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Calcium Response to Retinohypothalamic Tract Synaptic
Transmission in Suprachiasmatic Nucleus Neurons

Robert P. Irwin and Charles N. Allen

Center for Research on Occupational and Environmental Toxicology, Oregon Health & Science University, Portland, Oregon 97239

Glutamate released from retinohypothalamic tract (RHT) synapses with suprachiasmatic nucleus (SCN) neurons induces phase changes
in the circadian clock presumably by using Ca*>* as a second messenger. We used electrophysiological and Ca*>* imaging techniques to
simultaneously record changes in the membrane potential and intracellular calcium concentration ([Ca®"];) in SCN neurons after
stimulation of the RHT at physiologically relevant frequencies. Stimulation of the RHT sufficient to generate an EPSP did not produce
detectable changes in [Ca’"];, whereas EPSP-induced action potentials evoked an increase in [Ca*"];, suggesting that the change in
postsynaptic somatic [Ca*"|; produced by synaptically activated glutamate receptors was the result of membrane depolarization acti-
vating voltage-dependent Ca*" channels. The magnitude of the Ca>* response was dependent on the RHT stimulation frequency and
duration, and on the SCN neuron action potential frequency. Membrane depolarization-induced changes in [Ca®"]; were larger and
decayed more quickly in the dendrites than in the soma and were attenuated by nimodipine, suggesting a compartmentalization of Ca**
signaling and a contribution of L-type Ca®" channels.

RHT stimulation at frequencies that mimicked the output of light-sensitive retinal ganglion cells (RGCs) evoked [Ca*"]; transients in
SCN neurons via membrane depolarization and activation of voltage-dependent Ca®" channels. These data suggest that for Ca>* to
induce phase advances or delays, light-induced signaling from RGCs must augment the underlying oscillatory somatic [Ca** ]; by evoking

postsynaptic action potentials in SCN neurons during a period of slow spontaneous firing such as occurs during nighttime.
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Introduction
The suprachiasmatic nucleus (SCN) of the hypothalamus con-
tains an endogenous pacemaker that regulates circadian rhythms
(Moore and Eichler, 1972; Stephan and Zucker, 1972; Inouye and
Kawamura, 1979). Mammals have evolved systems that entrain
the circadian clock to environmental cues such as the light/dark
cycle (DeCoursey et al., 1997; Ouyang et al., 1998), in which light
is the temporal signal of greatest importance. Light can shift the
circadian clock, producing phase delays early in the night, phase
advances late in the night, and no changes during the day. Photic
entrainment is mediated by light-sensitive retinal ganglion cells
projecting axons via the retinohypothalamic tract (RHT) to syn-
apse on SCN neurons (Moore et al., 1995; Pu, 1999; Berson et al.,
2002; Warren et al., 2003). The frequency and duration of action
potentials fired by the light-sensitive retinal ganglion cells is di-
rectly related to the light intensity (Berson et al., 2002; Warren et
al., 2003; Tu et al., 2005).

Glutamate is the primary neurotransmitter released from syn-
apses between RHT axon terminals and SCN neurons (Cahill and
Menaker, 1989; Colwell and Menaker, 1992; Castel et al., 1993;
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Kim and Dudek, 1993; Ding et al., 1994; Jiang et al., 1997). Syn-
aptically released glutamate activates both AMPA and NMDA
receptors, and activation of either receptor can phase-shift the
circadian clock (Colwell and Menaker, 1992; Kim and Dudek,
1993; Jiang et al., 1997; Pennartz et al., 2001). Similar to light-
induced phase changes, glutamate receptor activation early in the
night phase delays the circadian clock, whereas late in the circa-
dian, night phase advances the clock (Ding et al., 1994; Shirakawa
and Moore, 1994).

Activating either AMPA or NMDA receptors will increase
[Ca®*];in SCN neurons during both the day and the night (Col-
well, 2001; Michel et al., 2002; Tkeda et al., 2003a,b). However,
NMDA increases the [Ca®"]; more during the night [Zeitgeber
time (ZT) 14-18] than during the day (ZT 2-6), and a compo-
nent (~50%) of the NMDA-induced Ca*" increase is mediated
via voltage-gated Ca*" currents (Colwell, 2001). The circadian
clock regulates the NMDA receptor activity in the SCN with
larger NMDA-activated currents recorded during the subjective
night (Pennartz et al., 2001). In contrast, Ca>* transients pro-
duced by membrane depolarization (high K or AMPA) showed
no day—night difference (Colwell, 2001; Ikeda et al., 2003a). In
addition, a Ca*" flux is required for Perl and Per2 rhythmicity
(Lundkvist et al., 2005). It has been proposed that an increase in
[Ca®*]; activates a signaling pathway that ultimately shifts the
phase of the circadian clock (Ding et al., 1994, 1997, 1998). Al-
though glutamate, NMDA, or AMPA application will increase
intracellular Ca** in SCN neurons, the physiological Ca*™ sig-
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Patch-clamp recording. Whole-cell patch-
clamp recordings in SCN neurons were per-
formed 0.5—8 h after slice preparation. Neurons
were selected from the ventral SCN, because
these cells have a higher probability of having
RHT synapses. A few cells that did not respond
to RHT stimulation were used to study the ef-
fects of membrane depolarization on [Ca®*],.
Whole-cell patch electrodes had an outside tip
diameter of ~1 wm and resistances of 7-10 M)
when filled with a solution containing the fol-
lowing (in mwm): 140 K-gluconate, 5 KCl, 10
HEPES, 4 ATP, and 0.4 GTP, adjusted to pH 7.3
with KOH at 290—-300 mOsm. In some experi-
ments, KCl was substituted for the K-gluconate.
After microelectrode contact with an SCN neu-
ron, negative pressure was applied to form seals
with resistances of 1-5 G(). Additional negative
pressure was used to rupture the cell membrane
to whole-cell mode. Currents were measured
under voltage clamp at a holding potential of
—60 mV. Membrane voltage was measured in
current-clamp mode with an Axoclamp 2A am-
plifier (Molecular Devices, Union City, CA) or
a HEKA Elektronik (Lambrecht, Germany)
EPC9 amplifier and recorded using the data ac-
quisition program Pulse (HEKA Elektronik)
and analyzed using Igor (version 5; Wavemet-
rics, Lake Oswego, OR).

Measurement of intracellular Ca’*. Two
methods were used to load SCN neurons with
Ca?"-sensitive probes. In the first, microelec-
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| trodes were filled with the internal solution to
which fura-2 pentapotassium salt (250 um) or
bis-fura-2 hexapotassium salt (250 um) was
added (Invitrogen, Carlsbad, CA). After enter-
ing whole-cell mode, the SCN neuron including

Figure 1.  Simultaneous recording of membrane potential and [Ca* ], in SCN neurons. A, Example of the recording setup
showing a coronal hypothalamic slice and the placement of stimulating and recording microelectrodes. A bipolar electrode
positioned in the optic chiasm was used to stimulate the RHT. B, An SCN neuron recorded with a microelectrode filled with an
internal solution containing the [Ca*];-sensitive probe fura-2, which diffuses into the soma and dendritic arbor. €, Estimated
(Est.) [Ca*]; changes evoked in the soma and dendrites of a voltage-clamped SCN neuron (inset) by 10 stimuli (10 Hz; arrow)
applied to the optic chiasm. D, Dendritic [Ca2*]i response was both larger in amplitude and faster to decay than in the soma,

the dendrites rapidly filled with fluorescent
probe (Fig. 1 B) and quickly reached a steady-
state Ca®" concentration. A slow upward drift
in [Ca®"]; was noted in longer-duration exper-
iments. The second method was used to simul-

showing a clockwise hysteresis-loop temporal relationship.

naling produced by glutamate released from RHT synapses has
not been described previously. We therefore performed experi-
ments to examine the changes in [Ca®"]; of SCN neurons after
RHT stimulation.

Materials and Methods

Slice preparation. Male Sprague Dawley rats were housed for at least 1
week on a 12 h light/dark schedule. During the light phase, 4- to 6-week-
old rats were anesthetized with halothane, their brains were removed,
and coronal hypothalamic slices (220-250 wm thick) containing the
SCN were cut with a vibrating blade microtome (VT1000S; Leica, Nuss-
loch, Germany), while the tissue was surrounded by ice-cold artificial
CSF (ACSF) containing the following (in mm): 120 NaCl, 2.5 KCl, 1.2
NaH,PO,, 5 MgCl,, 0.5 CaCl,, 10 glucose, and 26 NaHCOj, adjusted to
300 mOsm with sucrose and saturated with 5% CO, and 95% O,. The
slices were maintained in a recording chamber (25-30°C) with a contin-
uous laminar flow (2 ml/min) of an ACSF solution consisting of the
following (in mm): 120 NaCl, 2.5 KCl, 1.2 NaH,PO,, 1.2 MgClL,, 2.4
CaCl,, 10 glucose, 10 HEPES, and 26 NaHCO;, adjusted to 300 mOsm
with sucrose and bubbled with 5% CO, and 95% O,. Picrotoxin (50 uMm)
was added to prevent activation of GABA , receptors by evoked transmit-
ter release from SCN GABAergic neurons. The Institutional Animal Care
and Use Committee of Oregon Health & Science University approved, in
advance, all procedures involving animals.

taneously record Ca** responses from multiple

neurons. SCN neurons were loaded by treating

the slice with fura-2 AM (2.5 mm) in DMSO for
1-2 min, followed by incubation with fura-2 AM (10 um) in ACSF for 1 h
(Yuste, 2000). To reduce the background signal and allow for deesterifi-
cation, the slice was washed for 1-2 h before recording.

Quantitative Ca®" measurements were obtained by recording a pair of
images at an emission of 510 = 40 nm after excitation at 340 and 380 nm.
Excitation light was supplied via a monochronometer (Polychrome IV;
T.LL.L. Photonics, Martinsried, Germany) with a 10 nm bandwidth and
passed through a UG11 optical filter to restrict harmonic wavelengths
above 400 nm. Optical recordings were made with a cooled CCD
(ORCA-ER 12-bit level; Hamamatsu, Hamamatsu City, Japan) camera
with acquisition time and binning adjusted to minimize photobleaching
and maximize recording speed. Experiments were controlled via the dig-
ital imaging software Metafluor (Molecular Devices, Sunnyvale, CA).
Optical data were converted to relative fluorescence intensity units, the
background was subtracted, and the intracellular Ca’* ([Ca*™],) was
estimated using the following formula: [Ca®"]; = (R — R, )/(Rpax —
R) X (frin/finax) X K4 where R is the emission ratio after excitation at
340 and 380 nm, ratio maximums (R,,,,) and minimums (R ;) for each
probe were determined in vitro using CaCl, (10 mm) or EGTA (10 mm),
fininand £, are the fluorescence intensities at 380 nm under Ca** -free
and Ca?*-saturating conditions, and K is the Ca*" disassociation con-
stant of the indicator, taken to be 370 nwm for bis fura-2 (Invitrogen) and
224 nw for fura-2 (Grynkiewicz et al., 1985). Stimulation pulses (200 us)

min



11750 - J. Neurosci., October 24, 2007 - 27(43):11748 -11757

were applied at the indicated frequencies via a
concentric bipolar electrode placed in the optic
chiasm ~200 um from the SCN (Fig. 1A).

A 10 Hz

Results

The magnitude of postsynaptic [Ca
transients was dependent on RHT
stimulation frequency and duration

An increase in [Ca®*]; within SCN neu-
rons is believed to be required to initiate
the transduction events leading to entrain-
ment of SCN neurons to the day/night cy-
cle (Dingetal., 1994, 1997, 1998). The first
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set of experiments was designed to test the

0.5Hz
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hypothesis that the magnitude of postsyn-
aptic changes in somatic [Ca**]; was de-
pendent on the RHT stimulus frequency.
To examine the relationship between
membrane potential and [Ca**]; in SCN
neurons, we prepared coronal slices and
used whole-cell patch-clamp recordings
with microelectrodes containing a Ca*"

free internal solution with the Ca®"

sensitive probe fura-2 or bis-fura-2 (Fig.
1A). Probe-filled dendritic processes
within the focal plane were visible in 42%

-60 mV

40 nM

of recorded neurons (Fig. 1B). Electrical
stimulation of the RHT (200 us pulses)
evoked an increase in both somatic and
dendritic [Ca**]; (Fig. 1C). The evoked
dendritic [Ca**]; responses were both
larger in amplitude and faster to decay
than in the soma, demonstrating a clock-
wise hysteresis-loop temporal relationship
(Fig. 1D).

SCN neurons were hyperpolarized up
to ~10 mV to slow (0-3 Hz) or eliminate
spontaneous action potential firing to
more easily observe RHT-evoked [Ca*™];
changes. The optic chiasm was then stim-
ulated at frequencies from 0.2 to 20 Hz,
which is within the physiological range of
light-sensitive retinal ganglion cell action
potential firing (Berson et al., 2002; War-
ren et al., 2003; Tu et al., 2005) (Fig. 2). At
stimulus frequencies <1 Hz, individual
stimuli evoked a small elevation of [Ca?™" ]
in the soma that decayed to near baseline
before the next stimulus occurred (Fig. 2).
Dendritic Ca™ responses to RHT stimu-
lation were larger and faster to decay than
in the soma (Fig. 2B). Stimulation fre-
quencies of =1 Hz resulted in larger accu-
mulated elevations of [Ca®"]; in the soma that were dependent
on the stimulus rate. The frequency dependence of [Ca*"]; re-
sponse in the soma was similar in neurons recorded during the
day and those recorded during the night (Fig. 3). The relationship
between RHT stimulation frequency and the Ca** response in
the soma was described by a hyperbolic function [ACa** = E
X frequency/(EFs, + frequency)], where E, ., is the maximal
Ca’" response and EFs, is the stimulus frequency at half the
maximal response. The increased [Ca**]; in the soma reached a
plateau at ~10 Hz and was similar during both the day (E,,., =

Figure 2.
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The magnitude of postsynaptic [Ca®"; transients in SCN neurons were dependent on the RHT stimulation fre-
quency. A, The RHT was stimulated with 10 pulses (200 s each) at the indicated frequencies while recording Ca**
line) in the soma in a current-clamped SCN neuron spontaneously firing at ~3 Hz during the day. Shaded areas represent the
duration of the stimulation train. Accumulation of somatic Ca®*
tion. B, Ca™ response in the soma and dendrites after RHT stimulation of a slowly firing SCN neuron during the night. Ten pulses
were applied at the frequencies indicated. The Ca®*

responses (red
was not observed during low-frequency optic chiasm stimula-

response to 10 and 20 Hz RHT stimulation were similar.

30 = 0.8 nm; EF5y = 1.2 = 0.1 Hz; n = 6) and night (E,,, 34 = 1.2
nM; EF,, = 1.5 = 0.2 Hz; n = 3).

Retinal ganglion cells fire action potentials for the entire du-
ration of the light exposure (Berson et al., 2002; Warren et al.,
2003; Tu et al., 2005). The results presented above were obtained
using 10 stimulations of the RHT at different frequencies result-
ing in pulse trains of different durations (e.g., 1 s for 10 Hzvs 0.5 s
for 20 Hz). However, the number and duration of evoked action
potentials may carry important environmental light information
to the SCN. Therefore, we evaluated the effects of the number
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Figure3.  The relationship between RHT stimulation frequency and the Ca 2™ response. Ten
stimulus pulses were applied to the RHT at the frequenciesindicated. Each data point represents
themean == SEM of the increasein [Ca 2+]i inthe somarecorded during the day (£,,,,, = 30 nw;
EFs, = 1.2Hz; n = 2-6) and night (£,,,, = 34 nm; EF5y = 1.5Hz; n = 2-3). Day and night
[Ca?*7; responses were not statistically different. The inset shows an example of a Ca* re-
sponse from asingle SCN neuron in the soma and dendrite receiving RHT stimulation at different
frequencies.

of stimuli-induced SCN action potentials on changing [Ca** ],
at various RHT stimulation frequencies. At either 0.5 or 1 Hz
stimulation in both the soma and dendrites, [Ca**]; quickly
reached a low-amplitude plateau after a few stimuli (Fig.
4 A,B). However, stimulation at frequencies faster than 1 Hz
resulted in larger [Ca®]; changes that did not plateau within
10 stimuli. Increasing the pulse train to 50 stimuli produced
similar changes of [Ca*"]; in the soma, which reached a pla-
teau during low-frequency (1 Hz) stimulation. A hyperbolic
rise in [Ca*®"]; was observed during 2—-5 Hz stimulation, and a
linear rise in somatic [Ca**]; was observed during 10-20 Hz
stimulus trains (Fig. 4C).

Because RHT stimulation (presynaptic) may or may not
evoke a corresponding postsynaptic action potential in a given
SCN neuron, we evaluated the relationship between the [Ca® ],
response and the number of action potentials evoked by 10 optic
chiasm stimuli at 10 Hz. The change in [Ca*"]; was linearly de-
pendent on the number of postsynaptic action potentials (Fig.
4D) with a slope of 2.5 + 0.5 nM per action potential (r* = 0.77;
n = 6) in soma during the day and 2.3 = 0.4 nM per action
potential (r> = 0.92; n = 8) during the night. Day and night
[Ca®"]; responses were not statistically different ( p > 0.75, least-
squares). These data suggest that activation of the RHT produces
a frequency-dependent increase in the action potential firing of
SCN neurons that is concomitantly associated with an increase in
[Ca®*];. Two mechanisms may contribute to the rapid increase
in [Ca®"];. The first is activation of postsynaptic AMPA and
NMDA receptors and an increased flow of Ca** through the
associated ion channels. The second mechanism is Ca*>* flowing
through voltage-gated Ca®" channels, opened by the membrane
depolarization and subsequent action potential firing of the SCN
neuron.
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Somatic and dendritic [Ca*®*]; transients evoked by action
potentials and EPSPs

To evaluate the mechanism of RHT-evoked increase in Ca** in
SCN neurons, we stimulated the optic chiasm and evoked EPSPs
and action potentials. No detectable increase in [Ca*"]; within
the soma (Fig. 5A) or dendrites (data not shown) was associated
with individual EPSPs, which could be blocked by addition of the
AMPA and NMDA receptor antagonists (Fig. 5D, inset). How-
ever, when RHT stimulation evoked EPSPs that triggered action
potentials, the [Ca®"]; increased in a stepwise manner (Fig.
5B,C). We examined whether trains of EPSPs would increase
[Ca®"]; levels in the soma. SCN neurons were hyperpolarized
just below action potential threshold, and 10 RHT stimuli were
applied at 10 Hz. The RHT-evoked EPSPs did not significantly
change [Ca**]; (ACa®" = 0.05 * 0.20 nm; p = 0.35, paired ¢ test;
n = 12 neurons; mean EPSPs amplitude, ~6.2 £ 0.7 mV).

Experiments were performed to insure that we could measure
[Ca®"]; changes induced by glutamate receptor activation under
our experimental conditions. [Ca**]; was measured in the soma
of SCN neurons while activating AMPA and NMDA receptors
with exogenous ligands. Adult coronal brain slices containing
SCN neurons were loaded with fura-2 AM and allowed to un-
dergo deesterification for several hours before briefly applying
glutamate (Fig. 6 A, B) or NMDA (Fig. 6C,D). Both glutamate and
NMDA induced in a concentration-dependent manner [Ca*"];
transients that were readily blocked by glutamate receptor antag-
onists (Fig. 6 B). Unlike synaptically released glutamate, exoge-
nous glutamate simultaneously activates all functional glutamate
receptors associated with that neuron for time durations orders
of magnitude longer than would occur during synaptic
transmission.

We examined the [Ca*"]; response during a sequence of 10
current pulses in the presence of TTX to simulate the brief mem-
brane depolarizations that occur during EPSPs and action poten-
tials. Evoked changes in [Ca®"]; varied exponentially with volt-
age between —60 and —10 mV (Fig. 6E,F). Small changes in
voltage-approximating evoked EPSPs (5-10 mV) produced little
measurable change in somatic [Ca®"];. These data suggest that
glutamate release at RHT-SCN synapses induces EPSPs in the
SCN, but without an associated action potential, little or no
change in somatic [Ca®"]; occurs. Therefore, under normal
physiological conditions, it is likely that RHT signaling must in-
volve evoked action potentials in SCN neurons for Ca** to act as
a second messenger to induce phase changes of the circadian
clock.

Postsynaptic Ca>* transients evoked by membrane
depolarization and RHT stimulation are attenuated by
blocking L-type Ca** channels
The next sets of experiments were designed to further examine
the role that membrane potential depolarization plays in the in-
crease in [Ca®"], that follows RHT stimulation. In voltage-
clamped SCN neurons, the holding potential (—60 mV) was
briefly (200 ms) stepped in 20 mV increments to +20 mV evok-
ing corresponding transients of [Ca**]; (Fig. 7A). For a given
voltage step, the dendritic [Ca®"]; responses were larger in am-
plitude and decayed faster than the somatic [Ca*"]; changes (Fig.
7B). The difference in somatic and dendritic [Ca*"]; changes are
similar to those observed after stimulation of the optic chiasm
(see also Fig. 1C). With repetitive voltage steps, the somatic
[Ca®*]; increased, and the ratio of dendritic to somatic response
decreased (Fig. 7C).

The [Ca*™]; was larger at more depolarized membrane poten-
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tials with a maximum [Ca*"]; in the den-
drites and soma occurring between 0 and
+40 mV. Nimodipine reduced the ampli-
tude of the [Ca®* ], transients over the en-
tire voltage range in both the soma and
dendrites (Fig. 8A). In the presence of
TTX (0.5 uMm), nimodipine (20 um) signif-
icantly reduced the somatic [Ca*"]; tran-
sients to 39.7 * 3.9% (n = 5 neurons; p =
0.01) of control during the day, which was
not statistically different ( p = 0.39) from
the reduction to 43.6 = 6.1% (n = 4,p =
0.01) during the night. The peak voltages
generated by these current pulses were not
significantly different (p = 0.91) during
the day (—24.0 = 1.4 mV) and night
(—24.2 = 1.5 mV). The decay of the peak
[Ca?*], transient evoked was slower in the
soma than in the dendrites. First-order
elimination of [Ca®*]; in the soma had
T=77*23s (n=9) compared with
0.70 = 0.15s (n = 8; p = 0.009) in dendrites.
No significant differences were observed
with Ca*" elimination between day (soma:
7.4 * 2.2's, n = 5; dendrite: 0.71 * 0.14 s,
n = 4) versus night (soma: 8.7 £ 3.5s,n = 4,
p > 0.76; dendrite: 0.87 = 0.28s,n = 4,p >
0.56) or control (soma: 7.7 * 2.3 s, n = 9;
dendrite: 0.70 = 0.15 s, n = 8) versus nimo-
dipine (soma: 8.3 = 29s,n =9, p > 0.88;
dendrite: 0.87 = 0.16s,n = 8, p > 0.34).
To evaluate whether nimodipine
would similarly reduce RHT-induced
Ca?" transients, the RHT was stimulated
during the day at various frequencies be-
fore and after nimodipine treatment. Ni-
modipine significantly attenuated RHT-
evoked Ca”" transients over a range of
stimulation frequencies with a mean re-
duction in 39% at 20 Hz, 32% at 10 Hz,
33% at 1 Hz, and 21% at 0.5 Hz (Fig. 8 B).
These observations suggest that L-type
voltage-dependent Ca>" channels mediate a
significant proportion of depolarization-
induced Ca®" transients in SCN neurons.

Spontaneous action potential firing and
[Ca**],in the soma and dendritic processes
SCN neuronal conductance, firing fre-
quency, and [Ca*"]; vary between the sub-
jective day and night. The next experi-
ments were designed to evaluate the effect
of individual action potentials and action
potential frequency on [Ca®"];. SCN neu-
rons demonstrated a temporal relation-
ship between the spontaneous action po-
tential frequency and somatic [Ca®"];
(Fig. 9A). The somatic and dendritic
[Ca*"]; tracked with changes of the mem-
brane potential and action potential firing
frequency (Fig. 9B,C). At slow frequen-
cies, the increase in somatic [Ca®™]; after
each action potential was additive, such
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Figure 6.  Glutamate evoked [Ca*]; transients in adult SCN neurons. 4, The mean change in [Ca® "], in 27 simultaneously
recorded SCN neurons induced by glutamate. Bars indicate a 10 s glutamate treatment. The inset shows fura-2-loaded SCN cells.
The concentration response relationship of this experiment had an ECy, of 31 um for glutamate. B, Glutamate induced [Ca®*];
transients and membrane depolarizations that were blocked by APV (50 tum) and CNQX (10 ) ina current-clamped SCN neuron
during the day. €, The amplitude of NMDA-evoked [Ca** ], transients was dependent on the NMDA concentration. Bars indicate
a 15 s exposure to NMDA. D, Concentration—response curve for NMDA-induced A[Ca Z+]i, in which each point represents the
mean = SEM of 5-10 cells from four different experiments. The ECs, value for NMDA was estimated to be 83 uum. E, Example
showing the change in [Ca®™]; in response to membrane depolarization in a current-clamped SCN neuron. The neuron was
depolarized with 10 pulses (100 pA, 10 ms) in the presence of picrotoxin (50 wum) and TTX (0.5 wum). The corresponding rise and fall
of somatic[Ca® "], was similar to that evoked by action potentials. F, The changein Ca* was plotted versus the peak membrane
potential reached after current injection (10 pulses of 10, 20, 40, 60, or 100 pA at 10 Hz) in the same neuron. Est., Estimated.
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Figure 7.
ization evoked Ca ™ transients in a voltage-clamped SCN neuron during the day. The holding potential (— 60 mV) was changed
briefly (200 ms) to the indicated voltages. B, Dendritic response was larger and faster than that observed in the soma. A current-
clamped SCN neuron was given a brief depolarizing (200 ms, 100 pA) current pulse (step), with picrotoxin (50 wum) and TTX (0.5
um), to block feedback from neighboring neurons. €, Repetitive depolarizations increase the ratio of the somatic to dendritic
[Ca? "] response. A similar experiment as in B is shown, but the SCN neuron was voltage clamped at —80 mV, and membrane
was depolarized with 10 (100 ms) pulses to +20 mV (5 Hz).

Membrane depolarization evokes postsynaptic Ca®* transients in the soma and dendrites. 4, Membrane depolar-
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that a pair of action potentials increased
[Ca®*]; about twice that of a solitary ac-
tion potential. If an action potential oc-
curred before the Ca** transient decayed
to baseline, then the [Ca*"]; continued to
increase. However, as seen with RHT-
evoked action potentials (Fig. 3), the
[Ca®*]; increased linearly at low frequen-
cies and reached a plateau at faster action
potential firing (Fig. 9A,B). Action
potential-induced [Ca®"]; changes were
much larger in dendritic processes than in
the soma and decayed more rapidly (Fig.
9C). Action potential peak voltages are
brief (Jackson et al, 2004) but large
enough to open voltage-dependent Ca*"
channels with a measurable influx of
[Ca*"]; in soma and dendrites. Prolonged
spontaneous changes in membrane poten-
tial, without an associated action poten-
tial, evoked small changes in [Ca®"]; (Fig.
9C). The spontaneous action potential fre-
quency of SCN neurons was 5.6 = 0.5 Hz
(40 neurons) during the day and 1.6 = 0.2
Hz at night (29 neurons; p < 0.0001). A
single spontaneous action potential in-
duced a rise in [Ca®"]; of 2.9 = 0.5 nM
(n = 20) in the soma and 16.5 = 6.2 nm
(n = 8) in dendritic processes during the
day. During the night, each action poten-
tial produced a [Ca*"]; peak of 4.3 + 0.5
nM (n = 28) in the soma and 22.9 * 3.9 nm
(n = 13) in dendritic processes, which
were not significantly different (soma, p >
0.054; dendrite, p > 0.378) from the day
changes (Fig. 9D). [Ca*"]; increased expo-
nentially with increasing membrane po-
tential between —80 and —40 mV (Fig.
9E), regardless of the time of day.

RHT-evoked [Ca?*], transients are
inversely correlated with spontaneous
action potential frequency

The magnitude of RHT-evoked Ca’*
transients described above was not differ-
ent between day and night conditions (Fig.
3). In these experiments, neurons were
similarly hyperpolarized to lower the
spontaneous action potential firing rate
(0-3 Hz) to more easily observe RHT-
evoked Ca*" responses. Because SCN ac-
tion potential firing frequency is higher in
neurons during the day than at night
(Jobst and Allen, 2002; Pennartz et al.,
2002; Tkeda, 2004; Pitts et al., 2006), it is
conceivable that differences in spontane-
ous firing rate may modify RHT-evoked
Ca’” responses. The hyperbolic relation-
ship of the change in Ca** with stimula-
tion frequency (Fig. 3) implies that the in-
cremental change in Ca®" would decrease
with increasing firing frequency, such that
the [Ca”"]; of a SCN neuron spontane-
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Figure 8.  Action potential and membrane depolarization-induced [Ca*]; transients are
attenuated by blocking L-type Ca™ channels. A, Representative experiment showing the re-
lationship of membrane voltage to A[Ca?*]; in the soma and dendrites of an SCN neuron
depolarized (10100 pA) for 200 ms in the presence of TTX (0.5 wum). The L-type Ca* channel
blocker nimodipine (20 wum) reduced the A[Ca*" ], ~40%. B, RHT-evoked action potential-
induced [Ca" ], transients were attenuated by nimodipine (20 wm) in the presence of picro-
toxin (50 wum). Ten stimulus pulses were applied to the RHT at the frequencies indicated before
and after nimodipine treatment. During RHT stimulation, occasional stimuli failed to evoke an
action potential ora spontaneous action potential occurred; therefore, to facilitate comparisons
between experiments, the ACa** was normalized (estimated ACa>* = ACa* /#AP X
10). Nimodipine significantly reduced Ca* transients (mean with SEM) over a range of stim-
ulus frequencies (1-20 Hz, n = 7 neurons; 0.5 Hz, n = 6 neurons; *p = 0.05, **p = 0.01,
***p =< 0.005, paired ¢ test). Est., Estimated.

ously firing at 10 Hz receiving RHT input at 10 Hz would not
appreciably increase. Therefore, we examined the magnitude of
RHT-induced Ca*" transients at different spontaneous action
potential firing rates. Each neuron was hyperpolarized to elimi-
nate spontaneous firing before receiving 10 RHT stimuli at 10 Hz.
The membrane potential was then depolarized to increase the
spontaneous firing frequency. After stabilization of the firing rate
and [Ca**];, the RHT was again stimulated (Fig. 10A). The mag-
nitude of RHT-evoked Ca** transients as a percentage of control
(no spontaneous firing) was inversely correlated (r = —0.88;n =
11 neurons) with the spontaneous action potential firing rate
(Fig. 10B). These data suggest that at a given light intensity,
postsynaptic Ca>" transients would be smaller in more depolar-
ized neurons with faster action potential firing frequencies as
occurs during the day and larger in more hyperpolarized neurons
with slower firing rates as occurs at night.

Discussion

Environmental light intensity information is conveyed to the
master circadian clock in the SCN by retinal ganglion cells that
project glutamatergic fibers via the RHT to terminate on SCN
neurons (Mooreetal., 1995; Pu, 1999; Berson et al., 2002; Warren
etal., 2003). Glutamate released from RHT terminals is proposed
to activate NMDA receptors, which increases the [Ca*"]; of SCN
neurons (Kim and Dudek, 1991; Jiang et al., 1997; Colwell, 2001)
and phase-shifts the circadian clock. In this model, Ca** acti-
vates intracellular biochemical pathways that alter the timing of
“core” clock genes (Ding et al., 1994; Gillette, 1996; Pennartz et
al., 2001; Cheng et al., 2004).

We investigated the mechanism by which glutamate released
from RHT axon terminals increased the [Ca**],in SCN neurons.
Stimulation of the RHT sufficient to generate an EPSP did not
produce detectable changes in [Ca*"]i, whereas EPSP-induced
action potentials evoked an increase in [Ca**],. The change in
[Ca®"]; was larger and decayed more quickly in the dendrites
than in the soma, suggesting a compartmentalization of Ca**
signaling in SCN neurons (Ikeda et al., 2003b). The magnitude of
the Ca®" response was dependent on the RHT stimulation fre-
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Figure9. Spontaneous action potentials and [Ca®"];in the soma and dendrites. A, Example
of the temporal relationship between [Ca?*]; and spontaneous action potentials in a SCN
neuron. B, Changing the membrane potential modified the [Ca”" ], in parallel with changes of
the action potential frequency. With each change in membrane potential, the [Ca*]; reaches
a new steady-state level within a few seconds. C, Spontaneous action potentials generated
larger [Ca 2Jr]i changes in the distal dendrites than in the soma. Dendritic [Ca 2Jr]i returned to
baseline, whereas the somatic [Ca*]; showed summation between action potentials. Pro-
longed spontaneous depolarization with and without an action potential had a similar temporal
and regional [Ca® "], response. D, The rise in [Ca”" ], evoked by a single spontaneous action
potential was much larger in the dendrities than in the soma. The Ca 2™ response (mean with
SEM, numbers of neurons are in the boxes) from single action potentials did not differ signifi-
cantly between day and night in either the soma or dendrites. E, [(a”]i increased exponen-
tially with increased membrane potential in both day and night neurons. Plateau Ca2* re-
sponses were recorded along with corresponding baseline voltage measurements at various
levels of applied current. Most neurons with a membrane potential between —65and —55mV
had a corresponding [Ca*" ], between 50 and 150 nw.

quency and duration and on the SCN neuron spontaneous action
potential frequency. The changes in [Ca®"]; were attenuated by
blocking L-type Ca** channels. We conclude that synaptically
activated glutamate receptors increase postsynaptic somatic
[Ca*"]; by generating action potentials and activating voltage-
dependent Ca®" channels.

Light-sensitive retinal ganglion cells fire action potentials at
frequencies contingent on the light intensity (brighter light —
faster action potential frequencies) and throughout the period of
light exposure (Berson et al., 2002; Warren et al., 2003; Tu et al.,
2005). RHT stimulation over similar frequency ranges was used
to evoke Ca*" transients in SCN neurons. The magnitude of the
Ca’* response induced by RHT stimulation was dependent on
the frequency and duration of stimulation. When SCN neurons
fire spontaneous action potentials at slow frequencies, RHT stim-
ulation evoked a similar rise in [Ca*"]; during the day and night.
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[Ca**], TTX application blocked action
potential firing and lowered [Ca*"]; (Fig.
6B). The relationship between [Ca**]; and
membrane potential in both day and night
neurons had a sharp inflection near —60
mV (Fig. 9E), consistent with activation of
voltage-dependent Ca’* channels. SCN
neuronal conductance (Jiang et al., 1997),
membrane potential (de Jeu et al., 1998),
firing frequency (Jobst and Allen, 2002;
Pennartz et al., 2002; Pitts et al., 2006), and
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Figure10.  The magnitude of RHT-evoked [Ca" ], transients was inversely correlated with the spontaneous action potential
firing rate. A, An SCN neuron recorded during the day showing decreasing Ca®* responses to 10 RHT stimuli (10 Hz) with
increasing frequency of spontaneous action potential firing. The top traces show the [Ca®];and membrane potential, and the
bottom traces are an expanded scale showing the evoked change in Ca2* and RHT stimuli. The neuron was hyperpolarized to
inhibit spontaneous action potentials. Small current steps were used to depolarize the membrane and induce action potential
firing. Each current step evoked a new steady-state [Ca 2 *];and an associated change in action potential firing rate. A return to
the original membrane potential terminated action potential firing and was followed by recovery of [Ca?*];. Membrane
depolarization increased the frequency of action potentials and lowered the magnitude of the RHT-evoked Ca ™ transient. B,
Evoked [Ca® "], transients were inversely correlated with the spontaneous action potential (AP) firing frequency (r* = 0.78;
n = 11neurons). Data represent the percentage change in normalized Ca ™ transients evoked by RHT stimulation (10 stimuli
at 10 Hz) when no spontaneous action potentials were firing compared with those evoked in the presence of action potentials

firing at the indicated frequencies.

We compared the frequency and duration of RHT stimulation
(10 or 50 stimuli) on [Ca*"]; and the number of evoked action
potentials. During low-frequency (=1 Hz) stimulation, [Ca*"];
reached a plateau in both the soma and dendrites. High-
frequency (=5 Hz) stimulation produced large Ca** transients
that did not plateau within the 10 or 50 stimuli. These data indi-
cate that when SCN neurons are similarly hyperpolarized to low
action potential frequencies, the change in postsynaptic [Ca*"];
was related to the frequency and duration of the excitatory RHT
input.

Ca’" responses evoked by RHT stimulation or membrane
depolarization were larger in amplitude and faster to decay in the
dendrites compared with the soma, similar to observations in
hippocampal pyramidal neurons (Jaffe et al., 1994; Christie et al.,
1995). Small injections of current that approximated an EPSP
(5-10 mV) resulted in little or no elevation of somatic [Ca?"];,
whereas larger current injections emulating an action potential
increased [Ca**],. Increasing the magnitude of membrane depo-
larization produced Ca** transients with a maximum between 0
and + 40 mV. Similar relationships between [Ca*" |, and voltage
occur in dorsal root ganglion (Thayer and Miller, 1990) and vi-
sual interneurons (Durr and Egelhaaf, 1999). Increasing the du-
ration of membrane depolarization increased the ratio of [Ca*™ ],
in the soma compared with the dendrite. These data suggest that
an increase in somatic [Ca*"]; requires a larger and longer exci-
tatory input than required to increase dendritic [Ca**];. These
differences may reflect differences in the volume and geometry of
the cellular compartments, variance in Ca>" buffering capability,
and diversity of voltage-dependent channel expression.

Spontaneous and evoked action potential firing increased
[Ca®*];in SCN neurons. During an action potential, a significant
Ca?" current flows into SCN neurons (Jackson et al., 2004). Dur-
ing slow frequency firing, an isolated spontaneous action poten-
tial evoked a rise in Ca®" ~3 nM in the soma, which did not differ
significantly between day and night phases. A slow firing rate
allowed time for [Ca*"]; to decay back to baseline levels, whereas
arapid train of action potentials resulted in a stepwise increase in

Spontaneous AP Frequency (Hz)

[Ca?*]; (Colwell, 2000; Tkeda, 2004) are
higher in SCN neurons during the day than
at night. We observed that RHT-evoked
Ca’" transients were inversely correlated
with the spontaneous firing frequency. The
relationship between [Ca’"]; and RHT
stimulation frequency (Fig. 3), predicts that
the incremental change in Ca®" would be
smaller with increasing firing frequency. For
example, the [Ca®"]; of a SCN neuron
spontaneously firing at 10 Hz would not be
appreciably increased by RHT input at 10
Hz. Therefore, Ca** responses of SCN neu-
rons with similar spontaneous firing fre-
quencies to RHT input during day and night
were similar. Although the regulation of [Ca*"]; is likely multi-
factorial (e.g., intracellular stores, Ca’" channels, Ca?* pumps,
etc.), voltage-dependent events such as the resting membrane
potential and spontaneous and synaptically evoked action poten-
tial firing are important components of the overall [Ca*"];. These
data suggest that light-induced phase advances and delays may be
initiated by evoking postsynaptic Ca>* transients at times of rel-
ative membrane hyperpolarization and slow spontaneous action
potential firing as occurs at night.

The L-type Ca*>* channel blocker nimodipine reduced the
amplitude of RHT stimulation-induced Ca>" transients 21-39%
over a range of frequencies in the soma and membrane
depolarization-induced Ca** transients approximately ~40% in
both the soma and dendrites. Nimodipine did not lower resting
[Ca®"],, consistent with intracellular Ca** stores having a major
role in the regulation of baseline Ca*" circadian oscillations
(Tkeda, 2004). In hippocampal neurons, a similar (33%) reduc-
tion in spike-induced Ca®™" influx was observed in the soma, but
a lower percentage was observed in distant (50—200 wm) pro-
cesses (Christie et al., 1995). Experiments using blockers of other
voltage-gated Ca** channels were not preformed because, unlike
L-type channels, these channels are heavily expressed on RHT
axon terminals (Moldavan et al., 2006). L-type Ca>* channels in
rat SCN contribute to the generation of spontaneous oscillations
during the day (Pennartz et al., 2002; Jackson et al., 2004) and
have a higher relative level of expression over other voltage-
dependent Ca*" channels (Nahm et al., 2005), but the neuronal
distribution is not known. Pituitary adenylate cyclase-activating
polypeptide (PACAP) potentiation of K*- and glutamate-
evoked Ca®" transients in SCN neurons are blocked by nimodip-
ine, suggesting that L-type Ca®" channels contribute to the reg-
ulation of the circadian clock by PACAP (Dziema and Obrietan,
2002). Nimodipine inhibits glutamate-induced phase advances
(Kim et al., 2005) and potentiates light-induced phase shifts in
mice (Benloucif et al., 2003). These data suggest that L-type Ca*"
channels mediate a significant proportion of depolarization-
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induced Ca** transients and are an important component of the
light-signaling pathway.

Glutamate receptor activation elevates [Ca®"]; in the SCN via
influx through AMPA (Michel et al., 2002; Ikeda et al., 2003a) and
NMDA (Colwell, 2001; Tkeda et al., 2003a) receptors and phase-
shifts the circadian clock (Colwell and Menaker, 1992; Ding et al.,
1994; Kim et al., 2005). We found that exogenous glutamate
treatment produced a large Ca®" transient but the glutamate
released from RHT terminals induced EPSPs without measurably
changing somatic [Ca*"];. In hippocampal pyramidal neurons,
synaptically mediated [Ca®"]; changes are tightly regulated in
time and space because EPSP-evoked Ca®* transients are re-
stricted to the spine head (Koester and Sakmann, 1998). Our data
demonstrate that EPSPs evoked by glutamate released from RHT
axon terminals that did not evoke an action potential did not
change somatic [Ca**]; and suggests that only a fraction of SCN
glutamate receptors are used under normal physiological
conditions.

The data presented above suggest a model in which the mag-
nitude and duration of changes in SCN neuronal [Ca®"]; in-
duced by glutamate released from RHT axon terminals is the
result of membrane depolarization activating action potentials
and opening voltage-dependent Ca*>* channels and depend on
the spontaneous action potential frequency. Block et al. (1996),
in a series of studies using Bulla, demonstrated that the circadian
clock can be shifted by membrane depolarization or other ma-
nipulations that increase [Ca**],. Hyperpolarizing the mem-
brane potential or otherwise blocking the increase in [Ca®"];
prevents phase shifts. Although the underlying mechanism for
light synchronization of the SCN rhythm is not yet fully eluci-
dated, our data suggest that for Ca®" to act as a second messenger
to induce phase advances or delays, light-induced signaling from
retinal ganglion cells must augment the underlying oscillatory
change in somatic [Ca**]; by evoking postsynaptic action poten-
tials in SCN neurons during a period of slow spontaneous firing
and relative hyperpolarization as occurs at night.
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