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Abstract
Adenosine has been implicated as a modulator of retinohypothalamic neurotransmission in the
suprachiasmatic nucleus (SCN), the seat of the light-entrainable circadian clock in mammals.
Intracellular recordings were made from SCN neurons in slices of hamster hypothalamus using the
in situ whole-cell patch clamp method. A monosynaptic, glutamatergic, excitatory postsynaptic
current (EPSC) was evoked by stimulation of the optic nerve. The EPSC was blocked by bath
application of the adenosine A1 receptor agonist cyclohexyladenosine (CHA) in a dose-dependent
manner with a half-maximal concentration of 1.7 µM. The block of EPSC amplitude by CHA was
antagonized by concurrent application of the adenosine A1 receptor antagonist 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX). The adenosine A2A receptor agonist CGS21680 was ineffective in
attenuating the EPSC at concentrations up to 50 µM. Trains of four consecutive stimuli at 25 ms
intervals usually depressed the EPSC amplitude. However, after application of CHA, consecutive
responses displayed facilitation of EPSC amplitude. The induction of facilitation by CHA suggested
a presynaptic mechanism of action. After application of CHA, the frequency of spontaneous EPSCs
declined substantially, while their amplitude distribution was unchanged or slightly reduced, again
suggesting a mainly presynaptic site of action for CHA. Application of glutamate by brief pressure
ejection evoked a long-lasting inward current that was unaffected by CHA at concentrations sufficient
to reduce the evoked EPSC amplitude substantially (1 to 5 µM), suggesting that postsynaptic
glutamate receptor-gated currents were unaffected by the drug. Taken together, these observations
indicate that CHA inhibits optic nerve-evoked EPSCs in SCN neurons by a predominantly
presynaptic mechanism.
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INTRODUCTION
In mammals, daily (circadian) rhythms in physiology and behavior, including rhythms in sleep
and wakefulness, are controlled by a biological clock located in the hypothalamic
suprachiasmatic nucleus (SCN; for review, see Klein et al., 1991). Autonomous cellular
oscillators within the SCN act in concert to drive rhythms in behavior (Welsh et al., 1995;
Jagota et al., 2000). In addition, certain environmental stimuli “reset” the circadian clock on a
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daily basis to maintain synchrony with relevant environmental rhythms (Hastings et al.,
1996; Rea, 1998). In humans, the significance of this phenomenon is particularly apparent after
rapid transmeridian travel, which often results in a period of cognitive impairment and sleep
disturbance (jet lag) that can last for several circadian cycles.

The most important environmental signal that synchronizes circadian and environmental
rhythms is ambient light. The daily process by which this occurs is called photic entrainment
(Rea, 1998). Exposure to light around dusk delays circadian phase, while similar exposure at
dawn advances the circadian clock (DeCoursey, 1964; Nelson and Takahashi, 1991). Although
photic information may reach SCN neurons by at least three distinct pathways, the
retinohypothalamic tract (RHT) appears to be both necessary and sufficient to support photic
entrainment (Moore and Lenn, 1972; Johnson et al., 1988). RHT axons arise from retinal
ganglion cells and make monosynaptic connections with SCN neurons (Moore and Lenn,
1972). Physiological and pharmacological evidence points to glutamate as the excitatory
neurotransmitter released at the RHT synapse in the SCN, and both glutamate- and light-
induced phase shifts occur through the activation of AMPA and NMDA receptors in the SCN
region (Colwell et al., 1990; Kim and Dudek, 1991; Rea et al., 1993; Ding et al., 1994).

The nucleoside messenger adenosine is a potent modulator of excitatory neurotransmission in
the central nervous system (Dunwiddie, 1985). Adenosine is released from both neurons and
glia and accumulates in the extracellular space during periods of high metabolic demand
(Dunwiddie, 1985; White and Hoehn, 1991). Under these conditions, the nucleoside is thought
to serve a neuroprotective role, primarily by inhibiting the release of glutamate (Dunwiddie,
1985). This effect of adenosine is mediated by presynaptic A1 receptors located on or near
glutamatergic nerve terminals (Dunwiddie and Haas, 1985; Flagmeyer et al., 1997).

Although evidence for adenosine receptors in the SCN is limited (Chen and van den Pol,
1997), both behavioral and physiological evidence suggest that adenosine may directly inhibit
photic input to the SCN (Watanabe et al., 1996; Elliott et al., 2001). Such an action may, in
turn, underlie the effect of sleep deprivation on photic entrainment (Mistlberger et al., 1997),
although a role for serotonin in this phenomenon has been implicated as well (Grossman et al.,
2000; Challet et al., 2001). In this study, we have examined the effects of adenosine receptor
agonists on RHT neurotransmission in the hamster SCN. The results suggest that adenosine
has a direct effect on RHT synaptic transmission to SCN neurons that is mediated by A1, but
not A2A, adenosine receptors.

METHODS
Male Syrian hamsters (Mesocricetus auratus; 20 days old) were obtained from Charles River
Laboratories (Wilmington, MA) and used within 3 weeks of arrival. During this period, the
hamsters were housed in groups of four to six per cage under a 14:10 light/dark (LD) cycle
(lights on at 8:00 am) and were provided with rodent chow and water ad libitum. Between 8:30
and 9:00 am on the day of the experiment, hamsters were decapitated and the brains were
rapidly removed and cut into blocks containing the basal hypothalamus, optic chiasm, and optic
nerves. After chilling in ice-cold physiological saline, a single 400 µm thick horizontal brain
slice containing the SCN and both optic nerves was prepared from each brain using a vibrating
tissue slicer (Camden, Loughborough, UK), as described previously (Gannon et al., 1995).
Prior to use, brain slices were incubated for at least 1.5 h in physiological saline under an
atmosphere of 95% O2/5% CO2 at room temperature. The physiological saline used for both
preincubation and subsequent perfusion of the slice contained (in mM): NaCl 122; KCl 3.8;
MgSO4 1.2; KH2PO4 1.2; NaHCO3 25; CaCl2 2.5; dextrose 10; bubbled with 95% O2/5%
CO2.
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Individual brain slices were secured to the floor of an immersion chamber and perfused with
physiological saline (0.8 mL/min) maintained at 33 ± 2°C. A diagram of the experimental
preparation is shown in Figure 1(A). Slices were viewed either with a transilluminated Nikon
dissecting microscope or with an Olympus BX-50WI upright microscope equipped under DIC
optics and an infrared-sensitive Newvicon camera (Dage-MTI, Michigan City, IN). The entire
preparation was mounted on an air table. Recordings were performed between 11:00 am and
6:00 pm (between 5 and 12 h after lights-on).

The whole-cell patch clamp method was used to obtain voltage clamp recordings from SCN
neurons (Blanton et al., 1989). Patch pipettes were pulled from borosilicate glass (A-M
Systems, Carlsborg, WA) using a Flaming/Brown electrode puller and filled with a solution
containing (in mM): EGTA 5; HEPES 10; MgCl2 1; K-gluconate 130; NaCl 1; CaCl2 1;
K2ATP 2; adjusted to 275 mOsm and pH 7.2. Using an isolated constant current source (World
Precision Instruments, Sarasota, FL) electrical stimulation of the optic nerve was achieved by
means of either a silver/silver chloride suction electrode attached to the optic nerve or a twisted
pair electrode made from fine Pt-Ir wire. Drugs were applied to the slice through the perfusion
medium. In some experiments, glutamate, as a 20 mM solution in physiological saline buffered
to pH 7.35 with 10 mM HEPES, was pressure-applied in the vicinity of a patched neuron via
a second pipette using a PicoPump (World Precision Instruments).

Data acquisition was performed using an Axon Instruments Axopatch-1D amplifier controlled
by an Intel Pentium-based computer running pClamp (v 6.0) software (Axon Instruments,
Burlingame, CA). Cells were held at a potential of −60 to −80 mV to minimize involvement
of NMDA receptor gated currents (Pennartz et al., 2001). Excitatory postsynaptic currents
(EPSCs) were evoked by electrical stimulation of the contralateral or ipsilateral optic nerves
at currents just sufficient to evoke a consistent EPSC (0.5–1.0 mA; 100 µs pulse). Signals were
averaged over 16 presentations at 1 Hz. Paired pulse facilitation was tested by presentation of
four consecutive stimuli at 25 ms intervals, and the evoked currents were averaged over 16
trials. Spontaneous synaptic currents were recorded for up to 300 s and analyzed using Axon
Instruments software. Plotting and sigmoidal curve fitting were performed using Origin v.6
(Microcal, Northampton, MA). Cumulative probability functions were calculated using
Microsoft Excel 97 and compared using the Kolmogorov-Smirnov two-sample nonparametric
test (Steel and Torrie, 1980). Calculations for the Kolmogorov-Smirnov test were performed
using the on-line statistics calculator at the College of St. Benedict, St. John’s University (http://
bardeen.physics.csbsju.edu/stats).

Cell input resistance ranged from 200 MΩ to greater than 1 GΩ. Patch pipettes in the whole
cell condition had apparent series resistances, based on the height of the transient response to
a small depolarizing pulse, of no more than 20 MΩ. No series resistance compensation was
performed, but the series resistance was carefully monitored throughout the experiment. Thus,
it is likely that the effects of treatments on EPSC amplitude reported herein reflect changes in
synaptic transmission rather than changes in electrode properties.

All salts (analytical grade or better) were obtained from Sigma Biochemicals (St. Louis, MO).
N6-cyclohexyladenosine (CHA), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), 6,7-
dinitroquinoxaline-2,3-dione (DNQX), and CGS21680 were obtained from Research
Biochemicals, Inc. (Natick, MA).

RESULTS
Effect of CHA on the RHT-Evoked EPSC

Electrical stimulation of the contralateral or ipsilateral optic nerve evoked a short-latency EPSC
in approximately 25% of patched SCN neurons, which reversed at or near 0 mV. This EPSC
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was unchanged in the presence of the NMDA antagonist AP5 (50 µM), but was completely
blocked by bath application of the AMPA-receptor antagonist DNQX [20 µM; Fig. 1(B)]. Bath
application of the adenosine A1 receptor agonist CHA rapidly reduced EPSC amplitude [Fig.
2(A)]. The effect of CHA on EPSC amplitude was dose-dependent over a concentration range
of 0.1–50 µM [Fig. 2(B)]. The average reduction of EPSC amplitude at each concentration was
fitted to a single sigmoid function that yielded an apparent EC50 value for CHA of
approximately 1.7 µM. The effect of CHA on EPSC amplitude was slowly reversible. However,
subsequent application of the adenosine A1 receptor antagonist DPCPX (500 nM) together
with CHA reduced the attenuation of EPSC amplitude by CHA [Fig. 2(A)]. DPCPX alone was
without effect on the EPSC (500 nM; n = 4).

Application of the adenosine A2A agonist CGS21680 failed to affect the amplitude of the EPSC
[Fig. 3(A)]. Exposures as long as 30 min at concentrations of up to 50 µM were ineffective in
four cells tested [Fig. 3(B)].

Does CHA Act through a Presynaptic Mechanism to Attenuate RHT-Evoked EPSCs?
We investigated whether CHA acts through a presynaptic mechanism to attenuate RHT-evoked
EPSCs in the SCN using three different approaches. First, we observed the effect of CHA on
the currents evoked by short trains of depolarizing pulses (interpulse interval 25 ms) presented
to the optic nerves to elicit either facilitation or short-term depression, which are thought to be
presynaptic phenomena (Zucker, 1993). In the absence of CHA, the EPSC amplitude either
decreased during the pulse train or remained unchanged. However, after perfusion of the slice
with CHA (1 to 5 µM), the EPSC amplitude was clearly and reproducibly facilitated during
the train, even though the amplitude of each EPSC was substantially reduced relative to the
pretreatment values [Fig. 4(A); 2.5 µM CHA]. This effect was observed in 16 cells at CHA
concentrations ranging from 1 to 20 µM. Figure 4(B) shows the results obtained from six cells
in 2.5 µM CHA, a concentration near the EC50 value for the drug. The change in EPSC
amplitude during the pulse train was significantly greater (p < .001) in the presence of CHA
compared to that observed for the corresponding pulse in the control condition. Finally,
perfusion of the slice with DPCPX together with CHA resulted in either a reduction of the
degree of facilitation or a return to depression (n = 9; Fig. 5). These data suggest that CHA
acts presynaptically to attenuate RHT-evoked EPSC amplitude.

As a second approach, we investigated the effect of CHA on the frequency and amplitude
distribution of spontaneous EPSCs in retinorecipient SCN neurons. In many cells, a substantial
number of spontaneous EPSCs were observed. These EPSCs showed reversal potentials at or
near 0 mV and had waveforms similar to the evoked EPSCs. Because the RHT is the major
source of excitatory input to the SCN, the EPSCs were presumed to originate from RHT axons
making synaptic contacts with the observed SCN neuron, including, but probably not limited
to, those axons excited by RHT stimulation. Presynaptic inhibition of neurotransmitter release
should affect the number of spontaneous EPSCs, but not their amplitudes. On the other hand,
postsynaptic inhibition of EPSC amplitude would be revealed as a reduction in spontaneous
EPSC amplitude without a change in frequency. In 11 experiments, continuous samples of
spontaneous EPSCs were recorded for up to 200 s in control conditions and subsequently in
the presence of CHA (1–20 µM). All of these cells also demonstrated a robust RHT-evoked
EPSC. Examples of spontaneous EPSCs in an individual cell are shown in Figure 6(A).
Although the frequency of EPSCs was clearly reduced in the presence of CHA, large amplitude
EPSCs were still apparent in the record [Fig. 6(A)]. The amplitudes of spontaneous EPSCs
collected over a 50 s interval were measured and plotted as a frequency histogram, and a
cumulative probability plot of the amplitude histograms was constructed [Fig. 6(B)]. In 8 of
11 cells observed, the frequency of spontaneous EPSCs was reduced substantially by CHA
while the amplitude distribution was not significantly altered (Kolmogorov-Smirnov test; p > .
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05). The observation of a substantial reduction in the frequency of spontaneous EPSCs by CHA
without a change in amplitude distribution is consistent with a presynaptic mechanism of action
of the drug. In two other cells, significant (p < .05) leftward shifts in the presence of CHA were
observed, and in one cell a rightward shift in amplitude distribution occurred.

The third approach to address the site of action of CHA was to examine the effect of the drug
on currents evoked by application of the excitatory RHT neurotransmitter, glutamate.
Postsynaptic effects of CHA on glutamatergic RHT neurotransmission would be expected to
reduce glutamate-evoked currents in parallel with the reduction of the RHT-evoked EPSCs.
The EPSC evoked by RHT stimulation in a typical cell is shown in Figure 7(B). We found that
pressure application of a glutamate solution (20 mM) evoked a long-lasting inward current
[Fig. 7(B)]. This current was increased by hyperpolarization, decreased by depolarization, and
completely blocked by the AMPA receptor antagonist DNQX (20 µM), consistent with an
inward current mediated by AMPA-type glutamate receptors. Low concentrations of CHA
substantially reduced the RHT-evoked EPSC [Fig. 7(A)], while the glutamate-evoked current
remained unchanged in amplitude [Fig. 7(B)]. Finally, both the RHT-evoked EPSC and the
glutamate-evoked EPSC were completely blocked by addition of the AMPA antagonist DNQX
(20 µM) to the bath (Fig. 7). In a group of four cells, 20 µM CHA reduced EPSC amplitude by
77 ± 13% (mean ± S.E.M.), but the reduction in the glutamate-evoked current was only 5 ±
18% [Fig. 7(C)]. Similar results were obtained for six other cells at lower concentrations of
CHA (1–5 µM; not shown). Thus, CHA had little or no effect on the postsynaptic glutamate
receptor-gated currents, even at concentrations that markedly attenuated the RHT-evoked
EPSCs.

DISCUSSION
Adenosine Blocks Photic Regulation of Circadian Phase

Adenosine A1 receptors have been implicated in the regulation of circadian phase by ambient
light. Systemic administration of adenosine A1 receptor agonists dose-dependently attenuates
light-induced phase shifts of the circadian activity rhythm in hamsters and rats, and this effect
is blocked by the selective adenosine A1 receptor antagonist DPCPX (Watanabe et al., 1996;
Elliott et al., 2001). Furthermore, local infusion of the selective adenosine A1 receptor agonist
CHA also attenuates light-induced phase shifts, indicating that the site of action of these drugs
is localized to the SCN region.

The present study provides new data concerning a possible mechanism through which
endogenous adenosine might regulate light-induced adjustments in circadian phase. We show
that bath application of CHA dose-dependently attenuates AMPA-receptor dependent EPSCs
evoked in SCN neurons by optic nerve stimulation. As observed with light-induced phase shifts
(Elliott et al., 2001), attenuation of EPSC amplitudeby CHA was blocked by the selective
antagonist DPCPX. Furthermore, three lines of evidence are presented that support a
presynaptic site of action of adenosine A1 agonists. Specifically, application of CHA at
concentrations that substantially reduced the EPSC, induced facilitation of EPSC amplitude to
a stimulus train, reduced the rate of spontaneous EPSCs without substantial effect on their
amplitude distribution, and did not attenuate responses of retinorecipient SCN neurons to
application of exogenous glutamate, the excitatory neurotransmitter released at RHT
terminals.Taken together, these data suggest that presynaptic adenosine A1-like receptors
located on RHT nerve terminals attenuate the release of glutamate in the hamster SCN, and
that this mechanism may be responsible for the reduction in light-induced phase shifts by
systemically administered adenosine receptor agonists.
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Adenosine Effects in Other Systems
The reduction in synaptic transmission in the SCN by CHA is consistent with observations of
adenosine and adenosine receptor agonists in other preparations. Adenosine, acting primarily
through adenosine A1-like receptors, has been shown to reduce excitatory synaptic
transmission in the hippocampus (Dunwiddie and Hoffer, 1980), in periaqueductal gray
neurons (Bagley et al., 1999), and in striatal neurons (Flagmeyer et al., 1997). A reduction of
inhibitory synaptic transmission has also been reported in cultured SCN neurons (Chen and
van den Pol, 1997), in the substantia nigra (Wu et al., 1995), and in the thalamus (Ulrich and
Huguenard, 1995). In the supraoptic nucleus of the hypothalamus, both inhibitory and
excitatory synaptic transmission was attenuated by adenosine (Oliet and Poulain, 1999).
However, it should be pointed out that Hirai and Okada (1994, 1995) reported enhanced field
potentials and increased glutamate release in brain slices containing the superior colliculus,
and Nishimura et al. (1990) have reported both excitatory and inhibitory effects of adenosine
in hippocampal slices, depending on the concentration.

In most systems for which data are available, adenosine acts presynaptically to inhibit
neurotransmission. In the hippocampus, adenosine reduces EPSCs in dentate gyrus neurons
without reducing the amplitude of spontaneous miniature EPSCs (Prince and Stevens, 1992).
Similarly, Lupica et al. (1992) found that the quantal content of hippocampal EPSPs was
reduced by adenosine without altering quantal size. Further, adenosine induces or enhances
facilitation of closely spaced synaptic events in the hippocampus (Dunwiddie and Haas,
1985). Flagmeyer et al. (1997), in the striatum, reported paired-pulse facilitation of a low-level
excitatory postsynaptic potential but depression for a high level of stimulation. Similarly, in
the current report, we show that the synaptic depression usually observed in retinorecipient
SCN cells during repeated stimulation is either reduced or reversed (i.e., facilitated) in the
presence of adenosine A1 receptor agonists (Fig. 4 and Fig. 5).

The conversion of paired pulse depression to facilitation by adenosine, even as the amplitude
of the first pulse was reduced, is intriguing. Presynaptic facilitation and depression at synapses
are phenomena thought to reflect differences in intraterminal calcium dynamics during a pulse
train (Zucker, 1993). One possible presynaptic action of adenosine is to reduce the inward
calcium current (Chen and van den Pol, 1997). It is therefore possible that adenosine reduces
depolarization-induced calcium influx into RHT terminals such that, during a brief pulse train,
the intraterminal calcium concentration never reaches a level at which calcium buffering is
significant. As a result, the concentration of free calcium in the terminal would gradually rise
during the pulse train, facilitating the release of glutamate in response to subsequent stimuli.

Possible Postsynaptic Action of CHA
The preponderance of data reported in the current article supports a presynaptic site of action
for the effects of adenosine on the RHT neurotransmission. However, in experiments where
effects of drugs on the amplitude of spontaneous EPSCs were determined, 2 of 11 cells showed
a clear reduction in average EPSC amplitude in the presence of CHA. This observation suggests
that SCN neurons may also express postsynaptic adenosine receptors capable of responding to
CHA. Obreitan et al. (1995) reported that most hypothalamic neurons in dispersed cell culture
showed both pre- and postsynaptic effects of adenosine. However, all of the cells studied in
the current report were retinorecipient, while those investigated by Obrietan et al. were largely
of undetermined phenotype. It is possible that fewer retinorecipient SCN neurons express
postsynaptic A1 receptors than do hypothalamic neurons that differentiate under cell culture
conditions.

The results of this study do not exclude the possibility of a postsynaptic action by adenosine
on membrane currents. For example, adenosine may modify the activity of postsynaptic
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NMDA receptors, which are known to play a role in light-induced phase shifts (Colwell et al.,
1990; Rea et al., 1993), and whose sensitivity was recently shown to be under circadian
regulation (Colwell, 2001; Pennartz et al., 2001). Because the conditions employed in the
current study probably excluded the activation of most NMDA receptors [Fig. 1(B)], a
postsynaptic effect of CHA on NMDA receptor-gated currents would not have been observed.
Similarly, enhancement of a depolarization-activated potassium current by adenosine would
not have been detected under our voltage-clamp conditions employed in the current study, but
would have nonetheless shunted an excitatory postsynaptic potential evoked by RHT activation
in vivo. To address this question, we examined, post hoc, a series of 12 consecutive recordings
from SCN neurons and found no net change in input resistance elicited by CHA at the normal
holding potential for concentrations from 1 to 50 µM. However, the possibility of postsynaptic
effects of CHA at more depolarized membrane potentials remains to be systematically
explored.

Modulation of Sleep and Circadian Rhythms by Adenosine
Considerable evidence supports a role for adenosine as a natural sleep promoting substance in
the mammalian brain. Infusion of adenosine or selective adenosine A1 receptor agonists into
the basal forebrain cholinergic region decreases wakefulness and increases slow wave sleep
(Portas et al., 1997). Similarly, introduction of adenosine into the lateral tegmental nucleus
decreases wakefulness (Portas et al., 1997). Both systemic and intraventricular administration
of an adenosine A1 receptor agonist promote changes in the EEG resembling those observed
during sleep deprivation (Bennington et al., 1995). Furthermore, adenosine A1 receptor
antagonists, including caffeine and theophylline, promote alertness even after prolonged sleep
deprivation (Snyder et al., 1981; Radulovacki et al., 1984). In addition, adenosine A2 agonists
were found to increase sleep when introduced near the rostral forebrain (Satoh et al., 1998).

Adenosine accumulates in the basal forebrain during sustained wakefulness, where it appears
to promote sleep through the activation of adenosine A1 receptors (Porkka-Heiskanen et al.,
1997). Sleep deprivation blocks or attenuates light-induced phase delays in circadian rhythm
induced by light exposure during the early subjective night (Mistlberger et al., 1997). We
propose that accumulation of adenosine in the SCN region during periods of sustained
wakefulness attenuates light-induced phase shifts by inhibiting glutamate release from RHT
terminals. Through this mechanism, adenosine could provide information to the circadian clock
regarding the state of fatigue of the organism, resulting in an altered response to the daily, light-
induced phase adjustment of the clock. In this way, the temporal program of wakefulness and
sleep, which is under control of the circadian clock, could be adjusted to accommodate day-
to-day variation in the quantity and/or quality of sleep.
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Figure 1.
(A) Diagram of the hypothalamic slice preparation, showing the location of the recording
pipette and stimulating electrode. SCN, suprachiasmatic nucleus; RHT, retinohypothalamic
tract; ON, optic nerve. (B) Representative examples of EPSCs evoked by ON stimulation and
recorded from a single hamster SCN neuron. Each trace is the average of 16 consecutive
responses obtained (1) in control saline, (2) in 50 µM APV, (3) in 20 µM DNQX + 50 µM
APV, (4) 30 min after washout of drugs. The holding potential was −70 mV.
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Figure 2.
Application of the selective adenosine A1 receptor agonist CHA dose-dependently attenuates
EPSC amplitude. (A) Representative examples of EPSCs evoked by optic nerve stimulation
(1) prior to drug exposure, (2) 20 min after application of 5 µM CHA, and (3) 20 min after
application of 0.5 µM DPCPX in the presence of CHA, showing nearly complete restoration
by the antagonist. Data were acquired from the same cell during sequential treatments. (B)
Dose-response function for the reduction in the EPSC amplitude by CHA. Data (open squares)
represent the mean ±S.E.M. of two to six determinations. The number of cells studied at each
concentration is indicated beside the data point. The data were fitted to a sigmoidal dose
response function yielding a half-maximally effective concentration of 1.70 µM (slope 0.59).
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Figure 3.
Lack of effect of the selective adenosine A2 receptor agonist on RHT-evoked EPSCs. (A)
Representative examples of EPSCs evoked by optic nerve stimulation and recorded in the same
cell in the absence (thick line) and presence (thin line) of 50 µM CGS 21680. (B) Time course
showing lack of effect of CGS 21680 (10 and 50 µM) on the amplitude of RHT-evoked EPSCs
recorded from a single SCN neuron.
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Figure 4.
Application of 2.5 µM CHA reveals paired-pulse facilitation of RHT-evoked EPSCs. (A)
Representative examples of sequential EPSCs evoked by a train of four stimuli presented at
25 ms intervals to the contralateral optic nerve in a single SCN neuron. Traces are the average
of 16 trials performed in the absence (upper trace) or in the presence (lower trace) of 2.5 µM
CHA. In control medium (upper trace), the amplitudes of consecutive EPSCs were usually
slightly reduced, while, in the presence of 2.5 µM CHA (lower trace), the amplitudes were
consistently facilitated. (B) Average change in EPSC amplitude relative to the first EPSC in
the train, expressed as a percentage, performed in the absence (open squares) and in the
presence (closed circles) of 2.5 µM CHA. Data represent the mean ±S.E.M. of six trials.
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Asterisks (*) indicate statistically significant (p < .005) differences from the corresponding
pulse in the control condition as determined by the Student’s t test.
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Figure 5.
The appearance of paired pulse facilitation in the presence of CHA is blocked by DPCPX.
Representative data obtained from a single cell are shown. (A) The effect of CHA (2.5 µM)
alone (middle trace) and in combination (bottom trace) with DPCPX (500 nM) on paired pulse
facilitation is shown. In control medium (upper waveform), the amplitudes of consecutive
EPSCs were typically depressed. In the presence of 2.5 µM CHA (middle trace), the EPSC
amplitude was reduced, but successive EPSCs were facilitated. In the presence of 2.5 µM CHA
together with 500 nM DPCPX (lower waveform), the initial EPSC amplitude was partially
restored and facilitation of subsequent EPSCs was lost. (B) Plot of the percentage change in
EPSC amplitude from the same experiment as in (A). Open squares = control; filled squares
= 2.5 µM CHA; filled circles = 2.5 µM CHA plus 500 nM DPCPX.
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Figure 6.
CHA does not alter spontaneous EPSC amplitude. (A) Continuous samples of spontaneous
EPSCs (0.5 s per trace) recorded in a single SCN neuron in the absence (left) and presence
(right) of 5 µM CHA. In this cell, CHA reduced the frequency of spontaneous EPSCs by 78%.
(B) Amplitude histogram (left) and cumulative probability plot (right) for 50 s of continuous
recording in each condition for the same cell as in (A). Solid lines represent the control
condition; dashed lines represent the presence of CHA. The amplitude distributions were not
significantly different, as determined by the Kolmogorov-Smirnov test (D = 0.19; p = .225).
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Figure 7.
CHA fails to attenuate glutamate-evoked currents in retinorecipient SCN neurons. (A) Shown
are representative examples of RHT-evoked (top traces) and glutamate-evoked (bottom traces)
EPSCs recorded from the same cell in control saline (left panels), 2.5 µM CHA (middle panels),
and after addition of 20 µM DNQX (right panels). Traces showing RHT-evoked EPSCs are
the average of 16 trials, while the glutamate-evoked traces are single trials. (B) Effect of 2.5
µM CHA on glutamate- and RHT-evoked EPSC amplitude. Data are expressed as percent
change from the pretreatment value and represent the mean ±S.E.M. of six experiments. CHA
significantly (p < .05) reduced RHT-evoked EPSC amplitude by approximately 80%, but did
not alter the glutamate-evoked EPSC.
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