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Effects of NALCN-Encoded Na™ Leak Currents on the
Repetitive Firing Properties of SCN Neurons Depend on K" -
Driven Rhythmic Changes in Input Resistance
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'Department of Biomedical Engineering, Washington University, St. Louis, Missouri 63110, *Department of Medicine, Cardiovascular Division, and
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Neurons in the suprachiasmatic nucleus (SCN) generate circadian changes in the rates of spontaneous action potential firing
that regulate and synchronize daily rhythms in physiology and behavior. Considerable evidence suggests that daily rhythms
in the repetitive firing rates (higher during the day than at night) of SCN neurons are mediated by changes in subthreshold
potassium (K¥) conductance(s). An alternative “bicycle” model for circadian regulation of membrane excitability in clock
neurons, however, suggests that an increase in NALCN-encoded sodium (Na*) leak conductance underlies daytime increases
in firing rates. The experiments reported here explored the role of Na™ leak currents in regulating daytime and nighttime re-
petitive firing rates in identified adult male and female mouse SCN neurons: vasoactive intestinal peptide-expressing (VIP ™),
neuromedin S-expressing (NMS™) and gastrin-releasing peptide-expressing (GRP™) cells. Whole-cell recordings from VIP™,
NMS™, and GRP™ neurons in acute SCN slices revealed that Na* leak current amplitudes/densities are similar during the
day and at night, but have a larger impact on membrane potentials in daytime neurons. Additional experiments, using an in
vivo conditional knockout approach, demonstrated that NALCN-encoded Na™ currents selectively regulate daytime repetitive
firing rates of adult SCN neurons. Dynamic clamp-mediated manipulation revealed that the effects of NALCN-encoded Na™
currents on the repetitive firing rates of SCN neurons depend on K* current-driven changes in input resistances. Together,
these findings demonstrate that NALCN-encoded Na™ leak channels contribute to regulating daily rhythms in the excitability
of SCN neurons by a mechanism that depends on K* current-mediated rhythmic changes in intrinsic membrane properties.
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Elucidating the ionic mechanisms responsible for generating daily rhythms in the rates of spontaneous action potential firing
of neurons in the suprachiasmatic nucleus (SCN), the master circadian pacemaker in mammals, is an important step toward
understanding how the molecular clock controls circadian rhythms in physiology and behavior. While numerous studies have
focused on identifying subthreshold K channel(s) that mediate day-night changes in the firing rates of SCN neurons, a role
for Na™ leak currents has also been suggested. The results of the experiments presented here demonstrate that NALCN-
encoded Na™ leak currents differentially modulate daily rhythms in the daytime/nighttime repetitive firing rates of SCN neu-
rons as a consequence of rhythmic changes in subthreshold K" currents.
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Introduction

In mammals, the suprachiasmatic nucleus (SCN), a small bilat-
eral nucleus in the hypothalamus, is the central circadian clock
that coordinates daily rhythms in physiology and behavior
(Colwell, 2011; Herzog et al., 2017; Hastings et al., 2018, 2019).
Neurons in the SCN display cell-autonomous, rhythmic sponta-
neous repetitive action potential firing at rates that are higher
during the day than at night (Inouye and Kawamura, 1979;
Green and Gillette, 1982; Welsh et al., 1995). Although the criti-
cal ionic conductance(s) driving these rhythms have not been
defined, electrophysiological studies have shown that the daily
oscillations in the repetitive firing rates of SCN neurons are
linked to changes in input resistances and membrane
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potentials (Jiang et al., 1997; de Jeu et al., 1998; Pennartz et al.,
2002), driven by rhythmic changes in the functional expres-
sion of subthreshold potassium (K") currents (Kuhlman and
McMahon, 2004, 2006; Allen et al., 2017; Harvey et al., 2020).
The higher repetitive firing rates of daytime SCN neurons are
associated with increased input resistances and more depolar-
ized membrane potentials, resulting from a decrease in sub-
threshold K conductance(s). The lower repetitive firing rates
of nighttime SCN neurons, in contrast, are associated with
decreased input resistances and hyperpolarized membrane
potentials, mediated by increased subthreshold K* conduct-
ance(s).

Multiple types of K currents have been identified in SCN
neurons and shown to play important roles in shaping action
potentials and regulating repetitive firing (Itri et al., 2005, 2010;
Meredith et al., 2006; Pitts et al., 2006; Kent and Meredith, 2008;
Kudo et al,, 2011; Granados-Fuentes et al., 2012, 2015; Whitt et
al., 2016; Hermanstyne et al., 2017; Harvey et al., 2020), and
recently a critical role for Kvi2-encoded K* channels in driving
the day-night switch in repetitive firing rates of SCN neurons
was revealed (Hermanstyne et al., 2023).

An alternative, “bicycle” model for the circadian regulation
of membrane excitability in posterior dorsal neurons 1
(DN1p) that underlie the molecular clock in Drosophila, how-
ever, has also been proposed (Flourakis et al., 2015) and sug-
gested to be conserved in mammalian SCN neurons. In this
model, a daytime increase in a TTX-insensitive sodium (Na™)
leak current, encoded by the narrow abdomen (na) locus,
drives the daytime depolarization and increase in the rate of
spontaneous action potential firing of DN1p neurons, and an
increase in K* current(s) underlies the nighttime hyperpolar-
ization and reduction in firing rates (Flourakis et al., 2015).
Additional experiments revealed that forebrain-specific knock-
out (KO) of Nalcn, the mouse ortholog of na, hyperpolarized
the membrane potentials and eliminated spontaneous firing in
postnatal day 17-21 SCN neurons (Flourakis et al., 2015). The
targeted deletion of Nalcn in forebrain neurons, however, also
resulted in premature death (around postnatal day 21), preclud-
ing determination of the critical developmental role(s) of Nalcn
and/or delineation of the functional role of NALCN-encoded
Na " leak currents in adult SCN neurons.

Combining cellular electrophysiological, pharmacological,
in vivo molecular genetic, and computational approaches, the
experiments here were designed to determine directly the role
(s) of Na* leak currents in mediating day-night rhythms in the
repetitive firing rates and intrinsic membrane properties of
adult SCN neurons. In addition, because it is well documented
that there is considerable cellular heterogeneity in the SCN
with neurons expressing different neuropeptides, such as
vasoactive intestinal peptide (VIP), arginine vasopressin
(AVP), neuromedin S (NMS), and gastrin-releasing peptide
(GRP) (Abrahamson and Moore, 2001; Hastings et al., 2018,
2019; Wen et al., 2020), and electrophysiological properties
(de Jeu et al., 1998; Pennartz et al., 1998; Kononenko and
Dudek, 2004; Hermanstyne et al., 2016; Mazuski et al., 2018;
Collins et al., 2020; Patton et al., 2020; Hermanstyne et al.,
2023), experiments were conducted on identified, VIP-,
NMS-, and GRP-expressing SCN neurons. The results pre-
sented suggest a molecular mechanism in which the impact
of NALCN-encoded Na™ leak currents on the repetitive fir-
ing rates of mature SCN neurons depends directly on daily
rhythms in the functional expression of subthreshold K"
currents.
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Materials and Methods

Animals. The mice used in this study were as follows: (1) WT
(C57BL/6], stock #JAX 000664, The Jackson Laboratory); (2) VIP-
EGFP (stock #031009-UCD, 37Gsat, Mutant Mouse Resource and
Research Center); (3) NMS-iCre (stock #JAX 027205, The Jackson
Laboratory) (Lee et al., 2015); (4) GRP-Cre (obtained from Zhou-Feng
Chen at Washington University); (5) Ai9 (Rosa-CAG-LSL-tdTomato-
WPRE, stock #JAX 007909, The Jackson Laboratory) (Madisen et al.,
2010); and, (6) Nalen™? (obtained from Dejian Ren at University of
Pennsylvania) (Flourakis et al., 2015). The VIP-EGFP line was gener-
ated by backcrossing the VIP-EGFP mice obtained in the CD1 back-
ground to C57BL/6] for 10 generations. All other lines were acquired
in C57BL/6] background. The NMS-tdTomato and GRP-tdTomato
mouse lines were generated by crossing NMS-iCre or GRP-Cre mice,
respectively, with Ai9 reporter mice (Madisen et al., 2010; Lee et al.,
2015; Yu et al.,, 2017). Mice were housed in one of the animal facilities
at Washington University Medical School in a controlled environment
with an ambient temperature of 23°C and humidity of 50 = 10% under
either a standard (lights on at 7:00 A.M. and off at 7:00 P.M.) or a
reversed (lights off at 7:00 A.M. and on at 7:00 P.M.) 12/12 h light/dark
(LD) cycle with food and water available ad libitum. Zeitgeber times
(ZTs) are indicated throughout with ZT0 and ZT12 corresponding to
the time of “lights on” and “lights off,” respectively, in the animal facil-
ity. All animal procedures were performed in accordance with the pro-
tocol (#20-2253) approved by the Washington University Institutional
Animal Care and Use Committee and conformed to the United States
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

Stereotaxic virus injections and conditional KO of Nalcn. Virus injec-
tions were performed on 6-week-old WT and Nalcn” male and female
mice under sterile conditions using previously described procedures
(Hermanstyne et al., 2017). Briefly, each mouse was anesthetized with a
ketamine/xylazine mixture (86 mg-kg '/13 mgkg ', i.p.), and the head
was then secured in a stereotaxic frame (Kopf Instruments). After shav-
ing the head, Betadine was applied to cleanse and sterilize the shaved
region, and the skull was exposed via a small incision along the midline.
For conditional KO of Nalcn, bilateral injections (600 nl each) of an
adeno-associated virus (AAV) serotype 5 encoding Cre recombinase and
dTomato (AAV5-hSyn-Cre-P2A-dTomato, titer >7x10"> vg/ml,
#107738-AAV5, Addgene) were made into the SCN of Nalen™ mice
(injection coordinates relative to bregma were as follows: AP —0.32 mm,
ML £0.1 mm, DV —5.6 mm) using glass pipettes (15-25 um tip diame-
ter) connected to a Nanoject IT Auto-Nanoliter Injector (Drummond
Scientific). Similar bilateral virus injections were made into the SCN of
WT mice (to serve as controls). After injections were completed, pipettes
were left in place for ~5 min before being retracted to minimize solution
reflux during pipette withdrawal. Gel control super glue (Loctite) was
used to close the incision. Postsurgery analgesia was provided by subcu-
taneous injection of buprenorphine sustained-release (Bup SR-LAB, 0.05
ml of 1 mg/ml, Zoopharm).

Acute SCN slice preparation. Acute SCN slices were prepared from
adult male and female mice (8-12 weeks) maintained in either a standard
or areversed LD cycle (Hermanstyne et al., 2016, 2017). “Daytime” slices
were routinely prepared at ZT4 from mice maintained in the standard
LD cycle, and “nighttime” slices were prepared at ZT16 from mice main-
tained in the reversed LD cycle for at least 2 weeks. For the preparation
of “daytime” slices, mice were transported to the laboratory and anesthe-
tized with 1.25% Avertin (2,2,2-tribromoethanol and tert-amyl alcohol
in 0.9% NaCl; 0.025 ml/g body weight; Acros Organics), followed by
transcardial perfusion with ice-cold slicing solution (240 mm sucrose, 2.5
mMm KCl, 1.25 mm NaH,PO,, 25 mMm NaHCO;, 0.5 mm CaCly, 7 mMm
MgCl,, oxygenated with 95% O, and 5% CO,). Brains were then quickly
removed, placed in oxygenated ice-cold slicing solution, and 300 um
coronal slices were cut on a Leica VT1000 S vibrating blade microtome
(Leica Microsystems). Slices containing the bilateral SCN (typically 2 sli-
ces per mouse) were subsequently incubated at room temperature (23°
C-25°C) in a holding chamber with ACSF (125 mm NaCl, 2.5 mm KCl,
1.25 mm NaH,PO,, 25 mm NaHCO3, 2 mm CaCl,, 1 mm MgCly, 25 mum
glucose, ~310 mOsm, oxygenated with 95% O, and 5% CO,) for at least
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Figure 1. VIP™ SCN neurons exhibit day-night differences in spontaneous repetitive firing rates and input resistances. A, Fluorescence image of a representative SCN slice prepared from an
adult VIP-EGFP mouse. Scale bar, 100 wm. V, Ventral; D, dorsal; 3V, third ventricle; OC, optic chiasm. The spontaneous firing rates (B), input resistances (), and membrane potentials (D) of
individual VIP™ SCN neurons, measured in slices prepared during the day (open circles, n = 25-27) or at night (filled circles, n = 22-37) are plotted. Data are mean == SEM; p values are also

indicated.

1 h before being used for recording. To prepare “nighttime” slices, mice
maintained in the reversed LD cycle were removed from their cages in
the animal facility under red (~630 nm) light, transported to the labora-
tory in light-tight boxes, anesthetized with 1.25% Avertin, perfused with
ice-cold slicing solutions, and brains were removed under red light.
Slices were then cut as described above for daytime slices.

Electrophysiological recordings. Electrophysiological recordings were
obtained at room temperature during the day (ZT5-ZT11) or at night
(ZT17-ZT23) from SCN neurons in acute slices prepared from mice
maintained in the standard or reversed LD cycle. SCN neurons were vis-
ually identified using a Nikon Eclipse E600FN upright microscope
equipped with differential interference contrast optics with infrared
illumination. SCN neurons expressing fluorescent proteins were identi-
fied with a Nikon 96320 F/EGFP or a Nikon 49008 ET mCH/TR fluo-
rescence filter cube. Images were captured with a Moment CMOS
camera (Teledyne Photometrics) and MetaMorph acquisition software
(Molecular Devices). Slices were continuously perfused with oxygen-
ated ACSF. Pipettes were fabricated from standard wall borosilicate
glass (G150F-4, #64-0793, Warner Instruments) with a Sutter P-87
micropipette puller (Sutter Instrument). Current-clamp and voltage-
clamp recordings were obtained with pipettes (with resistances of 4-7
Mohms) filled with the standard internal solution containing the fol-
lowing:144 mm K-gluconate, 10 mm HEPES. 3 mm MgCl,, 4 mm Mg-
ATP, 0.5 mm Na-GTP, 0.2 mm EGTA (~300 mOsm, pH 7.3). Data
were acquired using a Multiclamp 700B amplifier (Molecular Devices)
interfaced to a Dell personal computer with a Digidata 1550B and the
pCLAMP 11 software (Molecular Devices). Signals were low-pass-fil-
tered at 10 kHz and sampled at 20 kHz. In all recordings, tip potentials
were zeroed before forming pipette-membrane seals.

For each cell, spontaneous action potential firing activity was first
monitored during loose-patch cell-attached recording for ~1 min. This
was done routinely before establishing the whole-cell recording config-
uration. Following the formation of a Gohm seal, the whole-cell config-
uration was established, and whole-cell membrane capacitances and
series resistances were compensated. Whole-cell spontaneous firing ac-
tivity was then recorded for ~1min and compared with the data
acquired in the cell-attached mode. If any differences in the frequency
and/or pattern of repetitive firing in the cell-attached and whole-cell
recording configurations were evident, recordings were terminated
and any data acquired from these cells were not included in the analy-
ses. To measure cell input resistance in current-clamp mode, a hyper-
polarizing holding current was first introduced to maintain the
membrane potential at ~—70mV and to silence firing, and small
(£5pA) 300 ms currents were injected. For voltage-clamp recordings,
membrane capacitances and series resistances were compensated elec-
tronically. Series resistances were in the range of 15-25 Mohms, and
were routinely compensated by ~80%. Capacitive currents were eli-
cited by brief 25 ms voltage steps of £10 mV from a holding potential
of =70 mV.

For current-clamp and voltage-clamp experiments involving N-
methyl-D-glucamine (NMDG), a HEPES-buffered ACSF bath (150 mm

Table 1. Resting and active membrane properties of daytime and nighttime
VIP™, NMS™, and GRP™ SCN neurons

Firing rate (Hz) Rin (GQY) Vi (V)
Day vip+ 3.1 +02 22+02 —429 =038
n=27 n=27 n=25
NMS* 34 = 04 27 +02° —408 = 1.1°
n=19 n=20 n=22
GRP™* 40 =05 31+ 03 —406 = 0.5
n=31 n=18 n=17
Night VP 20 %02 14 +01° —439 * 1.1
n=37 n=22 n=127
NMS* 14 = 03° 19 = 0.1 —454 = 0.8
n=13 n=19 n=19
GRP™ 29 +03 20 +0.1° —421 £ 0.6
n=25 n=15 n=21

Values are mean == SEM; n = number of cells. Ry, input resistance; V,,, membrane potential.

“Nalues in daytime and nighttime VIP™@®, NMs™*“%€) and GRP™ SCN neurons are significantly different
(@dely < 0.01; % < 0.05; Kolmogorov—-Smimov test).

NaCl, 3.5 mm KCl, 10 mm HEPES, 1.2 mm CaCly, 1 mm MgCl,, 10 mum
glucose, pH 7.3 with NaOH) was used (Jackson et al., 2004). For cur-
rent-clamp recordings, spontaneous action potential firing was first
recorded in HEPES-buffered standard ACSF bath solution, and TTX (1
M) was added to the bath to silence the cell, followed by replacement
of Na™ in the bath with NMDG" via superfusion of an Na™-free,
NMDG " -containing solution (150 mm NMDG-CI, 3.5 mm KCI, 10 mm
HEPES, 1.2 mm CaCl,, 1 mm MgCl,, 10 mum glucose, pH 7.3 with HCI)
(Jackson et al., 2004). For voltage-clamp recordings, currents were
recorded during slow voltage ramps (20 mV/s) from —100 to 20 mV in
previously described conditions (Jackson et al., 2004): 1 um TTX was
first applied to the HEPES-buffered standard ACSF bath solution (to
block voltage-gated Na™ currents), and then Na® in the bath was
replaced with NMDG ™ by superfusion of Na*-free, NMDG " -contain-
ing solution. All chemicals and reagents were obtained from Sigma-
Aldrich unless otherwise specified.

NALCN- and Kvi2-encoded channel kinetic models and dynamic
clamp recordings. A model of NALCN-encoded currents (Ixarcn) Was
formulated using the TTX-insensitive Na* leak current data acquired
from daytime WT SCN neurons. The NALCN-encoded current is calcu-
lated as follows: INALCN = GNALCN*(Vm — ENALCN)’ where GNALCN is a
scalable conductance parameter for current magnitude and V,,, is the
membrane voltage. Enarcn is the reversal potential for NALCN-
encoded currents, set to —20 mV, which is the experimentally derived
value for the TTX-insensitive Na® leak currents. The previously
described three-state Markov model of Kv12-encoded channel (Ixy;5)
gating (Hermanstyne et al., 2023) was coded in MATLAB (The
MathWorks). Dynamic clamp experiments were performed using the
Cybercyte DC1 Dynamic Clamp System (Cytocybernetics) (Bett et al.,
2013; Du et al., 2021), which consists of a 16 channel, 16 bit, 100 kS/s
MCC PCle-DAS1602/16 board installed and configured in a Dell
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Differential effects of Na™ leak currents on the membrane potentials of daytime and nighttime VIP* SCN neurons. A, Representative whole-cell currents recorded from a daytime

VIP™ SCN neuron during slow voltage ramps (20 mV/s) in the presence of 1 g TTX (blue) and following NMDG ™ replacement of extracellular Na™ (red). Addition of NMDG ™ decreases inward
current amplitude. B, NMDG-sensitive Na™ leak current densities measured in daytime (open circles, n = 46) and nighttime (filled circles, n = 42). VIP™ SCN neurons are not significantly differ-
ent. €, Representative whole-cell current-clamp recording from a daytime VIP™ SCN neuron showing spontaneous action potential firing in control bath solution. The addition of 1 zu TTX elim-
inates firing but does not affect the resting membrane potential. The subsequent replacement of extracellular Na™ with NMDG ", however, hyperpolarizes the membrane potential. D, NMDG-
induced changes in the membrane potentials of VIP™ SCN neurons during the day (open circles, n = 25) and at night (filled circles, n = 27) are shown. Data are mean *+ SEM; p values are

also indicated. See Extended Data Figure 2-1 and Extended Data Table 2-1.

Precision 5820 Tower Workstation. The average loop time measured
for the system was 22 us.

Before experiments on SCN neurons, the Inarcn and Ixyi, formula-
tions were converted to Cybercyte channel definition files using the
CyberSolver software (Cytocybernetics) and validated by applying the
simulated currents in voltage-clamp mode to a Patch-1U model cell
(Molecular Devices) in cell mode. The Cybercyte DC1 system allows
current amplitudes to be scaled during dynamic clamp experiments to
provide appropriate output size of the modeled currents. For Iyarcn,
GnarLcn Was set to a starting value of 0.2 nS to match the difference
observed in Iy, amplitudes of controls versus cNalcnKO SCN neurons
(see Fig. 5D), which equals 10 pA of inward current at —70mV. For
Ixv12> Gryi2 Was set to a starting value of 1 nS, that equals a peak current
amplitude of 5pA (Hermanstyne et al., 2023). In cases where Inarcn
was subtracted (by adding Inarcn of opposite polarity) or Ik, was
added by dynamic clamp in real time during whole-cell current-clamp
recordings from daytime WT SCN neurons, Gyarcn or Giyi2 was scaled
up/down from the starting values as necessary to achieve minimal cur-
rent amplitudes required to reduce the spontaneous repetitive firing
rates to the range of 1-2 Hz (typical of nighttime WT SCN neurons). For
each cell, spontaneous repetitive firing was first recorded for 1 min.
Modeled currents (Inarcn OF Ixy12) were then subtracted or added sepa-
rately, or in combination, in amplitudes determined as described above,
and the resulting repetitive firing rates were measured.

Table 2. NMDG-sensitive Na™ leak currents and NMDG-induced membrane
potential changes in daytime and nighttime VIP™, NMS™, and GRP™ SCN
neurons

Inat (PA/pF) AV (mV)
Day vip* 21+02 —172+07°
n=46 n=25
NMs ™ 19+ 02 —182 +09°
n=38 n=23
GRP™ 1.9 + 0.2 —17.5 £ 0.8
n=19 n=20
Night vip* 18 +02 —146 *+ 0.6°
n=42 n=27
NMs ™ 18 =02 —146 + 0.8°
n=33 n=19
GRP™ 17 + 02 —13.9 £ 0.7
n=23 n=23

Values are mean = SEM; n = number of cells. l,, NMDG-sensitive Na ™ leak current density; AV, NMDG-
induced change in membrane potential.

“Mean AV, values are different (“p < 0.05; p < 0.01; Kolmogorov—Smirnov test) in daytime and night-
time VIP™@, NMS*®, and GRP™'9 SCN neurons. Mean daytime and nighttime Iy, densities, in contrast,
are similar in VIP™, NMS™, and GRP™ SCN neurons.


https://doi.org/10.1523/JNEUROSCI.0182-23.2023.f2-1
https://doi.org/10.1523/JNEUROSCI.0182-23.2023.t2-1

5136 - J. Neurosci., July 12,2023 - 43(28):5132-5141

Yangetal. o Na™ Leak Channels Indirectly Affect Repetitive Firing

Data analysis and statistics. Electrophysiolo- A B C
gical data were compiled and analyzed with © NMS+ Day © NMS+ Day o NMS+ Day
ClampFit 11 (Molecular Devices), MATLAB e NMS+ Night e NMS+ Night e NMS+ Night
(R2021a, The MathWorks), and Prism 9 151 8 — 207
(GraphPad) software. Cells with high series o) E
resistances (>25 Mohms) or low membrane ~ 124 O 64 \_; -30 P=0.0016
resistances (<1 Gohm) were excluded. The fir- I o _ = —
. . = o P =0.0020 S
ing rate of each cell was determined from the o 9 P =0.0022 c — % C@j%)
action potential firing detected in the initial 1 o 1 ® 4 o S -40{ =@ o
min recording period. The input resistance of 2 6] o8 B 8880 2 ) 0%%23¢
each cell was calculated by measuring the steady- = oOOO g ® g _%
state voltage changes produced by =5 pA current 3] == oo g2 21 °go Sﬁo €-501 & %
injections from a holding potential of —70mV. 08088 ° - 00 o g °
The membrane potentials (V) of spontaneously 0 3‘%‘: 0 60
firing cells were estimated from phase plots (Bean, B
2007) of spontaneous action potentials. For each
cell, the first derivative of the membrane potential
(dV/dt) was plotted as a function of the mem- D o GRP+ Day E o GRP+ Day F o GRP+ Day
brane potential (V), and V,,, was estimated during ¢ GRP+ Night e GRP+ Night * GRP+ Night
the time window from ~20 ms following the 151 8 207
peak of the action potential (to avoid including ns ’O? P =0.0035 E
any portion of the afterhyperpolarization of the < 121 1 0 6. T T_u’ -304
action potential) to the beginning of the next z * ® = ns
action potential as the average value of V for data o 9 s % o ko) 5 1
points within dV/dt = = 0.2mV/ms. Whole-cell o ®4{ o 8 _40- %@?@ 0400%°
membrane capacitances (C,,) were determined g’ 61 o o. g . Q 008> 'ﬁ_
from evoked capacitive currents, and were = Ces . = 3 o g o
calculated by dividing the integrated capaci- 3. %i_o a 21 7, e, € -50
tive transients by the voltage changes. The 8003280 ° 5,0 = o é’
NMDG " -sensitive currents were obtained by sub- 0 © Se oo 0 60

traction of the inward ramp currents recorded af-
ter NMDG™" replacement for Na* in the TTX-
containing bath solution from the inward ramp
currents recorded (in the same cell) in the TTX
only-containing bath solution (ie., before the
replacement of the Na® in the bath with
NMDG™) (Jackson et al., 2004). The TTX-insen-
sitive Na® leak current was defined as the
NMDG " -sensitive current at —70 mV. For each
cell, Na™ leak current density (pA/pF) at —70 mV
is reported. Statistical analyses were performed by Kolmogorov-
Smirnov test for two-sample comparisons and by one-way
ANOVA with Tukey’s post hoc test for multiple comparisons.
Statistical significance is set at p <0.05. Normality and equal var-
iance tests were performed for all statistical analyses. All average
data are presented as mean = SEM.

Results

VIP-expressing SCN neurons display daily changes in
spontaneous repetitive firing rates

To enable electrophysiological recordings from VIP-express-
ing (VIP") SCN neurons, we used a VIP-EGFP mouse line
that expresses EGFP in VIP cells (see Materials and Methods).
The cell bodies of VIP™ (EGFP™) neurons were identified in
the ventral region of the SCN (Fig. 14), consistent with previ-
ous observations (Abrahamson and Moore, 2001). Whole-cell
current-clamp recordings from VIP" neurons in acute SCN
slices prepared during the day (ZT5-ZT11) or at night (ZT17-
7ZT23) (see Materials and Methods) revealed that VIP™ SCN
neurons are spontaneously active with higher mean = SEM
repetitive firing rates during the day than at night (Fig. 1B;
Table 1). A day-night difference in mean = SEM input resist-
ance (R;,), with higher R;, during the day, was also observed
in VIP* SCN neurons (Fig. 1C; Table 1), whereas the mean *
SEM membrane potentials (V,,) of daytime and nighttime
VIP" SCN neurons were similar (Fig. 1D; Table 1). These

Figure 3. NMS™, but not GRP™, SCN neurons display day-night rhythms in spontaneous repetitive firing rates and mem-
brane potentials. The spontaneous firing rates (4), input resistances (B), and membrane potentials (€) of individual NMS™
SCN neurons, measured in slices prepared during the day (red open circles, n = 19-22) or at night (red filled circles, n = 13-
19) are plotted. The spontaneous firing rates (D), input resistances (E), and membrane potentials (F) measured in individual
daytime (magenta open circles, n = 17-31) and nighttime (magenta filled circles, n = 15-25) GRP™ SCN neurons are plotted.
Data are mean == SEM; p values are also indicated.

observations are consistent with the results of previous multi-
electrode array and whole-cell patch-clamp recordings from
VIP™ SCN neurons (Hermanstyne et al., 2016; Mazuski et al.,
2018; Patton et al., 2020).

Differential effects of Na™ leak currents on daytime and
nighttime VIP" SCN neurons

To determine directly the role(s) of Na™ leak currents in control-
ling the membrane/firing properties of VIP"™ SCN neurons, we
conducted voltage-clamp experiments to isolate and measure the
magnitudes of TTX-insensitive Na™ leak currents (In,r) using a
previously described method (Jackson et al., 2004). Briefly,
inward currents, evoked during slow voltage ramps (20 mV/s)
from —100 to 20 mV, were first recorded in bath solution con-
taining 1 um TTX (to block voltage-gated Na™ currents) and
again following the replacement of the Na" in the bath solution
with NMDG™ (see Materials and Methods). Representative
ramp currents measured in a daytime VIP" SCN neuron in the
presence of TTX (blue) and TTX + NMDG" (red) are presented
in Figure 2A. Using this protocol on many daytime and night-
time VIP™ neurons revealed that Iy, densities in VIPT SCN
neurons are small and quite variable (Fig. 2B; Table 2). Similar
variability in Iy, densities in (daytime and nighttime) VIP*
SCN neurons was evident across (daytime and nighttime) slices.
Indeed, mean Iy, densities determined in individual SCN are
remarkably similar both during the day and at night (Extended
Data Fig. 2-1A; Extended Data Table 2-1). In addition, these
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Differential effects of Na™ leak currents on the membrane potentials of daytime and nighttime NMS™ and GRP™ SCN neurons. NMDG-sensitive Na™ leak current densities, meas-

ured in () NMS™ (red) and (B) GRP™ (magenta) SCN neurons during the day (open circles; n = 38 for NMS™: n=19 for GRP™) and at night (filled circles; n =33 for NMS™: n=23 for
GRP™) are plotted. NMDG-induced changes in the membrane potentials of (€) NMS™ (red) and (D) GRP™ (magenta) SCN neurons during the day (open circles; n =23 for NMS™; n=20
for GRP™) and at night (filled circles; n =19 for NMS™: n=23 for GRP™) are plotted. Data are mean = SEM; p values are also indicated. See Extended Data Figure 2-1 and Extended Data

Table 2-1.

experiments revealed that mean = SEM Iy, densities in daytime
and nighttime VIP™ SCN neurons are similar (Fig. 2B; Table 2).
To determine the contribution of Na* leak currents to the
membrane potentials of VIP™ SCN neurons, we obtained whole-
cell current-clamp recordings from VIP™ neurons during the
day and at night. After recording repetitive firing under control
conditions, 1 um TTX was added to the bath. Although repetitive
firing was abolished with the addition of TTX as illustrated in
Figure 2C, the resting membrane potential of the cell was not
measurably affected (Fig. 2C). In contrast, when external Na*
was replaced with NMDG™, a large hyperpolarizing shift in the
resting membrane potential was observed (Fig. 2C). Similar
results were obtained in recordings from 25 daytime VIP" SCN
neurons with a mean * SEM change in resting membrane
potential of —17.2*0.7mV (Fig. 2D). Eliminating Na™ leak
currents also resulted in hyperpolarizing shifts in the membrane
potentials of nighttime VIP" SCN neurons, although the magni-
tude of the shift, mean = SEM of —14.6 = 0.6 mV (n=27), was
less than observed in daytime VIP™ cells (Fig. 2D; Extended
Data Fig. 2-1B; Table 2; Extended Data Table 2-1), revealing that
Na* leak currents have a greater influence on the resting mem-
brane potentials of daytime, than nighttime, VIP™ SCN neurons.

Firing rates and membrane properties of NMS™ and GRP*
SCN neurons are distinct

Immunohistochemical and ISH studies have documented the
differential expression of two other neuropeptides, NMS and
GRP, in VIP" SCN neurons (Romijn et al., 1998; Kawamoto
et al., 2003; Lee et al., 2015). RNA sequencing studies have
also revealed two molecularly distinct subtypes of VIP" neurons
in the SCN: one that coexpresses NMS (VIPT/NMS™) and the
other that coexpresses GRP (VIP"/GRP™) (Todd et al., 2020;
Wen et al., 2020). To explore the possibility that some of the vari-
ability in the daytime (and nighttime) repetitive firing rates (Fig.
1B), membrane properties (Fig. 1C,D), and Iy, densities (Fig.
2B) observed in VIP" SCN neurons reflects cellular heterogene-
ity, additional experiments were conducted on NMS-expressing
(NMS*) and GRP-expressing (GRP™) neurons, which are nono-
verlapping populations of VIP* SCN neurons (Lee et al., 2015;
Todd et al., 2020; Wen et al., 2020). To enable the identification
of NMS" and GRP" neurons in SCN slices, we generated
mouse lines expressing the red fluorescent protein, tdTomato,
in NMS™ or GRP™ cells (NMS-tdTomato or GRP-tdTomato)
by crossing NMS-iCre or GRP-Cre mice with Ai9 reporter mice

(see Materials and Methods). As previous reports demonstrated
that NMS" neurons are distributed through the ventral and
dorsal regions of the SCN (Abrahamson and Moore, 2001;
Morin et al.,, 2006; Lee et al., 2015), we specifically targeted
tdTomato-expressing NMS™ neurons in the ventral region
(where VIP" neurons are located; see Fig. 1A).

Similar to VIP™ SCN neurons (Fig. 1B), whole-cell current-
clamp recordings from NMS" SCN neurons revealed robust
daily variations in mean = SEM spontaneous repetitive firing
rates with higher firing rates during the day than at night (Fig.
3A; Table 1). In contrast, there was no significant day-night dif-
ference in the mean = SEM spontaneous repetitive firing rates of
GRP*' SCN neurons (Fig. 3D; Table 1). NMS™ SCN neurons
also displayed a marked day-night difference (~5mV) in mean
Vin with more hyperpolarized Vi, at night than during the day
(Fig. 3C; Table 1), whereas in GRP™ SCN neurons, V., values
were similar day and night (Fig. 3F; Table 1). Additional analyses
revealed that the mean = SEM repetitive firing rates of both day-
time and nighttime GRP™ SCN neurons are comparable to those
of daytime NMS™* SCN neurons (p =0.7864 for daytime GRP ",
p=0.8476 for nighttime GRP™, one-way ANOVA) (Table 1). In
addition, the mean = SEM. V,,, values determined for daytime
and nighttime GRP™ SCN neurons are similar to daytime NMS™
SCN neurons (p=0.9948 for daytime GRP", p=0.6497 for
nighttime GRP ", one-way ANOVA) (Table 1). However, robust
day-night oscillations of Ry, (larger during the day than at night)
were measured in both NMS ™ and GRP " SCN neurons (Fig. 3B,
E; Table 1).

Differential effects of Na " leak currents on NMS™ and GRP ™
SCN neurons

Similar to the findings in VIP" SCN neurons (Fig. 2B), voltage-
clamp recordings revealed that Iy, densities are highly variable
in both daytime and nighttime NMS™ and GRP " SCN neurons
and, in addition, that mean = SEM Iy, densities are similar
during the day and night in both cell types (Fig. 4A,B; Extended
Data Fig. 2-1C,E; Table 2; Extended Data Table 2-1). In-
terestingly, however, eliminating Na™ leak currents resulted in
larger hyperpolarizing shifts in the resting membrane potentials
(~4mV difference) of both NMS* and GRP* SCN neurons
during the day than at night (Fig. 4C,D; Extended Data Fig. 2-
1D,F; Table 2; Extended Data Table 2-1). These observations,
which are similar to the findings in VIP" SCN neurons (Fig. 2D;
Extended Data Fig. 2-1B), demonstrate that Na™ leak currents
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also have a greater impact on the resting membrane
potentials of daytime, than nighttime, NMS™ and
GRP" SCN neurons.

NALCN-encoded currents selectively regulate
the excitability of daytime SCN neurons

To define the contribution of NALCN-encoded
channels to Iy, in adult SCN neurons, we took
advantage of the availability of Nalcn™™ mice in
which exons 4 and 5 of Nalcn are flanked by loxP
sites (Flourakis et al., 2015) to conditionally dis-
rupt Nalcn in the adult SCN. Cre-dependent KO
was produced by delivering an AAV expressing
dTomato and Cre recombinase driven by a neu-
ron-specific promoter (AAV5-hSyn-Cre-P2A-
dTomato) directly to the SCN of adult Nalcn™"
mice (see Materials and Methods). Adult WT
mice injected with the same virus were used as
controls. Approximately 3-4 weeks after virus
injections, acute SCN slices were prepared and
dTomato™ neurons in virus injected Nalcn™™
(cNalcnKO) and WT mice (control) were tar-
geted for whole-cell current-clamp recordings
(Fig. 5A). Preliminary experiments revealed that
the repetitive firing rates of virus-transduced
and untransduced SCN neurons in slices pre-
pared from virus-injected WT mice were similar
(data not shown), demonstrating that the expres-
sion of dTomato and Cre recombinase does not
affect the firing rates of WT SCN neurons. The
mean * SEM repetitive firing rate measured in
neurons in daytime cNalcnKO SCN slices, how-
ever, was substantially lower than the mean rate
measured in virus-expressing WT controls (Fig.
5B; Table 3). In contrast, the mean = SEM repeti-
tive firing rate of nighttime cNalcnKO SCN neu-
rons was not significantly different from nighttime
controls (Fig. 5B; Table 3). Disruption of Nalcn
expression in SCN neurons, therefore, eliminates
the day-night oscillations in the repetitive firing
rates that are characteristic of WT SCN neurons
(Fig. 5B; Table 3).
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Figure 5. KO of Nalcn selectively decreases the excitability of daytime SCN neurons. A, Nalcn was condition-

ally disrupted following bilateral injections of the AAV5-hSyn-Cre-P2A-dTomato virus (see Materials and
Methods) into the SCN of adult Nalen™" mice. Representative fluorescence image of an SCN slice prepared from
an adult Nalen™™ mouse 4 weeks after virus injection. Scale bar, 100 zm. V, Ventral; D, dorsal; 3V, third ventri-
cle; OC, optic chiasm. The spontaneous firing rates (B), membrane potentials (€), NMDG-sensitive Na* leak cur-
rent densities (D), and input resistances (E) of individual dTomato™ control (black) and cNalcnKO (blue) SCN
neurons, measured in slices prepared during the day (open circles; n=16-25 for controls; n=21-28 for
NalecnKO) or at night (filled circles; n=16-19 for controls; n = 13-32 for cNalnKO) are plotted. B-E, Data are
mean == SEM; p values are also indicated.

Consistent with the observed effects on mean re-

petitive firing rates, disruption of Nalcn expression

in SCN neurons resulted in more hyperpolarized mean = SEM.
Vi during the day, but not at night (Fig. 5C; Table 3). As a result
and in marked contrast with the robust day-night variations in
mean = SEM V,, observed in controls, cNalcnKO SCN neu-
rons displayed “nighttime-like” hyperpolarized V,,, through-
out the day-night cycle (Fig. 5C; Table 3). To confirm that
the NALCN-encoded Na" leak currents were disrupted in
the cNalcnKO SCN neurons, we obtained whole-cell voltage-
clamp recordings to quantify NMDG-sensitive Na™ leak cur-
rent amplitudes/densities (determined as described above
and illustrated in Fig. 2A). The amplitudes/densities of Iy,
in cNalenKO SCN neurons were ~50% of the Iy, ampli-
tudes/densities measured in the controls for both daytime
and nighttime SCN neurons (Fig. 5D; Table 3). The mean =
SEM R;, measured in cNalcnKO SCN neurons was also
higher than in controls (Fig. 5E; Table 3), consistent with the
elimination of subthreshold Na™ currents. Together, these
results demonstrate that conditional KO of Nalcn in adult
SCN neurons reduced excitability during the day, but not at

Table 3. NMDG-sensitive Na* leak currents and firing properties of dTomato-
positive control and cNalcnKO SCN neurons during the day and at night

Firing rate (Hz) ~ V, (mV) Iva (PA/PF) Ry (GL2)

Day  Control 35 %+ 03% —406 + 067 20 =02 24 x02%
n=20 n=16 n=25 n=122

Nalenk0 1.8 =+ 0.2° —469 +12°  10+01° 39+ 03%
n=27 n=21 n=28 n=22

Night ~ Control 1.7 + 0.2° —456 =09 20%02" 14019
n=19 n=19 n=16 n=16

Nalenk0 1.7 = 0.2 —464 =14 10=01" 26 =027
n=32 n=15 n=13 n=13

Values are mean = SEM; n = number of cells. V;,, membrane potential.

“Ualues in daytime dTomato™ control and daytime dTomato™ cNalcnKO SCN neurons are significantly dif-
ferent (““p < 0.0001; %p < 0.001; one-way ANOVA with Tukey's post hoc test).

“%alues in daytime and nighttime dTomato™ control SCN neurons are significantly different (p < 0.0001;
fp< 0.01; % < 0.05; one-way ANOVA with Tukey’s post hoc test).

Palyes in nighttime dTomato™ control and nighttime dTomato™ cNalenk0 SCN neurons are significantly
different ("p < 0.001; 'p < 0.05; one-way ANOVA with Tukey's post hoc test). _

Nalues in daytime and nighttime dTomato™ cNalnkO SCN neurons are significantly different (p < 0.01;
one-way ANOVA with Tukey's post hoc test).
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Effects of dynamic clamp-mediated manipulation of Iya cy and lg,;; on the spontaneous repetitive firing rates of WT SCN neurons. A, Representative whole-cell current-clamp re-

cording from a daytime WT SCN neuron at baseline and with modeled Iyy ¢y subtracted (red) via dynamic clamp. Spontaneous repetitive firing rates (B) and input resistances (C) of daytime
WT SCN neurons at baseline (CTL) and with lyy cy subtracted (red). D, Representative whole-cell current-clamp recording from a daytime WT SCN neuron at baseline and with modeled Iy,
added (blue) via dynamic clamp. Spontaneous repetitive firing rates () and input resistances (F) of daytime WT SCN neurons at baseline (CTL) and with ly,;, added (blue). G, Representative
whole-cell current-clamp recording from a daytime WT SCN neuron with modeled Iy, added (blue) followed by subtraction of modeled lyx cy (red) via dynamic clamp. H, Percentage decrease
in the firing rate induced by the subtraction of lyycy in daytime WT SCN neurons at baseline (CTL, red) and with ly,;, added (magenta). Statistical significance was determined by paired

Student's t test; p value is indicated. Data from the same cell are connected by dotted lines.

night, suggesting that NALCN-encoded Na* leak currents
selectively modulate the excitability of daytime SCN
neurons.

Dynamic clamp-mediated subtraction of NALCN-encoded
Na™ leak currents

To further explore the mechanism underlying the daytime-selec-
tive effects of NALCN-encoded Na ™ leak currents on the repeti-
tive firing rates of SCN neurons (Fig. 5), we used the dynamic
clamp technique (Prinz et al., 2004) to manipulate ionic currents
electronically in real time during current-clamp recordings (see
Materials and Methods). We formulated a leak current model for
NALCN-encoded channels (Inacy) derived from the NMDG™-
sensitive leak currents measured in recordings from daytime WT
SCN neurons (see Materials and Methods). Whole-cell current-
clamp recordings were obtained from SCN neurons in acute sli-
ces prepared from adult WT mice during the day, and Iyarcn
was manipulated using dynamic clamp. As illustrated in the rep-
resentative recording from a daytime WT SCN neuron shown in
Figure 6A, subtraction of Iyarcn (red) markedly decreased the

rate of repetitive firing and hyperpolarized V,,. Similar results
were obtained in recordings from additional daytime WT SCN
neurons (Fig. 6B). Subtraction of Inarcy led to increased Ry, in
all cells (Fig. 6C). As expected, however, decreasing Inarcn
is equivalent to increasing the R;, which is opposite to what
is observed experimentally in nighttime WT SCN neurons
(Kuhlman and McMahon, 2004, 2006; Allen et al., 2017; Harvey
et al., 2020; Hermanstyne et al., 2023).

To simulate the nighttime increase of subthreshold K™ cur-
rents using dynamic clamp, we introduced I, shown recently
to regulate the day-night switch in the spontaneous firing rates
and membrane properties of WT SCN neurons (Hermanstyne et
al,, 2023). Adding I, in daytime WT SCN neurons markedly
reduced repetitive firing rates (Fig. 6D,E) and decreased Ry, (Fig.
6F), effectively converting daytime neurons into nighttime-like
SCN neurons. To test the hypothesis that the selective effect of
NALCN-encoded Na* leak currents on the excitability of day-
time SCN neurons depends on the robust night to day change in
Ri, (ie., higher R, during the day than at night) (Figs. 1, 3), we
subtracted the same magnitude of Iyarcy (red), in the same cell
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as in Figure 6A-C, but in the presence of added Iy, (blue) (Fig.
6G). These experiments revealed that the subtraction of Iyarcn
in the presence of increased Iy, resulted in only very modest
changes in the repetitive firing rates of daytime WT SCN neu-
rons (Fig. 6H) (i.e., recapitulating the observations in daytime
and nighttime cNalcnKO SCN neurons) (Fig. 5B). These results
suggest that the effects of NALCN-encoded Na™ leak currents
on the spontaneous repetitive firing rates are controlled by the
K" current-mediated differences in the Ry, of daytime and night-
time SCN neurons.

Discussion

The results presented here demonstrate that the amplitudes of
Na* leak currents are similar in daytime and nighttime VIP™,
NMS™, and GRP" SCN neurons, but that these currents have a
larger influence on membrane potentials during the day than at
night (Figs. 1-4). Additional experiments revealed that the in
vivo conditional KO of Nalcn in the SCN selectively decreased
the repetitive firing rates of SCN neurons during the day, and
eliminated the day-night difference in mean repetitive firing rates
that is characteristics of WT SCN neurons (Fig. 5). Experiments
using dynamic clamp to manipulate Iyarcn and Iy, demon-
strated that the effects of NALCN-encoded Na™ leak currents on
the repetitive firing rates of SCN neurons depend on the day-
night differences in input resistances that result from changes in
K" currents (Fig. 6). Together, these results reveal a mechanism
by which NALCN-encoded Na™ leak channels modulate daily
rhythms in the rates of spontaneous action potential firing
of SCN neurons as a consequence of rhythmic changes in
subthreshold K™ currents. During the day, the impact of
NALCN-encoded Na® leak currents is amplified by higher
input resistances driven by reductions in K™ currents, whereas,
at night, the influence of NALCN-encoded Na™ leak currents
of the same amplitude is attenuated because of lower input
resistances, driven by increased K" currents.

Na™ leak current amplitudes are similar in daytime and
nighttime SCN neurons

Voltage-clamp recordings revealed that the mean * SEM
amplitudes/densities of the TTX-insensitive Na* leak currents
are similar in daytime and nighttime VIP*, NMS™, and GRP
SCN neurons (Figs. 2B, 4A,B). These observations contrast with
the findings in Drosophila DN1p clock neurons, which were
shown to display a diurnal variation (higher during the day
than at night) in the mean amplitude/density of the TTX-insen-
sitive Na* leak current (Flourakis et al., 2015). Eliminating the
TTX-insensitive Na* leak currents produced hyperpolarization
of the resting membrane potentials in VIP™, NMS™, and GRP
SCN neurons (Figs. 2D, 4C,D), indicating that Na* leak cur-
rents are important for setting the V,, in SCN neurons.

The larger effect on membrane potentials observed in day-
time, compared with nighttime, SCN neurons (~4mV differ-
ence) (Figs. 2D, 4C,D), however, is similar to the findings for
Drosophila DN1p neurons (Flourakis et al., 2015). Our results in
SCN neurons, however, suggest such that the differential effects
on V,, are driven by the robust daily changes in Ry, (Figs. 1C, 3B,
E, 6). In contrast, no significant diurnal rhythm was found in Ry,
of Drosophila DN1p neurons (Flourakis et al., 2015), suggesting
that, in these (DN1p) neurons, the differential effects on V,, may
simply reflect the day-night variations of Na* leak current den-
sities. Flourakis et al. (2015) also reported that the amplitudes/
densities of TTX-insensitive Na* leak currents are larger during
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the subjective day than the subjective night (by ~0.7 pA/pF) in
recordings obtained from unidentified SCN neurons in acute sli-
ces prepared from 3-month-old WT mice (maintained in con-
stant darkness for at least 3 weeks). This day-night difference,
however, is likely difficult to resolve given the variability in the
amplitudes/densities of the TTX-insensitive Na* leak currents
we observed during the day and at night in VIP*, NMS™, and
GRP™" neurons (Figs. 2B, 4A,B). Additional experiments will be
needed to determine whether there are specific cell populations
in the SCN that display much more uniform TTX-insensitive
Na* leak current amplitudes/densities than observed in VIP™,
NMS™, and GRP™ neurons localized in the ventral region of the
SCN.

NALCN-encoded currents selectively modulate excitability of
daytime SCN neurons

It has previously been shown that both germline KO and brain-
specific KO of Nalcn in mice are neonatal lethal, demonstrating
that Nalcn is crucial for survival in mammals (Lu et al., 2007;
Yeh et al,, 2017). To assess the role of Nalcn in adult SCN, there-
fore, we used an in vivo conditional KO strategy (Fig. 5A).
Analysis of the properties of adult Nalcn KO SCN neurons
revealed that disruption of Nalcn selectively decreased the repeti-
tive firing rates of SCN neurons during the day but not at night
(Fig. 5B). Our conditional Nalcn KO results resemble the find-
ings in the SNr, in which AAV-mediated Cre-dependent KO of
Nalcn reduced, but did not eliminate, the spontaneous firing
rates of SNr neurons (Lutas et al., 2016).

Results from the cNalcnKO SCN neurons also suggest that
NALCN-encoded Na™ leak currents account for ~50% of all
NMDG-sensitive Nat leak currents (Fig. 5D) and ~40% of
the NMDG-induced effects on membrane potentials (Fig. 2D,
4C,D, 5C). These findings suggest that there may be other TTX-
resistant subthreshold Na™ currents expressed in SCN neurons
and that these also play a role in controlling the repetitive firing
rates of mature SCN neurons. Future studies, aimed at defining
the possible functional roles of some potential candidate cur-
rents, such as HCN-, Nav1.8-, and/or Navl.9-encoded inward
currents (Colwell, 2011; Harvey et al., 2020), in the regulation of
daily rhythms in the spontaneous repetitive firing rates of SCN
neurons will certainly be of interest. Because disruption of Nalcn
eliminates the day-night oscillations in the mean repetitive firing
rates of SCN neurons (Fig. 5B), which synchronize and drive
daily rhythms in physiology and behavior, it will also be of con-
siderable interest to determine the impact of the in vivo condi-
tional KO of Nalcn in the adult SCN on circadian behavioral
rhythms.
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