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Abstract

The mammalian circadian clock encodes time via rhythmic action potential activity in the 

suprachiasmatic nucleus (SCN) of the hypothalamus, which governs daily rhythms in physiology 

and behavior. SCN neurons exhibit 24-hr oscillations in spontaneous firing, with higher firing 

during day compared to night. Several ionic currents have been identified that regulate SCN firing, 

including voltage-gated Ca2+ currents, but the circadian regulation of distinct voltage-gated Ca2+ 

channel (VGCC) components has not been comprehensively addressed. In this study, whole-cell 

L- (Nimodipine-sensitive), N- and P/Q- (ω-agatoxin IVA, ω-conotoxin GVIA, ω-conotoxin 

MVIIC-sensitive), R- (Ni2+-sensitive), and T-type (TTAP2-sensitive) currents were recorded from 

day and night SCN slices. Using standard voltage protocols, Ni2+-sensitive currents comprised the 

largest proportion of total VGCC current, followed by Nimodipine-, AgaIVA-, ConoGVIA-, and 

TTAP2-sensitive currents. Only the Nimodipine-sensitive current exhibited a diurnal difference in 

magnitude, with daytime current larger than night. No diurnal variation was observed for the other 

Ca2+ current subtypes. The difference in Nimodipine-sensitive current was due to larger peak 

current activated during the day, not differences in inactivation, and was eliminated by Bay K. 

Blocking L-type channels decreased firing selectively during the day, consistent with higher 

current magnitudes, and reduced SCN circuit rhythmicity recorded by multielectrode arrays. Yet 

blocking N-, P/Q-, and R-type channels also decreased daytime firing, with little effect at night, 

and decreased circuit rhythmicity. These data identify a unique diurnal regulation of L-type current 

among the major VGCC subtypes in SCN neurons, but also reveal that diurnal modulation is not 

required for time-of-day specific effects on firing and circuit rhythmicity.
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INTRODUCTION

Mammalian circadian rhythms in physiological functions and behaviors are governed by a 

central clock comprised of a network of spontaneously active neurons located within the 

hypothalamic suprachiasmatic nucleus (SCN) (Moore & Eichler, 1972; Stephan & Zucker, 

1972; Lehman et al., 1987). SCN neurons generate a time signal by producing 24-hr 

oscillations in action potential firing, characterized by relatively higher firing frequency 

during the day (6-10 Hz) compared to the night (0-5 Hz)(Yamazaki et al., 1998; Pennartz et 

al., 2002; Kuhlman & McMahon, 2006). These circadian rhythms in action potential firing 

are driven by the coordinated activity of ion channels that control the intrinsic excitability of 

SCN neurons between day and night (de Jeu et al., 1998; Pennartz et al., 2002; Jackson et 

al., 2004; Nitabach et al., 2005; Kuhlman & McMahon, 2006; Meredith et al., 2006). The 

ionic currents involved in action potential firing include voltage-gated Na+ currents 

(Flourakis & Allada, 2015), voltage-gated K+ currents (Itri et al., 2005; Itri et al., 2010; 

Hermanstyne et al., 2017), Ca2+-activated K+ currents (Cloues & Sather, 2003; Meredith et 

al., 2006; Whitt et al., 2016), and Ca2+ currents (Pennartz et al., 2002; Cloues & Sather, 

2003; Jackson et al., 2004).

The major Ca2+ channels expressed in the SCN include voltage-gated Ca2+ channel (VGCC) 

subtypes including L-type Ca2+ channels, P/Q-type Ca2+ channels, N-type Ca2+ channels, 

R-type Ca2+ channels, and T-type Ca2+ channels (Pennartz et al., 2002; Cloues & Sather, 

2003; Kim et al., 2005; Nahm et al., 2005), as well as intracellular inositol trisphosphate 

receptors (IP3Rs)(Hamada et al., 1999) and ryanodine receptors (RyRs)(Diaz-Munoz et al., 

1999; Pfeffer et al., 2009). Of these, the L-type Ca2+ current has been shown exhibit 

circadian regulation in SCN neurons, with larger currents during the day compared to night 

(Pennartz et al., 2002). L-type currents also mediate oscillations in subthreshold membrane 

potential and contribute to the activation of Ca2+-activated K+ currents in SCN neurons 

during the day (Pennartz et al., 2002; Jackson et al., 2004; Whitt et al., 2018). Consistent 

with this, selective inhibition of LTCC currents reduces the firing rate of SCN neurons 

during the day but has little effect at night (Pennartz et al., 2002; Whitt et al., 2018). While 

these data support the hypothesis that L-type Ca2+ channels play an important role in SCN 

excitability by contributing to daytime firing rate, L-type currents comprise only ~30% of 

the total Ca2+ current during the day and ~18% of the total Ca2+ current at night (Whitt et 

al., 2018), leaving open the amount that other VGCC currents may differentially contribute 

to Ca2+ current and firing rate during the day and night SCNs.

Furthermore, the role of intracellular Ca2+ channels in action potential rhythmicity is also 

not well-understood. Although RyRs were originally suggested to contribute to circadian 

rhythms in cytosolic Ca2+ (Ikeda et al., 2003), several studies show RyRs also regulate 

action potential firing both during the day and at night. RyR inhibition caused a decrease in 

firing rate in the majority of SCN neurons recorded during the day and night (Ikeda et al., 

2003; Aguilar-Roblero et al., 2007; Aguilar-Roblero et al., 2016). However, the effects of 

RyR inhibitors on firing frequency can be heterogeneous between individual neurons (Diaz-

Munoz et al., 1999). Activating RyRs can also significantly reduce action potential 

frequency during the day (Whitt et al., 2018) and the night (Aguilar-Roblero et al., 2016). 

Consistent with this, in some SCN neurons RyR inhibition caused a significant increase in 
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firing rate during the night, via loss of activation of the BK Ca2+-activated K+ current (Whitt 

et al., 2018). Since RyRs can influence firing rates in a heterogeneous manner, it is 

important to understand the role of these and other intracellular Ca2+ channels in circuit 

level firing activity and rhythmicity.

The goal of this study was to understand whether there exists systematic circadian regulation 

of Ca2+ current, and how this may regulate action potential rhythmicity in SCN. To address 

this, we comprehensively assessed the circadian regulation of each of the major Ca2+ current 

subtypes under equivalent whole-cell recording conditions from acute SCN brain slices 

prepared during the day or during the night. The effects of pharmacological inhibition of 

VGCCs and intracellular Ca2+ channels were evaluated on both short-term multi-unit action 

potential activity and long-term rhythmicity using acute and cultured SCN slices, 

respectively. The results link observations at the membrane (macroscopic current levels), 

neuron (action potential firing), and circuit (rhythmicity), to establish the basic roles for each 

of the major Ca2+ current subtypes in SCN output.

METHODS

Ethical Approval and Animals

WT male and female C57BL/6J were used at 3–6 wk old (acute SCN slice experiments) or 

Postnatal day 4-5 (organotypic SCN cultures). Animals were housed on a standard 12:12-h 

light–dark cycle (for day timepoint harvests) or a reverse 12:12-h light–dark cycle (night). 

All procedures involving mice were conducted in accordance with the University of 

Maryland School of Medicine Animal Care and Use Guidelines and approved by the 

Institutional Animal Care and Use Committee (Protocol #1217011) Animals had access to 

food and water ad libitum. Animals were humanely killed by inhalation of saturating 

isoflurane vapor to sedation, followed by decapitation and exsanguination. The experiments 

in this study conform to the guidelines for the use of animals presented in Grundy (2015).

Acute SCN slice preparation and electrophysiology

Mice were sacrificed 1-3 hrs after lights on (zeitgeber time, ZT1-3) for day recording 

timepoints or under red light illumination 2-4 hrs after lights off (ZT14-16) for night 

recording timepoints, as described previously (Whitt et al., 2018). Brains were rapidly 

removed and placed in ice-cold sucrose-substituted saline containing (in mM): 1.2 MgSO4, 

26 NaHCO3, 1.25 Na2HPO4, 3.5 KCl, 3.8 MgCl2, 10 glucose and 200 sucrose. Coronal 

slices were cut at 300 μm on a VT1000S vibratome (Leica Microsystems, Wetzlar, 

Germany) at 3–4 °C. Slices containing SCN were recovered for 1-3 h at 25 °C submerged in 

oxygenated artificial cerebrospinal fluid (ACSF) (in mM: 125 NaCl, 1.2 MgSO4, 26 

NaHCO3, 1.25 Na2HPO4, 3.5 KCl, 2.5 CaCl2 and 10 glucose (300-305 mOsM). Slices 

containing SCN were transferred to the recording chamber (RC26GLP/PM-1; Warner 

Instruments, Hamden, CT, USA) with gravity flow bath perfusion of 1-2 ml min−1 

oxygenated ACSF at 25 °C. Neurons were visualized with a Luca-R DL-604 EMCCD 

camera (Andor, Belfast, UK) under IR-DIC illumination on an FN1 upright microscope 

(Nikon, Melville, NY, USA). Recordings were made from cells in the center of the SCN, 

with cell capacitances ranging from 5-11 pF. Recording windows were at the peak (ZT4-8) 
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and nadir (ZT17-21) of the circadian rhythm in spontaneous action potential firing, 

corresponding to the ‘day’ and ‘night’ time points, respectively.

Whole-cell current- and voltage-clamp recordings were made with a MultiClamp 700B 

amplifier, 1440 Digidata and pCLAMP v10.3 software (Molecular Devices, Sunnyvale, CA, 

USA). Data were acquired at a 50 or 100 kHz sampling rate for voltage and current clamp 

mode, respectively, and online filtered at 10 kHz. A standard P/4 leak subtract protocol was 

used for whole-cell voltage-clamp recordings. Drugs were focally perfused to the bath at a 

flow rate of 1 mL min−1 via gravity flow at the final concentrations indicated.

Ca2+ currents were recorded in whole-cell voltage-clamp mode using borosilicate glass 

electrodes (4-7 MΩ, Sutter Instruments, Novato, CA, USA) filled with internal solution of 

(in mM): 115 Cs-methanesulfonate, 10 tetraethylammonium chloride (TEA-Cl), 10 HEPES, 

0.5 EGTA, 2 MgCl2, 20 sodium phosphocreatine, 2 Na2ATP, and 0.3 Na3GTP, pH 7.3 (~280 

mOsM). The bath ACSF was (in mM): 68 NaCl, 3.5 KCl, 1 NaH2PO4, 26.2 NaHCO3, 1.3 

MgSO4, 2.5 CaCl2, 10 glucose, 60 TEA-Cl, and 3 CsCl (pH 7.4) (~300 mOsM). Total 

voltage-activated inward currents were recorded in 1 μM tetrodotoxin before and during 

focal perfusion of Ca2+ channel inhibitors. Post-inhibitor currents were recorded 4 mins 

after drug wash-on. A 10-15-minute wash-out was applied between cells. For the standard 

voltage step protocol, currents were elicited from a holding potential of −90 mV, stepping 

from −100 to 50 mV for 150 ms in 10-mV increments. Action potential commands were 

delivered from a holding potential of −150 mV to remove inactivation. The day waveform 

stepped to the inter-spike potential (−48 mV) with a sequence of three action potentials 

(Peak, 8 mV; t½, 10 ms; and afterhyperpolarization (AHP)/antipeak, −54 mV). The night 

action potential command stepped to inter-spike potential (−51 mV) with a sequence of three 

action potentials (Peak, 0.9 mV; t½, 3.9 ms; and AHP/antipeak, −57 mV). Calcium current 

subtypes were isolated by subtracting currents in the presence of respective Ca2+ channel 

inhibitors from baseline (total Ca2+) currents prior to drug application. Three current 

responses were averaged per cell and normalized to cell capacitance. Voltage values were 

adjusted for the liquid junction potential (9 mV). Ra was <25 MΩ with less than ±5% change 

(on average ∼15 MΩ). Rs was compensated at 60%.

Action Potential Recordings and Calcium Oscillations

In whole-cell current-clamp mode, calcium-dependent membrane potential oscillations were 

recorded in chronic bath TTX (1 μM) application with pipette solution (in mM): 123 K-

methanesulfonate, 9 NaCl, 0.9 EGTA, 9 HEPES, 14 Tris-phosphocreatine, 2 Mg2+-ATP, 0.3 

Tris-GTP, and 2 Na2+-ATP with osmolality of ~310 mOsM, and pH adjusted to 7.3 with 

KOH) and ACSF bath solution (in mM): 125 NaCl, 26 NaHCO3, 10 glucose, 3.5 KCl, 2.5 

CaCl2, 1.25 Na2HPO4, and 1.2 MgSO4 with osmolality adjusted to ~300 mOsM with 

glucose). Nimodipine (10 μM) was applied chronically to the bath as indicated. Data were 

acquired in current-clamp mode in 10-s sweeps at the cell’s resting membrane potential 

(spontaneous oscillations) and at a series of holding voltages from −60mV to 0 mV, in 10 

mV increments (voltage-dependent oscillations). Membrane potential oscillations were 

defined as >5 mV change in membrane potential (peak to trough) at a frequency of >0.2 Hz. 

Representative traces were filtered at 2 kHz.
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Extracellular action potentials were recorded as multi-unit activity in current clamp mode 

with electrodes (10-40 MΩ) filled with 2 M NaCl. Action potentials were recorded for 0.5 to 

1-minute sweeps at a sampling rate of 50 kHz and filtered at 1 kHz. Firing frequency was 

determined by threshold-based templates using Clampfit v10.3 software (Molecular Devices, 

Sunnyvale, CA, USA), setting the threshold >50% above the noise. Baseline action potential 

frequencies were recorded in ACSF alone, and Ca2+ channel inhibitors were bath-applied 

individually by gravity perfusion.

Organotypic SCN culture and MEA Recordings

Coronal sections (300 μm) were prepared from P4-5 brains with a manual tissue slicer 

(Stoelting, Wood Dale, IL, USA) in ice-cold dissection media: Bicarbonate-free DMEM 

(Gibco; 12100-046), 10 mM HEPES (pH 7.2), 100 U/mL Penicillin/Streptomycin 

(Mediatech, Manassas, VA, USA; 30-002-CI), 2 mM L-glutamine (Mediatech, Manassas, 

VA, USA; 25-005-CI). Slices containing the rostro-caudal center of the SCN were plated 

directly onto multi-electrode array (MEA) probes (Alpha MED Scientific Inc., Osaka, Japan; 

MED-P210A), prepared with 0.01% polyethyleneimine (PEI;Sigma, Darmstadt, 

Germany;P3143) as per the manufacturer’s instructions (MEA preparations (2017), available 

at http://www.med64.com/documentation/) and pre-coated with 500 μL of 0.1 mg/mL 

collagen from calf-skin overnight (Sigma, Darmstadt, Germany;C8919) as described 

(Montgomery et al., 2013; Whitt et al., 2016).Organotypic SCNs were cultured as interface 

explants in 300 μL of culture media in a 5% CO2 incubator at 37°C as described 

(Montgomery et al., 2013; Whitt et al., 2016). Culture media contained: 50% MEM (Gibco, 

Gaithersburg, MD, USA; 11095-080), 25 mM HEPES (pH 7.2), supplemented with 25% 

horse serum (Gibco, Gaithersburg, MD, USA; 16050-130), 100 mg glucose, 100 U/mL 

Penicillin/Streptomycin (Mediatech, Manassas, VA, USA; 30-002-CI), and 2 mM L-

glutamine (Mediatech, Manassas, VA, USA; 25-005-CI). Media was changed every 48 hours 

for the first 8 days in culture, and every 72 hours thereafter (50% volume exchange). 20 μM 

cytosine β-D-arabinofuranoside (Ara-C, Sigma, Darmstadt, Germany; C6645) was added to 

the culture media on day 2 to inhibit glial cell growth. Extracellular action potential 

recordings were performed at days 10-24 in culture using a MED64-Plex8 system (Alpha 

MED Scientific Inc., Osaka, Japan). Spontaneous action potential activity was acquired from 

5 sec sweeps every 5 minutes, for 3 days of baseline and 3 days after drug application. Data 

were acquired with low cut frequency 100 Hz and high cut frequency 10000 Hz (Mobius 

vWin7, Alpha MED Scientific Inc., Osaka, Japan), and firing frequency was determined 

from each 5 second sweep using a threshold-based counting at ~1.5X the level of baseline 

noise (typically between −10 to −25 μV). Drugs or vehicle controls were added to the 

culture media along with a 50% media exchange applied during the middle of the third 

trough in baseline activity (identified based on the timing of the second trough in baseline 

activity). Drugs were diluted to 2X the working concentration in culture media, pre-warmed 

in a 5% CO2 incubator at 37°C, and was then used for a 50% media exchange to achieve a 

final working concentration of 1X.

Drugs

Drugs were used at final concentrations of 1 μM tetrodotoxin (TTX; Alomone Labs, 

Jerusalem, Israel; T-550), 10 μM Nimodipine (Alomone Labs, Jerusalem, Israel; N150), 10 
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μM dantrolene (Dan; Sigma, Darmstadt, Germany; D9175), 1 μM cyclopiazonic acid (CPA; 

Alomone Labs, Jerusalem, Israel; C-750), 3 μM ω-conotoxin GVIA (ConoGVIA; Alomone 

Labs, Jerusalem, Israel; C-300), 3 μM ω-conotoxin MVIIC (ConoMVIIC; Alomone Labs, 

Jerusalem, Israel; C-150), 200 nM ω-agatoxin IVA (AgaIVA;Alomone Labs, Jerusalem, 

Israel; STA-500), 1 μM TTA-P2, (TTAP2;Alomone Labs, Jerusalem, Israel; T-155), 200 μM 

CdCl2 (Cd2+; Sigma; 529575), 30 μM NiCl2 (Ni2+; Sigma; 22387), and 5 μM Bay K8644 

(Bay K; Sigma, Darmstadt, Germany; B133). Stocks (1000X) were prepared in DMSO 

(Nim, Dan, CPA, TTAP2, Bay K) or water (TTX, ConoGVIA, ConoMVIIC, AgaIVA, Ni2+, 

Cd2+) and stored at −20°C.

Data Analysis and Statistics

Data were not collected or analyzed blinded. For voltage-clamp experiments, current-voltage 

relationships were constructed from the peak of the macroscopic current at each voltage. 

Inactivation was measured by normalizing the steady-state current (at 150 ms) to the peak 

current value (Isteady-state/IPeak). Action potential-evoked current was determined from the 

second of three action potential commands, from a 1 ms window at the peak of the 

waveform. For current-clamp recordings in acute slices, extracellular firing frequency was 

determined from 30 s sweeps.

In MEA experiments, recording electrodes located within the boundaries of the SCN were 

identified with bright field optics at 4X magnification. For circadian rhythm analysis, a 2-

hour moving window average was applied to smooth the raw data and plotted as frequency 

versus time. Recordings within the SCN were determined to be rhythmic if there was one 

circadian peak per 24-hr cycle (across 3 cycles), with the average peak value being ≥3 Hz 

above the trough value. Recordings that failed these criteria were classified as arrhythmic. 

Only the slices exhibiting rhythmic activity from ≥70% of electrodes within the SCN during 

baseline recordings were used for experiments. Period was calculated as the time interval 

between the daily peaks in action potential activity. The χ2 amplitude was determined from 

periodograms plotted from 3 cycles of baseline data and 3 cycles of data after drug 

application (two peaks and 3 troughs for each segment; (ClockLab, Actimetrics, Wilmette, 

IL, USA). The circadian amplitude is reported as the highest χ2 periodogram peak value 

above the 99% confidence interval corresponding to the period length manually calculated 

for each slice in baseline and post-drug or vehicle control conditions. For each slice, the χ2 

amplitude of the circuit was measured from all electrodes within the SCN (rhythmic and 

arrhythmic). The χ2 amplitude was also separately calculated from only the rhythmic 

recordings within the SCN.

All data are reported in figures as mean ± SEM. For voltage-clamp and action potential 

recordings, the number of neurons is reported in the figure legends and used to generate the 

statistical comparison. Data for each condition was derived from a minimum of two animals, 

with one SCN slice per animal. All datasets passed tests for normality. Statistical 

significance was determined at P <0.05 by using the following tests in Prism v8.0 (Graphpad 

Software, San Diego, CA, USA): Welch’s unpaired t-test was used for pairwise comparisons 

of day versus night values for each Ca2+ current subtype at a single voltage (Fig. 2I, 3C, 4D 

and 6F), Fisher’s exact test was used for categorical data (i.e., number of neurons exhibiting 
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spontaneous calcium oscillations for day versus night), and one-way ANOVA with 

Bonferroni post-hoc was used to compare control extracellular firing frequency to 

frequencies with Ca2+ channel inhibitors (Fig. 7B and C).

Paired Student’s t-tests were used to compare MEA rhythm parameters before and after 

Ca2+ channel inhibitor application (Fig. 8G–I). Both the number of recordings and number 

of slices are reported in the figure legends. For MEA data, the number of n’s for statistical 

comparison is the number of slices, where the value for each slice represents the average of 

the recordings obtained from each slice.

RESULTS

Analysis of day versus night voltage-gated Ca2+ currents in SCN

To determine the magnitude and properties of voltage-gated Ca2+ currents, voltage-clamp 

recordings were performed from acute SCN slices prepared from mouse brains during the 

day (ZT4-8) and night (ZT17-21). Cells from the central region of the SCN were recorded in 

whole-cell configuration in the presence of 1 μM TTX and 60 mM TEA to inhibit voltage-

gated Na+ and K+ channels, with 2.5 mM extracellular Ca2+ and 0.5 mM EGTA in the 

internal solution. Under these conditions, robust inward Ca2+ currents are observed in 

response to depolarizing voltage steps greater than −60 mV (Fig. 1A and B). These inward 

currents had maximal amplitudes ranging from 170 to 670 pA and were blocked by 200 μM 

Cd2+. The maximum total inward and Cd2+-sensitive currents peaked at −10 to 0 mV, both 

during the day and at night, and showed a rapid activation and a relatively slow inactivation.

To broadly distinguish different Ca2+ channel subtypes present in SCN neurons, selective 

antagonists were applied individually, and the drug-sensitive current was isolated for each 

cell. The antagonists were expected to block effectively all the current from each Ca2+ 

channel subtype since these drugs were focally applied at 133–4500X the IC50 values (Mintz 

et al., 1992; Boland et al., 1994; Marchetti et al., 1995; Randall & Tsien, 1995; McDonough 

et al., 1996; Tottene et al., 1996; Zamponi et al., 1996; Lewis et al., 2000; Cloues & Sather, 

2003; Dreyfus et al., 2010). During the day, partial Ca2+ current inhibition was obtained 

with individually applied 10 μM Nimodipine (an L-type Ca2+ channel inhibitor), 3 μM ω-

conotoxin MVIIC (ConoMVIIC, N/P/Q-type), 3 μM ω-conotoxin GVIA (ConoGVIA, N-

type), 200 nM ω-agatoxin IVA (AgaIVA, P/Q-type), 30 μM Ni2+ (R-type), and 1 μM TTA-

P2 (TTAP2, T-type) (Fig. 1C). While Nimodipine, ConoMVIIC/GVIA, and AgaIVA are 

generally selective for the indicated Ca2+ channel subclasses, Ni2+ is a less selective 

inhibitor of R-type current. However, no significant current reduction was found with 

application SNX-482 (200 nM, n=3), which more selectively inhibits CaV2.3 R-type 

channels (Newcomb et al., 1998). The lack of SNX-482-sensitive Ca2+ current is consistent 

with previous observations in daytime SCN neurons (Cloues & Sather, 2003). Low 

concentrations of Ni2+ can inhibit a small portion of L-type current (Cav1.2)(Zamponi et al., 

1996) and one T-type channel isoform (Cav3.2)(Lee et al., 1999), but SCN neurons do not 

appear to express the Ni2+ sensitive T-type isoform (Talley et al., 1999). Ni2+ (30 μM) is not 

expected to inhibit N- or P/Q-type currents. Mibefradil caused some inhibition of L-type 

current (500 nM, n=3), reducing the utility of this T-type inhibitor. TTAP2 was used as a 

selective inhibitor for T-type channels (IC50 = 22 nM)(Dreyfus et al., 2010). Overall, the 
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reduction in current with each inhibitor suggests the presence of all the major subtypes of 

Ca2+ currents in SCN neurons. The largest components of the daytime current were sensitive 

to Ni2+ and ConoGVIA (Fig. 1B and C), ranging from 11-73% and 22-57% and of the total 

current across cells, respectively. This was followed by contributions of Nimodipine-

sensitive (13-60% of the total daytime Ca2+ current), and AgaIVA-sensitive (9-42%) (Fig. 

1B and C) currents. In contrast, few cells exhibited a TTAP2-sensitive current (27%, n=22 

cells recorded). These data show that high voltage activated R-, N-, and L-type channels 

comprise the largest components of the total Ca2+ current during the day in all SCN neurons, 

while low voltage-activated T-type channels are not as ubiquitous.

At night, Ca2+ currents were sensitive to the same antagonists. Similar to daytime cells, the 

largest component of the nighttime current was also sensitive to Ni2+ (Fig. 1B and C), 

ranging from 27-73% of the total current across cells. This was followed by contributions 

the TTAP2-sensitive (23-47%), ConoGVIA-sensitive (11-39%), AgaIVA-sensitive (9-30%), 

and Nimodipine-sensitive (9-36%) currents. Even though the nighttime T-type current 

comprised a larger portion of the total Ca2+ current compared to day, there were still limited 

numbers of cells exhibiting a TTAP2-sensitive current at night (18%, n=49)(Fig. 1B and C). 

Thus, at night, like during the day, R-type channels comprise the largest component of the 

total Ca2+ current. Yet unlike daytime recordings, T-type current makes a slightly larger 

contribution than the other Ca2+ current subtypes.

Taken together, these data demonstrate the presence of several different subtypes of Ca2+ 

channels in SCN neurons. Except for TTAP2-sensitve current, antagonist-sensitive Ca2+ 

currents were obtained readily from most neurons at either time of day, suggesting that L-, 

N-, P/Q-, and R-type currents are present in all SCN neurons. The proportion of the total 

Ca2+ current sensitive to each antagonist differed across cells, suggesting significant 

heterogeneity in the channel subtypes underlying these currents. In addition to variation 

between cells, the relative contribution of each current subtype to the total cellular Ca2+ 

current also varied between day and night.

L-type currents are diurnally regulated in SCN

To address whether the average Ca2+ current subtype contribution differed as a result of 

circadian regulation, the antagonist-sensitive current magnitudes were compared between 

day and night. Across a large number of cells, no gross diurnal difference in the peak inward 

current in the presence of TTX was observed (Fig. 2A, I). Isolation of the voltage-gated 

Ca2+ current with Cd2+ showed a slightly higher peak current density during the day, but this 

difference was not statistically significant (Fig. 2B and I). To further analyze whether any 

individual Ca2+ channel subtype might exhibit a more robust diurnal difference, specific 

subclasses were investigated using the selective inhibitors. Similar to prior studies (Pennartz 

et al., 2002; Whitt et al., 2018), the Nimodipine-sensitive current was found to exhibit a 

significant day versus night difference in magnitude, with larger currents during the day 

(Fig. 2C and I). On average, the daytime Nimodipine-sensitive current was twice as large as 

the nighttime current (−16 ± 2 pA/pF versus −8 ± 1 pA/pF; P=0.002). Interestingly, the peak 

of the current-voltage relationship shifted between day (−10 mV) and night (0 mV). In 

contrast, no other Ca2+ current subtypes displayed a measurable day versus night difference 
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in current magnitude, or between the peaks of the current-voltage relationships (Fig. D-I). 
Current levels were as follows for AgaIVA- (−9 ± 2 versus −7 ± 1 pA/pF), ConoGVIA- (−15 

± 2 versus −12 ± 2 pA/pF), Ni2+- (−15 ± 2 versus −15 ± 2 pA/pF), or TTAP2-sensitive (−6 ± 

2 versus −9 ± 2pA/pF) currents.

In addition to activation of the current, measured at the peak current level obtained from the 

beginning of the activating voltage step, inactivation of each Ca2+ current subtype was also 

assessed. Inactivation was quantified as the ratio of the steady-state current at the end of the 

150 ms voltage step to the initial peak current (ISS/Ipeak). Inactivation did not vary between 

day and night for the Nimodipine-sensitive current (Fig. 3A). Both the voltage-dependence 

of inactivation (Fig. 3B), as well as the inactivation at the peak of the current voltage 

relationship were similar (Fig. 3C, ISS/Ipeak: 0.45 ± 0.03 versus 0.45 ± 0.04). These results 

support that the larger L-type current during the day was due to increased activation of the 

current at the peak, not differences in inactivation. Furthermore, inactivation of the N, P/Q, 

R, and T-type components did not vary diurnally (Fig. 3C).

The day versus night current properties were further probed by using SCN action potential 

waveforms to elicit Ca2+ currents. These commands vary in the membrane potential and t½ 

values (Fig. 4A), providing a mechanism for assessing the differences in Ca2+ current during 

the typical spontaneous neuronal activity exhibited by SCN neurons. The action potential 

commands elicited measurable current responses from each subtype, showing the ability of 

single action potentials to activate Ca2+ channels in SCN neurons. Similar to the peak 

current from standard voltage steps, the Cd2+-sensitive current was larger from the daytime 

action potential command (Fig. 4B and C). Moreover, the ConoGVIA-, but not the 

Nimodipine-sensitive (−8 ± 1 and −7 ± 1 pA/pF), action potential-evoked currents were 

found to be larger during the day compared to night (Fig. 4C and D). In contrast, the Ni2+-

sensitive action potential-evoked current was actually higher at night (Fig. 4D). This 

suggests that under physiological conditions where a dynamic membrane voltage is 

encountered, the diurnal difference in Ca2+ current subtypes may be more complex than 

predicted from step voltage commands.

Subthreshold membrane properties have also been reported to vary between day and night in 

SCN neurons (Pennartz et al., 2002). In current-clamp mode in the presence of TTX to block 

firing, 20% of cells exhibited spontaneous membrane potential oscillations during the day 

(n=10/48) compared to 8% at night (n=3/36) (Fig. 5A and B). When the membrane potential 

was varied between −60 and 0 mV, additional cells were able to generate oscillations (35%, 

n=17/48 during the day and 19%, n=7/36 at night). Consistent with previous observations 

(Pennartz et al., 2002; Jackson et al., 2004), no oscillations were observed in 10 μM 

Nimodipine (n=0/17 during the day and n=0/17 at night), implicating LTCCs as the source 

of the oscillation (Fig. 5A and B). These data demonstrate that SCN cells also displayed 

another aspect in the diurnal modulation of L-type Ca2+ current. In addition to a diurnal 

difference in current magnitude in voltage-clamp, there are diurnal differences in 

spontaneous Ca2+ channel activity that produce oscillatory membrane behavior.

Lastly, the mechanism of the diurnal difference in the macroscopic L-type current magnitude 

in voltage-clamp mode was investigated. To address whether L-type channels might be 
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removed from the cell membrane to produce the decrease in the Nimodipine-sensitive 

current observed at night, the sensitivity of the Ca2+ current to the L-type agonist Bay K was 

assessed (Fig. 6). In this experiment, a reduction in L-type channels would result in a 

reduced effect of Bay K on the current magnitude. We found that Bay K increased the Ca2+ 

current, both during the day and at night. This increased current was plotted as the Bay K-

sensitive current (Fig. 6A–D). Notably, the Bay K-sensitive current was not different in 

magnitude of the peak, or the current-voltage relationship, between day and night (Fig. 6F). 

Even normalizing to the total Ca2+ current to account for any cell to cell differences, Bay K 

still produced similar current ratios at both timepoints, increasing the current by 16 ± 4% 

during the day and 13± 2% during the night (Fig. 6F). Generally, the lack of a nighttime 

reduction in the Bay K-sensitive current suggests that nighttime channels can produce as 

much current as daytime channels, arguing against the idea that L-type channels are 

substantially removed from the membrane at night. Furthermore, because the relative L-type 

current magnitude is lower at night, the ratio of the Bay K current to the Nimodipine-

sensitive current was actually enhanced at night (Fig. 6G).

Role of VGCCs in SCN firing and rhythms

To identify which Ca2+ channel subtypes are involved in action potential firing, and whether 

the same Ca2+ channels affect action potential frequency during the day versus night, 

spontaneous action potential frequency was recorded in extracellular mode from acute SCN 

slices. During the day, SCN neuronal firing exhibited a significant decrease with pan-VGCC, 

L-, N-, P/Q-, and R-type channel inhibitors compared to daytime control (Cd2+; −72 ± 9%; 

Nimodipine, −26 ± 9%; ConoGVIA, −64 ± 8%; AgaIVA, −68 ± 8%; and Ni2+, −48 ± 8%)

(Fig. 7A and B). In contrast, during the night, when firing rate is relatively low, the only 

VGCC inhibitor that significantly affected nighttime action potential frequency was the 

nonspecific VGCC inhibitor Cd2+ (−60 ± 18%). Other VGCC inhibitors did not affect 

nighttime action potential frequency (Fig. 7A and C). TTAP2 did not significantly affect 

action potential frequency in either day or night, suggesting T-type Ca2+ currents are not 

major mediators of action potential frequency in the SCN. These data identify that L-, N-, 

P/Q-, and R-type Ca2+ channel contributions to spontaneous firing in SCN neurons are 

daytime-specific.

Ca2+ channel subtypes that regulate action potential frequency at the cellular level have the 

potential to shape circadian rhythms in firing rate within the circuit. To test this, extracellular 

action potential activity from organotypic SCN slices grown on multi-electrode arrays were 

recorded continuously for 6 days. The day versus night difference in firing is manifest as a 

sinusoidal oscillation in frequency that is synchronized across the SCN. The number of 

recording electrodes within the SCN ranged from 9 to 28 for each slice. Rhythmic activity in 

the SCN was assessed from 3 days of baseline and compared to 3 days of activity in the 

presence of Ca2+ channel inhibitors. Circadian parameters included the percentage of 

rhythmic recordings, period length, and rhythm amplitude (peak of the χ2 periodogram). 

Between slices, there is some variability in the frequency of the multi-unit activity recorded 

on MEAs. However, there were no significant differences in rhythmic parameters at baseline 

between the baseline controls, including the percentage of rhythmic recordings and χ2 

amplitude of the circuit (Fig. 8G and H; P>0.05; One-way ANOVA). In addition, application 
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of a vehicle control (culture media alone, or culture media containing DMSO (<0.01%) had 

no effect on rhythmic parameters compared to baseline recordings (Fig. 8A, G–I). However, 

several VGCC inhibitors significantly decreased the rhythmicity of SCN firing activity. 

Compared to their respective baselines, the percentage of rhythmic recordings was decreased 

following the application of Nimodipine (−19±6%), ConoGVIA (−17±6%), AgaIVA 

(−28±5%) and Ni2+ (−29±7%)(Fig. 8B–I). Consistent with this decrease in the number of 

rhythmic recordings, the circadian amplitude of the entire circuit (χ2 amplitude calculated 

from all electrodes within the SCN) was decreased after drug application for Nimodipine 

(−50±20%, P=0.04), ConoGVIA (−51±18%, P=0.04), AgaIVA (−63±14%, P=0.01), and 

Ni2+ (−48±20%, P=0.04) compared to baseline. These data corroborate that alterations in 

neuronal firing rates lead to altered circuit rhythmicity.

To understand in greater detail whether the portion of circuit activity that remained rhythmic 

in the presence of each Ca2+ channel inhibitor was normal, or whether this portion of the 

circuit activity also exhibited degraded rhythmicity, an additional analysis restricted to only 

the rhythmic recordings that persisted in the presence of the respective Ca2+ channel 

inhibitors was conducted. This analysis revealed that the χ2 amplitude was similarly 

decreased in Nimodipine (−50±20%), ConoGVIA (−40±13%), AgaIVA (−47±14%) and 

Ni2+ (−42±16%) compared to baseline (Fig. 8H). However, Nim, ConGVIA, AgaIVA, and 

Ni2+ did not affect period length (Fig. 8I). Taken together, these data suggest that altered 

firing activity with inhibition of L-, N-, P/Q-, and R-type channels disrupts the robustness of 

the circadian rhythm (amplitude), but not the basic periodicity of the rhythm. In contrast, 

TTAP2 had no effect on the percentage of rhythmic recordings, circuit χ2 amplitude, 

rhythmic χ2 amplitude, or period length (Fig. 8G–I), consistent with the result that 

inhibition of T-type channels had no effect on extracellular action potential frequency during 

the day or night.

Since the L-type Ca2+ current exhibits diurnal modulation in its levels, we also tested 

whether aberrant activation of L-type channels throughout the circadian cycle by application 

of Bay K would disrupt action potential rhythmicity as well. Bay K decreased the percentage 

of rhythmic recordings (−37±8%), χ2 amplitude of the entire circuit (−67±20%, P=0.04), 

and χ2 amplitude of the remaining rhythmic recordings (−62±19%) (Fig. 8G and H). 

However, Bay K had no effect on period length compared to baseline recordings (Fig. 8I). 

This result suggests that not only the function of L-type channels, but the diurnal modulation 

of current levels, may be required for maintaining proper circuit rhythm amplitude.

Role of intracellular Ca2+ channels in SCN firing and rhythms

Intracellular Ca2+ channels do not produce membrane currents, but have previously been 

shown to be involved in modulating firing rate in SCN neurons (Aguilar-Roblero et al., 

2007; Aguilar-Roblero et al., 2016; Whitt et al., 2018). We therefore tested the effects of 

blocking release of Ca2+ from intracellular stores with two inhibitors. Dantrolene (Dan, 10 

μM) is expected to selectively inhibit ryanodine receptors (RyRs)(IC50 = 0.16 μM for 

isoforms RyR1 and RyR2) and decrease Ca2+-induced Ca2+ release from intracellular stores 

by 50-60% (Oo et al., 2015). Cyclopiazonic acid (CPA, 10 μM), a selective and potent 

inhibitor of SERCA-ATPase, is expected to disrupt Ca2+ re-uptake into the endoplasmic 
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reticulum and inhibit Ca2+-induced Ca2+ release from intracellular stores (de Juan-Sanz et 

al., 2017).

In this study, daytime action potential firing was slightly decreased in the presence of 

intracellular Ca2+ channel inhibitors (Dan, −30 ± 9% and CPA −26 ± 9%)(Fig. 7A and B)). 

In contrast, nighttime firing increased in Dan (+101±15%) and CPA (+122±16%) (Fig. 7A 

and C). This data shows that unlike VGCC subtypes, which have daytime-specific effects on 

firing, intracellular Ca2+ channels (RyRs), or intracellular Ca2+ stores can influence action 

potential firing in both day and night.

Despite the effect of Dan and CPA on extracellular action potential frequency in acute SCN 

slices, these inhibitors had no effect on the percentage of rhythmic recordings or the χ2 

amplitude of the circuit (Fig. 8G and H). However, Dan did increase the period length by 

1.5±0.5 hrs compared to baseline (Fig. 8I). CPA application did not corroborate the effect on 

period, raising the possibility that homeostatic regulatory mechanisms controlling 

intracellular Ca2+ , or a resulting disruption of endoplasmic reticulum protein processing, 

may be engaged with the chronic depletion of intracellular Ca2+ stores over 3 days with CPA 

treatment. This possibility may also factor into the discrepancy between the acute effects of 

Dan on firing rate, which is to reduce firing during the day and increase it at night, and the 

effect of chronic treatment over 3 cycles in MEA recordings. Thus, although it is clear that 

intracellular Ca2+ channels regulate firing, their role in rhythmicity is still less than 

conclusive.

DISCUSSION

In this study, we used whole-cell and extracellular electrophysiological recordings to define 

the inward L-, N-, P/Q-, R-, and T-type Ca2+ currents present in SCN neurons during the day 

and night and their role in action potential firing. Macroscopic currents showed significant 

heterogeneity in magnitude for each subtype and variability in the relative contribution to the 

total Ca2+ current at both times of the cycle. Although it was previously shown that the L-

type current magnitude, and nimodipine-sensitive subthreshold membrane potential 

oscillations, are greater during the day in SCN neurons (Pennartz et al., 2002; Whitt et al., 

2018), it was not clear whether other Ca2+ current subtypes also exhibited circadian 

regulation and how much each subtype contributes to the total Ca2+ current, or modulation 

of firing rate, between day and night. We found that L-, N-, P/Q-, and R-type Ca2+ currents 

broadly facilitate the higher frequency spontaneous firing observed in daytime SCN neurons, 

with little effect at night. Furthermore, although Ni2+-sensitive currents comprised the 

largest proportion of total VGCC current, the currents did not grossly vary in magnitude 

between day and night, suggesting R-type currents are not circadianly regulated. There is no 

evidence that N- or P/Q-type Ca2+ currents are circadianly regulated either. Although it was 

reported that T-type currents were larger in early night in retinorecipient SCN neurons (Kim 

et al., 2005), these currents were rare and a diurnal difference was not broadly established in 

the general population of SCN neurons in this study. The systematic interrogation under the 

same conditions support the conclusion that the underlying circadian modulation of the L-

type Ca2+ current is singular among the different subtypes, despite the similarly daytime-

restricted roles for N-, P/Q-, and R-type channels in facilitating action potential firing. This 
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finding raises important questions concerning how rhythmic firing is produced, challenging 

assumptions that the contributing channel components must be distinct in their current levels 

between day and night.

In this study and others, Nimodipine-sensitive Ca2+ current is about twice as large during the 

day compared to night (Pennartz et al., 2002; Whitt et al., 2018). The mechanism of the 

underlying circadian regulation of the L-type current is not yet known. Although L-type 

transcripts had the highest abundance in SCN among the different subtypes (Nahm et al., 

2005), there is no definitive evidence demonstrating a daytime-phase increase in Cav1-

family channel transcript or protein expression, which underlie the L-type current. Two L-

type channel subtypes (Cav1.2 and Cav1.3) are expressed in the SCN (Nahm et al., 2005) 

and are subject to transcriptional regulation via alternative splicing (Cav1.2)(Partridge & 

Carter, 2017) and RNA-editing (Cav1.3)(Huang H, 2012). However, Cav1.2 has 

incongruently been reported to peak during the late night (Schmutz et al., 2014), not during 

the day when current magnitude is highest. Related to this, we found that Bay K, a selective 

agonist of L-type channels, could increase nighttime current to the same levels as day. A 

simple interpretation of this data is that the nighttime decrease in L-type current is not due to 

a significant reduction in L-type channels on the membrane at night, which would be 

expected to reduce the effect of Bay K. There is a similar incongruence with the expression 

profile for other transcripts also failing to match the lack of day versus night difference in 

current levels. For example, P/Q- and T-type channels expression exhibit peaks at CT12 

(Nahm et al., 2005). The discrepancies reveal the need for more detailed studies addressing 

molecular basis for the diurnal modulation of Ca2+ current levels and how the time-of-day 

specific roles in action potential firing are produced.

Cav1.3 could also contribute to the L-type current. Cav1.3 transcripts have been proposed to 

undergo RNA editing in SCN, a modification which affects Ca2+-dependent inactivation 

(Huang H, 2012). Experiments presented here corroborate previous work showing the 

daytime increase was observed in the peak current activation and was not due to circadian 

changes in channel inactivation (Pennartz et al., 2002), suggesting a potential role for Cav1.3 

editing may be to contribute to another aspect of channel function besides the diurnal 

regulation of current levels. One speculative role for Cav1.3 channels would be to generate 

the nimodipine-sensitive subthreshold membrane potential oscillations, as has been 

demonstrated for Cav1.3 channels in other cell types (Platzer et al., 2000; Vandael et al., 

2015).

The data in this study data connect alterations in neuronal firing rates to changes in circuit 

rhythmicity, a major output signal of the SCN. Nimodipine, ConoGVIA, AgaIVA and Ni2+ 

decreased rhythmicity, but did not affect the period of the rhythm, suggesting L-, N-, P/Q-, 

and R-type channels regulate SCN output but not the core clock time-encoding function. 

This finding is notable because it suggests that rhythmic current modulation is not required 

for certain Ca2+ channel subtypes to regulate circuit rhythmicity. Yet application of the L-

type Ca2+ channel activator BayK, which increased nighttime current levels, had a similar 

effect on firing rhythms when compared to Nimodipine. The latter result would suggest that, 

at least for L-type current, the day versus night current level is important for SCN 

rhythmicity.
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Additional evidence from animal studies also links specific Ca2+ channels with SCN outputs 

and behaviors. Genetic knockout of Cav1.2 reduced the ability of rats to adapt their 

behavioral rhythms, as well as clock gene Per1 expression, to light-induced phase advances 

(Schmutz et al., 2014). Nimodipine also abolished glutamate-induced phase advances in 

SCN slices (Kim et al., 2005). Moreover, genetic knockout of Cav2.2 (N-type channel) in 

mice caused behavioral hyperactivity and decreased sleep (Beuckmann et al., 2003). N-type 

channel antagonists abolished circadian rhythms in drinking behavior in rats (Masutani et 

al., 1995). P/Q-type channels have been shown to regulate GABA release, the major 

neurotransmitter in SCN (Chen & van den Pol, 1998). Genetic knockout of Cav3.1 (T-type 

channels) altered sleep/wake periods in mice (Lee et al., 2004). These studies suggest the 

Ca2+ channels that regulate firing rate and rhythmicity are also implicated in behaviors 

regulated by the circadian clock.

Intracellular RyR Ca2+ channels have also implicated in clock output. RyR activation with 

100 nM ryanodine in vivo shortened the period of locomotor activity in rats (Ding et al., 

1998; Mercado et al., 2009). Dysregulation of cytosolic Ca2+ homeostasis has furthermore 

been proposed to contribute to age-related deterioration of clock function (Farajnia et al., 

2015). However, from this study and others, it is less clear how Ca2+ release from 

intracellular stores contributes to SCN rhythmicity. RyR isoforms 1 and 2 (RyR1 and RyR2) 

have been identified in the SCN (Diaz-Munoz et al., 1999). RyR2 is the most abundantly 

expressed isoform, and RyR2 mRNA and protein are more highly expressed during the day 

(Diaz-Munoz et al., 1999; Pfeffer et al., 2009). However, inhibition of RyRs with Dan 

affected firing at both times of day. Unexpectedly, at the circuit level, this inhibitor had only 

a minor effect on action potential firing rhythms, suggesting the regulation of intracellular 

Ca2+ in SCN neurons is tightly controlled and disruptions in Ca2+ homeostasis are 

compensated for over time. This is the first study examining the effects of Dan for over a full 

circadian cycle. This evidence could suggest the changes in firing due to Dan are transient.

At least one membrane target connecting RyR Ca2+ release to the plasma membrane 

channels that regulate action potential activity has been identified, the BK Ca2+-activated K+ 

channel (Whitt et al., 2018). BK channels require RyRs for their Ca2+-dependent activation 

only at night. The increase in nighttime firing with Dan observed in acute slices, and 

elongation of the SCN firing period in organotypic slices is similar to results obtained with 

BK channel inhibitors (Meredith et al., 2006; Kent & Meredith, 2008). However, BK 

channel inhibition also produces a significant decrease in the percent of rhythmic recordings 

and decreased circadian amplitudes in MEA experiments (Kent & Meredith, 2008) that were 

not observed here. One potential explanation for the difference could be that chronic 

application of Dan, and the SERCA inhibitor CPA, caused homeostatic compensation in 

intracellular Ca2+ that precluded evaluating their long-term effects on firing. Additional 

experiments will be required to conclusively determine the role of RyRs in SCN firing 

rhythms, but such a role is suggested by the behavioral data.

In summary, we comprehensively assessed which currents had evidence for diurnal 

regulation, and the role of these subtypes in SCN action potential firing and rhythmicity. We 

found that diurnal regulation of macroscopic current magnitude was not a universal feature 

required to produce an effect on the circadian regulation of firing. Identification of L-type 
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Ca2+ channels, and unexpectedly N-, P/Q- and R-type channels as well, as necessary for 

SCN circuit rhythmicity, provides a new basis for the further investigation of their 

mechanisms for action potential regulation.
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Key Points Summary

• Circadian oscillations in spontaneous action potential firing in the 

suprachiasmatic nucleus (SCN) translates time-of-day throughout the 

mammalian brain.

• The ion channels that regulate the circadian pattern of SCN firing have not 

been comprehensively identified.

• Ca2+ channels regulate action potential activity across many types of excitable 

cells, and the activity of L-, N-, P/Q-, R-type channels are required for normal 

daytime firing frequency in SCN neurons and circuit rhythms.

• Only the L-type Ca2+current exhibits a day versus night difference in current 

magnitude, providing insight into the mechanism which produces rhythmic 

action potential firing in SCN.

McNally et al. Page 18

J Physiol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Relative contribution of voltage-gated calcium currents in the SCN.
Macroscopic voltage-activated calcium currents recorded in whole-cell voltage-clamp mode 

during the day or night. From a holding potential of −90 mV, currents were elicited from 

150-ms voltage steps in 10-mV increments. A, Representative total Ca2+ currents before 

(control) and after addition of Cd2+. B, Current-voltage relationships for the total Ca2+ 

current and Cd2+-sensitive components, versus L-, N-, P/Q-, R-, and T-type subtypes of the 

Ca2+ current (Cd2+-sensitive, 200 μM; Nimodipine-sensitive, 10 μM; ConoMVIIC-sensitive, 

3 μM; ConoGVIA-sensitive, 3 μM; AgaIVA-sensitive, 200 nM; Ni2+-sensitive, 30 μM; and 
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TTAP2-sensitive, 1 μM). One Ca2+ current subtype was isolated per cell by application of an 

inhibitor and subtraction from the baseline current (total Ca2+). C, The relative contribution 

of each inhibitor-sensitive current to the total Ca2+ current in day and night, calculated from 

the peak current. Due to the variation in current magnitudes from cell to cell (and 

overlapping specificities of the drugs), the sum of the individual inhibitors exceeds 100%. 

N’s are the number of neurons recorded (day, night): Cd2+ (12, 10), Nimodipine, (21, 20), 

ConoMVIIC (7, 7), ConoGVIA (11, 8), AgaIVA (17, 18), Ni2+ (9, 8), TTAP2 (4, 4). Data 

were obtained from 3–8 slices per condition as follows (# slices day, # slices night): Cd2+ (3, 

3), Nimodipine, (8, 8), ConoMVIIC (2, 2), ConoGVIA (4, 4), AgaIVA (7, 6), Ni2+ (3, 3), 

TTAP2 (2, 4). Total Ca2+currents were obtained at baseline from all recordings (n=96 

neurons in 35 slices for day and 82 neurons in 33 slices for night).
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Figure 2. Daytime Cd2+- and Nimodipine-sensitive currents are larger than nighttime currents.
A-B, Normalized day and night current density versus voltage relationships for total Ca2+ 

(A) and Cd2+ -sensitive (B) currents. C-H, Top panels: Representative peak currents for each 

subtype at voltages indicated in parentheses. Bottom panels: Normalized day and night 

current density versus voltage relationships. (C) Nimodipine-sensitive (−10 and 0 mV for 

day and night currents, respectively), (D) ConoMVIIC-sensitive (−10 mV, 0 mV), (E) 

ConoGVIA-sensitive (0 mV, 0 mV), (F) IVA-sensitive (0 mV, 0 mV), (G) Ni2+ -sensitive 

(−10 mV, −10 mV), and (H) TTA-P2-sensitive currents (−40 mV, −40 mV). I, Summary 
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graph of peak current density for day (open bar) and night (filled bar) for all inhibitors in A-

H. N’s for each condition are the number of neurons recorded and are identical to Figure 1. 

*The day versus night Nimodipine-sensitive current was significantly different (P=0.002, 

respectively; unpaired t-test).
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Figure 3. Comparison of macroscopic inactivation between day and night for different Ca2+ 

current subtypes.
A, Nimodipine-sensitive current inactivation from day and night SCN cells. Representative 

day and night traces at −10 mV, with equivalently scaled peaks to compare the macroscopic 

current decay. B, Voltage-dependence of inactivation (steady-state current (ISS) at 150 ms 

divided by peak current (IP) for day and night Nimodipine-sensitive Ca2+ currents. C, 

Summary of inactivation ratio for all VGCC subtypes. Current levels were taken from the 

peak voltage for each current (as in Fig. 2I). No significant differences between day and 

night were observed for any drug (unpaired t-test). N’s are the number of neurons recorded 
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(day, night): Cd2+-sensitive current (n=12, 10), Nimodipine-sensitive (16, 18), ConoMVIIC-

sensitive (7, 7), ConoGVIA-sensitive (11, 8), AgaIVA-sensitive (15, 17), Ni+-sensitive (9, 8), 

and TTAP2-sensitive (4, 3). Data were obtained from 2–8 slices per condition as follows (# 

slices day, # slices night): Cd2+ (3, 3), Nimodipine, (8, 8), ConoMVIIC (2, 2), ConoGVIA 

(5, 5), AgaIVA (7, 7), Ni2+ (4, 4), TTAP2 (2, 3).
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Figure 4. Action potential evoked Ca2+ currents from day and night SCN cells.
A, Action potential voltage commands recorded from SCN neurons during the day and night 

were used to evoke Ca2+ currents. Action potential commands were delivered from a holding 

potential of −150 mV. Dotted lines represent 0 mV. B-C, Representative day and night Cd2+-

sensitive (B) and Nimodipine-sensitive (C) current responses. D, Normalized peak current 

density for each Ca2+ current subtype. *The day versus night Cd2+-, ConoGVIA, and Ni2+-

sensitive currents are significantly different (P=0.001, P=0.04, and P=0.001, respectively; 

unpaired t-test). N’s are the number of neurons recorded: Cd2+-sensitive current (n=11 day, 
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10 night), Nimodipine-sensitive (11, 10), ConoGVIA-sensitive (9, 8), AgaIVA-sensitive (9, 

9), Ni+-sensitive (9, 7), and TTAP2-sensitive (5, 3). Data were obtained from 3–4 slices per 

condition as follows (# slices day, # slices night): Cd2+ (3, 3), Nimodipine, (4, 4), 

ConoGVIA (3, 4), AgaIVA (3, 3), Ni2+ (3, 4), TTAP2 (3, 3).
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Figure 5. Spontaneous Ca2+oscillations in day and night SCN cells.
Subthreshold membrane potential oscillations recorded in whole-cell current-clamp mode in 

1 μM TTX. A, Representative daytime membrane potential traces for a non-oscillating cell 

example (i) and two types of spontaneously oscillating cells (ii & iii). B, Representative 

nighttime membrane potential traces for a non-oscillating cell (i) and a spontaneously 

oscillating cell (ii). Nimodipine (10 μM) eliminated all spontaneous oscillations during the 

day (Aiv) and the night (Biii).
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Figure 6. Effects of Bay K8644 on Ca2+ current during the day and night.
A-B, Representative day and night Bay K-sensitive Ca2+ currents. C-D, Current-voltage 

relationships for day and night total Ca2+ current components. E, Comparison of day and 

night Bay K-sensitive currents showing that increasing L-type channel activity activated 

currents of similar magnitude during both the day and night, thereby eliminating the day 

versus night difference in current magnitude. F, Bay K-sensitive currents normalized to total 

current, to account for variability in Ca2+ current levels between cells. Both day and night 

currents were increased with Bay K application. However, no significant difference between 
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day and night current was observed (unpaired t-test). N’s are the number of neurons 

recorded (day, night): total Ca2+ (96, 82), Nimodipine-sensitive (21, 20), and Bay K-

sensitive (9, 9). Data were obtained from 3–8 slices per condition as follows (# slices day, # 

slices night): Nimodipine-sensitive (8, 8), and Bay K-sensitive (5, 3). G, Bay K-sensitive 

current normalized to the Nimodipine-sensitive current, showing the relative increase for 

nighttime L-type current is greater than daytime.
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Figure 7. Ca2+ channel inhibitors differentially affect firing frequency of SCN neurons between 
day and night.
A, Representative extracellular recordings of spontaneous action potential activity recorded 

from SCN neurons in day and night. B, Daytime firing decreased in Cd2+ (P=0.01), 

Nimodipine (P=0.03), ConoGVIA (P=0.01), AgaIVA (P=0.01), Ni2+ (P=0.01), Dan (P=0.01) 

and CPA (P=0.04) compared to control day slices (Ctrl). C, Nighttime firing decreased in 

Cd2+ (P=0.01), but increased in Dan (P=0.01) and CPA (P=0.01) compared to control night 

slices (Ctrl). TTAP2 had no effect on firing in day (P=1) or night (P=1). * P<0.05, One-way 

ANOVA (Bonferroni correction for multiple comparisons). N’s are the number of neurons 

recorded: Ctrl (n= 119 day, 139 night), Cd2+ (n= 26, 35), Nimodipine (n= 27, 31), 

ConoGVIA (n= 34, 26), AgaIVA (n= 37, 25), Ni2+ (n= 38, 34), TTAP2 (n= 20, 21), Dan (n= 

25, 55) and CPA (n= 22, 45). Data were derived from 2 slices per condition, except Ctrl (15 

day and 16 night slices).
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Figure 8. Effect of Ca2+ channel inhibitors on SCN action potential rhythmicity.
A-F, Representative spontaneous action potential activity recorded from organotypic SCN 

slices over 3 days of baseline control (Ctrl) and 3 days following the application of drugs: 

vehicle control (Veh) (A), 10 μM Nimodipine (B), 3 μM ConoGVIA (C), 200 nM AgaIVA 

(D), 30 μM Ni2+(E), 5 μM Bay K (F). Each line is firing rate recorded at a single electrode 

within the SCN. G, Percentage of recordings from electrodes within the SCN that exhibited 

rhythmic firing. Paired t-tests were used to compare baseline control to after drug values. 

The percentage of rhythmic recordings decreased in Nimodipine (P=0.02), ConoGIVA 

(P=0.04), AgaIVA (P=0.005), Ni2+ (P=0.008) and BayK (P=0.02). H, χ2 amplitude 

quantified from the rhythmic recordings. χ2 amplitude of rhythmic recordings decreased in 

Nimodipine, (P=0.04) ConoGIVA (P=0.04), AgaIVA (P=0.03), Ni2+ (P=0.04) and BayK 

(P=0.04). I, Period length from the rhythmic recordings. Period length was increased in Dan 

(P=0.04). Individual data points in panels G-I are the slice mean ± SEM values (from the 

recordings within one slice): Veh (n=198 recordings, 11 slices), Nimodipine (n=123, 8), 

ConoGVIA (n=91, 5), AgaIVA (n=63, 5), Ni2+ (n=84, 5), TTAP2 (n=57, 3), Dan (n=101, 5), 

CPA (n=93, 5) and BayK (n=75, 4).
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