Molecular Psychiatry (2021) 26:4106-4116
https://doi.org/10.1038/541380-019-0622-y

ARTICLE

Check for
updates

Cellular calcium in bipolar disorder: systematic review and
meta-analysis

Paul J. Harrison®'"? - Nicola Hall®' - Arne Mould'? - Noura Al-Juffali' - Elizabeth M. Tunbridge'*

Received: 16 August 2019 / Revised: 20 November 2019 / Accepted: 22 November 2019 / Published online: 4 December 2019
© The Author(s) 2019. This article is published with open access

Abstract

Calcium signalling has long been implicated in bipolar disorder, especially by reports of altered intracellular calcium ion
concentrations ([Ca®"]). However, the evidence has not been appraised critically. We carried out a systematic review and meta-
analysis of studies of cellular calcium indices in bipolar disorder. 2281 records were identified and 117 screened, of which 32
were eligible and 21 were suitable for meta-analyses. The latter each involved up to 642 patients and 404 control subjects. We
found that basal free intracellular [Ca®>"] is increased in bipolar disorder, both in platelets and in lymphocytes. The effect size is
0.55, with an estimated elevation of 29%. It is observed in medication-free patients. It is present in mania and bipolar
depression, but data are equivocal for euthymia. Cells from bipolar disorder individuals also show an enhanced [Ca*>"] response
to stimulation with 5-HT or thrombin, by an estimated 25%, with an effect size of 0.63. In studies which included other
diagnoses, intracellular basal [Ca®"] was higher in bipolar disorder than in unipolar depression, but not significantly different
from schizophrenia. Functional parameters of cellular Ca>" (e.g. calcium transients), and neuronal [Ca®*], have been much less
investigated, and no firm conclusions can be drawn. In summary, there is a robust, medium effect size elevation of basal and
stimulated free intracellular [Ca>"] in bipolar disorder. The results suggest altered calcium functioning in the disorder, and
encourage further investigations into the underlying mechanisms, and the implications for pathophysiology and therapeutics.

Introduction

The possible involvement of calcium ions ([Ca2+]) in bipolar
disorder has been under investigation for almost a 100 years
[1]. Researchers have compared a range of Ca®" parameters
between cases and controls, but following landmark studies
in the late 1980s [2, 3], the main focus has been upon
intracellular calcium ion concentrations ([Ca”]), pre-
dominantly in platelets and lymphocytes. The postulated
links between Ca’*" and bipolar disorder are usually inter-
preted in the context of the fundamental roles of Ca>" in
neuronal excitation, transmitter synthesis and release, and
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synaptic function and plasticity [4-8]. Researchers also noted
the effects of abnormal Ca*" levels on mood (e.g. in hyper-
parathyroidism), and the fact that lithium and some other
psychotropic drug classes alter Ca®" functioning [9—11].

Over the past decade the study of Ca®>" in bipolar dis-
order has been received new impetus from the increasingly
compelling evidence that voltage-gated calcium channels
(VGCCs) are part of the genetic aetiology [12, 13]. Interest
is enhanced by the therapeutic opportunities which VGCCs
provide, given their known druggability by existing calcium
channel blockers and the gabapentinoids [14—17]. However,
despite multiple studies and several narrative reviews, there
is no consensus as to the specific Ca>" abnormality—if any
—which characterises bipolar disorder, nor is the robustness
of the evidence clear [18-20]. To address this gap, we have
systematically reviewed and meta-analysed the literature
regarding cellular Ca*" in bipolar disorder.

Materials and methods

We registered our study on the PROSPERO international
prospective register of systematic reviews (http://www.
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crd.york.ac.uk/PROSPERO/display_record.php?ID=CRD
42019119254). The primary question we wished to answer
was: Does cellular [Ca”] differ in cells from individuals
with bipolar disorder compared with healthy controls, either
at baseline or in response to stimulation? Our secondary
analyses included comparisons between different cell types;
between depressed, euthymic and manic states; and between
bipolar I and II disorder. We also assessed cellular [Ca®*]in
medication-free individuals, and addressed diagnostic spe-
cificity by examining studies which directly compared
bipolar disorder with schizophrenia or unipolar depression.
Finally, we reviewed studies in which other parameters of
cellular Ca®* had been measured.

Given these objectives, we aimed to identify all studies
in which individuals with bipolar disorder were compared
with healthy controls, and which measured one or more of
the following parameters: intracellular Ca®>" concentrations,
at baseline or after stimulation; measures of calcium flux or
mobilisation; calcium-mediated electrophysiological sig-
nals. All cell types (including those derived from induced
pluripotent stem cells [iPSC]) were included. We did not
consider data which were only published in abstracts, or in
non-peer reviewed publications (e.g. book chapters), or in
languages other than English. We excluded studies of blood
or other body fluids, and studies measuring calcium-related
molecules such as calcium channels, calcium-binding pro-
teins, Ca>"-ATPase, or TRPC7. We also excluded animal
models of bipolar disorder.

To identify relevant studies we searched the Web of
Science, All Databases, refined to the Web of Science Core
Collection and Medline. The search terms were (calcium
or Ca’") and (‘bipolar disorder’ or ‘bipolar disease’ or
‘bipolar I’ or ‘bipolar II’ or ‘bipolar depression’ or ‘manic-
depressi*’ or ‘manic depressi*’ or ‘affective’ or ‘mania’ or
‘manic’). In addition, we searched the reference list of all
eligible studies, all citations of eligible studies, and our own
reprint collections. The last search was on 18th July 2019.

Titles and abstracts of studies retrieved by the search
strategy were screened independently by two of the authors.
The full text of all potentially eligible articles (and, where
relevant, their supplementary information) was also
obtained and independently assessed by two authors. We
resolved any ambiguities about eligibility through discus-
sion. The extracted information comprised: year of pub-
lication; numbers of cases and controls; diagnostic criteria
for bipolar disorder; subtype of bipolar disorder; cell type;
mood state of cases (manic, euthymic, depressed, or not
stated); medication status of cases; methodology used; Ca’"
parameter(s) measured; mean and standard deviation of
eligible datasets. Where necessary, we converted standard
errors and confidence intervals to standard deviations.
Graphical data were extracted using WebPlotDigitizer ver-
sion 4.1 (https://automeris.io/WebPlotDigitizer/). Two

authors independently extracted data; we resolved any dis-
crepancies by discussion with other authors. We contacted
study authors where aspects of the data were unclear. Most
measures of quality assessment (e.g. randomisation) do not
apply to a systematic review of this kind; however we did
check whether the study reported whether analyses wer-
econducted blind to diagnosis, and whether all subjects
were accounted for in the analyses.

Where three or more studies used a comparable measure
of Ca*", we pooled their results using random effects meta-
analysis in Cochrane Community Review Manager 5.3
(https://community.cochrane.org/help/tools-and-software/
revman-5), with standardised mean differences, 95% con-
fidence intervals and two-sided p values for each outcome.
Where subgroups needed to be combined, we used the
formula for weighted means in the Cochrane handbook
(https://handbook-5-1.cochrane.org/). We assessed hetero-
geneity using the 2 statistic and »? test.

Results

A PRISMA diagram is shown (Fig. 1). We identified 2281
articles from our search strategy, and after screening 117
papers we identified 32 studies meeting our criteria for
inclusion in the systematic review [2, 3, 21-50]. Eighty-five
other studies were reviewed but excluded; they are listed in
Supplementary Table 1, along with their reason for exclu-
sion. These included several instances where the same data
were reanalysed or subsumed in a second publication; we
are grateful to authors who clarified these issues. Regarding
the measurable quality indices, all subjects were accounted
for in all studies, but no studies commented on blinding.

The 32 studies in the systematic review were published
between 1988 and 2017. The majority used platelets (n =
22); lymphocytes were used in four studies, and trans-
formed cells (B-lymphoblasts and iPSC-derived neurons)
used in six. Some studies used more than one cell type. The
commonest parameters measured were basal ([Ca* Ny, n=
22) and stimulated ([Ca”]s; n=20) free intracellular cal-
cium ion concentration. The most widely used stimulants
were S-hydroxytryptamine (5-HT; n=28) and thrombin
(n ="T). The standard methodology for these studies was to
use Fura2, a high affinity calcium indicator dye. Studies
using neurons mostly measured electrophysiological rather
than biochemical parameters of Ca’t (n=)5).

Study sample sizes ranged from 2 to 215 bipolar disorder
cases and 270 controls. Diagnoses were made using DSM-
I (n=3), DSM-IIIR (n=12), DSM-IV (n=10), other
(n=4), or unstated (n = 3) criteria. Some studies included
one or more other psychiatric disorder groups, notably
unipolar depression (n=10) and schizophrenia (n=175).
Within bipolar disorder, some studies did not note (or did
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Fig. 1 PRISMA statement.
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not separate) mood states, but the majority included one or
more subgroups defined as being depressed, manic, or
euthymic (in remission) at the time of sampling.

Meta-analyses of basal cellular Ca>" concentration
Bipolar disorder versus controls

After exclusion of duplicate datasets, 20 eligible meta-
analysable studies measuring [Ca®"], in bipolar disorder (all
mood states and cell types combined, n = 642) and controls
(n=404) were identified (Fig. 2). Meta-analysis shows ele-
vated [Ca”]b in bipolar disorder (n =23 datasets; Z=3.91,
p<0.0001; SMD 0.55, 95% confidence interval 0.27-0.82).
The mean increase of [Ca’'], in bipolar disorder was 29%
(range —54-152%).The increase is significant in studies of
platelets (n = 16 datasets, of 336 patients and 268 controls;
Z=13.87, p<0.0001; SMD 0.58 [0.29-0.88]) and lympho-
cytes (n = 4 datasets, of 61 patients and 38 controls; Z = 4.04,
Z=4.04, p<0.0001, SMD 0.97 [0.50-1.44]); the result in the
category of ‘other cells’ (B-lymphoblasts and olfactory neu-
rons) is not significant, but there is no overall heterogeneity
between cell types (p =0.16).

Effect of mood state

The majority of studies allowed separate comparisons to be
made for mania, euthymia, and depression (Fig. 3).

SPRINGER NATURE

Compared with controls, [Ca“]b was elevated in mania
(n =75 datasets, of 68 patients and 92 controls; Z=4.05,
p<0.0001; SMD 0.69 [0.36-1.03]) and in bipolar depres-
sion (n =8 datasets, of 99 patients and 134 controls; Z =
2.60, p=0.009; SMD 1.10 [0.27-1.93]). However, in
remission, [Ca*™], did not differ from controls (n=7
datasets, of 74 patients and 110 controls; Z=1.15, p=
0.25; SMD 0.27 [—0.19-0.72]).

Effect of medication

We also examined results of studies in which only unme-
dicated patients were included. In three of these studies the
subjects were drug naive [25, 26, 30]; in the others they had
been drug free for between 2 weeks and 3 months. Figure 4
shows that there was an elevated [Ca2+]b in unmedicated
bipolar disorder (n = 14 datasets, of 198 patients and 244
controls; Z=4.69, p<0.00001; SMD 0.49 [0.28-0.69]).
The increase was significant in mania (n = 2 studies, of 36
patients and 35 controls; Z=2.01, p=0.04, SMD 0.50
[0.01-0.98], in bipolar depression (n =6 studies, of 95
patients and 114 controls; Z=3.56, p = 0.0004; SMD 0.55
[0.25-0.85]), and in five studies, in which mood state was
either unknown or different states were grouped together
(n =6 datasets, of 67 patients and 95 controls; Z=2.36,
p=0.02; SMD 0.41 [0.07-0.74]). There were no meta-
analysable studies of unmedicated euthymic patients as only
one study included such a group [40].
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Bipolar disorder Controls

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.1.1 Platelets

Dubovsky et al 1989 (3) 136.1  51.1 43 98 15 15  52% 0.84[0.23, 1.45] 1989 -
Tan et al 1990 (21) 320 181.3 6 127 45 7 2.8% 1.42[0.15,2.69] 1990

Dubovsky et al 1991b (23) 198 53.2 24 151 10.2 13 4.7% 1.06 [0.33, 1.78] 1991 -
Dubovsky et al 1991a (22) 198.2 547 23 150 11.3 1 4.5% 1.03[0.26, 1.79] 1991 -
Kusumi et al 1992 (25) 727 187 14 775 13 25 5.0% -0.31[-0.97, 0.35] 1992 I
Dubovsky et al 1992 (24) 121 238 9 79 87 7 2.7% 2.10[0.81, 3.40] 1992

Bothwell et al 1994 (27) 88 19 16 85 16 16 4.8% 0.17 [-0.53, 0.86] 1994 -1
Berk et al 1994 (26) 4935 223 60 333 24 20 5.6% 0.70[0.18, 1.22] 1994 -
Kusumi et al 1994 (30) 724 152 25 76.2 131 30 5.5% -0.27 [-0.80, 0.27] 1994 -

Eckert et al 1994 (29) 1432 0.28 2 941 188 10 1.5% 2.54[0.58,4.50] 1994

Tan et al 1995 (33) 127 476 7 106 40.8 26 4.2% 0.49[-0.36, 1.33] 1995 I
Okamoto et al 1995 (32) 786 175 20 76.7 137 14 4.9% 0.12[-0.57, 0.80] 1995 I
Yamiwaki et al 1996 (35) 823 173 13 752 15.1 15 4.6% 0.43[-0.33, 1.18] 1996 N
Hough et al 1999 (36) 15625 57.6 39 105.6 43.3 12 4.9% 0.84[0.17,1.51] 1999 -
Suzuki et al 2001 (37) 68.2 19.2 20 67.3 1438 30 54% 0.05[-0.51,0.62] 2001 1
Dubovsky et al 2014 (46) 185.7 147.8 15 87.3 31.1 17 4.6% 0.93[0.19, 1.66] 2014 -
Subtotal (95% Cl) 336 268 70.8% 0.58 [0.29, 0.88] *
Heterogeneity: Tau? = 0.21; Chi? = 38.46, df = 15 (P = 0.0008); I = 61%

Test for overall effect: Z = 3.87 (P = 0.0001)

1.1.2 Lymphocytes

Dubovsky et al 1992 (24) 129 322 9 83 7.8 7 2.9% 1.75[0.54, 2.96] 1992

Eckert et al 1994 (29) 1285 414 2 117 223 10 2.2% 0.43[-1.11, 1.96] 1994 - 1
Dubovsky et al 1994 (28) 117 182 26 97 53 7 4.0% 1.18[0.29, 2.07] 1994 -
Hough et al 1999 (36) 87 36.1 24 651 171 14 4.9% 0.70[0.02, 1.38] 1999 _'*
Subtotal (95% CI) 61 38 14.0% 0.97 [0.50, 1.44] <o
Heterogeneity: Tau? = 0.00; Chi? = 2.90, df =3 (P = 0.41); > = 0%

Test for overall effect: Z = 4.04 (P < 0.0001)

1.1.3 Other cell types

Kato et al 2003 (39) lymphoblasts 783 75 13 743 84 1 43% 0.49[-0.33, 1.30] 2003 T
Hahn et al 2005 (40) ONs 366 233 17 80.8 2838 17 44% -1.65 [-2.44, -0.86] 2005 -

Uemura et al 2011 (43) lymphoblasts 61.1 83 215 573 74 70 6.5% 0.47[0.20, 0.74] 2011 -
Subtotal (95% CI) 245 98 15.2% -0.20 [-1.46, 1.05] g
Heterogeneity: Tau? = 1.12; Chi? = 24.90, df = 2 (P < 0.00001); I = 92%

Test for overall effect: Z = 0.32 (P = 0.75)

Total (95% Cl) 642 404 100.0% 0.55 [0.27, 0.82] *
Heterogeneity: Tau? = 0.28; Chi? = 73.23, df = 22 (P < 0.00001); I> = 70% t ! t

Test for overall effect: Z = 3.91 (P < 0.0001)
Test for subgroup differences: Chi? = 3.72, df = 2 (P = 0.16), I> = 46.2%

2

t
-4 -
Higher in controls  Higher in BD

Fig. 2 Forest plot showing basal intracellular [Ca?"] in bipolar disorder compared with controls, both overall and in platelet (purple),
lymphocyte (orange) and other cell type (dark grey) subgroups. IV inverse variance, ONs olfactory neurons.

Bipolar disorder compared with other diagnoses

As shown in Fig. 5, [Ca’'], in bipolar disorder was sig-
nificantly higher than in unipolar depression (n = 12 data-
sets, of 436 bipolar disorder individuals and 260 with
unipolar depression; Z=12.93, p=0.003; SMD 0.36
[0.12-0.61]). There was no significant difference in [Ca2+]b
between bipolar disorder and schizophrenia, albeit based on
a much smaller sample size (n =4 datasets, of 56 bipolar
disorder individuals and 62 with schizophrenia; Z=1.48,
p=0.14; SMD 0.29 [—0.09-0.67]).

Meta-analyses of cellular Ca>" concentration after
stimulation with 5-HT or thrombin

Intracellular [Ca>"] is regulated by a range of extrinsic sti-
muli. A number of studies have therefore examined [Ca”]S
in bipolar disorder, in addition to or instead of [Ca”]b. The
most commonly used stimulants are 5-HT and thrombin.
Both were amenable to meta-analysis, which showed an
enhanced response in bipolar disorder (n = 16 datasets, of
307 patients and 271 controls; Z=4.81, p<0.0001; SMD
0.63 [0.28-1.06]; Fig. 6). The mean increase of

[Ca’"), in bipolar disorder was 25.2% (range
—25.9-75.7%). The effect was significant for 5-HT (n =9
datasets, of 216 patients and 164 controls; Z=3.29, p<
0.001; SMD 0.60 [0.24-0.95]) and for thrombin (n=7
datasets, of 91 patients and 107 controls; Z=3.38, p=
0.0007; SMD 0.67 [0.28-1.06]).

Both stimulants were used across a range of doses, and in
some studies the dose was unclear. The significantly greater
responses in bipolar disorder than controls remained if
analyses were restricted to the commonest concentration
used in these studies (10 uM 5-HT; Z=15.78, p <0.00001;
SMD 0.90 [0.59-1.20]) and thrombin (0.1 U/ml; Z = 3.79,
p=0.0001; SMD 0.81 [0.39-1.22]). Two studies used
more than one concentration of 5-HT: Berk et al. (ref. 31)
used 100 nM, 500 nM and 1 uM, and Kusumi et al. (ref. 30)
used 300 nmol and 10 umol. In both instances, the enhanced
[Ca>"], response in bipolar disorder was of similar magni-
tude at each concentration tested.

Investigation of heterogeneity and bias

As shown in Figs. 2—6, many of the meta-analyses showed
significant heterogeneity (I*>50% or chi square p <0.05).

SPRINGER NATURE
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Bipolar disorder Controls

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% ClI
1.3.1 Mania

Dubovsky et al 1989 (3) 157  65.1 15 98 15 15 54% 1.22[0.43,2.00] 1989 -
Berk et al 1994 (26) 48.2 321 21 333 24 20 6.0% 0.51[-0.11, 1.14] 1994 _'7

Tan et al 1995 (33) 127 476 7 106 40.8 26 52% 0.49[-0.36, 1.33] 1995 T
Okamoto et al 1995 (32) 823 187 10 76.7 13.7 14 52% 0.34[-0.48, 1.16] 1995 T
Dubovsky et al 2014 (46) 185.7 148 15 873 31.1 17 5.5% 0.93[0.19, 1.66] 2014 -
Subtotal (95% Cl) 68 92 27.3% 0.69 [0.36, 1.03] ‘
Heterogeneity: Tau? = 0.00; Chi* = 3.34, df = 4 (P = 0.50); I = 0%

Test for overall effect: Z = 4.05 (P < 0.0001)

1.3.2 Euthymic

Dubovsky et al 1989 (3) 112 259 13 98 15 15 5.4% 0.65[-0.11, 1.42] 1989 _'*

Tan et al 1990 (21) 320 181.3 6 127 45 7 37% 1.421[0.15,2.69] 1990

Dubovsky et al 1991a (22) 146 354 7 150 11.3 1" 4.8% -0.16 [-1.11, 0.79] 1991 -
Dubovsky et al 1991b (23) 143 324 9 151 10.2 13 51% -0.35[-1.21,0.51] 1991 T

Kusumi et al 1994 (30) 74 105 9 76.2 131 30 5.5% -0.17 [-0.92, 0.57] 1994 I

Berk et al 1994 (26) 505 143 20 333 24 20  5.9% 0.85[0.20, 1.50] 1994 -
Okamoto et al 1995 (32) 749 164 10 76.7 13.7 14 5.3% -0.12[-0.93, 0.70] 1995 1
Subtotal (95% CI) 74 110 35.7% 0.27 [-0.19, 0.72] ’
Heterogeneity: Tau? = 0.18; Chi* = 12.22, df = 6 (P = 0.06); I = 51%

Test for overall effect: Z = 1.15 (P = 0.25)

1.3.3 Depressed

Dubovsky et al 1989 (3) 136 448 15 98 15 15 5.4% 1.11[0.33, 1.88] 1989 -
Dubovsky et al 1991b (23) 231 30.7 15 151 10.2 13 4.0% 3.30[2.10, 4.49] 1991 -
Dubovsky et al 1991a (22) 221 454 16 150 11.3 11 4.8% 1.92[0.97,2.87] 1991 -
Kusumi et al 1992 (25) 727 187 14 775 13 25 5.8% -0.31[-0.97, 0.35] 1992 /1

Eckert et al 1994 (29) lymphocytes ~ 157.6  99.4 2 117 223 10  2.9% 0.99 [-0.60, 2.58] 1994 —

Kusumi et al 1994 (30) 715 176 16 76.2 131 30 6.0% -0.31[-0.92, 0.30] 1994 B

Berk et al 1994 (26) 494 286 19 333 24 20  5.9% 0.60 [-0.04, 1.24] 1994 —
Eckert et al 1994 (29) 1432 0.28 2 941 188 10 2.2% 2.54[0.58, 4.50] 1994

Subtotal (95% Cl) 99 134 37.0% 1.10 [0.27, 1.93] -
Heterogeneity: Tau? = 1.14; Chi* = 48.63, df = 7 (P < 0.00001); I* = 86%

Test for overall effect: Z = 2.60 (P = 0.009)

Total (95% Cl) 241 336 100.0% 0.65[0.30, 1.01] L 2
Heterogeneity: Tau? = 0.44; Chi? = 68.14, df = 19 (P < 0.00001); I = 72% _i‘ #2 3 5 jl
Test for overall effect: Z = 3.65 (P = 0.0003) Higher in controls  Higher in BD

Test for subgroup differences: Chi? = 3.81, df =2 (P = 0.15), I> = 47.5%

Fig. 3 Forest plot showing basal intracellular [Ca®*] in mania (red), euthymia (green), and bipolar depression (blue) compared with
controls. All studies are in platelets except where noted. IV inverse variance.

We could not find any overall explanations for this,
although Hahn et al. [40] was an outlier in Figs. 2 and 6.
Omission of this study reduced I to below 50%. It may be
relevant that Hahn et al. [40] was the only meta-analysed
study to use olfactory neurons. Inspection of funnel plots
did not show any clear evidence of publication bias (for
funnel plots and comments, see Supplementary Fig. 1).

The original study of [Ca*™], in bipolar disorder sug-
gested greater inter-subject variability in cases than in
controls [3]. To investigate this, we calculated variability
(standard deviation divided by the mean) for each study
included in Figs. 2 and 3. There was a trend towards greater
variability in bipolar disorder (0.31 £0.18 vs. 0.22 +0.15,
p =0.09, t-test), which became nominally significant if one
study with an outlying value in the control group [26] was
excluded (0.31 £0.18 vs. 0.20+0.11, p =0.02).

Qualitative syntheses

Not all data met our criteria for meta-analysis (usually
because less than three studies had measured the same
parameter). The main findings of these studies are
summarised here.

We had intended to compare bipolar I with bipolar II
disorder, but only two studies presented results in this way.

SPRINGER NATURE

Hough et al. [36] found no differences in [Ca’*), or [Ca®t],
between these subgroups in platelets or lymphocytes,
whereas Uemura et al. [43] in a large sample of B-lym-
phoblasts, found [Ca”]b elevated in bipolar I but not
bipolar II disorder.

Two studies measured parameters related to [Ca“]b but
using different methods from the standard Fura2 technique.
They did not find significant group differences [2, 38]. Berk
et al. [34] measured *Ca®" uptake into platelets, and found
no differences between bipolar disorder subjects and
controls.

In addition to the 5-HT and thrombin data summarised in
Fig. 6, several other stimulants have been studied for their
effect on [Ca®*"],. These include dopamine [26], platelet
activating factor [27], phytohaemagglutinin [29], levetir-
acetam [47], odorants [40], and thapsigargin [41, 42].
Combinations of these and other stimulants have also been
applied [3, 28, 36, 39, 46]. No consistent pattern of results
has emerged, with many of the studies reporting no sig-
nificant differences between bipolar disorder and control
individuals.

Recent studies have begun to use iPSC-derived neuronal
cells to examine Ca®" functioning in bipolar disorder, usually
as a small part of investigations focusing on other parameters
and on lithium responsiveness of the cells [45, 48, 50]. Chen
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Bipolar disorder Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Fixed, 95% CI Year IV, Fixed, 95% CI
1.5.1 Mania
Dubovsky et al 1989 (3) 157 65.1 15 98 15 15 6.7% 1.22[0.43,2.00] 1989
Berk et al 1994 (26) 48.2 3211 21 333 24 20 11.1% 0.06 [-0.55, 0.68] 1994 T
Subtotal (95% Cl) 36 35 17.9% 0.50 [0.01, 0.98] L g
Heterogeneity: Chi? = 5.12, df = 1 (P = 0.02); 1> = 80%
Test for overall effect: Z = 2.01 (P = 0.04)
1.5.2 Depressed
Dubovsky et al 1989 (3) 136 448 15 98 15 15 6.9% 1.11[0.33, 1.88] 1989 -
Dubovsky et al 1991a (22) 221 454 16 150 113 1M1 47% 1.92[0.97,2.87] 1991
Dubovsky et al 1991b (23) 231 307 15 151 10.21 13 2.9% 3.30[2.10, 4.49] 1991
Kusumi et al 1992 (25) 727 187 14 775 13 25 9.7% -0.31[-0.97, 0.35] 1992 -/
Kusumi et al 1994 (30) 715 8.8 16 762 13.1 30 11.1% -0.39[-1.00, 0.22] 1994 -
Berk et al 1994 (26) 494 286 19 333 24 20 10.1% 0.60 [-0.04, 1.24] 1994 —
Subtotal (95% CI) 95 114 45.5% 0.55 [0.25, 0.85] L 2
Heterogeneity: Chi? = 46.04, df = 5 (P < 0.00001); I* = 89%
Test for overall effect: Z = 3.56 (P = 0.0004)
1.5.3 Unknown and other mood state(s)
Dubovsky et al 1992 (24) 121 238 9 79 8.7 7 2.5% 2.10[0.81, 3.40] 1992 -
‘Yamiwaki et al 1996 (35) 823 173 13 752 151 15 7.4% 0.43[-0.33, 1.18] 1996 T
Hough et al 1999 (36) 157.8 423 12 1056 433 12 54% 1.18[0.30, 2.06] 1999
Hough et al 1999 (36) lymphocytes ~ 105.9  48.7 6 651 17.1 14 37% 1.32[0.26, 2.39] 1999
Suzuki et al 2001 (37) 682 19.2 20 673 148 30 13.1% 0.05[-0.51, 0.62] 2001 -
Hahn et al 2005 (40) ONs 46.3 26.2 7 808 288 17 4.6% -1.18 [-2.14, -0.23] 2005 I
Subtotal (95% Cl) 67 95  36.7% 0.41[0.07, 0.74] L g
Heterogeneity: Chi? = 24.62, df = 5 (P = 0.0002); I> = 80%
Test for overall effect: Z = 2.36 (P = 0.02)
Total (95% CI) 198 244 100.0% 0.49 [0.28, 0.69] ¢
Heterogeneity: Chiz = 76.17, df = 13 (P < 0.00001); I = 83% _14 ‘2 o jl

Test for overall effect: Z = 4.69 (P < 0.00001)
Test for subgroup differences: Chi? = 0.39, df =2 (P = 0.82), I = 0%

.
2
Higher in controls  Higher in BD

Fig. 4 Forest plot showing basal intracellular [Ca®*"] in unmedicated bipolar disorder, both overall and in mania (red), depressed (blue)
and unknown or other mood state (grey) subgroups, compared with controls. All studies are in platelets except where noted. IV inverse

variance, ONs olfactory neurons.

Bipolar disorder Other diagnosis Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD _Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
1.4.1 BD vs MDD
Dubovsky et al 1989 (3) 136.1  51.1 43 124 249 13 7.3% 0.26 [-0.37, 0.88] 1989 T
Dubovsky et al 1991b (23) 198 547 23 158 336 9  49% 0.78[-0.02, 1.58] 1991 =
Kusumi et al 1992 (25) 727 187 14 691 2141 39 7.5% 0.17 [-0.44, 0.78] 1992 I
Eckert et al 1994 (29) lymphocytes 1285 414 2 1396 445 8 14% -0.23 [-1.78, 1.33] 1994 1T
Kusumi et al 1994 (30) 724 152 25 675 128 52 10.7% 0.36 [-0.12, 0.84] 1994 e
Bothwell et al 1994 (27) 88 19 16 83 18 26 7.2% 0.27 [-0.36, 0.89] 1994 T
Eckert et al 1994 (29) 1432 0.28 2 944 174 8 07% 2.71[0.53,4.88] 1994 L
Yamiwaki et al 1996 (35) 823 17.3 13 779 156 12 5.0% 0.26 [-0.53, 1.05] 1996 T
Hough et al 1999 (36) lymphocytes 87 361 24 83 361 9 52% 0.11[-0.66, 0.87] 1999 -
Hough et al 1999 (36) 1525 576 39 796 3738 12 6.0% 1.33[0.63, 2.04] 1999 -
Suzuki et al 2001 (37) 682 192 20 699 162 42 92% -0.10 [-0.63, 0.44] 2001 T
Uemura et al 2011 (43) lymphoblasts 61.1 83 215 583 89 30 14.2% 0.33[-0.05,0.72] 2011 e
Subtotal (95% ClI) 436 260 79.4% 0.36 [0.12, 0.61] O
Heterogeneity: Tau? = 0.06; Chi? = 17.37, df = 11 (P = 0.10); I = 37%
Test for overall effect: Z = 2.93 (P = 0.003)
1.4.2 BD vs SCZ
Kusumi et al 1992 (25) 727 187 14 663 18.8 4 27% 0.33[-0.79, 1.44] 1992 I
Tan et al 1995 (33) 127 476 7 103 62 15 3.9% 0.40 [-0.51, 1.30] 1995 1T
Suzuki et al 2001 (37) 682 19.2 20 671 173 26 8.1% 0.06 [-0.52, 0.64] 2001 T
Dubovsky et al 2014 (46) 185.7 147.8 15 1242 652 17 5.9% 0.54 [-0.17, 1.25] 2014 T
Subtotal (95% CI) 56 62 20.6% 0.29 [-0.09, 0.67] ‘
Heterogeneity: Tau? = 0.00; Chiz = 1.12, df = 3 (P = 0.77); I = 0%
Test for overall effect: Z=1.48 (P = 0.14)
Total (95% ClI) 492 322 100.0% 0.34[0.15, 0.53] ¢
Heterogeneity: Tau? = 0.03; Chi? = 18.57, df = 15 (P = 0.23); I = 19% 4 2 13 2 j‘

Test for overall effect: Z = 3.53 (P = 0.0004)
Test for subgroup differences: Chiz=0.12, df =1 (P = 0.73), 1= 0%

Higher in other diagnosis  Higher in BD

Fig. 5 Forest plot showing basal intracellular [Ca®'] in bipolar disorder compared with unipolar depression (yellow) and schizophrenia
(pink). All studies are in platelets except where noted. IV inverse variance.

et al. [45] pretreated induced neurons with lithium and
showed a greater reduction in calcium transient and wave
amplitude in neurons from individuals with bipolar disorder
than from controls. Mertens et al. [48] reported a greater
frequency of calcium events in iPSC-derived neurons from
bipolar disorder individuals than from controls, and Tobe

et al. [50] found altered kinetics of calcium transients in
iPSC-derived neurons from bipolar subjects who had
responded to lithium, but not in lithium non-responders,
compared with healthy controls. Whilst all three studies
contain some support for differential cellular Ca*" signalling
in bipolar disorder, all were based on very small samples, and
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Bipolar disorder Controls

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
1.2.1 5-HT

Eckert et al 1994 (29) 126.8 348 2 1171 424 8 2.3% 0.21[-1.34, 1.77] 1994 -

Bothwell et al 1994 (27) 120 40 16 108 29 16 6.9% 0.33[-0.36, 1.03] 1994 T
Kusumi et al 1994 (30) 119.3 329 25 938 214 30 84% 0.921[0.36, 1.48] 1994 -
Okamoto et al 1995 (32) 719 216 20 631 134 14 6.9% 0.46 [-0.23, 1.15] 1995 T

Berk et al 1995 (31) 1288 59.4 60 113.1  50.9 20 9.1% 0.27 [-0.24, 0.78] 1995 T
Yamiwaki et al 1996 (35) 83.1 184 13 615 13.6 15 5.7% 1.31[0.48, 2.14] 1996 -
Hough et al 1999 (36) lymphocytes ~ 6.04 7 26 815 84 16 7.7% -0.27[-0.90, 0.35] 1999 T

Hough et al 1999 (36) 16 112 34 91 6.1 15 7.7% 0.681[0.06, 1.31] 1999 —
Suzuki et al 2001 (37) 2876 64.4 20 2256 274 30 7.6% 1.33[0.71, 1.96] 2001 -
Subtotal (95% CI) 216 164 62.3% 0.60 [0.24, 0.95] <
Heterogeneity: Tau? = 0.17; Chi? = 19.44, df = 8 (P = 0.01); I> = 59%

Test for overall effect: Z = 3.29 (P = 0.0010)

1.2.2 Thrombin

Tan et al 1990 (21) 368 61 6 243 79 7 3.0% 1.63[0.31,2.95] 1990

Dubovsky et al 1991b (23) 4158 127.8 22 330 136.8 13 6.8% 0.64 [-0.06, 1.34] 1991 T
Dubovsky et al 1991a (22) 405.1 123.3 23 304 109.5 " 6.4% 0.83[0.08, 1.58] 1991 —
Kusumi et al 1992 (25) 1,442 446 14 1,143 260 25 7.0% 0.87[0.18, 1.55] 1992 -
Bothwell et al 1994 (27) 393 105 17 407 66 17 71% -0.16 [-0.83, 0.52] 1994 -

Eckert et al 1994 (29) 921 2729 2 678 142 8 1.9% 1.34[-0.39, 3.06] 1994 ]

Tan et al 1995 (33) 309 100.5 7 223 127 26 55% 0.69[-0.17, 1.54] 1995 T
Subtotal (95% Cl) 91 107 37.7% 0.67 [0.28, 1.06] L 2
Heterogeneity: Tau? = 0.09; Chi? = 8.82, df = 6 (P = 0.18); 12 = 32%

Test for overall effect: Z = 3.38 (P = 0.0007)

Total (95% CI) 307 271 100.0% 0.63 [0.37, 0.88] <
Heterogeneity: Tau? = 0.12; Chi = 28.33, df = 15 (P = 0.02); > = 47% j4 '2 s é j&
Test for overall effect: Z = 4.81 (P < 0.00001) Higher in controls  Higher in BD

Test for subgroup differences: Chi? = 0.08, df = 1 (P = 0.77), I? = 0%

Fig. 6 Forest plot showing intracellular [Ca®**] after stimulation with 5-HT (blue—green) or thrombin (dark red) in bipolar disorder
compared with controls. All studies are in platelets except where noted. IV inverse variance.

no specific finding has yet been unequivocally replicated.
Completing the results in neuronal-like cells, no differences
have been observed in L-type calcium current properties in
preliminary studies of olfactory neuronal cells from indivi-
duals with bipolar disorder compared with controls [44, 49].

Discussion

Calcium signalling has been the most studied in vitro
parameter in bipolar disorder [51], resulting in 32 studies
eligible for our systematic review and 21 available for meta-
analysis. Our main finding is that there is robust evidence
that intracellular [Ca?'] is elevated in bipolar disorder
(Figs. 2-06). This is seen in unmedicated patients, is present
in platelets and lymphocytes, occurs in mania and depres-
sion, and under basal conditions and in response to stimuli.
The findings thus provide strong support for altered calcium
functioning in bipolar disorder.

Before proceeding, several potential confounders should
be considered. Intracellular [Ca2+] can be modestly affected
by a range of demographic factors including age, gender,
ethnicity, genetic factors, and possibly by blood pressure
[52-55]. Whilst most studies have matched case and control
groups by age and gender, the other factors have rarely if
ever been mentioned or controlled for. The most relevant of
these potential confounders is blood pressure, since there is
a higher rate of cardiovascular disease and hypertension in
patients with bipolar disorder [56, 57]. However, it seems
unlikely that this could explain more than a small fraction of
the diagnostic differences, especially since a relationship
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between blood pressure and intracellular [Ca®>"] has not
been consistently observed [52, 54, 55]. Nevertheless,
future studies will benefit from a more careful assessment
of, and control for, blood pressure and other cardiovascular
and metabolic indices.

The fact that the differences were seen in unmedicated
patients, and in lymphoblasts, in which any residual drug
effects would likely be removed, argues against the elevated
[Ca®*] in bipolar disorder being attributable to lithium or
other psychotropic drugs. A full discussion of whether
bipolar disorder medications normalise cellular [Ca2+] is
beyond the scope of this systematic review. However, there
is considerable evidence that this may be the case for
lithium [3, 18, 20, 58], with weaker evidence for other
mood stabilisers [59]. The question of how medication
impacts on [Ca>"] is relevant to the finding that [Ca®>"], was
not significantly altered in bipolar disorder patients in
remission (Fig. 4). It is possible that altered [Ca*'], is only
seen during a mood episode; alternatively, it may be a trait
which is present throughout the illness but which is nor-
malised by medication (since all euthymic patients were on
medication). It will be valuable in future studies to include
euthymic patients who are medication free to address this
issue. It will be of even more interest to study [Ca*"], (and
[Ca®"],) longitudinally, including in high-risk subjects, to
determine the temporal trajectory of elevated [Ca®'] across
the course of bipolar disorder.

Cellular [Ca®*] has been measured in other disorders,
notably unipolar (major) depression and in schizophrenia.
Studies which also included a bipolar disorder group were
included in a meta-analysis (Fig. 5), revealing that [Ca*'],
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is lower (or increased less) in unipolar depression than in
bipolar disorder. Bipolar disorder did not differ significantly
from schizophrenia, albeit based on a much smaller dataset
and with a consequent lack of power for this comparison.
Regarding the overlap with schizophrenia, it is notable that
there is some evidence that the elevation of [Ca2+]b is seen
in bipolar I rather than bipolar II, at least in lymphoblasts
[43]. There were insufficient data to review systematically
the diagnostic specificity of [Ca®"];, but one study sug-
gested a greater response in bipolar disorder than in major
depression [60]. Overall, the data overall suggest that raised
intracellular [Ca’"] is prominent in, but probably not
restricted to, bipolar disorder.

Intracellular [Ca2+] is subject to intricate and complex
regulation [61-63], and various explanations have been
proffered for the increased [Ca®'] seen in bipolar disorder
[18-20], including whether the primary cause is excess
influx, decreased efflux, or altered compartmentalisation of
[Ca®*] within the cell. The latter view links [Ca®*] to
mitochondrial and endoplasmic reticulum theories of the
disorder, since these organelles are critical to regulation of
intracellular [Ca®*] [19, 64]. Altered expression or function
of molecules involved in Ca?" fluxes and Ca®" buffering in
bipolar disorder has also been reported (e.g. refs. [65-67]
and see Supplementary Table 1). The results of this sys-
tematic review do not bear directly upon these issues, but do
provide a strong rationale to investigate further the expla-
nation for the abnormality. One point to emphasise that the
meta-analysed studies only measure free intracellular Ca*"
[68]. This is a tiny fraction (<1%) of total cellular [Ca2+],
with the vast majority being sequestered in the organelles
mentioned and in membrane-associated microdomains.
As such, the measured parameter is the tip of the cellular
[Ca2+] iceberg, and hence the 25-30% elevations seen in
bipolar disorder could result from a small difference in one
or more of the intracellular calcium stores and the molecules
which regulate them. That is, the core cellular ‘calcium
abnormality’ of bipolar disorder could be extremely subtle.
It remains to be determined whether the elevation in free
intracellular [Ca>*] in bipolar disorder is itself deleterious,
or simply a marker of the underlying disturbance.

The recent resurgence of interest in calcium in bipolar
disorder has been fostered by the genomic data showing
that VGCCs are part of the genetic risk architecture,
implicating a role for Ca>" signalling in the disorder [12,
16, 17]. The question arises as to whether the genetic
findings are directly related to the elevated intracellular
[Ca®"] observed in platelets and lymphocytes. At first sight
this seems unlikely since VGCCs have been considered to
be signature channels of cellular excitability [69] (i.e.
limited to neurons and myocytes), with [Ca”] in non-
excitable cells being controlled by other mechanisms such
as store-operated Ca®"-entry. However, there is increasing

evidence that VGCCs are in fact expressed and functional
in many non-excitable cells [69], including in some lym-
phocytes [70, 71] and in glia [72—74]. It therefore cannot
be excluded that VGCCs have a role in [Ca®*] regulation
in many cell types, although this would seem likely to be
at most a minor contribution to the results reported here,
especially since VGCCs are not expressed in platelets or
their megakaryocyte precursors [75]. Finally, it would be
of interest to study intracellular [Ca®"] in glia in bipolar
disorder, since these cells are implicated in its pathophy-
siology [76, 77], and Ca®" dysregulation in the disorder
may involve these cells as well as the presumed primary
neuronal locus of dysfunction. Despite the uncertainties as
to its cause and molecular basis, the increase in intracel-
lular [Ca*>"] found in bipolar disorder is broadly supportive
of the possibility that novel calcium channel antagonists,
or related drugs acting upon calcium signalling, could be
of potential therapeutic value, especially if designed to be
brain selective [78-80].
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