
The suprachiasmatic nucleus (SCN) of the mammalian
hypothalamus plays a key role in the temporal
organization of behaviour, especially in circadian rhythms
(Moore & Eichler, 1972; Stephan & Zucker, 1972; Ralph et
al. 1990). Many neurons of the SCN express an essentially
cell-autonomous circadian rhythm in spontaneous firing
rate (Inouye & Kawamura, 1979; Welsh et al. 1995) and
the circadian pacemaker is thought to consist of many
single-cell clocks that are synchronized under in vivo
conditions. At a molecular level, autoregulatory feedback
loops, involving transcription, translation and negative
feedback of clock proteins on transcription, are believed to
constitute the core mechanism of circadian rhythmicity
(Young, 1996; King et al. 1997; Darlington et al. 1998;
Olde Scheper et al. 1999; Shearman et al. 2000). A
ubiquitous feature of biological clocks is phase-locking of
the endogenous rhythm to periodic events external to the
organism, such as the light–dark cycle. Photic information
reaches the SCN by way of the retinohypothalamic tract
and, at the level of SCN clock neurons, activates

signalling pathways that probably lead to a resetting of
clock protein (e.g. mPER1) cycling (Albrecht et al. 1997;
Shigeyoshi et al. 1997). The signal transduction cascade
mediating light-induced phase shifts is thought to
sequentially involve activation of N-methyl-D-asparate
(NMDA) receptors by glutamate released from retino-
suprachiasmatic afferents (Colwell et al. 1990; Rea et al.
1993; Ding et al. 1994; Mintz & Albers, 1997), post-
synaptic calcium influx, NO production, activation of the
mitogen-activated protein kinase (MAPK) signalling
pathway and phosphorylation of Ca2+–cAMP response
element binding protein (CREB; Ginty et al. 1993; Ding et
al. 1997; Obrietan et al. 1998). 

SCN neurons in vivo respond to light both during the
subjective day and night as revealed by changes in firing
rate (Groos & Mason, 1978; Cui & Dyball, 1996; Meijer et
al. 1998), yet light can only shift the clock’s phase during
the night. Therefore clock-controlled gating mechanisms
have been postulated to exist, which restrict the transfer
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1. Circadian oscillator mechanisms in the suprachiasmatic nucleus (SCN) can be reset by photic
input, which is mediated by glutamatergic afferents originating in the retina. A key question
is why light can only induce phase shifts of the biological clock during a restricted period of the
circadian cycle, namely the subjective night. One of several possible mechanisms holds that
glutamatergic transmission at retinosuprachiasmatic synapses would be altered, in particular
the contribution of glutamate receptor subtypes to the postsynaptic response. By studying the
contributions of NMDA and non-NMDA glutamate receptors to the retinal input to SCN in
whole-cell patch-clamp recordings in acutely prepared slices, we tested the hypothesis that
NMDA receptor current evoked by optic nerve activity is potentiated during the subjective
night.

2. During the day the NMDA component of the EPSC evoked by optic nerve stimulation was
found less frequently and was significantly smaller in magnitude than during the night. In
contrast, the non-NMDA component did not show a significant day–night difference. When
the magnitude of the NMDA component was normalized to that of the non-NMDA component,
the day–night difference was maintained, suggesting a selective potentiation of NMDA
receptor conductance. 

3. In addition to contributing to electrically evoked EPSCs, the NMDA receptor was found to
sustain a small, tonically active inward current during the night phase. No significant tonic
contribution by NMDA receptors was detected during the day.

4. These results suggest, first, a dual mode of NMDA receptor function in the SCN and, second, a
clock-controlled type of receptor plasticity, which may gate the transfer of photic input to
phase-shifting mechanisms operating at the level of molecular autoregulatory feedback loops. 
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of photic information to clock protein cycling to a limited
time window (Gillette, 1996, but see Olde Scheper et al.
1999 for an alternative possibility). One of the sites
where gating of photic input may occur is located at a
signalling level in between NO production and CREB
phosphorylation (Gillette, 1996; Ding et al. 1997). In the
present study we hypothesized that an enhancement of
NMDA receptor activity in the retinal input to SCN during
the night may constitute an alternative mechanism by
which light-induced phase resetting can be gated. In
confirmation of this hypothesis we found a potentiated
expression of NMDA receptor activity in retino-
suprachiasmatic synapses during the night compared to
the day, providing a first indication for electro-
physiologically identified, clock-controlled receptor
plasticity. 

METHODS
Male Wistar rats (180–300 g) were housed in a room with constant
conditions (temperature, 22–24 °C; humidity, 65–75 %; light–dark
cycle, 12–12 h; lights on at circadian time (CT) 0) for at least 3 weeks
prior to use. Rats used for subjective night recordings were housed in
a reversed light–dark cycle. The delays between time of preparation
and time of recording were similar for the subjective day and night.
Circadian times of recording for the day and night phase ranged from
CT 2 to 11 (n = 142) and CT 12 to 20 (n = 124), respectively. Thus,
the present study does not permit conclusions to be drawn about the
last few hours of the subjective night.

Rats were anaesthetized with Nembutal (60 mg kg_1 pentobarbital
sodium I.P.; Sanofi Sante, The Netherlands), perfused transcardially
with 50 ml ice-cold gassed (95 % O2–5 % CO2 ) artificial cerebrospinal
fluid (ACSF) and decapitated with a guillotine in accordance with
national guidelines on animal experiments (cf. Pennartz et al. 1997,
1998). Brain slices were prepared during the subjective day in order
to prevent phase shifts. The brains were rapidly removed from the
skull and placed in ice-cold oxygenated ACSF. We cut horizontal
slices of 500 µm thickness or transversal or parasagittal slices of
400 µm thickness from a block of tissue containing the hypothalamus
on a vibratome (Vibroslicer, Campden Instruments, London, UK).
After recovery for 1 h, slices were transferred to a recording chamber
and submerged in ACSF kept at room temperature (22–25 °C).
Although the present study shows that a day–night difference in
glutamate receptor contributions to retinal input to rat SCN neurons
persists at these temperatures, it is worth noting that spontaneous
SCN firing patterns may become partially desynchronized from one
another under these conditions (Ruby & Heller 1996). The recording
chamber was mounted on an upright microscope with fixed stage
(Axioskop, Zeiss). The superfusion speed was 1.5–2.5 ml min_1. The
ACSF was continuously gassed with 95 % O2–5 % CO2 and contained
(mM): 124 NaCl, 3.5 KCl, 26.2 NaHCO3, 1.0 NaH2PO4, 1.3 MgSO4, 2.5
CaCl2, 10.0 D-glucose (pH 7.3). Whenever the NMDA and non-NMDA
(i.e. AMPA/kainate) components of excitatory postsynaptic currents
(EPSCs) were studied in isolation, (_)-bicuculline methochloride
(12.5 µM) and glycine (30 µM) were added to the bath medium in order
to block y-aminobutyric acid (GABA)A receptors and saturate the
glycine-binding site on the NMDA receptor, respectively.

We recorded SCN neurons from slices cut in three different planes:
transversal, horizontal or parasagittal. The majority of cells were
recorded from horizontal slices. Care was taken to maintain a balance
between the number of ‘day’ and ‘night’ cells recorded from each type
of preparation (transversal: 30 day and 24 night cells; horizontal: 84
day and 76 night cells; parasagittal: 28 day and 24 night cells). In

horizontal slices, each of the optic nerves was stimulated by a
separate, concentric tungsten electrode (4 MΩ, Frederick Haer,
Bowdoinham, USA) at a distance of about 2 mm from the SCN and
connected to a stimulus isolation unit (type A365D, World Precision
Instruments, Germany). In transversal slices the stimulus electrode
pair was positioned in the ventral half of the optic chiasm, while in
parasagittal slices it was placed relatively distal in the chiasm.
Stimuli consisted of bipolar, biphasic pulses (0.2 ms; 0.1–0.7 mA).
The stimulus intensity selected for experiments was the minimal
current strength needed to evoke a near-maximal response. This
response was defined as having a peak amplitude of 90–95 % of the
maximal response (i.e. the response reached at and beyond saturating
intensities). EPSCs were elicited at a rate of 0.2 Hz and averaged
(n = 4) unless noted otherwise. 

When horizontal slices were exposed to infrared light (RC-9 filter,
Schott, Mainz, Germany) and viewed by a CCD camera under w 40
magnification, the suprachiasmatic nuclei could be clearly recognized
as translucent regions embedded in the optic chiasm. A Zeiss water
immersion objective lens (working distance 1.9 mm, numerical
aperture 0.75) with Hoffman modulation contrast was used to
visualize individual neurons (total magnification w 400). Positioning
of the pipettes (4–8 MΩ) was performed under visual control using a
CCD camera. Recording pipettes were filled with (mM): 125 caesium
gluconate, 10 KCl, 10 Hepes, 0.5 EGTA, 2 Na2ATP and 3 QX-314 (pH
7.3; osmolality 280 mosmol kg_1). ATP was included in view of the
possible demand of NMDA receptors for high-energy phosphates
(Mody et al. 1988). In a few experiments we used caesium
methanesulfonate or CsF instead of caesium gluconate and obtained
indistinguishable results. Positive pressure was applied to the pipette
in order to keep the tip clean while approaching the soma of the
selected neuron. Gigaseal formation (> 2 GΩ) was achieved by a brief
suction pulse and the whole-cell patch-clamp configuration was
accomplished by rupturing the membrane by mouth suction. 

Voltage-clamp traces were acquired at a sampling rate of 10 kHz
using an Axoclamp-1D amplifier and a Digidata 1200 interface and
analysed with pCLAMP 6.0.3 software (Axon Instruments, Foster
City, CA, USA). Current traces were filtered at 5 or 2 kHz (80 dB
decade_1 low-pass 4-pole Bessel filter) and the series resistance was
compensated by 80 %. All measurements were corrected for the liquid
junction potential (_9 mV). Peak synaptic currents were smaller
than 300 pA and the uncompensated series resistance was 22 ± 1 MΩ
(mean ± S.E.M.). Voltage errors due to series resistance were estimated
to fall in the range of 0.1–1.0 mV. Measurements were discarded
when cells displayed a clearly non-linear I–V relationship in the non-
NMDA component of the EPSC or an EPSC decay time constant in
excess of 10 ms at _70 mV. During pharmacological experiments,
the series resistance was regularly monitored and found to remain
stable, with changes less than 10 % with respect to control values. All
numerical values are expressed as means ± S.E.M. Statistical
comparisons were made using Mann-Whitney’s U test. Our analyses
were carried out ‘blindly’ with respect to knowledge of the day and
night group.

The conduction velocity was computed by dividing the distance
between stimulus and recording electrode by the onset latency of the
evoked EPSC. The stimulus utilization time is unknown and hence
could not be taken into account, but is generally considered to be very
short (around 0.15 ms; Krarup et al. 1992). The charge transfer of
EPSC components was determined as follows. The NMDA
component was quantified by subtracting the EPSC response at a
holding potential of _30 mV in the presence of D(_)-2-amino-5-
phosphonopentanoic acid (D-AP5) from the EPSC at the same holding
potential in the control situation, provided that the EPSC peaks and
series resistances were similar in magnitude. Especially smaller
EPSCs (< 50 pA) were observed to fluctuate in peak amplitude,
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probably in relation to variable quantal release, and experiments
were only accepted for this analysis when the relative change in peak
amplitude was 25 % or less and did not progressively increase or
decline with time. The area of the subtracted response was computed
by integration, starting at the time point marking a 99 % decay of
the non-NMDA component (i.e. 4.6r after the peak of the non-
NMDA component, with r denoting its decay time constant). This
time point was chosen to avoid variability caused by sweep-to-sweep
fluctuations in the non-NMDA component. Charge transfer of the
non-NMDA component was computed by integrating the current of
the EPSC at _30 mV in the presence of D-AP5. Holding currents
(Fig. 5) were determined by averaging across an interval of 15 ms
prior to evoking an EPSC.

A point deserving special attention is the question of whether
electrical stimulation of the optic chiasm in transversal slices
activated only optic nerve fibres and no other, intrahypothalamic
pathways. One of the arguments favouring specific optic nerve fibre
stimulation (see also Discussion) was derived from an initial study in
which retinal inputs to the SCN were studied in whole-cell current-
clamp recordings without the use of QX-314 in the pipette solution.
If the stimulus current were to spread into the SCN or surrounding
tissue, then at least some SCN neurons would be expected to generate
antidromic spikes in response to chiasm stimulation. This is because
SCN neurons are known to have extensive axonal arborizations
which also reach into the regions bordering the optic chiasm (Jiang et
al. 1997; Pennartz et al. 1998). However, none of the 58 cells recorded
in this initial study showed antidromic spikes.

The following drugs were used: (_)-bicuculline methochloride,
D-AP5, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-
sulphonamide (NBQX; all from Tocris Cookson, Bristol, UK),
glycine, N-methyl-D-aspartate (NMDA; both from Sigma) and QX-
314 (Alomone Labs, Jerusalem, Israel). Except for QX-314 all drugs
were administered by bath application.

RESULTS
General observations

Our analysis included a total number of 266 neurons, 54
of which were recorded in transversal slices, 160 in
horizontal slices and 52 in parasagittal slices. We pooled
the results obtained from these different slice preparations
because no marked differences were observed (see also
section headed ‘Quantification of NMDA and non-NMDA
EPSC components during day and night’). The input

resistance and current needed to hold the neurons at
_70 mV were, respectively, 2.0 ± 0.1 GΩ and _12 ± 1 pA.
Because the pipette medium contained caesium and
QX-314 to improve voltage-clamp conditions and block
sodium current in recorded cells, no assessment could be
made of their normal firing behaviour and hence of the
cell cluster (class) to which they belonged (cf. Pennartz et
al. 1998). However, the analysis was restricted to neurons
and not glial cells, as was evident from their in situ
morphology, input resistance and ability to generate
calcium spikes at depolarized voltage levels. Sixty-nine
out of 266 cells (26 %) displayed a clear and stable
response to optic nerve stimulation. Out of these 69 cells,
fractions of 58, 22 and 20 % were recorded from horizontal,
parasagittal and transversal slices, respectively. Under
voltage-clamp conditions, the response often consisted of
a sequence of inward–outward currents although purely
inward or purely outward currents were also observed.
This observation agrees with previous results of Thomson
& West (1990), Kim & Dudek (1991) and Jiang et al. (1997),
who showed that the outward component is mediated by
GABAA receptors and is probably generated by a
disynaptic pathway involving intra-SCN connections.
Therefore bicuculline was added to the bath medium in
the experiments described below. Input–output curves
were constructed by recording the remaining inward
response at varying stimulus intensities. The onset
latency of averaged postsynaptic responses to stimuli
delivered at increasing intensity was usually constant,
confirming earlier indications for a monosynaptic contact
(cf. Kim & Dudek, 1991; Jiang et al. 1997). 

Synaptic response to optic nerve stimulation during
subjective day and night

Horizontal slices allowed an accurate estimation of the
mean conduction velocity, which amounted to 0.29 m s_1

based on a response onset latency of 8.6 ± 0.4 ms (n = 36).
In 50 out of 69 cells responding to optic nerve stimulation
in any slice preparation, the response was studied at
different holding potentials (Figs 1–3). Its amplitude was

Diurnal modulation of NMDA receptor activityJ. Physiol. 532.1 183

Table 1. Comparison between EPSC parameters across day and night

Statistical
Day Night significance

Reversal potential (mV) _3.2 ± 1.6 (30) _3.4 ± 2.3 (20) n.s.
Peak amplitude (pA) _65 ± 9 (36) _96 ± 20 (33) n.s.
Rise time (10–90 %; ms) 0.9 ± 0.3 (7) 1.1 ± 0.3 (6) n.s.
Decay time constant (ms) 4.0 ± 0.4 (36) 4.5 ± 0.3 (33) n.s.
NMDA charge transfer (pC) _0.29 ± 0.09 (22) _1.38 ± 0.53 (15) P < 0.01
Non-NMDA charge transfer (pC) _0.33 ± 0.06 (22) _0.42 ± 0.12 (15) n.s.
NMDA/non-NMDA ratio of charge transfers 0.80 ± 0.30 (22) 4.33 ± 1.23 (15) P < 0.005 

EPSCs recorded at a holding potential of _70 mV were used to compute peak amplitudes, rise times and
decay time constants, whereas charge transfers were computed from EPSCs recorded at _30 mV.
Statistical significance was evaluated using Mann-Whitney’s U test. All numerical values are
means ± S.E.M. (with number of observations in parentheses). Reversal potentials, peak amplitudes, rise
times and decay time constants were all measured under control conditions.



found to decrease monotonically with depolarization,
regardless of the circadian phase. The reversal potential
was _3.3 ± 1.1 mV (n = 50; no day–night difference, see
Table 1), warranting the conclusion that the response is
an excitatory postsynaptic current (EPSC; cf. Kim &

Dudek, 1991; Jiang et al. 1997). At a holding potential of
_70 mV, the 10–90 % rise time and monoexponential
decay time were 1.0 ± 0.2 ms (n = 13) and 4.2 ± 0.2 ms
(n = 69), respectively, again without significant differences
between day and night. When the EPSC was studied at
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Figure 1. Effect of the non-NMDA receptor blocker NBQX on EPSCs evoked in SCN slices during
the subjective day and night

A, EPSCs evoked by electrical stimulation of the optic nerve during subjective daytime. A control EPSC
(A1) recorded at a holding potential of _30 mV was completely abolished by 5 µM NBQX (A2) and the
same held true for EPSCs recorded at _70 mV under control (A3) and NBQX conditions (A4). A5 and A6
represent I–V relationships for EPSC peak amplitude (•; measured at a latency of 11 ms) under control
(A5) and NBQX (A6) conditions. The lack of a prolonged EPSC component is illustrated by the absence of
significant EPSC current measured at a latency of 40 ms (0). Dotted lines are baseline extensions.
B 1–B 6, as for A, but in this case EPSCs were recorded from a neuron during the subjective night. Note
the presence of a prolonged EPSC component under control (B 1) as well as NBQX conditions (B 2) at a
holding potential of _30 mV. This prolonged, NBQX-insensitive component displayed a highly non-
linear I–V relationship (B 5–6). In B 5–B 6, squares and circles represent EPSC peak amplitudes measured
at a latency of 10.5 ms and EPSC amplitude at 40 ms latency, respectively. Traces in A were all from the
same cell and the same applies to B. All EPSCs shown in Figs 1–6 were recorded from horizontal slices and
represent averages of 4 sweeps. Scale bars apply to all traces in A and B .



potentials between _70 and 0 mV, its decay followed a
monoexponential time course in 66 % of the cells, whereas
34 % displayed a biexponential decay at depolarized
levels, most prominently in the range of _40 to _20 mV
(n = 50). This biexponential decay was seen in 7 out of 30
neurons during subjective day (23 %) and in 10 out of 20
cells during the night (50 %; Fig. 2). 

One of the many possible mechanisms underlying
differential clock susceptibility to phase-shifting light
input across day and night would be an increase in the
overall efficacy of retinosuprachiasmatic synaptic
transmission during the night, either by an increase in the
fraction of light-responsive cells (cf. Cui & Dyball, 1996)
or by an enhanced sensitivity in a constant fraction of
light-responsive cells (cf. Meijer et al. 1998). To determine
whether synapses relaying photic information to the SCN
exhibit a day–night modulation in efficacy of the fast
EPSC component, we compared EPSC amplitudes
obtained at near-saturating stimulus intensities between
the day and night phases and at a holding potential of

_70 mV. The mean EPSC peak amplitudes were
_65 ± 9 pA (n = 36) for the day phase and _96 ± 20 pA
for the night phase (n = 33; P = 0.61). This non-
significant difference could not be ascribed to a bias
towards higher stimulus intensities at night (mean
current intensity during the day: 0.43 ± 0.03 mA; at
night: 0.41 ± 0.04 mA; n.s.). Furthermore, the fraction of
responsive cells was virtually equal for day and night
(25 % and 27 %, respectively; not significantly different
according to Fisher’s exact test; P = 0.89). These data do
not support the hypothesis that a strong enhancement of
the overall efficacy of retinosuprachiasmatic synapses at
night would underlie the clock’s time-varying sensitivity
to phase-shifting light input.

Non-NMDA component of the EPSC

Previous studies have already convincingly demonstrated
the glutamatergic nature of retinosuprachiasmatic
synapses (Cahill & Menaker, 1989; Kim & Dudek, 1991;
Jiang et al. 1997). In particular, EPSCs recorded at or below
resting levels (≤ _45 mV) were suggested to be largely
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Figure 2. NMDA receptor activity in EPSCs of an SCN neuron recorded during the subjective
night

A, EPSCs recorded at different holding potentials (_70 to +20 mV) in a single SCN neuron. Control traces
are shown in black and traces during bath application of 50 µM D-AP5 in grey. The relatively slow rise
from onset to peak of the averaged EPSC is explained at least in part by the variability in onset latency
of individual EPSCs. Changes in holding current related to D-AP5 application were corrected for.
A reveals abolition of the prolonged EPSC component by D-AP5 at holding potentials positive to _50 mV.
This effect was nearly completely reversed upon D-AP5 washout (not shown). B, biexponential curve
fitted (in grey) to the decay phase of an EPSC recorded at _40 mV under control conditions (same cell as
in A). The decay time constants were 4.2 and 204 ms, respectively. C, monoexponential curve fitted (in
grey) to the decay phase of the same response at _40 mV but now after exposure to D-AP5. The decay
time constant was 3.9 ms. D, I–V relationship for EPSC amplitudes measured at peak latency (12.8 ms; •)
and at a latency of 40 ms (0) under control conditions. When comparing the control curves in D with the
D-AP5 curves in E, the EPSC peak amplitude can be seen to remain intact under D-AP5 conditions while
the prolonged component was blocked. 



mediated by non-NMDA (AMPA/kainate) receptors.
Indeed we found a powerful blocking effect of the
AMPA/kainate receptor antagonist NBQX (5 µM) on the
EPSC at negative holding potentials (_70 to _50 mV;
n = 13; relative contributions from each slice type: 62 %
horizontal, 15 % parasagittal; 23 % transversal), both
during day and night (Fig. 1). The precise contribution of
NMDA receptors, however, is less clear since Cahill &
Menaker (1989) failed to reveal any NMDA component in
the postsynaptic response, whereas Kim & Dudek (1991)
and Jiang et al. (1997) did report some contribution based
on relatively few observations.

First we examined the effects of NBQX in more detail. A
slow component of the EPSC remaining intact during
NBQX application and showing up selectively at
depolarized potentials would indicate the presence of an
NMDA component. During the day phase, however,
NBQX abolished the EPSC at all holding potentials tested
(n = 5; Fig. 1A; _70 to +20 mV in steps of 10 mV).
During the night NBQX abolished the EPSC in five out of
eight cells at all holding potentials, whereas three cells
displayed a slow inward current during NBQX at holding
potentials positive to _50 mV (Fig. 1B) in accordance
with the voltage dependence of the NMDA receptor.
These results suggest that an NMDA component in the
retinal input is expressed in a subset of cells during the
subjective night but less so during the day. 

NMDA component of the EPSC

The surprising absence of prolonged EPSC components in
many cells during both day and night made us decide to
test the effect of the specific NMDA receptor antagonist
D-AP5 (50 µM) in a much larger group of neurons than
examined before (i.e. 37 out of 50 cells in which I–V
curves were recorded; relative contributions from each
slice type: 76 % horizontal, 14 % parasagittal, 11 %
transversal). Examples for night and day are shown in

Figs 2 and 3, respectively. In the night phase, 15 neurons
were exposed to D-AP5 and in eight of these cells (53 %) a
clear effect indicative of NMDA receptor activity was
disclosed. In these eight cells the decay of the EPSC
followed a biexponential time course at depolarized levels
and D-AP5 selectively blocked its slow component
(Figs 2A and 4A). This effect was partially or nearly fully
reversible. I–V curves of the EPSC amplitude measured
at a latency of 40 ms revealed a clear NMDA conductance
in these cells (Fig. 2B), with an estimated reversal
potential of +3.2 ± 1.9 mV. The I–V relationship was
similar to that found in studies using excised patches
(Nowak et al. 1984; McBain & Mayer, 1994), arguing in
favour of a reasonable DC control of membrane voltage.
Thus, about half of the SCN neurons recorded at night
clearly expressed NMDA receptor activity in response to
optic nerve stimulation and this activity was prominent
relative to the non-NMDA component. 

During the subjective day, D-AP5 disclosed NMDA
receptor activity in a smaller percentage of neurons (6 out
of 22 cells; 27 %) and this activity was generally less
robust than in the night group as well as less prominent
compared to the non-NMDA component (see Fig. 3 for a
cell lacking an NMDA component). In these six cells the
I–V curves of the EPSC amplitude at 40 ms latency under
control versus D-AP5 conditions revealed only minor NMDA
components. The voltage dependence and estimated
reversal potential of the NMDA conductance were similar
to the characteristics of the night group and D-AP5 effects
were partially reversible. Thus, a small subset of SCN
neurons during the day expressed NMDA receptor activity
in response to optic nerve stimulation and this activity
was minor relative to the non-NMDA component. 

Comparison between EPSCs evoked under control and
D-AP5 conditions allowed us to assess the kinetic
properties of the non-NMDA component. Under D-AP5
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Figure 3. Lack of NMDA receptor activity in EPSCs of an SCN neuron recorded during the
subjective day 

For explanation of traces and symbols, see Fig. 2. A, control traces overlap responses evoked during bath
application of 50 µM D-AP5. B, I–V relationship for EPSC amplitudes measured at peak latency (13 ms; •)
and at a latency of 40 ms (0) under control conditions. C, as for B, but now under D-AP5 conditions. Note
the absence of a prolonged, D-AP5-sensitive EPSC component.



conditions, the 10–90 % rise time and monoexponential
decay time constant of this component studied at a
holding potential of _70 mV were similar to control
values (1.2 ± 0.1 ms, n = 13 and 4.4 ± 0.2 ms, n = 50,
respectively; no significant day–night differences).
The decay time constant showed little or no voltage
dependence. The NMDA component was usually too
small in amplitude to permit accurate determination of
its kinetic properties.

Quantification of NMDA and non-NMDA EPSC
components during day and night

In order to evaluate the day–night difference in NMDA
receptor activity in retinosuprachiasmatic synapses
statistically, we quantified the charge transfer representing
the time integral of this EPSC component. As compared
to peak amplitude, this measure is less sensitive to noise
and to differences in electrotonic distance from synapse
to soma (Bekkers & Stevens, 1996). The mean charge
transfers of the NMDA component at _30 mV were
_0.29 ± 0.09 pC (n = 22) and _1.38 ± 0.53 pC (n = 15) for
day and night, respectively (Fig. 4). The enhancement at
night was statistically significant (P < 0.01) and could be
ascribed to the subset of eight cells showing a clear D-AP5
effect upon visual inspection of the traces. Charge transfers
for the non-NMDA component were _0.33 ± 0.06 pC

(day) and _0.42 ± 0.12 pC (night; P = 0.66). In order to
determine whether the increase in the NMDA component
was selective with respect to the non-NMDA component,
the NMDA/non-NMDA ratio of charge transfers was
computed. The day ratio (0.80 ± 0.30) was significantly
lower than the night ratio (4.33 ± 1.23; P < 0.005).
Similar results were obtained when using charge transfers
obtained at a holding potential of _20 mV. Neither the
charge transfer of the NMDA component nor the
NMDA/non-NMDA ratio were significantly correlated to
stimulus intensity (correlation coefficients were 0.12 and
0.21, respectively). These findings indicate that the
increase in NMDA conductance at night should not
primarily be ascribed to a general increase in synaptic
efficacy, because the day–night difference is maintained
when the moderate increase in non-NMDA component is
taken into account by considering the ratio of the two
components.

To examine whether these day–night differences could be
ascribed to an uneven distribution of day versus night
observations across different types of slice preparation,
we quantified charge transfer data for horizontal slices only
(NMDA component at _30 mV: day, _0.25 ± 0.10 pC,
n = 17; night, _1.12 ± 0.35 pC, n = 11, P < 0.05;
non-NMDA component: day, _0.33 ± 0.05 pC; night,
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Figure 4. Quantification of charge transfers of the NMDA and non-NMDA EPSC components

A, EPSCs evoked by electrical stimulation of the optic nerve were recorded at a holding potential of
_30 mV and subjected to D-AP5 (50 µM) application. A1, control; A2, D-AP5 (black trace) shown
superimposed on the control EPSC (grey trace); A3, after washout of D-AP5; note the partial recovery of
the NMDA component. A4, subtraction of the EPSC recorded in D-AP5 from the control EPSC. Arrow
indicates the difference in the fast non-NMDA component between control and D-AP5 conditions, which
is due to amplitude fluctuations. The charge transfer of the NMDA component was computed as the time
integral of the subtracted response represented in A4, starting at a delay of 4.6r with respect to the peak
of the non-NMDA component (r denotes the decay time constant of the non-NMDA component). The
charge transfer of the non-NMDA component was determined as the time integral of the total inward
current under D-AP5 conditions (A2, black trace). B, I–V relationship for the charge transfer of the NMDA (0)
and non-NMDA (•) component. Note the presence of NMDA charge transfer at _50 and _60 mV. Results
in A and B are from the same cell, which was recorded during the subjective night. C, histogram showing
a statistically significant difference in charge transfer of the NMDA component at _30 mV between day
and night (P < 0.01, Mann-Whitney’s U test). D, as in C, but for the ratio of the NMDA to non-NMDA
charge transfer (P < 0.005, Mann-Whitney’s U test). 



_0.36 ± 0.08 pC, n.s.; NMDA/non-NMDA ratio: day,
0.74 ± 0.32; night, 3.89 ± 1.53, P < 0.05). Although the
sample sizes in parasagittal and transversal slices were
too small to assess statistical significance, the day–night
differences found in these slices were similar to those in
horizontal slices. Thus, the overall day–night modulation

cannot be ascribed to a bias arising from different types
of slices used for day and night recordings. 

Tonic activation of NMDA receptors

Besides mediating a component of discrete synaptic
events, NMDA receptors might play a role in tonic
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Figure 5. During the subjective night, an NMDA receptor antagonist blocked a tonically active
current displaying non-linear voltage dependence

A, steady-state current–voltage relationship for holding currents during the subjective day under control
(8—8) and D-AP5 conditions (• ....•). B, same as A, but now for the subjective night. A voltage-
dependent component can be discerned in the control situation which is abolished by D-AP5. C, the holding
potential is plotted against the D-AP5-induced shift in holding current in cells during the subjective day.
First, the difference in holding current under control and D-AP5 conditions was computed for each
individual cell. Next, these individual differences were averaged (values plotted are means ± S.E.M.). The
resulting I–V curve resembles the voltage dependence of the NMDA receptor but does not reach statistical
significance for any point. D, same as C, but now for the subjective night. The D-AP5-induced current shift
was statistically significant for five holding potential levels. Significance levels according to Wilcoxon’s
matched pairs signed rank test: * P < 0.05; ** P < 0.02; *** P < 0.01.



excitation of SCN neurons by ambient glutamate (cf. Sah
et al. 1989; Blanton et al. 1990). To test this, we quantified
the holding current needed to keep the cell at a potential
of _30 mV before and during D-AP5 application (n = 25;
relative contributions from each slice type: 72 %
horizontal, 12 % parasagittal; 16 % transversal). An
outward shift in holding current during D-AP5
application would indicate a tonic activation of NMDA
receptors. We computed the shift in holding current in
each individual cell during D-AP5 application. During the
day no significant change in holding current at _30 mV
was found (mean outward shift: _2.9 ± 1.4 pA, n = 15;
Fig. 5). The night phase showed a small but consistent
outward shift (_4.8 ± 0.9 pA, n = 10; P < 0.01, Wilcoxon’s
matched pairs signed rank test). When this test was
applied across a range of holding levels, the I–V
relationship of the D-AP5 induced current shift during
the day resembled the well-known voltage dependence
of the NMDA receptor but failed to reach statistical
significance for every holding level tested (Fig. 5). In
contrast, night measurements revealed significant shifts
at holding levels of _40, _30, _20, _10 and +10 mV and
the I–V relationship obeyed the voltage dependence of
the NMDA receptor. When the current shifts between
day versus night cells were compared, a significant
difference (P < 0.05) was found at holding potentials of
_20 and _10 mV but not for other holding potentials.

These data support the hypothesis of a tonic activation of
NMDA receptors on SCN cells at night, but a larger
number of cells would be needed to draw a firmer
conclusion about the significance of a day–night
difference in this respect.

Response to direct application of NMDA

Considering the unexpected absence of an NMDA
component in the retinal input to many cells, especially
during the day, we asked whether the cell’s electro-
responsiveness to NMDA receptor activation could have
been degraded due to some unknown circumstance.
NMDA (10–1000 µM) was therefore bath-applied to a
total of 11 cells (relative contributions from each slice
type: 73 % horizontal, 9 % parasagittal, 18 % transversal),
seven of which were shown not to express an NMDA
component in the EPSC evoked by optic nerve
stimulation. All of these cells, four of which were
recorded during the day and seven during the night,
generated a reversible inward current upon NMDA
application and the peak amplitude of this current was
dose dependent (Fig. 6). A dose of 100 µM NMDA elicited
a peak current of _46 ± 13 pA and 50 µM D-AP5 largely
antagonized this response (n = 8). The response revealed
no striking differences between the day (39 ± 24 pA;
n = 3) and night groups (50 ± 17 pA; n = 5; n.s.).
However, more cells would be needed to investigate this
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Figure 6. NMDA currents evoked by exogenously applied agonist 

A, the current required to hold an SCN neuron at _40 mV was plotted as a function of time. Increasing
doses of bath-applied NMDA (10, 30 and 100 µM, indicated by open horizontal bars) elicited inward
currents of increasing magnitude. A final dose of 100 µM NMDA was applied during a prolonged period of
D-AP5 superfusion (50 µM; indicated by hatched bar), revealing a specific action of the agonist at the
NMDA receptor. This neuron was recorded during the subjective day. B, EPSC evoked by optic nerve
stimulation in the same neuron, held at a potential of _30 mV. The EPSC contained a minor prolonged
component indicative of low NMDA receptor activity. Dotted line indicates baseline current.



issue in detail. These results not only demonstrate NMDA
receptors to be electroresponsive in our recordings, but
also support the suggestion that these receptors may be
activated via other routes than discrete EPSCs arising
from optic nerve activity.

DISCUSSION 
In the presence of a GABAA receptor antagonist, optic
nerve stimulation evoked a monosynaptic EPSC which
did not exhibit a significant day–night difference in
mean peak amplitude at a holding potential of _70 mV.
This result argues against a pronounced diurnal
modulation of the non-NMDA component and thus fails
to support the hypothesis that changes in AMPA/kainate
receptor function would determine the time window for
light-induced phase shifts. During the subjective day, a
large majority of cells generated EPSCs mediated by non-
NMDA receptors, as was evident from their linear
dependence on membrane potential, block by NBQX and
insensitivity to D-AP5 even at depolarized potentials. In
the remaining fraction of day cells a modest NMDA
component could be distinguished. During the night, all
responsive neurons expressed a non-NMDA component in
the EPSC but 53 % also expressed a robust NMDA
component. Due to this subset the charge transfer of the
NMDA component was significantly larger during the
night than day, and this also held true when the NMDA
component of each cell was normalized to the charge
transfer of its non-NMDA component. First, this suggests
that the potentiation at night was largely restricted to
NMDA receptor function. Second, this selective
recruitment would not be expected if either the number
of active optic nerve terminals or the glutamate release
per terminal were enhanced during the night and hence
suggests a postsynaptic modification. In addition to
contributing to electrically evoked EPSCs, the NMDA
receptor was found to sustain a tonically active current in
the night phase. More cells would be needed to assess the
robustness of a possible day–night difference in this tonic
component.

A problem deserving careful consideration is whether
only retinal inputs and no other glutamatergic SCN
afferents were activated by electrical stimulation in the
optic nerve or chiasm. In the majority of cells, stimulus
spreading problems can be ruled out because they were
recorded in a horizontal slice preparation, in which the
stimulus electrode was placed at a distance of about 2 mm
from the hypothalamus. Had intrahypothalamic fibres
terminating on the recorded cell been directly activated
by optic nerve stimulation, then one would have expected
an EPSC onset latency much shorter than 8.6 ± 0.4 ms as
observed for these slices. It is also worth noting that the
main result of this study, viz. the enhancement of the
NMDA receptor component of retinal input to the SCN in
the night versus day phase, was statistically significant
not only when results from different slice types were

pooled, but also when horizontal slices only were taken
into account. Although we cannot fully rule out current
spreading when the ventral optic chiasm was stimulated
in transversal slices, it can be argued that such a problem
is unlikely to have occurred. First, if intrahypothalamic
and intra-SCN fibres in particular were co-stimulated by
an electrode placed in the chiasm, antidromic spikes
would be expected to occur in at least some of the SCN
neurons examined in current-clamp mode and without
QX-314 in our initial study (see Methods). However,
antidromic spikes were never observed in our sample of
58 cells. Second, previous studies in other brain
preparations have indicated that the threshold current
for axonal activation increases as the square of the
distance separating the axon from the stimulus electrode
tip (Nowak & Bullier, 1996, and references therein).
Assuming that the same parameters determining the
steepness of the distance–threshold current curve would
hold for optic chiasm and neocortical tissue, the maximal
activation radius in our study would be 0.25 mm, whereas
we stimulated the ventral half of the chiasm at a distance
of about 0.4 mm from the SCN. Although the parameter
values are unknown for the optic chiasm, the high
resistivity imposed by its densely packed myelinated
fibres would favour a smaller rather than a larger
activation radius than in neocortex. Third, Wheal &
Thomson (1984) reported that synaptic responses to optic
chiasm stimulation were abolished after making a knife
cut between chiasm and SCN.

Previous studies have addressed the role of glutamate
receptor subtypes in retinosuprachiasmatic transmission
but the day and night phases have not yet been
compared. In a recent patch-clamp study, Jiang et al.
(1997) reported a reduction in peak EPSC amplitude of
13 ± 5 % (at _60 mV; n = 6) by 50 µM D-AP5, without
specifying the circadian (day/night) phase of recording.
How well this mild and variable reduction at a relatively
negative potential corresponds with the present results is
difficult to judge, because synaptic responses may vary in
amplitude from trial to trial, even without pharmacological
manipulation, and NMDA receptor-mediated currents
reach a maximum around _30 mV. In sharp-electrode
current-clamp recordings in rat and guinea-pig SCN
during the daytime, Kim & Dudek (1991) identified a
slow depolarizing component of the optic nerve-evoked
EPSP at _55 to _20 mV which was reduced by 50 µM D-
AP5 in all four cells tested. It is worth considering why in
this latter study a detectable NMDA component was
encountered more frequently than in the present report.
First, in current clamp mode, the positive regenerative
characteristic of NMDA receptor/channels may lead to an
amplification and prolongation of this component that is
avoided under voltage-clamp conditions (Dingledine,
1983; McBain & Mayer, 1994). Second, in Kim & Dudek’s
study EPSP waveforms were sometimes confounded by
calcium spikes, making it difficult to assess the magnitude
of the NMDA component. Third, very small NMDA
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components (in the order of 1–3 pA) may have escaped
detection in our voltage-clamp recordings. Due to the
high input resistance of SCN neurons (1–3 GΩ), however,
such small components may have been distinguishable in
current-clamp mode. 

In addition to contributing to discrete EPSCs, NMDA
receptors mediate a small but consistent tonic inward
current in SCN neurons at least during the night. A likely
explanation of this finding is continuous activation of
NMDA receptors by glutamate diffusing throughout the
extracellular space (Sah et al. 1989; Blanton et al. 1990),
although a mechanism based on spontaneous, temporally
summating EPSCs cannot be fully ruled out. In
hypothalamic and other brain regions, extracellular
glutamate is present in micromolar concentrations
(Johnson, 1978; Azuma et al. 1996), which would be
sufficient to activate the NMDA receptor (McBain &
Mayer, 1994). Interestingly, a circadian rhythm in
extracellular aspartate and glutamate concentration in
the region of the SCN has been reported, showing a
nocturnal peak. The source of such ambient glutamate or
aspartate is unknown but the release may not be driven
by action potentials (Glass et al. 1993). Altogether, our
findings suggest a dual mode of NMDA receptor action in
the SCN. First, the NMDA component of discrete EPSPs
resulting from photic input is likely to enhance and
prolong the EPSP, even at membrane voltages around
resting level (Figs 2 and 4; cf. Herron et al. 1986) and
concomitantly mediate calcium influx into SCN neurons.
Because SCN cells have relatively depolarized membrane
potentials even at night (mean, _44 mV; De Jeu et al.
1998; see also Kim & Dudek, 1991; Jiang et al. 1997;
Pennartz et al. 1997, 1998), the ‘voltage’ contribution by
NMDA receptors to EPSPs may help to explain why SCN
cell firing patterns are more light responsive during the
night than the day (Meijer et al. 1998; cf. Cui & Dyball,
1996). In the second mode of action, tonic activation of
NMDA receptors, especially during the night, may affect
the basal intracellular calcium concentration and hence
could influence a set point for phase shift induction.
Depending on the resting membrane potential, this
continuous mode of activation may also sustain a tonic
membrane depolarization of a few millivolts. 

NMDA application to the SCN in vitro or in vivo can
induce phase shifts similar to those induced by light (Ding
et al. 1994; Mintz & Albers, 1997) and in vivo
administration of NMDA receptor antagonists can block
light-induced phase shifts (Colwell et al. 1990; Rea et al.
1993). The present results may offer an explanation as to
how light input is temporally gated in its transfer to the
clock’s phase-shifting machinery; low-level NMDA
receptor activity in the retinal input during the daytime
may fall short of activating the appropriate signal
transduction pathways, resulting in a ‘dead zone’ in the
phase–response curves for light. One should, however, be
cautious in extrapolating results observed in slices prepared
from light–dark-entrained animals to behavioural phase

shifts induced in a dark–dark regime. Selective
occurrence of high NMDA receptor activity in a subset of
neurons at night is consistent with previous observations
indicating that molecular markers of light-induced phase
shifting are only expressed in a subpopulation of
(primarily ventral) SCN neurons (Schwartz et al. 1994;
Guido et al. 1996; cf. Shigeyoshi et al. 1997; Albrecht et al.
1997). If the NMDA receptor is a critical gating site for
photic clock resetting, one may predict that enhancing
the intracellular calcium concentration (e.g. by photolytic
release from caged Ca2+) in a spatiotemporal pattern
similar to that mediated by NMDA receptors should
induce phase shifts during daytime. Ding et al. (1997)
suggested that another gating site may be located
between the signal transduction steps of NO production
and CREB phosphorylation, because glutamate and NO
only induced phospho-CREB at night while CREB
protein was constantly present throughout the cycle. The
present results do not contradict this suggestion and,
taken together, these results and our studies suggest that
multiple control valves may be built into signalling
pathways for time-dependent clock entrainment. 

Future studies may address the mechanisms mediating
the recruitment of NMDA receptor activity at night. A
first question is whether this recruitment is controlled by
an intracellular signal emitted by the mRNA–protein
feedback loop postulated to constitute the core of molecular
clocks (Young, 1996; King et al. 1997; Darlington et al.
1998; Shearman et al. 2000). As an alternative to such
direct clock-controlled receptor plasticity, the observed
day–night difference may be mediated by an indirect
pathway defined by neural and hormonal systems
outside, but under circadian control of the SCN. A second
question is which molecular machinery mediates the daily
change in NMDA receptor function. In situ hybridization
studies have not yet produced consistent results in
identifying diurnal changes in NMDA receptor subunit
synthesis or alternative splicing. These studies have
consistently shown high expression levels of NMDAR1
mRNA throughout the SCN (Mikkelsen et al. 1993;
Gannon & Rea, 1994; Ishida et al. 1994), which is
necessary but probably insufficient for producing large
ionic currents (Moriyoshi et al. 1991; Meguro et al. 1992).
However, there is no consensus in the literature as to
which NMDAR2 subunit genes are coexpressed with
NMDAR1 in the SCN to form a fully functional
receptor–channel complex, nor which subunits show
diurnal expression patterns (Mikkelsen et al. 1993; Ishida
et al. 1994; Gannon & Rea, 1994). These and alternative
modulatory mechanisms, such as phosphorylation of
NMDA receptors, must await further examination in the
future.

When the present findings are considered from a broader
perspective, it is of particular interest to compare the time
scales on which plasticity of NMDA receptor function has
been shown to occur. During neuronal development, a
decrease in decay time constants of NMDA current in the
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superior colliculus or visual cortex occurs over the course
of many days (Carmignoto & Vicini, 1992; Hestrin, 1992).
On a time scale of seconds to minutes, high-frequency
stimulation of Schaffer collaterals in hippocampal area
CA1 (Bashir et al. 1991) or perforant path fibres to
dentate granule cells (Xie et al. 1992) induces long-term
potentiation of the NMDA component. Additionally, in
hippocampal area CA1 ‘silent’ (NMDA-only) synapses
may be converted into synapses with functional AMPA
receptors following induction of long-term potentiation
(Isaac et al. 1995; Liao et al. 1995; Durand et al. 1996). Our
results suggest a mechanism in which, on an intermediate
time scale and in a cyclic fashion, synapses with a
dominant AMPA/kainate component during the daytime
may be converted into more balanced AMPA/NMDA
synapses at night. 
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