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Abstract

Bipolar disorder (BD) is characterized by recurrent mood ep-
isodes, and circadian rhythm disturbances. Past studies have
identified calcium channel genes as risk loci for BD. CACNATC
encodes an L-type calcium channel (LTCC) involved in the
entrainment of circadian rhythms to light. Another calcium
channel, i.e,, the ryanodine receptor (RYR), is involved in

circadian phase delays. It is unknown whether variants in
CACNA1C or other calcium channels contribute to the circa-
dian phenotype in BD. We hypothesized that, by using tem-
perature cycles, we could model circadian entrainment in
fibroblasts from BD patients and controls to interrogate the
circadian functions of LTCCs. Using Per2-luc, a biolumines-
cent reporter, we verified that cells entrain to temperature
rhythms in vitro. Under constant temperature conditions,
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the LTCC antagonist verapamil shortened the circadian pe-
riod, and the RYR antagonist dantrolene lengthened the pe-
riod. However, neither drug affected temperature entrain-
ment. Fibroblasts from BD patients and controls also en-
trained to temperature. In cells from BD patients, the rhythm
amplitude was lower under entrained, but not constant,
conditions. Temperature entrainment was otherwise similar
between BD and control cells. However, the CACNAT1C geno-
type among BD cells predicted the degree to which cells en-
trained. We conclude that assessment of rhythms under en-
trained conditions reveals additional rhythm abnormalities
in BD that are not observable under constant temperature
conditions. © 2019 S. Karger AG, Basel

Introduction

Bipolar disorder (BD) is a severe and debilitating neu-
ropsychiatric illness characterized by recurrent episodes
of depression and mania, and altered circadian rhythms
in sleep and activity. Family and twin studies suggest that
inherited neurobiological factors explain 60-80% of the
variance in BD [1]. Indeed, recent genome-wide associa-
tion studies have concluded that >25% of the risk for BD
can be explained by common genetic variants involving
more than 30 genes [2, 3]. Among the genes linked to BD
are several encoding calcium channel subunits, with
the L-type calcium channels (LTCC) encoded from
CACNAIC being the most strongly implicated. Sugges-
tive, but less conclusive, evidence from genetic and cel-
lular models of BD implicates other genes like CACNA 1D,
CACNA2D4, and RYRI, which, respectively, encode oth-
er LTCC subunits and ryanodine receptors (RYR) [4, 5].
Therefore, calcium signaling may be critically important
to the pathophysiology of BD. However, the channels and
the specific functions affected in BD remain almost en-
tirely unknown.

One role of calcium channels in BD may be the regula-
tion of circadian rhythms. Patients with BD commonly
show circadian rhythm disturbances indicative of a mis-
alignment between their internal physiology and external
time cues like light [6]. Symptoms of BD include a delayed
onset and offset of activity, sleep abnormalities, and a low
rhythm amplitude [7-9]. We have shown previously in fi-
broblasts from BD patients and controls that BD cells show
a variety of circadian rhythm abnormalities. Compared to
controls, cells from BD patients have a longer circadian
period. Also, whereas in cells from controls lithium in-
creases the amplitude, in cells from BD patients there is a
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lack of amplitude modulation by lithium [10]. Finally, we
have shown that BD patients with an evening chronotype
have greater burdens of depressive and manic symptoms
and worse therapeutic responses to lithium. Moreover, in
cells from lithium-treated BD patients, a longer circadian
period, and/or phase delays predict worse treatment out-
comes [11]. The attenuation of amplitude in modulation
by lithium in BD cells has been linked to LTCC, reduced
calcium signaling and genetic variation in CACNAIC and
downstream deficits affecting the extracellular signal-reg-
ulated kinase (ERK) signal transduction pathway [12,
13]. In the course of this work, it was discovered that
CACNAIC is expressed rhythmically in fibroblasts and
that, in BD patients harboring the CACNAIC risk allele
rs4765913 (a common T/A SNP), the rhythmic expression
of CACNAIC is greatly reduced [13].

LTCC and calcium play an important role in the en-
trainment of the circadian clock to changes in the light/
dark cycle. Phase delays occur through activation of
T-type calcium channels in the early night [14], which
subsequently mobilize Ca?* from intracellular stores
through RYR receptor activation [15-17]. Phase ad-
vances occur through glutamate signals to the master
clockin the suprachiasmatic nucleus (SCN) that activate
voltage-dependent LTCC, and subsequent stimulation
of protein kinase G [14]. Mutant mice with forebrain
selective knockout of Cacnalc expression show normal
circadian rhythms under constant dark conditions, but
they show a reduced ability to phase advance after a light
pulse in the late night [18]. Both phase delay and phase
advance pathways converge on the ERK to induce
PER1/2 expression [19]. These effects on PER1/2 link
calcium signals to the core circadian oscillator, a tran-
scriptional/translational feedback loop made up of the
CLOCK/BMAL complex and ~20 additional “clock
genes” that maintain cell autonomous circadian rhythms
[20]. The resulting signals advance or delay the start of
the circadian cycle to reset phase.

Unlike the SCN, which responds selectively to light,
secondary circadian clocks elsewhere in the brain and pe-
ripheral tissues respond to a wider range of cues, includ-
ing steroid hormones, food, and temperature [21]. In this
regard, most circadian oscillators in brain areas related to
BD (e.g., the hippocampus and the frontal cortex) are
more similar to peripheral cells than to the SCN [6]. By
virtue of their less selective responses to environmental
cues, non-SCN clocks may be more prone to desynchro-
nization under pathological conditions. Previous work
has shown that temperature is a potent stimulus to en-
train cellular circadian rhythms in vitro [21, 22]. This

Nudell et al.



finding raises the possibility that circadian entrainment
can be studied in vitro in human peripheral cells, possibly
allowing a detailed analysis of the circadian mechanisms
underlying BD, including calcium channels and other
candidate molecules.

Based on these past findings, we attempted to devel-
op an in vitro model of circadian phase advance that
would be sensitive to changes in CACNAIC and LTCC
function. In this way, we hoped to develop an experi-
mental system in which the effects of genetic perturba-
tions in CACNAIC could be assessed in cells from BD
patients and controls. We hypothesized that calcium
channels would contribute to temperature entrainment
in cells and that calcium abnormalities in BD would lead
to differences in circadian rhythms measured under en-
trained conditions.

Methods

Human Subjects

Skin biopsies were obtained from healthy controls or deiden-
tified patients with BD type I who consented to research while
participating in the Pharmacogenomics of Bipolar Disorder
(PGBD) trial [23]. The majority of the donors were Caucasian,
and most BD patients were on medication at the time of the bi-
opsy. In order to control for differences in donors’ medication
history, all cells were passaged at least 4 times before use. Estab-
lished cell lines were frozen in cryovials and stored in liquid ni-
trogen until use. BD subjects were evaluated in detail as de-
scribed previously [23]. The majority of BD cell line donors
(95%) were of Caucasian ancestry. BD subjects were aged 21-74
years (mean: 46), and males comprised 51% of the cohort
(29/56). Control subjects were evaluated using The Structured
Clinical Interview for the DSM-IV to ascertain the psychiatric
diagnosis. Subjects with any major psychiatric illnesses, includ-
ing BD, schizophrenia, major depression, panic, personality dis-
order, eating disorder, alcohol/drug dependence (other than
nicotine), and/or a significant risk for suicide/violence, were ex-
cluded. All controls were males of Caucasian ancestry aged 29-
45 years (mean: 36).

Cell Culture

Human fibroblasts were transduced with the Per2-luc lenti-
viral reporter gene to assess circadian rhythms as described pre-
viously [10]. To facilitate studies with complex experimental de-
signs in a model that approximates human fibroblasts, we devel-
oped a mouse fibroblast line that stably expressed the Per2-luc
reporter (NIH3T3P2L), with hygromycin added to the medium
asaselection agent [13]. Immortalized mouse hippocampal neu-
rons (mHippoE-18) were purchased from a commercial vendor
(Cedarlane) and have been characterized in detail previously
[24]. Mouse and human cell lines were grown at 35°C to conflu-
ence in 100-mm plates in culture media (DMEM with 10% fetal
bovine serum, glutamine [2 mM], and antibiotics [penicillin,
streptomycin, and amphotericin]).

Cellular Circadian Entrainment and
Calcium Channels

Drugs

Dantrolene and verapamil were purchased from Tocris Biosci-
ences. The drugs were dissolved in DMSO or sterile water, respec-
tively. Drug concentrations were determined for verapamil based
on previously published work [13] and for dantrolene based on the
effects on circadian rhythms found in preliminary studies. For all
drug studies, identical cell cultures were treated in parallel to allow
within-sample matching. Vehicle controls for solvents were used
when indicated.

Luminometry

Luminometers were housed in a dry incubator and maintained
in warm room air. Human fibroblast rhythms were recorded using
~1.2 x 10° cells in 35-mm plates over 5 days with a luminometer
(Actimetrics). For NIH3T3" studies, ~2 x 10° cells were dis-
persed into 24-well plates and recorded over 5-7 days. Immedi-
ately before rhythm recording, the medium was replaced with
HEPES-buffered, serum-free recording medium containing 1 mMm
luciferin (Biosyth International). Dantrolene and verapamil were
added to the medium immediately before the beginning of record-
ing and it was left on the cultures for the duration of the 5-7 day
recording period.

Temperature Cycle Experiments

Where indicated, rhythms were measured under temperature-
entrained conditions using a 32-well luminometer (Actimetrics)
housed inside a programmable incubator (Panasonic MIR-554-PA).
Temperature cycle experiments began by allowing samples to stabi-
lize at 35°C, followed by an increase in temperature to 37.5°C. The
timing was conducted at various repeating intervals of 1014 h fol-
lowing a 2-step square wave pattern. All samples were analyzed with
2-4 technical replicates. For NIH3T3P?" cell experiments, parallel
cultures grown under identical conditions from the same plate were
measured simultaneously in a second luminometer housed in an
incubator with the temperature held steady at 35°C. In this way en-
trained cells were compared directly to cells maintained under free
running conditions. For entrainment studies with human cells, sam-
ples were tested first under constant conditions. We tested 56 cell
lines from BD patients and 11 cell lines from controls under constant
conditions. In some cases, new cultures from the same donors were
then subjected to a second round of testing under temperature-en-
trained conditions at a later time (BD, n = 22; controls, n = 7). Since
we were unable to match every cell line under both conditions, sta-
tistical comparisons between constant and temperature-entrained
conditions employed a between group design.

Rhythm Analysis

Photoemissions (counts per s) from each sample were recorded
every 10 min over the duration of the experiment and logged au-
tomatically for subsequent analyses. To eliminate artifacts, the first
14-48 h of data were excluded. Background-subtracted luminom-
etry data were fit to a damped sine curve via the least squares meth-
od using commercial software (Lumicycle Analysis). Rhythm pa-
rameters (period, phase, and amplitude) were estimated for each
trace and averaged across replicates. In some experiments, the de-
gree of phase shifting was estimated by calculating the difference
between free running and entrained conditions. For analyses of
drug effects, 2-way ANOV A with post hoc t tests were conducted
separately for each parameter. All analyses were completed using
GraphPad Prism version 5.0 (San Diego, CA, USA) with a < 0.05.
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Genotyping

Through their participation in a separate genome-wide asso-
ciation study, BD subjects were genotyped at ~420,000 single-nu-
cleotide polymorphisms (SNP) on PsychChip by TGEN (Phoenix,
AZ, USA). Individual genotypes for the CACNAIC variant
rs4765913 were collected for the subset of subjects who provided
fibroblasts for this study by extracting the data from the larger da-
taset. For controls, DNA was extracted from fibroblasts using a
commercially available min-kit (Qiagen). The CACNAIC
rs4765913 genotype was then determined by RT-PCR using com-
mercially available Tagman SNPlex genotyping primers (Applied
Biosystems).

Statistical Analysis

Analyses of cellular rhythm parameters were completed using
GraphPad Prism (version 5.0) employing a two-tailed  test, one-
way analysis of variance (ANOVA), or two-way ANOVA with re-
peated measures. All analyses used a < 0.05.

Results

Mouse Fibroblast and Neuronal Cell Lines Entrain to

Temperature Cycles

We first investigated NIH3T3"? cell entrainment to
temperature cycles. Cells run under constant tempera-
ture conditions exhibited a circadian rhythm with a mean
period of 26.5 h. To determine whether the cellular
rhythm could be entrained to an oscillating temperature
input, we next compared cells run under constant condi-
tions to those measured in temperature cycles of varying
times. Cells were run under conditions approximating a
24-h light/dark cycle, with the temperature alternating
between 35 and 37.5°C every 12 h (12:12 cycle). Under
the 12:12 cycle, NIH3T3"?! cells exhibited a circadian
rhythm with a period of 24.9 + 0.13 h (mean + SEM), i.e.,
a period shortening of 1.6 h compared to parallel cultures
run under constant temperature conditions (Fig. 1a, c).

Fig. 1. Temperature cycles entrain rhythms in NIH3T3 cells. a The
period is shortened by temperature cycles that approximate the
duration of daily light/dark cycles. Compared to cells examined
under constant temperature conditions (n = 33), cells run under
temperature cycles (h at 35°C:h at 37.5°C) of 10:14 (n = 3), 12:12
(n=12), or 14:10 (n = 14) showed shorter periods of Per2-luc ex-
pression that converged upon the period of the temperature cycle.
Representative traces are shown for rhythms entrained to 10:14
(b), 12:12 (c), and 14:10 (d) temperature cycles (red) compared to
cells from the same plate run in parallel under constant 35°C con-
ditions (black). The white bar indicates a temperature of 35°C, and
the gray bars indicate a temperature of 37.5°C (applies only to the
samples measured under temperature cycles). * Significant (post
hoc t test, p < 0.05) difference compared to controls. ** Significant
difference (post hoc t test, p < 0.05) between 12:12 and 14:10 cycles.

Nudell et al.
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Fig. 2. Temperature cycles entrain rhythms in immortalized mouse
hippocampal neurons. a Rhythms in mouse neurons. Compared
to neuronal cultures examined under constant temperature condi-
tions (n = 4), cells run under a temperature cycle (h at 35°C:h at
37.5°C) of 12:12 (n = 4) showed shorter periods of Per2-luc expres-
sion that converged upon the period of the temperature cycle. Rep-
resentative traces are shown for rhythms entrained to 12:12 tem-

Similar effects were found in temperature cycles of 10 h/
14 h (10:14) and 14 h/10 h (14:10) that approximate the
seasonal shifts of the light/dark cycle (Fig. 1a, b, d). The
periods of 10:14 and 14:10 did not differ from each other
(mean period: 25.2 + 0.13 vs. 25.2 + 0.04 h, respectively),
but the 12:12 period was significantly shorter than 14:10
(mean period: 24.9 vs. 25.2 h, respectively; Fig. 1a). A sin-
gle temperature pulse of 37-39°Clasting 2-6 h was insuf-
ficient to entrain the cells regardless of the magnitude or
timing of the pulse (not shown). To confirm that the tem-
perature cycle mechanism observed in NIH3T3"2L cells
was also present in neuronal cells, we measured rhythms
in immortalized mouse hippocampal neurons. Under
constant temperature conditions, the period was 26.6 h.
Under 12:12 temperature cycles, the period was signif-
icantly shorter (24.4 + 0.2 h), indicating that, as in
NIH3T3"! cells, circadian rhythms in mouse neuronal
cell lines can entrain to temperature (Fig. 2a, b).

Calcium Channels and Period

We hypothesized that drugs that target photic entrain-
ment pathways in the SCN would similarly affect the cir-
cadian period and the ability of NIH3T3"2L cells to en-
train to temperature. Verapamil targets LTCC, which are
channels involved in the phase advance response to light.
In NIH3T3"2L cells, verapamil caused a period-shorten-

Cellular Circadian Entrainment and
Calcium Channels

perature cycles (b) (red) compared to neurons run in parallel un-
der constant 35 °C conditions (black). The white bar indicates a
temperature of 35 °C, and the gray bar indicates a temperature of
37.5°C (applies only to the samples measured under temperature
cycles). * Significant (p < 0.05) difference compared to controls as
determined by a two-tailed ¢ test.

ing effect (Fig. 3a, b). However, under temperature-en-
trained conditions, verapamil did not cause any addition-
al period change compared to vehicle-treated cells
(Fig. 3c). RYR are involved in the phase delay response.
The RYR antagonist dantrolene would therefore be ex-
pected to produce the opposite actions of verapamil. In-
deed, the application of dantrolene to NTH3T3" cells at
a constant temperature significantly lengthened the pe-
riod in a concentration-dependent manner (Fig 3d, e).
However, as with LTCC inhibition, the addition of the
RYR inhibitor dantrolene did not reverse the period-
shortening effect of temperature entrainment (Fig. 3f).
These data indicate that blocking calcium channels did
affect the circadian period but did not interfere with the
ability of NTH3T3P2L cells to entrain to temperature.

Rhythm Parameters under Constant and Entrainment

Conditions in BD Patient and Control Cells

Since rhythms could be altered by temperature cy-
cles, we next investigated this process in human cell
lines, including samples from BD patients and controls.
As with the mouse fibroblast lines, the circadian period
in human fibroblasts could be altered to conform to a
temperature cycle. In preliminary studies, cells from the
same subjects run on 10:10 and 12:12 cycles showed sig-
nificantly different periods of 20.9 and 25.4 h, respec-

Mol Neuropsychiatry 2019;5:115-124
DOI: 10.1159/000497354

119

Color version available online



0.5 400 — Vehidle 0.5
ﬁ — Verapamil
< e . = < 1 _ ~
(@] © [@)]
C = o
© < ©
S 0.5 * 2 S -0.5 1
o] .2 il
Re] £ Xe]
$ 10 il $ 3 -10-
9]
<
o
—15 T T 1 T T T T T T T T 1 —15 T 1
Vehicle 1uM 10 pm 1 2 3 4 5 Vehicle Verapamil
a Verapamil b Time, days [
1.5 4 400 —— Vehicle 1.5
" § — Dantrolene
< 104 5 < 104
) [s} )
()] k{ [®)]
Jr:% 0.5 * 5 E 0.5
. == 3 °
0 £ 0 é
g B g 2 oo
<
o
-0.5 T T | T T T T T T T T 1 -0.5 T |
Vehicle 1uM 10 pm 1 2 3 4 5 Vehicle Dantrolene
d Dantrolene e Time, days f

Fig. 3. Calcium channel antagonists alter the circadian period in
NIH3TS3 cells. a Under constant conditions, the LTCC antagonist
verapamil shortens the circadian period at 1 (n = 3) and 10 um
(n = 11) in NTH3T3P2L cells compared to vehicle-treated controls
(n =22). b Representative traces demonstrating the period-short-
ening effect (under constant conditions) of verapamil 10 uM (red)
compared to vehicle-treated cells (black) in NTH3T3"?% cells. ¢ Un-
der 12:12 temperature-entrained conditions, verapamil at 10 uM
has no significant effect on period (p = 0.11, n = 9/group). d Under
constant conditions, the RYR antagonist dantrolene lengthens
the circadian period in a concentration-dependent manner at 1

tively, indicating that temperature cycles can entrain the
circadian period in human cells across a range of sev-
eral hours (Fig. 4a). Having established that human fi-
broblasts entrain to temperature, we next set out to mea-
sure entrainment to typical environmental conditions
using 12:12 temperature cycles in cells from BD patients
and controls. We first examined rhythm amplitude. Un-
der constant conditions, there was no significant differ-
ence in amplitude between BD patients and controls.
However, under entrained conditions, the rhythm am-
plitude significantly decreased in both groups. Further
analyses revealed that under temperature-entrained
conditions, the amplitude was significantly higher in

120 Mol Neuropsychiatry 2019;5:115-124
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(n=4)and 10 uM (n = 12) in NTH3T3"?" cells compared to vehicle-
treated controls (n = 12). e Representative traces demonstrating
the period-lengthening effect of dantrolene at 10 uM (blue) com-
pared to vehicle-treated cells (black) in NIH3T3%%L cells. f Under
12:12 temperature-entrained conditions, dantrolene at 10 uM has
no significant effect on period (n = 6 per group). For each panel, a
positive period change indicates a lengthening of period by the
drug. Box plots indicate minimum/maximum/mean values and
SEM. * Significant (p < 0.05) difference compared to controls as
determined by one-way ANOVA.

control cells compared to BD cells (Fig. 4b, c¢). We next
examined period. Under constant conditions there was
no significant difference in period (mean + SEM: BD,
25.7 £ 0.1 h; control, 25.4 + 0.3 h). Under entrained con-
ditions, the mean period was shortened for all cells.
Overall, there was no significant difference in the degree
of period shortening between BD and control cells as a
result of the entrainment procedure (Fig. 4c). However,
we conducted an exploratory, secondary analysis of the
CACNAIC genotype. When examining the data post
hoc by CACNAIC genotype, significant differences in
period under 12:12 temperature-entrained conditions
became apparent, but only in the BD cells (Fig. 4d, e). In
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Fig. 4. Entrained circadian rhythms in subjects with BD and con-
trols. a Entrained period length of human fibroblasts run under
varying temperature cycles. b The rhythm amplitude under con-
stant temperature conditions does not differ in fibroblasts from
BD cases and controls, whereas under 12:12 temperature cycle en-
trained conditions the amplitude is lower in cells from BD patients.
The results shown reflect samples collected under constant condi-
tions from controls (n = 10) and BD patients (n = 56) and samples
analyzed under temperature-entrained conditions (BD, n = 22;
controls, n = 7). The latter cohort fully includes the former. Two-
way ANOVA revealed the main effect of temperature (p = 0.001),
i.e, and a trend towards a bipolar x temperature interaction (p =
0.07). A post hoc t test comparing BD and control samples under
temperature-entrained conditions revealed a significant difference
(p = 0.01) (indicated by *). ¢ Representative baseline subtracted,
raw data traces of Per2-luc expression rhythms in fibroblast cul-

BD cells with a CACNAIC risk allele, the mean period
was significantly longer compared to BD cells harboring
the common CACNAIC allele (25.4 vs. 25.0 h), indicat-
ing a selective deficit in temperature-induced period
shortening in the risk allele carriers. Control cells ho-
mozygous for the common CACNAIC allele had a pe-
riod of 25.3 h, intermediate between the 2 BD groups.

Cellular Circadian Entrainment and
Calcium Channels

tures under temperature entrainment from a control (black) and a
BD patient (red), illustrating the higher rhythm amplitude in con-
trols. White vertical bars indicate the 12-h periods of 35°C, and
gray bars indicate the 12-h periods of 37.5°C. d Under entrained
conditions, there was no significant difference in period in cells
from controls vs. BD. However, there was a significant difference
in period by genotype. BD cells harboring a CACNAIC rs4765913
BD risk allele showed a reduced ability to entrain to 12:12 tem-
perature cycles compared to cells homozygous for the more com-
mon CACNAICT allele. * p < 0.05 in a post hoc t test. e Represen-
tative baseline subtracted, raw data traces of Per2-luc expression
rhythms in fibroblast cultures from a CACNA1C risk allele carrier
(black) and sample homozygous for the CACNA1C common allele
(red), illustrating the longer period of the risk allele carrier under
entrained conditions. White bars indicate the 12-h periods of
35°C, and gray bars indicate the 12-h periods of 37.5°C.

Only a single control subject was a CACNA IC risk allele
carrier (Fig. 4e). These preliminary results indicate that
BD cells harboring the CACNAIC risk allele may not
respond as robustly to the environmental inputs under-
lying circadian entrainment as do cells homozygous for
the common CACNAIC allele. There was no significant
effect of the CACNA1C genotype on amplitude.
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Discussion

Past work implicates CACNAIC as a risk-associated
gene in BD. Given that the protein products of CACNA1C
(Cavl.2 calcium channels) are suitable drug targets
and very well characterized, understanding the role of
CACNAI1C and calcium signaling in BD is a high priority
in translational research. However, the functional impli-
cation of genetic variation in CACNAIC in BD remain
unknown. Presently, there are no validated in vitro assays
that can interrogate Cavl.2 function in BD in a manner
that unambiguously maps onto a relevant clinical pheno-
type. The development of a sensitive assay that discrimi-
nates cells from BD and unaffected samples would be a
valuable advance for therapeutic drug screening and/or
biomarker development. With this framework in mind,
we examined whether circadian phase shifting could be
used to assess the function of calcium channels in vitro,
both in mouse and in human fibroblast cultures. In so do-
ing, we also hypothesized that some of the circadian
rhythm abnormalities observed in BD may be explained
by genetic variations in CACNAIC. Our main finding is
that amplitude abnormalities in circadian rhythms are re-
vealed selectively by assessing the rhythm under en-
trained conditions. We did find that calcium channels
regulate rhythms in peripheral cells but are not critical for
temperature entrainment. With respect to entrainment
deficits, we found no major effect of BD in our case-con-
trol analysis but we did find suggestive evidence of en-
trainment deficits in a subset of BD samples harboring
the CACNA1Crisk allele in exploratory analyses. This lat-
ter finding should be considered preliminary and is in
need of replication in a larger sample. Our work has the
strengths that we are able to study a disease-relevant
mechanism in human BD patient samples and we were
able to measure rhythms prospectively for several days in
high resolution while modelling entrainment in vitro.
Limitations of our work include the relatively small sam-
ple size of cell line donors. Due to the cost and technical
challenges of running large numbers of human samples
(that require viral transfection of each sample), we con-
ducted the majority of our mechanistic studies in animal
cells (that can be stably transfected) and therefore we can-
notbe certain that the mechanisms we identified in mouse
cells apply fully to human cells.

As others have described previously [21, 22], we found
that temperature cycles were able to entrain fibroblast cir-
cadian rhythms. Under entrained conditions, the period
was shortened to more closely approximate the tempera-
ture cycle. We found previously that cells from BD pa-
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tients have longer periods than controls [10] and that, in
cells from BD patients who were nonresponsive to lithi-
um treatment, the period is longer compared to cells from
lithium responders [11]. Therefore, we hypothesized that
these period differences may translate into impaired tem-
perature entrainment in BD cells compared to control
cells. However, this was not the case. Cells from BD and
control donors showed similar period lengths under en-
trained conditions.

In contrast to period, we did find amplitude differenc-
es in the cells from BD donors. Selectively under en-
trained conditions, the rhythm amplitude was lower in
BD cells compared to control cells. The same samples run
under constant conditions did not show any amplitude
abnormality, indicating that measurement of rhythms
under entrained conditions could possibly reveal rhythm
abnormalities that were not detectable previously under
constant temperature (“free running”) conditions. We
have examined rhythm amplitude under constant condi-
tions previously and found a similar lack of a difference
between BD cases and controls under constant condi-
tions [10]. However, as in the present study where tem-
perature entrainment revealed a selective amplitude dif-
ference, we found in the previous study amplitude differ-
ences that were apparent only after treating the cells with
lithium. Our amplitude and entrainment findings may be
linked. It has been reported previously that low-ampli-
tude rhythms entrain to temperature stimuli more read-
ily than high-amplitude rhythms [25]. In this way, the
lower-amplitude rhythms in BD cells under temperature
cycles may shorten the period more readily. This more
flexible rhythm may offset any potential entrainment def-
icit stemming from the longer period we previously found
in BD cells.

While we did not examine it directly in the present
study, it is possible that lithium and temperature en-
trainment engage similar signal transduction pathways
to relay inputs to the circadian clock. We reported pre-
viously that the BD-associated differences in amplitude
under lithium-treated conditions involved calcium [13]
and ERK signaling [12], pathways involved in photic en-
trainment in the SCN [14, 15, 18, 19]. The relative de-
crease in amplitude in the BD samples under both lith-
ium treatment and entrained conditions may imply a
loss of function in one or more of these pathways in BD.
Additional work is required to dissect this putative over-
lap in more detail, particularly with regard to ERK,
which was not evaluated under temperature-entrained
conditions. In the present study, we found that pharma-
cological antagonism of calcium channels had effects on
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the circadian period. The LTCC antagonist verapamil
shortened the period, while the RYR antagonist dan-
trolene lengthened it. However, the lack of an effect of
these drugs on entrainment suggests that they are un-
likely to be the primary mechanism underlying the find-
ing of a BD-associated low amplitude under entrained
conditions that we report presently. Our current data
suggest that the effects of calcium and temperature on
rhythms are nonadditive and that the effects of temper-
ature on rhythms dominate any input from the 2 calci-
um pathways we examined. Nonetheless, we observed in
BD samples carrying the CACNAI1C BD risk allele that
period shortening under a temperature cycle was less
robust than in cells carrying the common allele. This
finding is similar to the effect we reported previously in
which carriers of the CACNAIC risk allele demonstrat-
ed a reduced amplitude after treatment with lithium
[13]. Taken together, we conclude that the entrainment
pathway and lithium may engage similar pathways that,
if understood, could elucidate more about lithium’s
therapeutic mechanism and/or the pathophysiological
mechanisms underlying BD.
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