation of these rhythms is intrinsic
to individual cells. There is also evidence that the cells within the SCN are coupled to one another
and that this coupling is important for the normal functioning of the circadian system. One mechanism
that mediates coordinated electrical activity is direct electrical connections between cells formed by
gap junctions. In the present study, we used a brain slice preparation to show that developing SCN
cells are dye coupled. Dye coupling was observed in both the ventrolateral and dorsomedial
subdivisions of the SCN and was blocked by application of a gap junction inhibitor, halothane. Dye
coupling in the SCN appears to be regulated by activity-dependent mechanisms as both tetrodotoxin
and the GABA, agonist muscimol inhibited the extent of coupling. Furthermore, acute
hyperpolarization of the membrane potential of the original biocytin-filled neuron decreased the
extent of coupling. SCN cells were extensively dye coupled during the day when the cells exhibit
synchronous neural activity but were minimally dye coupled during the night when the cells are
electrically silent. Immunocytochemical analysis provides evidence that a gap-junction—forming
protein, connexin32, is expressed in the SCN of postnatal animals. Together the results are consistent
with a model in which gap junctions provide a means to couple SCN neurons on a circadian basis.
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The circadian timing system regulates many aspects of an organism’s behavior and physiology.
In mammals, the part of the nervous system responsible for most circadian behavior can be
localized to a pair of structures in the hypothalamus known as the suprachiasmatic nucleus
(SCN). Importantly, when SCN cells are removed from the organism and maintained in a brain
slice preparation, they continue to generate 24-h rhythms in electrical activity, secretion, and
gene expression (reviewed by Gillette, 1997). Previous studies suggest that the basic
mechanism responsible for the generation of these rhythms is intrinsic to individual cells in
the SCN (Welsh et al., 1995) and perhaps in other cell populations (Balsalobre et al., 1998).
The core molecular mechanism driving these cellular oscillations appears to be a negative
feedback loop operating at the transcriptional/translational levels (e.g., Reppert, 1998;
Sangoram et al., 1998; Wilsbacher and Takahashi, 1998). There is also evidence that the cells
within the SCN are coupled to one another and that this coupling is important for the normal
functioning of the circadian system. In the brain slice, SCN cells are thought to show only
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weakly coupled electrical activity (Bouskila and Dudek, 1993). But this coupling is sufficient
to maintain the expression of rhythmic electrical activity in the SCN population. In contrast,
in dissociated cultures of rat SCN, it appears that gap junctions couple astrocytes but not
neurons (Welsh and Reppert, 1996). In these conditions, individual SCN neurons continue to
express 24-h rhythms in electrical activity, but the cells drift out of phase with each other
(Welsh et al., 1995) so that the population can no longer function as a time-keeping system.
One mechanism that would coordinate electrical activity is the presence of direct electrical
connections between cells mediated by gap junctions.

Gap junction channels form the basis of cell-to-cell electrotonic communication in the
developing nervous system. These channels allow the passage of ions and other small
molecules (up to 1 kD) between coupled cells and function to connect cells both electrically
and metabolically. A gap junction channel is formed by two hemichannels, each composed of
6 connexin proteins. Connexins (Cx) are encoded by a multigene family of which Cx26, 32,
36, and 43 are the major isoforms expressed in the developing brain (e.g., Kumar and Gilula,
1996; Nadarajah et. al., 1997; Srinivas et al., 1999). Previous studies have found that Cx32 is
typically expressed in neurons and oligodendrocytes, Cx43 is expressed in astrocytes, whereas
Cx26 is restricted to nonneuronal cells in the ependyma and meninges. This distinction is not
absolute as a previous study found that Cx43 was also expressed in a subpopulation of cortical
neurons (Nadarajah et al., 1996). Nevertheless, Cx32 and perhaps Cx36 appear to be important
for the formation of gap junctions in the central nervous system (CNS). Despite the recent
progress made by the molecular description of this growing family of gap junction proteins,
our understanding of the specific functions of these channels and their regulation is still limited.

The present study utilized whole-cell patch-clamp electrophysiology with biocytin-filled
electrodes to examine if direct connections exist between developing SCN neurons in a brain
slice preparation. The passage of biocytin from one cell to another will be taken as evidence
for the presence of these direct connections presumably mediated by gap junctions. Next,
experiments were run to determine if the permeability of these connections, that is, the extent
of dye coupling, was modulated by activity-dependent mechanisms. The possibility of a
circadian rhythm in electrical connections between SCN cells also was examined by making
a day—night comparison between dye coupling in SCN slices of animals maintained in a light
—dark (LD) cycle and in constant darkness. Finally, immunocytochemical analysis was used
to characterize the possible expression of the Cx32 protein in the SCN of postnatal animals.

MATERIALS AND METHODS

Animals and Brain Slice Preparation

Brain slices were prepared using standard techniques from rats (Sprague-Dawley) between 10
and 14 days of age. The circadian oscillator based in the SCN is functional by this age (e.g.,
Reppert and Schwartz, 1984). Rats were killed by decapitation, and brains were dissected and
placed in cold oxygenated artificial cerebral spinal fluid (ACSF) containing (in mM) NaCl,
130; NaHCOg3, 26; KCI, 3; MgCly, 5; NaH,POy4, 1.25; CaCls, 1.0; glucose, 10 (pH 7.2-7.4;
osmolality 290-300 mOsm). After cutting slices, transverse sections (350 m) were placed in
ACSF (25-27°C) for at least 1 h (in this solution CaCl, was increased to 2 mM, MgCl, was
decreased to 2 mM, and 4 mM lactate was added). Slices were constantly oxygenated with 95%
0,-—5% CO,. Slices were placed in a perfusion chamber (Warner Instruments, Hamden, CT)
attached to the stage of the fixed-stage upright microscope. The slice was held down with thin
nylon threads glued to a platinum wire and submerged in continuously flowing, oxygenated
ACSF (25°C) at 2 mL/min. Solution exchanges within the slice were achieved by a rapid gravity
feed delivery system. In our system, the effects of bath-applied drugs began within 15 s and
were typically complete by 1-2 min.
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IR Differential Interference Contrast Videomicroscopy

Slices were viewed with an upright compound microscope (Olympus BX50), using a water
immersion lens (40x) and differential interference contrast (DIC) optics. They were illuminated
with near IR light by placing an IR bandpass filter (750-1050 nm) in the light path. The image
was detected with an IR-sensitive video camera (C2400; Hamamatsu, Bridgewater, NJ) and
displayed on a video monitor. A camera controller allowed analog contrast enhancement and
gain control. Cells were typically visualized from 30 to 100 um below the surface of the slice.
In the present study, IR videomicroscopy was used to visualize cells within the brain slice and
to limit some of the uncertainty as to the cell type. This imaging technique allowed us to clearly
see the SCN and to exclude cells from the surrounding hypothalamic regions. In addition,
morphological criteria were used to target SCN neurons and to avoid taking measurements
from cells that were clearly glia. Although size is hardly foolproof, electrophysiological
recording were used to demonstrate that the cells expressed the electrical properties of neurons.

Whole-Cell Patch-Clamp Electrophysiology

Methods were similar to those described previously (e.g., Cepeda et al., 1998; Colwell et al.,
1998). Briefly, electrodes were pulled on a multistage puller (P-97; Sutter, Novato, CA).
Electrode resistance in the bath was typically 2-4 MQ. The standard solution in the patch
pipette contained (in mM): Cs-methanesulfonate, 125; EGTA, 9; Hepes, 8; MgATP, 8; NaCl,
4; KCI, 3; and MgCly, 1. The pH was between 7.25 and 7.3, and the osmolality was between
280 and 290 mOsm. Whole-cell recordings were obtained with an Axon Instruments 200B
amplifier and monitored on-line with pCLAMP (Axon Instruments, Foster City, CA). To
minimize changes in offset potentials with changing ionic conditions, the ground path used an
ACSF agar bridge. Cells were approached with slight positive pressure (23 cm H,0), and offset
potentials were corrected. The pipette was lowered to the vicinity of the membrane, keeping a
positive pressure. After forming a high-resistance seal (2-10 GQ) by applying negative
pressure, a second pulse of negative pressure was used to break the membrane. While entering
the whole-cell mode, a repetitive 10-mV test pulse was delivered in a passive potential range
(=60 to -70 mV). Whole-cell capacitance and electrode resistance were neutralized and
compensated (50-80%) using the test pulse. Data acquisition was then initiated. Series and
input resistance was monitored throughout the experiment by checking the response to small
pulses in a passive potential range.

Cell Identification

The morphology of cells that had been electrophysiologically analyzed were examined using
intracellular marking with biocytin. The methods for tissue processing of biocytin-filled cells
are well established (Kita and Armstrong, 1991) and commonly used by our research group
(e.g., Colwell and Levine, 1995). Within 2 h of electrophysiological analysis, whole slices (350
«m) containing biocytin-filled cells were fixed by overnight immersion in paraformaldehyde
(4%) in phosphate-buffered saline (PBS). The slices were then washed with Tris-buffered
saline for 1 h and processed histochemically for biocytin staining. The slices were then
incubated in peroxidase-conjugated streptavidin (1:250 dilution) for 2 h. The tissues were
treated with diaminobenzidine tetrahydrochloride (DAB) and H,0O5, and then mounted for
examination.

Immunocytochemistry

Animals were anesthetized and then perfused transcardially with saline followed by 4%
paraformaldehyde. Brains were immersed in fixative overnight and then sectioned (50 um
thick) on a cryostat. Sections were incubated with the primary antibody (diluted with 3%
normal goat serum plus 0.1% Triton X-100 in PBS) for 48 h at 10°C. The tissue was then
incubated for 1 h in biotinylated secondary antibody at room temperature, followed by
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incubation in an avidinbiotin-peroxidase complex at room temperature for 1 h. Sections were
incubated in DAB (0.5%) for 5-20 min. All previous steps were followed by rinses in PBS (3
times for 5 min each). The tissue was mounted on slides, dehydrated, and cleared in alcohols
and xylenes before coverslipping. Polyclonal antibodies for Cx32 and 43 raised in rabbit were
purchased (Zymed, South San Francisco, CA). A dilution series was been performed for both
antibodies in postnatal day 14 tissue, with optimal dilution found to be 1:500.

Lighting Conditions

In order to look for possible diurnal variation in dye coupling, animals were maintained on a
daily LD cycle consisting of 12 h of light followed by 12 h of dark. It is already well established
that cells in the SCN continue to show circadian oscillations when isolated from the animal in
a brain slice preparation. Accordingly, care must be taken as to the time in the daily cycle when
the data are collected. Most of the animals were killed 30 min before the time that the lights
would have turned on in the LD cycle. The data from these animals were collected between
zeitgeber time (ZT) 0 and 6 and pooled to form a “day” group. For comparison, some of the
animals were killed immediately after the lights were turned off. The data from these animals
were collected between ZT 12 and 18 and pooled to form a “night” group. In order to
demonstrate that any diurnal rhythm is circadian, it is necessary to show that the rhythm
continues in constant darkness. For these experiments, animals were placed in constant
darkness for 2 days prior to the preparation of brain slices. The data were collected between
circadian time (CT) 0-6 and CT 12-18 and were pooled to form “subjective day” and
“subjective night” groups.

Statistical Analyses

RESULTS

Between-group differences were evaluated using Mann-Whitney rank sum tests. Between-
group differences in the proportion of coupled cells were evaluated using a Z test. Values were
considered significantly different if p <.05. All tests were performed using SigmaStat (SPSS,
Chicago, IL). Values are shown as means + S.E.M.

SCN Cells Are Dye Coupled

In the initial experiment, whole-cell recordings with biocytin-filled patch electrodes were
performed in 19 neurons in the SCN of 14 rats between 10 and 14 days of age. All cells had
resting membrane potentials more negative than —55 mV and had peak inward sodium currents
of greater than 2000 pA. All cells were recorded for 20 min to allow the dye to diffuse into the
cell and its processes. Unless otherwise noted, the cells were held at =70 mV. Of the 19 single
cells filled during the day (ZT 2-8), histological examination revealed that in most cases
(14/19) multiple cells were labeled with biocytin; that is, most cells were dye coupled (Fig. 1).
In most cases in which dye coupling occurred, the original filled cell could be identified by
reference to the IR DIC image and by its dark and extensive staining. Coupled cells were found
in both the dorsomedial and ventrolateral subdivisions of the SCN. Although there was a
tendency for the cells in the dorsomedial subdivision to be coupled to more cells (16 £ 3 vs. 9
* 3), these differences were not significant. The clusters of coupled cells were restricted to one
of the subdivisions or the other. For example, a cell filled in the dorsomedial subdivision was
not coupled to cells in ventrolateral region. In each case, electrophysiological measurements
were used to confirm that the original biocytin-filled cell was a neuron that generated action
potentials. The coupled cells also appeared neuronal; however, it is difficult to rule out the
involvement of other cell types. Bath application of the gap junction blocker halothane (0.1%)
prevented the dye coupling (n = 6; Fig. 1). Of 9 additional cells filled in hypothalamic regions
immediately outside the SCN, none exhibited dye coupling. Additional control experiments
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were performed in which biotin-filled electrodes were placed into slices for 20 min under slight
positive pressure, and no cellular staining was observed (n = 8; Fig. 1).

Dye Coupling between Cells in the SCN Appears to be Activity Dependent

In a number of preparations, gap junction permeability appears to be regulated by electrical
activity and/or chemical synaptic transmission (e.g., Pereda et al., 1992; O’Donnell and Grace,
1993; Pereda and Faber, 1996). As a first step to determine whether this might occur in the
SCN, tetrodotoxin (TTX; 1 xM) was applied to SCN slices during the day. TTX is a blocker
of voltage-sensitive sodium channels that eliminates both action potentials and evoked synaptic
activity in SCN neurons. This and other drug treatments were present in the bath for the entire
duration of the patch recording. Of the 16 cells filled in the presence of TTX, in 11 cases only
a single neuron was stained; that is, most of the cells were not coupled (Fig. 2). This effect of
TTX on the proportion of cells that were dye coupled as well as the average number of cells
that were coupled was significant (p <.001). Because SCN neurons are mostly y-aminobutyric
acid (GABA)-containing cells that synapse onto other cells in the SCN, we also sought to
determine the effect of agents that altered GABA-mediated synaptic communication. Although
application of the GABAA receptor antagonist bicuculline (20 «M) did not alter dye coupling
(n=4), the GABA receptor agonist muscimol decreased coupling during the day (Fig. 2). Of
the 10 cells filled in presence of muscimol (10 xM), in 7 cases only a single neuron was stained;
that is, most of the cells were not coupled. Similar to what was observed with TTX, the bath
application of muscimol significantly decreased both the proportion of cells that exhibited dye
coupling as well as the average number of cells in a coupled cluster (p < .01). Finally, holding
the cell’s resting membrane potential at —80 mV for the entire duration of the patch recording
altered the electrical activity of the SCN neuron originally filled with biocytin. Under these
conditions, the neurons do not generate spontaneous action potentials, but still receive synaptic
input from surrounding cells. Once again, this treatment was maintained and significantly
reduced both the proportions of cells that exhibited dye coupling as well as the number of
coupled cells (p < .05; Fig. 2). However, by our measures, the inhibition was less robust; for
example, 6 of 14 cells still exhibited dye coupling and those 6 cells were coupled to an average
of 10 other cells. Depolarizing the original filled neuron to —50 mV did not significantly
increase the coupling frequency (n = 5). Together, these results suggest that dye coupling and,
presumably, gap junction permeability is actively regulated in SCN neurons.

Dye Coupling among Cells in the SCN Exhibits Circadian Variation

SCN neurons are known to undergo a daily rhythm of electrical activity with spontaneous
activity high during the day and low during the night (Green and Gillette, 1982; Groos &
Hendriks, 1982; Shibata et al., 1982). This rhythm provides another opportunity to test our
hypothesis without pharmacological manipulation. If electrical activity regulates dye coupling
in the SCN, then dye coupling should be more common during the day than during the night.
Indeed, we found that few SCN neurons during the night appeared to be dye coupled (Fig. 3).
Of the 8 cells filled during the night (ZT 13-18), in 6 cases only a single neuron was stained;
that is, most cells were not coupled. This day/night difference in the proportion of cells that
were dye coupled as well as the number of coupled cells was significant (p < .01). In order to
demonstrate that any diurnal rhythm is circadian, it is necessary to show that the rhythm
continues in constant darkness. For these experiments, animals were placed in constant
darkness for 2 days prior to the preparation of brain slices. The data were collected between
CT 0-6and CT 12-18 and were pooled to form a “subjective day” and “subjective night”
group. Again, there was a daily rhythm in dye coupling with significantly (p <.01) more cells
coupled during the subjective day (12 * 3; n = 8) than during the subjective night (4 + 3; n =
7). Thus, there appears to be a circadian rhythm in coupling between cells in the SCN.
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Cx32 Is Expressed in SCN

Cx32 appears to be one of the main connexin isoforms responsible for the formation of gap
junctions between neurons. Accordingly, a polyclonal antibody against Cx32 was used to stain
SCN tissue from 14-day-old animals perfused during the day (ZT 2). Cx32 immunoreactivity
was clearly present in the SCN and the surrounding region (Fig. 4). Sections from 5 of 6 animals
were judged to exhibit labeled cell bodies, and all expressed more diffuse immunoreactivity.
Within the SCN, no obvious differences in Cx32 immunoreactivity between the dorsomedial
and ventrolateral subdivisions were apparent. Positive staining was also obtained with the
antibody against Cx43 (data not shown), suggesting that the astrocytes may also be expressing
gap junctions. None of the control sections incubated with preabsorbed primary antibody
showed immunoreactivity. Next, Cx32 expression was compared between animals perfused
during the day (ZT 2) with expression in animals perfused during the night (ZT 14). There
were no consistent differences in the level of immunoreactivity expressed in the SCN in the
day (n = 6) or night (n = 6). Finally, the developmental ontogeny of Cx32 expression was
examined in the SCN. Labeled cells were observed at all ages examined (7, 14, 21, 28, and 60
days of age).

DISCUSSION

One of the most characteristic and functionally important features of neurons within the SCN
is that they exhibit a daily rhythm of electrical activity. This rhythm continues when SCN
neurons are maintained in a brain slice preparation (reviewed by Gillette, 1997) or even when
maintained in culture conditions (Welsh and Reppert, 1996). This latter observation provides
important evidence that the generation of the daily rhythm is an intrinsic property of single
cells. However, these isolated cells quickly drift out of phase with one another and, as a
population, would not form a functional timing system. So an important issue is to understand
how these oscillatory cells communicate with each other. SCN neurons are GABAergic cells
that mostly project within the nucleus. Undoubtedly, chemical synaptic mechanisms are
important for communication within the SCN. However, it is important to note that in a low
Ca?* solution, SCN neurons exhibit loosely synchronized bursts of action potentials (Bouskila
and Dudek, 1993). In addition, a circadian rhythm in glucose utilization is present in the SCN
prior to synapse formation in the developing rat (Reppert and Schwartz, 1984; Shibata and
Moore, 1988). The low Ca?* prevents conventional chemical synaptic transmission and
coupled with the developmental results, these studies raise the possibility that another
mechanism underlying cell-to-cell communication is in operation within the SCN. We believe
that one such mechanism may be the presence of gap junctions linking SCN cell populations.
First, and perhaps most convincingly, SCN neurons exhibit dye coupling in brain slice
preparations prepared from both immature (present study) and adult (Jiang et al., 1997) rats.
Dye coupling is a phenomenon in which a labeled molecule or tracer injected into single cells
spreads into surrounding cells. This is a diagnostic feature of gap junction mediated cell-to-
cell communication. This dye coupling can be inhibited by halothane, a known gap junction
blocker. Finally, immunocytochemical data indicate that SCN cells express one of the
connexins (Cx32) that form gap junctions between neurons.

Evidence previously reported may be inconsistent with our suggestion that gap junctions serve
to couple SCN neurons. First, a careful electron microscopic analysis of SCN cells in fixed
tissue found gap junctions common between astrocytes but not neurons (Van den Pol, 1980).
However, gap junctions that are small compared to section thickness and infrequent are difficult
to identify with electron microscopy (EM) and may require a different set of techniques. For
example, the use of a combination of confocal microscopy and “grid mapped” freeze-fracture
demonstrated a high incidence of mixed chemical and electrical synapses on neurons within
the spinal cord (Rash et al., 1996). These electrical connections were missed by conventional
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EM techniques. Second, in a primary cell culture preparation, astrocytes but not neurons were
found to form gap junctions and express Cx43. One explanation may be that the preparation
of these neurons in cell culture may have disrupted these direct cell-to-cell connections.
Although it is possible that SCN cells are coupled via a low-resistance pathway not mediated
by gap junctions, it seems more likely that gap junctions are present but at a low density. An
appealing strategy for future work would be to combine freeze-fracture EM with
immunocytochemical labeling of connexin proteins to confirm the presence of these channels
between SCN neurons (see Fujimoto, 1997).

Data from the present study suggest that the extent of dye coupling, and presumably gap
junction permeability, between SCN cells is activity dependent. The bath applications of two
agents (TTX and muscimol) that block electrical activity of SCN neurons through distinct
mechanisms both inhibited the extent of dye coupling. These treatments inhibit both electrical
activity and synaptic transmission throughout the brain slice. In part to increase the specificity
of the manipulation, the voltage clamp was used to specifically hyperpolarize the membrane
potential of the originally filled neuron. These hyperpolarized cells still exhibited dye coupling,
but the extent of the dye coupling was significantly reduced. Finally, we took advantage of the
naturally occurring daily rhythm in the frequency of activity in SCN neurons in order to
demonstrate that coupling varies as a function of time of day. This remarkable observation
provides further support for the proposition that coupling varies as a function of the activity
level of these neurons. The mechanisms underlying this regulation are unknown but must occur
quickly on the time scale of minutes. These observations are consistent with a growing body
of evidence that gap junction channels do not just passively allow the spread of signaling
molecules but instead form an actively regulated communication system. In perhaps the best
characterized examples, the chemical transmitter dopamine has been shown to modulate the
degree of electrical and dye coupling between neurons in several regions of the nervous system
(Piccolino et al., 1984; Lasater, 1987; Cepeda et al., 1989; Pereda et al., 1992; O’Donnell and
Grace, 1993; McMahon and Brown, 1994). In addition, in Mauthner cells in the goldfish,
activity-dependent enhancement of intercellular coupling has been demonstrated (Pereda and
Faber, 1996). This enhancement of coupling was rapid and mediated by a Ca?*/calmodulin-
dependent kinase Il (Pereda et al., 1998). We have recently reported a daily rhythm in the
resting Ca2* concentration in SCN neurons that also peaks during the “day” when coupling is
highest (Colwell, 2000). These regulatory mechanisms presumably serve physiological
functions, and, in a few cases, it has been possible to link changes in gap junction permeability
with changes in the physiological state of the organism. For example, in the retina, levels of
light adaptation lead to changes in dye coupling among amacrine cells (Bloomfield et al.,
1997). Furthermore, in the supraoptic nucleus of the hypothalamus, changes in the reproductive
state of the rat are clearly linked to changes in gap junction permeability (Micevych et al.,
1996; Hatton, 1997). In this context, SCN neurons may provide another example of “state-
dependent” variations in gap junction permeability.

The gap junction—mediated communication between SCN cells may have a developmental
function. Several groups have shown that dye coupling is developmentally regulated in the
nervous system with extensive dye coupling for the first couple of weeks of postnatal
development, which decreases as differentiation proceeds (e.g., LoTurco and Kriegstein,
1991; Cepeda et al., 1993; Conners et al., 1993; Peinado et al., 1993). The uncoupling of
neurons in various regions in the nervous system overlaps with synapse formation in these
areas (Katz and Shatz, 1996; Kandler and Katz, 1998). This inverted relationship between dye
coupling and synapse formation leads to the suggestion that gap junctions help create a
scaffolding within neuronal populations that guides the subsequent development of synaptic
connections. This suggestion is supported by the observation that, in brain slices prepared from
early postnatal rat neocortex, neuronal “domains” have been defined on the basis of
spontaneous, restricted calcium waves that originate in a few neurons and propagate over a
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distance of 50-100 um (Yuste et al., 1992). These domains appear to be organized as a result
of coupling via gap junctions (Yuste et. al., 1995). In the present study, the data were collected
from animals between 10 and 14 days of age, when circuit formation in the nervous system is
still ongoing. In this regard, it is interesting to note that both the major subdivisions
(ventrolateral or dorsomedial) within the SCN exhibit dye coupling; however, the coupling
appears restricted within a subdivision. Many of the cells in the SCN express neuropeptides,
and differences in peptide expression can serve as a basis to segregate SCN cells (e.g., Card et
al., 1981; van den Pol and Tsujimoto, 1985). We did not investigate whether coupled cell
clusters ultimately expressed the same neuropeptides or were otherwise linked. However, based
on comparisons with other regions of the CNS, one possible function of these coupled cell
clusters in the developing nervous system may be to link cells destined to form functional
circuits in the adult.

There are also reasons to think that electrical coupling between neurons may also function in
the adult SCN. A previous study in acute brain slices demonstrated that many neurons (at least
30%) in the adult rat SCN are dye coupled (Jiang et. al., 1997). Second, the Cx32 expression
continues into adulthood (also see Micevych and Abelson, 1991). These observations raise the
question of the functional significance of the coupling for the circadian timing system. Previous
studies also provide some support for the hypothesis that gap junction—mediated
communication may link SCN cells. Although SCN cells do not exhibit absolutely
synchronized action potential generation, the population does show a pronounced daily rhythm
with cells showing spontaneous activity during the day. A careful analysis of firing patterns
suggests that the neurons were weakly coupled, such that the activity of one cell increases the
probability that a neighbor will generate an action potential (Bouskila and Dudek, 1993). This
weak coupling occurs in the presence of a low Ca2* solution, suggesting a mechanism that
does not involve chemical synaptic transmission, but is sufficient to maintain the expression
of rhythmic electrical activity. In contrast, in dissociated cultures of rat SCN, it appears that
gap junctions couple astrocytes but not neurons (Welsh and Reppert, 1996). In these conditions,
SCN cells continue to express 24-h rhythms in electrical activity; however, the cells drift out
of phase with each other (Welsh et al., 1995) so that the population can no longer function as
a time-keeping system. This is in spite of the fact that the cultured cells appear to form
functional synaptic connections. In addition, the administration of the gap junction blocker
halothane disrupts the circadian rhythm in spontaneous neural activity recorded fromarat SCN
brain slice (Prosser et al., 1994) as well as blocks light-induced phase shifts of the circadian
system (Colwell et al., 1993). Comparatively, it is interesting to note that other structures that
are known to function physiologically as circadian oscillators are also known to contain cells
connected by gap junctions. In vertebrates this would include the retina and the pineal gland
and, in non-vertebrates, the eyes of the marine mollusks Bulla and Aplysia. These observations
are at least consistent with the hypothesis that electrical coupling via gap junctions may play
a role in the coordination and synchronization of circadian pacemaker cells in the SCN.
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Figure 1.
Multiple SCN cells are stained after intracellular injection of the tracer biocytin. In these

experiments, single SCN neurons are voltage clamped with a whole-cell patch electrode that
contains biocytin (2 mg/mL). After recording, the presence of biocytin within cells was
visualized by HRP-streptavidin and reaction with DAB. Left: In most cases, multiple cells were
found to stain for biocytin following this procedure. Middle: This dye coupling was prevented
by the application of the gap junction blocker halothane (0.1%). Right: No staining was
observed when biocytin-loaded electrodes were placed into the slice without patching a cell.
Scale bar = 10 xm.
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Figure 2.

Dye coupling among SCN cells was activity-dependent. To determine if the transfer of dye
between SCN cells may be actively regulated, TTX or muscimol was placed in the bath while
the original neuron was being filled with biocytin. Both treatments inhibit the spontaneous
electrical activity exhibited by these cells as well as chemical synaptic transmission. Both
treatments inhibited dye coupling as indicated by images and corresponding cell counts.
Similar results (labeled “Hyper Vm”) were obtained when the electrical activity of the SCN
neuron originally filled with biocytin was inhibited by holding the cell’s resting membrane
potential at —80 mV. Under these conditions, the neurons do not generate spontaneous action
potentials but still receive synaptic input from surrounding cells. All three treatments produced
a significant ( p < .05) decrease in the number of coupled cells. Scale bar = 10 zm.
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Figure 3.

Dye coupling among SCN cells exhibited a circadian rhythm. SCN neurons are known to
undergo a daily rhythm of electrical activity with spontaneous activity high during the day and
low during the night. Although most SCN were dye coupled during the day (ZT 1-6), only a
few SCN neurons during the night appeared to be dye coupled. The day/night difference in the
number of coupled cells was significant ( p < .01).
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Figure 4.
Connexin 32 protein is expressed in the SCN. Cx32 appears to be one of the main Cx isoforms

responsible for the formation of gap junctions between neurons. Accordingly, a polyclonal
antibody against Cx32 (Zymed, 1:500 dilution) was used to stain SCN tissue from 14-dayold
animals perfused during the day (ZT 2). Top: Low magnification (100x) view of Cx32
expression in the SCN. Scale bar = 100 um. Bottom: Higher magnification (400x) view of
labeled cells within the SCN. Scale bar = 10 gm.
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