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BACKGROUND AND PURPOSE

Intercellular communication via gap junctions, comprised of connexin (Cx) proteins, allow for communication between
astrocytes, which in turn is crucial for maintaining CNS homeostasis. The expression of Cx43 is decreased in post-mortem
brains from patients with major depression. A potentially novel mechanism of tricyclic antidepressants is to increase the
expression and functioning of gap junctions in astrocytes.

EXPERIMENTAL APPROACH

The effect of amitriptyline on the expression of Cx43 and gap junction intercellular communication (GJIC) in rat primary
cultured cortical astrocytes was investigated. We also investigated the role of p38 MAPK intracellular signalling pathway in the
amitriptyline-induced expression of Cx43 and GJIC.

KEY RESULTS

Treatment with amitriptyline for 48 h significantly up-regulated Cx43 mRNA, protein and GJIC. The up-regulation of Cx43
was not monoamine-related since noradrenaline, 5-HT and dopamine did not induce Cx43 expression and pretreatment with
o~ and B-adrenoceptor antagonists had no effect. Intracellular signalling involved p38 MAPK, as amitriptyline significantly
increased p38 MAPK phosphorylation and Cx43 expression and GJIC were significantly blocked by the p38 inhibitor SB
202190. Furthermore, amitriptyline-induced Cx43 expression and GJIC were markedly reduced by transcription factor AP-1
inhibitors (curcumin and tanshinone lIA). The translocation of c-Fos from the cytosol and the nucleus of cortical astrocytes
was increased by amitriptyline, and this response was dependent on p38 activity.

CONCLUSION AND IMPLICATION
These findings indicate a novel mechanism of action of amitriptyline through cortical astrocytes, and further suggest that
targeting this mechanism could lead to the development of a new class of antidepressants.

Abbreviations
AP-1, activator protein-1; Cx, connexin; GJIC, gap junction intercellular communication; SLDT, scrape loading/dye
transfer
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Introduction

Emerging evidence has demonstrated that glial cells have key
roles in the pathophysiology of major depressive disorder
(Rajkowska and Miguel-Hidalgo, 2007; Banasr and Duman,
2008). Recent studies have shown that the density and
number of glial cells were decreased in several cortical areas of
post-mortem brains of patients with major depressive disorder
(Ongtlir etal., 1998; Rajkowska etal., 1999; Miiller etal.,
2001). The decrease in glial density was associated in particu-
lar with a reduction in glial fibrillary acidic protein, a marker
for astrocytes, suggesting that astroglial activity might be a
crucial component in the pathogenesis of major depressive
disorder.

Recent reports have emphasized the importance of inter-
cellular communication in maintaining the function of the
CNS in terms of homeostatic and metabolic support (Giaume
et al., 2010; Pannasch and Rouach, 2013). In particular, gap
junctions, channels that connect cells to neighbouring cells,
provide for direct intercellular communication (Theis ef al.,
2005). A gap junction consists of two connexons, each of
which is composed of six connexin (Cx) proteins. Eleven Cxs
have been identified in various cell types in the CNS, and of
these, Cx43 is the most ubiquitously expressed and predomi-
nantly found in astrocytes (Giaume and Theis, 2010; Rash
etal., 2012). The disturbance of cell communication via gap
junctions could lead to impaired synaptic transmission in the
CNS (Pannasch et al., 2011; Pannasch and Rouach, 2013). It
has been demonstrated that the alteration of Cx43 expression
in astrocytes is closely related to the initiation of various
neuropathological disorders, including epilepsy, ischaemia,
Parkinson’s disease and Huntington’s disease (Vis et al., 1998;
Fonseca etal., 2002; Nakase etal.,, 2006; Kawasaki etal.,
2009). In addition, a recent study indicates that the distur-
bance of cell communication through the downregulation of
Cx43-gap junction in the rat prefrontal cortex induces
depressive-like behaviour (Sun et al., 2012). The expression
level of Cx43 mRNA was reduced in post-mortem brains from
patients with major depression disorder compared with those
from subjects without a history of psychiatric illness (Bernard
etal., 2011). Thus, the modulation of Cx43-gap junction
function could be an effective approach to treating major
depressive disorder.

The generally accepted mechanism of the effect of anti-
depressants in ameliorating affective disorders is through
increasing synaptic levels of monoamines, such as NA and
5-HT, by inhibiting their re-uptake by monoaminergic
neurons. However, recent studies indicate the possibility that
antidepressants could have a number of pharmacological
actions distinct from inhibition of monoamine transporters,
which, upon elucidation, could lead to therapeutics for major
depressive disorder with novel mechanisms. For example, it
was found that treatment with the prototypical tricyclic
antidepressant amitriptyline induces the production of
neurotrophic/growth factors, both in vivo and in vitro, and
these increases could be associated with the efficacy of anti-
depressant drugs for major depressive disorder (Mallei et al.,
2002; Hisaoka et al., 2011; Kajitani et al., 2012). Furthermore,
it has been recently observed that chronic treatment with
either fluoxetine or duloxetine, antidepressants that selec-
tively inhibit the re-uptake of 5-HT and both NA/5-HT,
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respectively, reversed the reduction of Cx43-gap junction
function due to chronic unpredictable stress, a well-
characterized rodent model of depression (Sun et al., 2012).
Although improvements in intracellular communication
could be a significant source of the therapeutic effect of anti-
depressants on major depressive disorder, the mechanisms
underlying the regulation of Cx43-gap junction function by
antidepressants in astrocytes is largely unknown. Thus, to
clarify this point, in the current study we investigated the
effect of amitriptyline on the expression of Cx43 and the
subsequent gap junction intercellular communication (GJIC)
in rat cultured cortical astrocytes. Moreover, the specific
intracellular signalling cascade involved in the expression of
Cx43 in cortical astrocytes following amitriptyline treatment
was also examined.

The receptor nomenclature used in this manuscript
accords with BJP’s Guide to Pharmacology (Alexander et al.,
2013).

Methods

Cell culture

The preparation of cultured cortical astrocytes has been
described previously (Sugimoto et al., 2011; Kajitani et al.,
2012). All experimental procedures and animal handling
were performed according to both the Guiding Principles for
the Care and Use of Laboratory Animals approval by the
Japanese Pharmacological Society and the guidelines of Hiro-
shima University (Hiroshima, Japan). All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). In brief, the cerebral cortex
isolated from neonatal Wistar rats were minced, and then
incubated with trypsin and DNase I. Dissociated cells were
suspended in DMEM supplemented with 10% fetal calf serum
(FCS) and penicillin/streptomycin (100 units-mL™" and
100 ug-mL™" respectively). Thereafter, cell suspensions were
plated in 75 cm? tissue culture flasks (7.5-10 x 10° cells per
flask) precoated with poly-L-lysine (10 ug-mL™). Cells were
maintained in a 10% CO, incubator at 37°C. After 8-12 days,
the growth flasks containing mixed glial cells were shaken by
a rotary shaker at 100 rpm for 15 h, and washed with PBS to
remove neuronal and microglial cells. Adherent cells were
trypsinized (0.25%) and again seeded to new flasks. After
reached confluence (about 10 days), the cells were vigorously
shaken by hand. Adherent cells were trypsinized (0.25%) and
plated onto 35 mm diameter dishes (0.9 x 10° cells). After 3
days, the medium was replaced with DMEM without FCS and
antibiotics. After an additional 24 h of incubation, cells were
used for experiments. Most, if not all, of the cells obtained
using the current method were astrocytes, as described in our
previous report.

Western blot analysis

Cells were solubilized in radioimmunoprecipitation assay
buffer with inhibitors (100 mM Tris-HCIl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% SDS, 20 ug-mL™" aprotinin, 20 ug-mL™" leupeptin,
1 mM PMSF and phosphatase inhibitor cocktail 2 (Nacalai
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Tesque, Kyoto, Japan). The lysates were centrifuged at
14 000x g for 10 min at 4°C and the supernatant was added to
Laemli’s buffer and boiled for 5 min. Equal amounts of
protein were separated by 10% SDS-PAGE and blotted onto
nitrocellulose or PVDF membranes. Non-specific binding was
reduced with blocking buffer, and the membranes were sub-
sequently incubated with a purified polyclonal antibody
against rat Cx43, phospho-p38, and total-p38 (1:1000, Cell
Signaling Technology, Beverly, MA, USA), c-Fos (1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), Oct-1 (1:1000,
Santa Cruz Biotechnology), heat shock protein 90 (HSP90;
1:1000, Santa Cruz Biotechnology) or monoclonal antibody
against B-actin (1:10 000; Sigma Chemical Co., St. Louis, MO,
USA) overnight at 4°C. After being washed, the membranes
were incubated with a horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology) for 1 h at
room temperature. Then, membranes were rinsed and incu-
bated with Luminescence reagent (Thermo Fisher Scientific,
Rockford, IL, USA). Finally, the membranes were exposed to
X-ray film. For quantification of signals, the densities of spe-
cific bands were measured with Science Lab Image Gauge
(Fuji Film, Tokyo, Japan).

Preparation of nuclear and cytosolic protein
The separation of nuclear and cytosolic protein fraction in
cultured cortical astrocytes was performed with an NE-PER
Cytoplasmic and Nuclear Protein extraction kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol.

Real-time PCR analysis

cDNA synthesized using 1 pg of total RNA from each sample
was subjected to real-time PCR assay with specific primers
and EXPRESS SYBR® GreenER™ qPCR SuperMix (Invitrogen,
Carlsbad, CA, USA). The sequences of the primers were as
follows: Cx43, 5-CGTGGAGATGCACCTGAA-3" (forward)
and 5-CCACTGGATGAGCAGGAA-3’ (reverse), Cx26, 5-GG
AGATGAGCAAGCCGAT-3" (forward) and 5-TAGGCCAC
GTGCATAGCT-3" (reverse), Cx30, 5-CGTCTGCTACGAC
CACTT-3" (forward) and 5-GCACCTTCTGCCGTTTGA-3’
(reverse),  glyceraldehydes-3-phosphate  dehydrogenase
(GAPDH), 5-AGCCCAGAACATCATCCCTG-3’ (forward) and
5-CACCACCTTCTTGATGTCATC-3’ (reverse). Real-time PCR
assays were conducted using a DNA engine Opticon 2 real-
time PCR detection system (Bio-Rad, Hercules, CA, USA). The
three-step amplification protocol consisted of 3 min at 95°C
followed by 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C
for 30 s. RNA quantities of target genes were calculated using
the C; method. The C; values of Cx43, Cx26 and Cx30 ampli-
fication were normalized to those obtained with the amplifi-
cation of GAPDH.

Scrape loading/dye transfer assay (SLDT)

The SLDT assay is based on monitoring the transfer of the
fluorescent dye Lucifer yellow from one cell to adjacent cells,
and was performed as previously described (Zhang et al.,
2013). Briefly, astrocytes were incubated in HEPES-buffered
salt solution for 10 min containing the following (in mM):
140 NaCl, 5.5 KCl, 1.8 CaCl,, 1 MgCl,, 10 glucose, 10 HEPES,
pH 7.35. Cells were then washed with Ca*-free HEPES solu-
tion for 1 min, and scrape loading was achieved with a razor
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blade in the same Ca*-free solution containing Lucifer yellow
(1 mg-mL™). After 1 min, cells were washed several times
with the HEPES-buffered salt solution. After loading for
8 min, fluorescent images were captured with an inverted
fluorescent microscope equipped for epifluorescence
(Olympus, Tokyo, Japan) and images were analysed in Image
J (National Institute of Health, Bethesda, MD, USA). For each
trial, quantification of the change in GJIC induced by differ-
ent treatments was performed by determining the fluores-
cence area and intensity in consecutive fields over time.

Statistical analysis

Data are expressed as the mean + SEM of at least three inde-
pendent determinations. Differences between means were
determined using aNova with a pairwise comparison by the
Tukey-Kramer method. When the number of experiments
was three, differences between groups were analysed using
the Scheffe method. Differences were considered to be signifi-
cant when the P-value was less than 0.05.

Materials

Amitriptyline, clomipramine, diazepam, diphenhydramine,
fluvoxamine and trihexyphenidyl were obtained from Wako
Pure Chemicals Industries (Osaka, Japan). Curcumin, halop-
eridol, 5-HT, Lucifer yellow, NA and propranolol were pur-
chased from Sigma. SB 202190, SP600125, and U0126 were
obtained from Tocris Cookson (Bristol, UK). DA was pur-
chased from Nacalai Tesque. Prazosin was obtained from
Tokyo Chemical Industry (Tokyo, Japan). Yohimbine was
from Katayama Chemical Industry (Osaka, Japan). Tanshi-
none ITA was from Enzo Life Sciences (Plymouth Meeting, PA,
USA). Cocaine was from Sankyo (Tokyo, Japan).

Results

Amitriptyline induced the up-regulation

of Cx43 expression and GJIC in

cortical astrocytes

To examine the effect of amitriptyline on Cx43 expression in
cortical astrocytes, changes in mRNA and protein levels of
Cx43 were quantified. As shown in Figure 1A, treatment with
amitriptyline (25 uM) led to a significant increase in Cx43
mRNA at 24, 36 and 48 h post-treatment. In contrast, short-
term incubation (1-12 h) with amitriptyline had no effect. In
the current study, three immunopositive bands (PO, P1 and
P2) were detected at approximately 39-44 kDa by Western
blot using a Cx43 antibody (Figure 1B), which was also
described in a previous report (Zhang et al., 2013). ‘PO’ indi-
cates the non-phosphorylated Cx43, and ‘P1’ and ‘P2’ corre-
sponded to phosphorylated Cx43. In this study, the sum of
the three Cx43 immunopositive bands (PO + P1 + P2) was
regarded as total Cx43 expression. Whereas 24 h of treatment
with 25 uM of amitriptyline induced an increase of Cx43
protein, treatment for 48 h led to a significant expression of
Cx43 protein with 10 uM as well as 25 uM of amitriptyline
(Figure 1B). By contrast, treatment with either 1 or 5 uM of
amitriptyline for 48 h did not affect Cx43 protein expression
(Figure 1C). To elucidate whether the up-regulation of Cx43
expression reflects gap junction permeability, the effect of
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Figure 1

Treatment of rat cultured cortical astrocytes with amitriptyline led to a significant increase in Cx43 expression and gap junction permeability. Effect
of amitriptyline on Cx43 mRNA expression (A). Cells were treated with amitriptyline (25 uM) for the periods indicated (h). The expression of Cx43
mRNA was normalized to that of GAPDH mRNA, used as an internal control. Data are expressed as a ratio of the levels of control (time = 0). Data
represent the mean + SEM (bars) for three to seven independent experiments. *P < 0.05, **P < 0.01 versus levels at time = 0. Effect of amitriptyline
on Cx43 protein expression (B, C). Cells were treated with amitriptyline (10 or 25 uM) for either 24 or 48 h. In addition, the concentration-
dependent effects of amitriptyline (1-25 uM) for 48 h are shown (C). The expression of Cx43 protein was normalized as a ratio to the level of
vehicle-treated astrocytes. Data represent the mean + SEM (bars) for three to seven independent experiments. *P < 0.05, **P < 0.01 versus vehicle
treatment. Effect of amitriptyline on GJIC function in cultured cortical astrocytes (D). After treatment with 25 uM of amitriptyline for 48 h, cells
were cut with a razor blade in the presence of Lucifer yellow. Upper photographs show representative spreading of dye taken as an indicator of
intercellular junction coupling. The graph shows the quantification of the extent of fluorescence (area x intensity). Values are expressed as a ratio
to vehicle-treated astrocytes. Data represent the mean = SEM (bars) for at least three independent experiments. *P < 0.05 versus vehicle treatment.
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for the periods indicated (h). Data represent the mean + SEM (bars) for three to nine independent experiments.

amitriptyline on GJIC was investigated. As shown in
Figure 1D, the transfer of Lucifer yellow through GJIC was
significantly increased after treatment with amitriptyline
(25 uM, 48 h) compared with that of vehicle. To demonstrate
that the effect of amitriptyline on Cx expression was limited
to Cx43, the effect of amitriptyline on Cx26 and Cx30, which
are also expressed in astrocytes, was examined. As shown in
Figure 2, treatment with amitriptyline (25 uM) up to 48 h did
not significantly induce mRNA expression of either Cx26 or
Cx30. In fact, short-term incubation (1-12 h) with amitrip-
tyline tended to decrease the levels of Cx26 and Cx30 mRNA
compared to control levels.

Whether different classes of antidepressants could induce
Cx43 protein expression was investigated. As shown in
Figure 3A, treatment with either clomipramine (10 uM; a tri-
cyclic antidepressant, a 5-HT/NA re-uptake inhibitor) or flu-
voxamine (25 puM; a selective 5-HT re-uptake inhibitor)
significantly induced the expression of Cx43 protein, in
which the degrees of up-regulation were almost similar com-
pared to that of amitriptyline. In contrast, neither milnacip-
ran (25 uM; a S5-HT/NA re-uptake inhibitor) nor cocaine
(100 uM; a non-selective monoamine transporter inhibitor)
increased the expression of Cx43 protein (Figure 3A). Further-
more, the effects of other psychotropic drugs such as diaz-
epam (25 uM; a benzodiazepine), trihexyphenidyl (25 uM; an
anticholinergic driug), haloperidol (25 uM; an antipsychotic
D,-DA receptor antagonist) and diphenhydramine (25 pM; an
antihistaminergic drug) on Cx43 protein expression were
examined. As shown in Figure 3B, these non-antidepressant
drugs had no effect on the expression of Cx43 protein.

Amitriptyline-induced Cx43 expression is
independent of the monoaminergic system in
cortical astrocytes

In the current experimental set-up, it is possible that treat-
ment with amitriptyline might lead to the accumulation
of monoamines, which are spontaneously released from
cells, including astrocytes, in the extracellular space by the
inhibition of monoamine transporters. Furthermore, it has
been previously shown that stimulation of adrenoceptors
induce the expression of Cx43 in cultured rat cardio-
myocytes (Salameh et al., 2008; 2009). Thus, activation of
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adrenoceptors could contribute to the amitriptyline-
induced expression of Cx43 protein in cortical astrocytes.
However, as shown in Figure 4A, pretreatment with prazosin
(10 uM; oy-adrenoceptor antagonist), yohimbine (10 uM;
oz-adrenoceptor antagonist) and propranolol (10 uM;
B-adrenoceptor antagonist) had no effect on the
amitriptyline-induced expression of Cx43 protein. In addi-
tion, treatment with a combination of these antagonists did
not block the effect of amitriptyline. The concentrations of
these antagonists used were based on the previous studies
that showed significant block of their respective agonists
(Morioka et al., 2009; Kajitani et al., 2012). In addition, stimu-
lation of cortical astrocytes with either NA, 5-HT or DA
(10 uM each) for 48 h had no influence on Cx43 protein
expression (Figure 4B).

The activation of p38 is associated with
amitriptyline-induced Cx43 expression

and GJIC

Studies have indicated that treatment with antidepressants
induces the activation of MAPKs in a range of cell types
(Mercier et al., 2004; Hisaoka et al., 2007; Lin et al., 2012).
Thus, it is possible that MAPKs are involved in the
amitriptyline-induced expression of Cx43. The amitriptyline-
induced increase of Cx43 mRNA (24 and 48 h of treatment,
Figure 5A) and Cx43 protein (48 h of treatment, Figure 5B)
was significantly blocked by pretreatment with SB 202190,
a p38 inhibitor (Figure SA and B). On the other hand,
treatment with either U0126 or SP600125, inhibitors of
MAPK kinase and JNK, respectively, had no effect on the
amitriptyline-induced response (Figure 5A and B). As a nega-
tive control, treatment with these inhibitors alone, without
amitriptyline, had no effect on the expression of Cx43 mRNA
and protein. In addition, the involvement of p38 activity in
the up-regulation of GJIC by amitriptyline was examined. As
shown in Figure 5C, treatment with SB 202190 significantly
prevented the amitriptyline-induced up-regulation of gap
junction function in cultured cortical astrocytes. Further-
more, it was found that treatment of cortical astrocytes with
amitriptyline significantly increased the phosphorylation of
p38 (Figure 6). Significant phosphorylation appeared at 1 h of
incubation, and was maintained for at least 24 h. The level of
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p38 phosphorylation after 48 h of treatment tended to be
higher than that of vehicle treatment, although this increase
was not statistically significant.

c-Fos/AP-1 has a crucial role in the
amitriptyline-induced expression of Cx43 in
cortical astrocytes

It has been suggested that the transcription factor activator
protein-1 (AP-1) is involved in MAPKs-mediated signalling,

and contributes to the expression of Cx43 (Cortez et al., 2007;
Guan et al., 2008; Salameh et al., 2009). Thus, the involve-
ment of AP-1 in the amitriptyline-induced expression of
Cx43 was examined using a pharmacological approach. Pre-
treatment of cortical astrocytes with either curcumin or tan-
shinone IIA, which inhibit AP-1 activity (Miiller et al., 2009;
Lin etal., 2011), significantly blocked the amitriptyline-
induced expression of Cx43 mRNA and Cx43 protein
(Figure 7A and B). Treatment with inhibitors alone, without
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A monoamine-dependent pathway is not crucial in the amitriptyline-
induced expression of Cx43 protein in cultured cortical astrocytes.
Effects of adrenoceptor antagonists on amitriptyline-induced Cx43
protein expression (A). After treatment with either prazocin (praz,
10 uM), yohimbine (yohi, 10 uM), propranolol (prop, 10 uM) or a
combination of the three antagonists for 30 min, cells were stimu-
lated with 25 pM amitriptyline for 48 h. Data represent the mean *
SEM (bars) for seven to nine independent experiments. *P < 0.05, **P
< 0.01 versus vehicle treatment. Effects of monoamines on the
expression of Cx43 protein (B). Cells were treated with NA (10 uM),
5-HT (5-HT, 10 uM) or DA (10 uM) for 48 h. Data represent the
mean + SEM (bars) for three to four independent experiments.
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amitriptyline, had no effect on the expression of both Cx43
mRNA and Cx43 protein. In addition, since both curcumin
and tanshinone IIA also have inhibitory effects on NF-xB
activity, the effect of BAY-11-7082, which selectively inhibits
NF-xB activity, on amitriptyline-induced Cx43 protein
expression was investigated (Wang et al., 2010; Morinelli
et al., 2013). Pretreatment with BAY-11-7082 (3 uM) had no
effect on the amitriptyline-induced response (Figure 7C).
Next, the effect of tanshinone IIA on the amitriptyline-
induced increase in GJIC was evaluated. As shown in Figure 8,
pretreatment with tanshinone IIA significantly blocked the
amitriptyline-induced up-regulation of gap junction func-
tion. Furthermore, the effect of amitriptyline on the translo-
cation of c-Fos from cytosol to nucleus was examined.
Treatment of cortical astrocytes with amitriptyline for 24 h
markedly increased the nuclear content of c-Fos, and at the
same time significantly decreased the cytosolic content of
c-Fos, compared with vehicle treatment (Figure 9). These
responses were significantly prevented by pretreatment with
SB 202190 (Figure 9). Treatment with SB 202190 alone had no
effect on the translocation of c-Fos.

Discussion

The findings of the current study indicate the potential of
amitriptyline to up-regulate Cx43-gap junction function in
cortical astrocytes, thereby enhancing intercellular commu-
nication. Treatment of cortical astrocytes with amitriptyline
for more than 24 h led to a significant increase of Cx43
expression at transcriptional and translational levels. Further-
more, these increases were regulated via the activation of a
specific intracellular signalling cascade, p38 MAPK and the
subsequent increase in AP-1 activity by translocation of c-Fos
from the cytosol to the nucleus. Thus, via the pathway elabo-
rated in the current study, the modulation of Cx43/gap junc-
tion function in astrocytes could underlie amitriptyline’s
therapeutic effect on major depressive disorder.

It has been previously demonstrated that astrocytes
express a number of Cxs, Cx26 and Cx30, in addition to Cx43
(Giaume etal., 1991; Nagy etal.,, 2001; Gosejacob etal.,
2011), although Cx26 shows a regional expression pattern
that is different from other Cxs and there is no clear consen-
sus regarding its contributions to astrocytic gap junctions
(Filippov et al., 2003). Bernard et al. have shown significant
reductions of both Cx43 and Cx30 mRNA expression in the
locus coeruleus from post-mortem brains from patients with
major depressive disorder (Bernard et al., 2011). However, in
the current study, amitriptyline did not induce the expression
of Cx26 and Cx30 in cortical astrocytes — if anything, treat-
ment with amitriptyline for 1-12 h tended to decrease the
expression of these Cxs. By contrast, the Cx43 subtype is
pivotal in organizing gap junctions in astrocytes (Giaume
etal., 1991), and Cx43-deficient astrocytes in culture display
a strong loss of dye transfer among cells (Theis et al., 2004).
Thus, a change in Cx43 expression by amitriptyline directly
influences astrocytic gap junction permeability. In fact, the
current study demonstrated enhanced gap junction perme-
ability concomitant with the up-regulation of Cx43 expres-
sion following treatment with amitriptyline.
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It has been suggested that amitriptyline could have dis-
tinct pharmacological actions, independent of the inhibition
of monoamine transporters (Perisic et al., 2010; Huang et al.,
2012; Kajitani etal.,, 2012). In the current study, the

up-regulation of Cx43 protein expression was found after
treatment with clomipramine and fluvoxamine in addition
to amitriptyline. However, not all monoamine transporter
blocking drugs showed efficacy in the current study. Cocaine,
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Effect of amitriptyline on the phosphorylation of p38 in cultured cortical astrocytes. Cells were stimulated with either vehicle (veh) or amitriptyline
(ami, 25 uM) for the periods indicated (h). Upper panels show a representative blot of phosphorylated p38 (p-p38) and total p-38 (t-p38). Bar
graph shows quantification from each blot. Each level of p38 phosphorylation was normalized to total p38, and expressed as a ratio to
vehicle-treated levels at each time point. Data represent the mean + SEM (bars) for 5 to 14 independent experiments. *P < 0.05, **P < 0.01 versus

vehicle treatment.

in particular, a potent inhibitor of monoamine transporters
(Hashimoto et al., 2005), had no effect. These observations
indicate a differential pharmacological action, distinct from
the inhibition of monoamine transporters and the accumu-
lation of monoamines in extracellular space, of some antide-
pressants is involved in the up-regulation of Cx43. This
hypothesis is supported by the fact that treatment of astro-
cytes with either NA, 5-HT or DA had no significant effect on
Cx43 expression. By contrast, some studies have demon-
strated that the a;- and B-adrenoceptors could contribute to
the regulation of Cx43 expression in cultured cardiomyocytes
(Salameh et al., 2008; 2009). Nonetheless, these receptors are
not involved in the regulation of Cx43 expression in astro-

2862 British Journal of Pharmacology (2014) 171 2854-2867

cytes because the amitriptyline-induced expression of Cx43
was not affected by treatment with antagonists for ou-, o»-
and f-adrenoceptors. In addition, a previous report has
shown that NA, 5-HT and DA were not detectable in culture
medium of cortical astrocytes after amitriptyline treatment
for 24 h (Kajitani et al., 2012). Therefore, the current findings
strongly indicate that amitriptyline could regulate the expres-
sion of Cx43 via a mechanism that is independent of the
monoaminergic system.

The intracellular signalling pathway induced by amitrip-
tyline that leads to increased intercellular communication,
via increased expression and function of Cx43, has yet to be
elucidated. Several studies have suggested that the activation
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the mean £ SEM (bars) for three to five independent experiments. **P
< 0.01 versus vehicle treatment. TP < 0.01 versus amitriptyline treat-
ment alone.

of MAPKs is associated with the monoamine-independent
action of antidepressants (Mercier et al., 2004; Duman et al.,
2007). Previous reports demonstrated that amitriptyline
could induce the phosphorylation of ERK, p38 and JNK in C6
glioma cells (Chung et al., 2007; Hisaoka et al., 2007), which
possess astrocyte-like characteristics. It has been previously
shown that matrix metalloproteinases-mediated fibroblast
growth factor receptor signalling could be involved in the
amitriptyline-induced ERK phosphorylation in C6 cells
(Hisaoka et al., 2011). Previous reports have indicated that
amitriptyline could have either stimulatory or inhibitory
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effects on the phosphorylation of p38 in various cell types
(Lirk et al., 2006; Tai et al., 2009; Galeotti and Ghelardini,
2012). Furthermore, B-adrenoceptor-stimulated up-regulation
of Cx43 is mediated by three types of MAPK in rat cultured
cardiomyocytes (Tacheau et al., 2008; Salameh et al., 2009). It
has also been found that JNK signalling is involved in the
reduction in Cx43 expression in rat cultured spinal astrocytes
treated with TNF-o and interferon (Zhang et al., 2013). The
wide ranging results found in the literature could be the result
of using different stimulating agents in various tissue types.
In the current study, treatment of cortical astrocytes with
amitriptyline clearly led to a potent and long-lasting (1-24 h)
enhancement of p38 phosphorylation. The current study also
found, using a pharmacological approach, that neither ERK
nor JNK is important in the amitriptyline-induced expression
of Cx43, whereas p38 is, in fact, crucial. However, the precise
molecular mechanism by which amitriptyline regulates phos-
phorylation of p38 is not completely understood and is an
important subject for further investigation.

The current study demonstrated that amitriptyline regu-
lated the expression of Cx43 at the transcriptional level, so
this effect should be accompanied by the activation of tran-
scription factors. Thus, the current study focused on the
involvement of c-Fos/AP-1 since it has been demonstrated
that there are several consensus AP-1 binding sites in the
Cx43 promoter region (Yu et al., 1994; Geimonen et al., 1996)
and AP-1 is an essential player in the regulation of Cx43
expression in various cell types (Tacheau et al., 2008; Salameh
et al., 2009). In addition, systemic chronic administration of
amitriptyline induced a persistent and enhanced level of AP-1
activity in rat frontal cortex (Okamoto et al., 2003). However,
the involvement of AP-1 activity in astrocytic Cx43 expres-
sion has yet to be elaborated. Using AP-1 inhibitors curcumin
and tanshinone IIA, the current data demonstrate a signifi-
cant involvement of AP-1 in the amitriptyline-induced
expression of Cx43. Although it has been reported that these
inhibitors could also block NF-kB activity, and NF-xB-
dependent signalling is associated with the positive regula-
tion of Cx43 expression, incubation with the NF-kB inhibitor
BAY-11-7082 had no effect on the astrocytes’ response to
amitriptyline. Thus, up-regulation of Cx43 expression by
amitriptyline is dependent on AP-1 activity. The current
study reveals that translocation of c-Fos to the nucleus was
significantly increased after treatment with amitriptyline,
and this response was sensitive to SB 202190 treatment, indi-
cating a p38-sensitive AP-1 translocation requirement for
Cx43 transcription. It has been shown that p38 activity is
involved in the phosphorylation and stabilization of c-Fos
(Iwatsuki ef al., 2011). In addition, the phosphorylation of
c-Fos by p38 is necessary for translocation from the cytosol
to the nucleus following exposure of HEK293 cells co-
transfected with the expression vectors for both c-Fos and
p38 to UV light (Tanos et al., 2005). Therefore, in the current
study, the translocation of c-Fos might be directly mediated
by p38, which in turn, could contribute to the transcriptional
regulation of Cx43 in cortical astrocytes. It has been sug-
gested that c-Jun, which is another component of AP-1, is
phosphorylated by JNK following activation of AP-1. In fact,
in a human leukaemic cell line, it was reported that the
expression of Cx43 is mediated by a JNK/c-Jun/AP-1 pathway
(Gao et al., 2007). However, c-Jun phosphorylation might not
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Treatment of cortical astrocytes with amitriptyline led to a significant translocation of c-Fos from the cytosol to the nucleus through p38 activity.
After treatment with SB 202190 (3 uM) for 30 min, cells were then stimulated with amitriptyline (25 uM) for 24 h. Cytoplasmic (left) and nuclear
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treatment. TP < 0.01 versus amitriptyline treatment alone.

be involved in the current study, because preliminary experi-
ments with astrocytes revealed that c-Jun is phosphorylated
via a mechanism that is independent of p38 activity, which
in turn could be dependent on JNK activity (data not shown).

It has been demonstrated that antidepressants accumu-
late in the brain at concentrations several-fold higher than
that in blood because of their highly lipophilic properties. In
fact, it has previously shown that the brain concentration of
amitriptyline is approximately 10 to 35 times higher than
the plasma concentration of amitriptyline (Glotzbach and
Preskorn, 1982; Miyake et al., 1990). The therapeutic plasma
concentration of amitriptyline ranges from approximately
0.36 to 0.9 uM (O’Donnell and Shelton, 2011). Therefore,
brain tissue concentrations could be, for example, between
3.6 and 31.5 uM. The minimum concentration of amitripty-
line that induced the expression of Cx43, 10 uM, is within
the estimated concentration in the brain that is attained after
treatment at clinically relevant doses.

The results of the current study support a novel mecha-
nism for the therapeutic effect of antidepressants: the
up-regulation of GJIC between brain astrocytes. Indeed, it has
been shown that intercellular communication between astro-
cytes is critical in maintaining CNS function, and a decrease
in GJIC could be a crucial component in the induction of
affective disorders such as major depressive disorder (Bernard
etal., 2011; Sun etal., 2012; Rajkowska and Stockmeier,
2013). Thus, amitriptyline could improve depressive symp-
toms by increasing GJIC between astrocytes through an
increase in Cx43 expression. The current findings suggest
a potentially novel therapeutic approach, which is
monoamine-independent and targets astrocytes rather than
neurons, in the amelioration of major depressive disorder.
Further confirmation is needed, however, to support a role for
astrocytic GJIC in depression; in vivo pharmacological experi-

ments would be needed to confirm that modulation of GJIC
is in fact a key mechanism of amitriptyline’s therapeutic
effect.
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