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Abstract: Brain-derived neurotrophic factor (BDNF) has recently been recognized as a cardiovascular
regulator particularly in the diseased condition, including coronary artery disease, heart failure,
cardiomyopathy, and hypertension. Here, we investigate the role of BDNF on the T-type Ca®*
channel, Cav3.1 and Cav3.2, in rat neonatal cardiomyocytes exposed to normoxia (21% O,) and
acute hypoxia (1% Oy) in vitro for up to 3 h. The exposure of cardiomyocytes to hypoxia (1 h, 3 h)
caused a significant upregulation of the mRNAs for hypoxia-inducible factor 1« (Hifla), Cav3.1,
Cav3.2 and Bdnf, but not tropomyosin-related kinase receptor B (TrkB). The upregulation of Cav3.1
and Cav3.2 caused by hypoxia was completely halted by small interfering RNA (siRNA) targeting
Hifla (Hifla-siRNA) or Bdnf (Bdnf-siRNA). Immunocytochemical staining data revealed a distinct
upregulation of Cav3.1- and Cav3.2-proteins caused by hypoxia in cardiomyocytes, which was
markedly suppressed by Bdnf-siRNA. These results unveiled a novel regulatory action of BDNF on
the T-type Ca* channels expression through the HIF-1a-dependent pathway in cardiomyocytes.
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1. Introduction

Myocardial infarction is a major cause of death in many countries [1]. The effect
of regional myocardial ischemia and hypoxia on myocardial function has widely been
studied in patients and animals to understand the mechanism of structural and electrical
remodeling of the heart after myocardial infarction, because it eventually causes progressive
myocardial dysfunction or heart failure. Electrophysiological changes in cardiomyocytes
caused by ion channel remodeling may play a key role in arrhythmia generation in the post-
myocardial infarction heart. Arrhythmogenic remodeling involves alterations in many ion
channel species including the K* channels, the Na* channels and the Ca?* channels [2,3].
Two types of Ca®* channels are expressed in cardiac myocytes: the L-type Ca?* channels
and the T-type Ca* channels. The L-type Ca2* channels are abundantly expressed and play
crucial roles in excitation—contraction coupling, pacemaker depolarization, and electrical
conduction [4,5]. On the other hand, the T-type Ca?* channels are expressed in embryonic
and neonatal myocytes but are scarcely expressed in adult ventricular myocyte [3,6]. The
strongest evidence of their function is that T-type Ca?* channels participate in pacemaking
in the sinoatrial node [3,7].

The re-expression of the T-type Ca?* current has been observed in the diseased con-
dition of the heart including post-myocardial infarction [2]. Nevertheless, studies of the
action of hypoxic insult on the expression of the T-type Ca®* channels are controversial and
not convincing [8-13].
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Brain-derived neurotrophic factor (BDNF) was originally identified in the brain as
a member of the neurotrophin family [14]. BDNF specifically binds to the tropomyosin-
related kinase receptor B (TrkB) and activates multiple intracellular signaling pathways
in many different types of cells [14]. Recent emerging evidence suggests that BDNF is
also required for the physiological and pathophysiological function in the heart [15,16].
Of note, several studies demonstrate that cardiac hypoxia/ischemia triggers the elevation
of BDNF production in cardiomyocytes, suggesting variable roles of BDNF including
for angiogenesis, contractility, anti-apoptosis, anti-oxidative, reducing infarction area,
and mitochondrial biogenesis [17-19]. However, it remains unclear whether BDNF is
involved in the ion channel remodeling after hypoxic insult such as in myocardial infarction.
Discrepancies of hypoxic insults on the T-type Ca?* channel expression and the growing
interests to the action of BDNF motivated us to investigate the impact of hypoxic insult
in combined with BDNF on the Cav3.1- and Cav3.2-T-type Ca®* channels expression
in cardiomyocytes.

In the present study, we unveiled a novel action of BDNF as a modulator of Cav3.1-
and Cav3.2-T-type Ca?* channels in the hypoxic conditions of the heart.

2. Results
2.1. Acute Hypoxia Upregulates Cav3.1, Cav3.2 and Bdnf

T-type Ca®* channels, Cav3.1- and Cav3.2-channel, are reportedly down-regulated by
chronic hypoxia in rat neonatal cardiomyocytes [12]. To confirm this in the short hypoxic
period for 1-3 h, and to elucidate the mechanisms underlying hypoxia-mediated signals
for the regulation of the T-type Ca?* channels in cardiomyocytes in association with action
of BDNE, we first examined the effect of hypoxia (1% O;) on the expression of the T-type
Ca?* channel isoforms, Cav3.1 and Cav3.2, by quantifying transcript amount (Figure 1).
Unexpectedly, Cav3.1- and Cav3.2-mRNA levels were prominently upregulated by an acute
hypoxic insult, where the elevation was observed as early as 1 h after the exposure. At the
time of hypoxia for 1 h, Cav3.1-mRNA and Cav3.2-mRNA were increased by 125% and
49%, respectively. At the time of hypoxia for 3 h, Cav3.1-mRNA and Cav3.2-mRNA were
increased by 166% and 67%, respectively. Although BDNF is highly expressed in the brain,
growing evidence indicates that BDNF is also expressed in the heart and is involved in
cardiac pathophysiology [15,16]. We then examined the possible involvement of BDNF
and its high affinity receptor tropomyosin-related kinase B (TrkB) in the hypoxic conditions
of cardiomyocytes regarding the upregulation of the Cav3 channels. As we expected,
expression of Bdnf in cardiomyocytes was significantly elevated in response to the decrease
of O, concentration in the cell incubator (Figure 1C). The increase of Bdnf-mRNA was
observed as early as 1 h after hypoxic insult, which was nearly the same time course as
the Cav3-mRNA elevation was observed. Bdnf-mRNA was increased by 30% at the time
of hypoxia for 1 h, and by 79% at the time of hypoxia for 3 h. In contrast, the expression
of TrkB-mRNA was unchanged by hypoxic insult during the observation period for 3 h
(Figure 1D).

2.2. HIF-1a as a Modulator of the Cav3 Channels

The hypoxia-inducible factors (HIFs) are the master regulators of hypoxia-driven gene
expression. Because hypoxic adaptation largely depends on a family of HIFs, namely HIF-
la in the heart [20], we investigated the possible role of HIF-1x on the expression of the
Cav3 channels. In our experiments of hypoxic conditions (1% O;) for 3 h, expression HIF-
la protein was increased more than 4 times (Figure 2A). Because the interference ability of
Hifla-siRNA on HIF-1x was clearly confirmed (Figure 2A), we applied the same siRNA to
explore the role on the expression of Cav3.1 and Cav3.2. Strikingly, the knockdown of HIF-
1l by siRNA completely inhibited the upregulation of both Cav3.1- and Cav3.2-mRNA by
hypoxic insult (Figure 2B,C). To visually demonstrate and to understand the distribution of
HIF-1« in cardiomyocytes under the condition of hypoxia, analysis of immunocytochemical
assays using antibodies targeting Hifla genes were examined in combined with those of



Membranes 2021, 11, 470 30f13

the Cav3 channels (Figure 3). The distribution of Cav3.1- and Cav3.2-Ca®* channel proteins
in cardiomyocytes in the hypoxic conditions represents nearly completely overlapping
patterns of HIF-1«, suggesting a possible functional interaction between HIF-1x and the
Cav3 channels. Importantly, the upregulation of not only Cav3-mRNAs but also Cav3-
proteins by hypoxia was evidently confirmed by this assay.
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Figure 1. Changes of the levels of Cav3.1-, Cav3.2-, Bdnf-, and TrkB-mRNA expression in cardiomyocytes exposed to hypoxia.
Rat neonatal cardiomyocytes were cultured in the normoxic conditions (21% O;) for 3 h or hypoxic conditions (1% O,) for
1 h or 3 h. Expression of each mRNA (A-D) was assessed by real-time PCR. Amount of each mRNA was normalized to
those in normoxia (0 h) as assigned as 1.0. Data were expressed as mean & SE. (n = 5). * p < 0.05, compared with those in the
normoxic control group (3 h). Numbers of experiments are given in parentheses.
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Figure 2. HIF-1a-dependent regulation of the Cav3 channels in hypoxia. (A) Changes of HIF-1x proteins expression in
cardiomyocytes exposed to normoxia or hypoxia for 3 h, and actions of Hifla knockdown on them by use of control-siRNA
(scramble siRNA, 10 nM) or Hifla-siRNA (10 nM) transfected with Lipofectamine RNAIMAX for 48 h. After transfection,
cardiomyocytes were exposed to hypoxia for 3 h, and then assessed by Western blot analysis. Representative protein images
are shown above. Similar results were obtained from three independent experiments (See Figures S1 and S2). Amounts
of HIF-1«x proteins were normalized to those with control-siRNA in normoxia as assigned as 1.0. (B,C) Suppression of
Cav3.1- and Cav3.2-mRNA by Hifla-siRNA (10 nM). Experimental protocols were identical to those in panel (A). * p < 0.05,
compared with those in the normoxic control group with control-siRNA or hypoxic group with Hifla-siRNA as indicated.
Numbers of experiments are given in parentheses (n = 4).
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Figure 3. Immunocytochemistry staining for the detection of the Cav3 channels and the effect of hypoxic insult in

cardiomyocytes. Cardiomyocytes were exposed to normoxia (21 % O;) or hypoxia (1% O,) for 3 h. Expression of Cav3.1
(green), Cav3.2 (green), and HIF-1c (Red) are presented. Nuclei were counterstained with DAPI (blue). Scale bar = 20 pm.

2.3. BDNF Upregulates the Cav3 Channels in Hypoxia

Because altered BDNF expression occurs under hypoxia in various cells, tissues, and
organs, we intended to explore the role of BDNF on the Cav3 channels regulation in the
hypoxic conditions. In this context, we incubated cardiomyocytes with or without BDNF
at the conditions of normoxia/hypoxia (Figure 4). Of note, BDNF had a negligible effect
on the Cav3 channels expression at the normoxic conditions; non-significant elevation of
Cav3.1 by 41% and Cav3.2 by 15%. However, BDNF significantly increased the expression
of Cav3.1-mRNA and Cav3.2-mRNA when cardiomyocytes were incubated in the hypoxic
conditions. In this experimental condition, hypoxia increased Cav3.1-mRNA by 114%
without BDNEF, and 183% with BDNEF. As for Cav3.2, hypoxia increased Cav3.2-mRNA by
62% without BDNF, and 110% with BDNF. Because this effect of BDNF on Cav3-mRNAs
was additive to the effect of hypoxia, a cooperative role of these two signaling pathways
in the regulation of the Cav3 channels are suggested. To confirm the cooperative actions
of BDNP to the hypoxic insult on the Cav3 channels, we then studied the knockdown
effect of BDNF on the Cav3.1 and Cav3.2 channel expression (Figure 5). Bdnf-siRNA did
not affect the expression of Cav3.1- and Cav3.2-mRNA in the normoxic conditions, which
partially reconfirmed the findings of Figure 4 demonstrating a negligible effect of BDNF on
the Cav3 channels in the normoxic conditions. More importantly, Bdnf-siRNA completely
abolished the upregulation of both Cav3.1- and Cav3.2-mRNA caused by hypoxia. These
results indicate that signals for upregulations of the Cav3-channels caused by hypoxic
insult are based on the signal pathways associated with those of BDNF in cardiomyocytes.
To further confirm the actions of BDNF-associated pathways on the Cav3 channel proteins,
results were validated by immunocytochemical assays (Figure 6). Consistent with the
results in Figure 5, knockdown of BDNF or Bdnf-siRNA was nearly without effect on the
expression of the Cav3.1 and the Cav3.2 channel in the normoxic conditions. However, in
the hypoxic conditions, Bdnf-siRNA markedly reduced expression of both Cav3 channel
proteins. These results additionally verified our notion that BDNF acts to upregulate
Cav3-T-type Ca%* channels in the acute hypoxic conditions in association with HIF-1«
in cardiomyocytes.
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Figure 4. Actions of BDNF on the expression of the Cav3 channels in normoxia and hypoxia. Changes of Cav3.1-mRNA
(A) and Cav3.2-mRNA expression (B) in cardiomyocytes exposed to normoxia or hypoxia for 3 h, and actions of BDNF.
Recombinant BDNF protein (100 ng/mL) was applied at the time exposed to normoxia or hypoxia. Amount of each mRNA
was normalized to those in normoxia (0 h) without BDNF (BDNF (—)) as assigned as 1.0. * p < 0.05, compared with those as
indicated. * p <0.05 vs. hypoxia without BDNF (BDNF (—)). Numbers of experiments are given in parentheses.
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Figure 5. Actions of Bdnf knockout on the expression of Cav3 channels in normoxia and hypoxia. Changes of Cav3.1-mRNA
(A) and Cav3.2-mRNA expression (B) in cardiomyocytes exposed to normoxia or hypoxia for 3 h, and actions of Bdnf
knockout by use of control-siRNA (scramble siRNA, 10 nM) or Bdnf-siRNA (10 nM) transfected with Lipofectamine
RNAIMAX for 48 h. After transfection, cardiomyocytes were exposed to normoxia or hypoxia for 3 h, and then assessed by
real-time PCR. * p < 0.05, compared with those as indicated. Numbers of experiments are given in parentheses (n = 5).
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Figure 6. Inmunocytochemistry staining for the detection of the Cav3 channels and the effect of hypoxic insult with Bdnf

silencing in cardiomyocytes. Expression of Cav3.1 and Cav3.2 (green) are presented. Nuclei were counterstained with DAPI
(blue). Actions of Bdnf knockdown were assessed by use of control-siRNA (scramble siRNA, 10 nM) or bdnf-siRNA (10 nM)
transfected with Lipofectamine RNAiMAX for 48 h. After transfection, cardiomyocytes were exposed to normoxia (21% Oy)
or hypoxia (1% O,) for 3 h. Scale bar = 20 pm.

3. Discussion

The present study demonstrates a novel BDNF-dependent upregulatory mechanism
that alters the expression of the Cav3 Ca?* channels in cardiomyocytes. Although patho-
logical actions of BDNF are recognized in the heart, this investigation provides a novel
aspect of BDNF actions on the regulation of cardiac excitability. This study is summar ized
as follows: (1) We investigated the role of BDNF in rat neonatal cardiomyocytes exposed to
normoxia (21% Oy) and acute hypoxia (1% Oy) in vitro for up to 3 h; (2) The expression of
Cav3.1-, Cav3.2- and Bdnf-mRNA was upregulated by acute hypoxia; (3) BDNF upregulates
Cav3.1- and Ca3.2-mRNA at the hypoxic conditions but not at the normoxic conditions;
and (4) The upregulation of the Cav3 channels caused by a hypoxic insult was completely
blunted by Hifla-siRNA or Bdnf-siRNA. These findings suggest a novel action of BDNF on
the T-type Ca?* channels in the hypoxic conditions of the heart, which could be beneficial
for cardiac function particularly in the ischemia-related conditions of the heart.

3.1. Acute Hypoxia Causes Upregulation of Cav3 Channels

Various studies have been performed to explore the impact of hypoxic insults on the
T-type Ca?* channels by use of various cell types, however, results are highly controver-
sial [8-13]. According to studies on chromaffin cells and smooth muscle cells, chronic
hypoxia caused the upregulation of Cav3.2- but not Cav3.1-T-type Ca?* channel [8,9]. In
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the recombinant HEK-293 cells expressing the Cav3.2 channel, an acute hypoxia down-
regulated the expression of the channel [10], whereas the chronic hypoxia upregulated
the channel [11]. In experiments by use of rat neonatal cardiomyocytes, chronic hypoxia
reduced T-type Ca?* channel current accompanied by reductions of Cav3.1- and Cav3.2-
mRNA [12]. In contrast, in experiments by use of adult ventricular cardiomyocytes, chronic
hypoxia induced the upregulation of Cav3.2-mRNA, whereas Cav3.1- mRNA was not
altered [13]. The reason for these discrepancies is unknown but may in part be related
to the duration of hypoxic conditions. In this study, we clearly demonstrate that Cav3.1-
and Cav3.2-mRNA were significantly upregulated by an acute hypoxic insult for 1-3 h in
rat neonatal cardiomyocytes. The results were also confirmed by immunocytochemistry
analysis (Figures 3 and 6). Because hypoxia modulates protein expression through HIF-
dependent and -independent mechanism in many cell types associated with the duration
and the intensity of hypoxia [21,22], it is plausible that the short- and long-duration of
hypoxia exert distinct actions on protein expressions with distinct contributions of HIF
activity. Since knock-down of Hifla completely abolished the actions of acute hypoxia
on Cav3.1 and Cav3.2 in this study (Figure 2B,C), we would like to conclude that acute
hypoxia up to 3 h induces upregulation of the Cav3-Ca?* channels dependently on the
HIF-1a actions. Obviously, we need further studies to clarify the impact of the changes in
duration and intensity of hypoxia on the T-type Ca?* channels.

3.2. HIF-1a/BDNF Involvement in Cav3 Channel Upregulation

While growing evidence suggests the importance of BDNF/TrkB signals in the heart,
less is known about the actions of BDNF on cardiac electrophysiological properties. It was
reported that serum BDNF level was not related to the occurrence of atrial fibrillation [23].
Also, a study reported that the deletion of BDNF/TrkB signals in cardiomyocytes caused
deranged Ca”* homeostasis, which suggests a role of BDNF on the Ca?* channel [19].
However, the roles of BDNF on cardiac Ca?* channels are largely unknown. In this regard,
our novel but limited findings of the upregulation of the Cav3-T-type Ca?* channels in
hypoxia-mediated conditions, and their modulation by BDNF may be particularly relevant
in pathological aspects of BDNF-mediated cardiac excitation regulation (Figure 7). In
neurons, several research works indicate that activation of BDNF-mediated pathway
upregulates HIF-1oc even under normoxic conditions [24,25]. Because BDNF appreciably
increased Cav3 mRNAs in normoxic conditions (Figure 4), BDNF-dependent upregulation
of HIF-1o could be postulated in cardiomyocytes as well, although HIF-1x-dependent
increase of BDNF signals primarily accounts for the Cav3 modulations in this study
(Figure 7). Nevertheless, we were unable to identify the signal molecule(s) linking BDNF
to the Cav3 channels. This is mainly because the transcription regulation pathways of
Cav3 channels genes are still mostly unknown. BDNF and its downstream pathways have
profound effects on multiple functions in neurons [26].

Upon binding to the TrkB receptor, BDNF initiates intracellular signaling cascades in-
cluding the phosphatidylinositol-3-kinase (PI3K) pathway, the phospholipase C (PLC) path-
way, and the mitogen-activated protein kinase (MAPK) pathway. The signal molecule(s)
derived from these pathways could be assumed to upregulate the Cav3 channels in associ-
ation with HIFs (Figure 7). Although we have successfully demonstrated that enhanced
BDNF-signaling following acute hypoxia facilitates HIF-1x-dependent upreg ulation of
Cav3-T-type Ca?* channels, further investigation is needed to clarify the role of these signals
including the master transcription factor(s) governing the expression of the Cav3 channels.

3.3. Pathophysiological Significance of BDNF in the Heart Rhythm

Despite emerging evidence about the role of BDNF in the heart, there is insufficient
information about its function on myocardial excitation, particularly on the heart rhythm.
In some clinical and experimental investigations, controversial results have been reported
in regard to the effect of BDNF on heart rate [27-30].
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Figure 7. Schematic diagram of hypothetical BDNF-hypoxia interaction in regulation of the Cav3 channels in cardiomyocytes.
Hypoxia (HX)/BDNF axis may work as a positive regulator for the Cav3-T-type Ca2* channels through the activation of
HIF-1« in cardiomyocytes, although the downstream signals of BDNF/TrkB and the targeted transcription factor(s) (TF)
are unknown.

The peripheral application of BDNF increased heart rate in patients with amyotrophic
lateral sclerosis [27], and intracerebroventricular administration of BDNF increased heart
rate in mice [28]. In contrast, heart rate was elevated in Bdnf *+/= mice, which was reduced
by intracerebro-ventricular administration of BDNF [29], and the application of BDNF
reduced cardiomyocyte beat rate in vitro [30]. Unfortunately, we could not provide enough
data to illustrate these two contrary views. Because several classes of ion channels including
the T-type Ca?* channels, most are the Cav3.1 and less are the Cav3.2 but not the Cav3.3 [6],
contribute to pacemaker activity in the heart [31-33], the upregulation of Cav3-T-type
Ca?* channels by BDNF lend support to the view that BDNF contributes to cardiac pacing
activities. Interestingly, BDNF increases T-type Ca®* channel current as a short-term effect
in sensory neurons via PI3K pathway [34], whereas the T-type Ca?* channel was not
stimulated by BDNF in chick nodose neurons [35,36]. These highly controversial results
indicate that BDNF and its downstream signals are variable, possibly depending on cell
types, cell cycle, environmental conditions, and others. Autonomic nerve control for heart
rate may also be regulated by BDNEF. Further studies are needed to reveal the complete
molecular mechanism for heart rate modulation by BDNF.

In conclusion, our observations indicate a novel pathophysiological action of BDNF
in association with HIF-1« on the Cav3-T-type Ca®* channel expression. These results
support the proposition that BDNF could be a pivotal cardiac neurotrophin for the mainte-
nance of electrical rhythm, particularly in the diseased conditions of the heart including
hypoxia/ischemia.
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4. Materials and Methods

All experimental protocols were approved in advance by the Ethics Review Com-
mittee for Animal Experimentation of Oita University School of Medicine (No. C004003,
No. G004006), and were carried out according to the guidelines for animal research of
the Physiological Society of Japan to minimize the number of animals used as well as
their suffering.

4.1. Regents

The reagents were obtained from Sigma Aldrich (St. Louis, MO, USA) or WAKO
(Osaka, Japan) unless otherwise indicated. Triton X-100 was purchased from MP Biomedi-
cals (Aurora, OH, USA). Fetal bovine serum was obtained from Biosera (Biosera, Nuaillé,
Chile). Collagenase type IV was purchased from Worthington (Lakewood, NJ, USA). BDNF
recombinant proteins were from Life Technologies Inc. (Gaithersburg, MD, USA). ProLong
Diamond Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA) with 4/,6-
diamidino-2-phenylindole dihydrochloride (DAPI) and Alexa Fluor 488, 594-conjugated
second antibody were from Molecular Probes (Eugene, OR, USA). Anti-«1G (Cav3.1) and
«1H (Cav3.2) antibodies were from Santa Cruz (Santa Cruz, CA, USA). All reagents from
commercial sources were of analytical grade.

4.2. Preparation of Neonatal Rat Cardiomyocytes and Hypoxia Treatment

All animal experiments confirmed to the Guidelines for the Care and Use of Animals
at Oita University, and the NIH guidelines were approved by the institutional committee.
Neonatal rat cardiomyocytes were enzymatically isolated and cultured as previously
described [37-39]. After 24 h of culture, >70% of the cells adhered to the substrates and
started to exhibit spontaneous beating. The cells were either kept under normoxia (21%
Oy) or exposed to hypoxia (1% Oy) in incubators (Model 3130, Thermo Electron Co.,
Waltham, MA, USA) that maintained a constant environment (5% CO, balanced with Nj)
for indicated periods of time.

4.3. Transfection

The cells were transfected with small interfering RNA (siRNA) using Lipofectamine
RNAiIMAX (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s in-
structions. The following siRNAs were used: Hifla siRNA (OriGene Technologies Inc.,
Rockville, MD, USA), Bdnf siRNA (OriGene Technologies Inc. Rockville, MD, USA), and
scramble control siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

4.4. Quantitative Real-Time PCR

The total RNA was extracted from the cardiomyocytes using TRIzol reagent (Life
Technologies Inc., Carlsbad, CA, USA). Single-stranded cDNA was synthesized from
500 ng of total RNA using a Transcriptor First Strand cDNA Synthesis Kit (Roche Molec-
ular System Inc., Alameda, CA, USA). Real-time PCR was performed on a Light cy-
cler 480 real time PCR system (Roche, Basel, Switzerland) using SYBR Green Master
Mix (Takara Bio Inc., Shiga, Japan). The primers for rat Bdnf (GeneBank accession no.
M61175, 5'-AGCGCGAATGTGTTAGTGGT-3' and 5-GCAATTGTTGCCTCTTTTCT-3'),
and rat neural receptor protein-tyrosine kinase (TrkB; GeneBank accession no. M55291, 5'-
AGCAGCCCTGGTATCAGCTA-3, 5-TCGCCAAGTTCTGAAGGAGT-3') were designed
according to the published gene sequences. The sequences of the T-type Ca?" channels
(Cav3.1 and Cav3.2) and internal control Glyceraldehyde-3-phosphate dehydrogenase
(Gapdf) oligonucleotide primers used in the real-time PCR reactions are described our
previous reports [32]. Data were calculated by 2~#2CT and presented as fold change in
transcripts for each ion channels genes (Cav3.1, Cav3.2) and neurotrophic factor genes (Bdnf,
TrkB) and normalized to Gapdh (defined as 1.0-fold).
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4.5. Western Blot Analysis

The cells were homogenized in standard lysis buffer using protease inhibitors. Lysates
were separated by using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on 10% polyacrylamide gels and transferred to polyvinylidene difluoride mem-
branes by electroelution. Membranes were blocked in 20 mmol/L of Tris-buffered saline
(TBS) solution with 1% Tween containing 5% skim milk and incubated with primary anti-
bodies overnight at 4 °C. Polyclonal antibodies sensitive to the proteins of HIF-1x were
obtained from Abcam (1:500, #ab216842, Abcam, Cambridge, MA, USA), and antibody
against GAPDH was from Santa Cruz Biotechnology (Santa Cruz, CA, USA) (1:1000).
Protein density was visualized on plasma membranes using horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:2000, American Qualex, San Clemente, CA, USA) and
visualized using the enhanced chemiluminescence reagent (GE Healthcare; Waukesha, WI,
USA), according to the manufacturer’s directions, and the results were exposed on Biomax
Light film (Eastman Kodak; Rochester, NY, USA). Relative densitometry was determined
using a computerized Image] software (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA).

4.6. Immunocytochemistry

The cells were plated onto 2-well chamber slide for 24 h after knockdown of BDNF.
After 3 h in culture exposed to hypoxia, cells were then rinsed in phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde (5 min) and permeabilized with 0.2% Triton-
X (5 min) at room temperature. We used T-type calcium channel Cav3.1 (x1G), Cav3.2
(«1H) antibodies (1:50, Santa Cruz), and HIF-1«x antibody (1:50, abcam), as a secondary
antibody, Alexa fluor® 488, 594-conjugated donkey anti-goat IgG (H + L) antibody (1:200;
Life Technologies Inc.). All antibody incubation steps were performed at room temperature
and intermitted by three washing steps with 0.1% Triton-PBS. Finally, the cells were
covered with ProLong Diamond Antifade Mountant with DAPI and stored at 4 °C until
microscopical analysis.

4.7. Confocal Fluorescence Microscopy

Images were acquired using a 63 x oil objective (Plan-Apochromat 63 x [numerical
aperture, 1.46] oil immersion objective for differential interference contrast [DIC]; Carl Zeiss,
Jena, Germany). All sections were analyzed using a confocal laser microscopy system
and software (LSM710, Carl Zeiss, Jena, Germany) that was built around an inverted
microscope (Axio Observer Z1, Carl Zeiss, Jena, Germany) as previously described [40].
The images were saved in TIFF format and analyzed by Image]J software (Wayne Rasband,
National Institutes of Health, Bethesda, MD, USA).

4.8. Statistics

The experiments were performed at least three times. Statistical analysis was con-
ducted using SigmaPlot 14.0 (SigmaPlot version 14.0-Systat Software, Inc., London, UK).
Values are mean + S.E. Values of p were calculated using unpaired Student’s t-test for
differences between two groups, and one-way ANOVA for differences among multiple
groups. Values of p < 0.05 were considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/membranes11070470/s1, Figure S1: The raw WB images, Figure S2: HIF-1a and GAPDH images.
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Abbreviations

BDNF  Brain-derived neurotrophic factor

HIF-la hypoxia-inducible factor 1a

TrkB tropomyosin-related kinase receptor B

siRNA  small interfering RNA

DAPI 4/ 6-diamidino-2-phenylindole dihydrochloride
HX hypoxia

PLC phospholipase C

MAPK mitogen-activated protein kinase

PI3K phosphatidylinositol-3-kinase

References

1.  Libby, P; Braunwald, E. Braunwald’s Heart Disease: A Textbook of Cardiovascular Medicine; Saunders/Elsevier: Philadelphia, PA,
USA, 2008.

2. Nattel, S.; Maguy, A.; Le Bouter, S.; Yeh, Y.H. Arrhythmogenic ion-channel remodeling in the heart: Heart failure, myocardial
infarction, and atrial fibrillation. Physiol. Rev. 2007, 87, 425-456. [CrossRef]

3.  Takebayashi, S.; Li, Y.; Kaku, T.; Inagaki, S.; Hashimoto, Y.; Kimura, K.; Miyamoto, S.; Hadama, T.; Ono, K. Remodeling
excitation-contraction coupling of hypertrophied ventricular myocytes is dependent on T-type calcium channels expression.
Biochem. Biophys. Res. Commun. 2006, 345, 766-773. [CrossRef] [PubMed]

4. Lee, T.S,; Ono, K,; Hadama, T.; Uchida, Y.; Arita, M. Roles of x1 and «1/{ subunits derived from cardiac L-type Ca?* channels on
voltage-dependent facilitation mechanisms. Jpn. J. Physiol. 2001, 51, 337-344. [CrossRef] [PubMed]

5. Lee, TS.; Kaku, T.,; Takebayashi, S.; Uchino, T.; Miyamoto, S.; Hadama, T.; Perez-Reyes, E.; Ono, K. Actions of mibefradil,
efonidipine and nifedipine block of recombinant T- and L-type Ca?* channels with distinct inhibitory mechanisms. Pharmacology
2006, 78, 11-20. [CrossRef] [PubMed]

6.  Cribbs, L.L.; Martin, B.L.; Schroder, E.A; Keller, B.B.; Delisle, B.P; Satin, J. Identification of the T-type calcium channel (Cav3.1d)
in developing mouse heart. Circ. Res. 2001, 88, 403—407. [CrossRef]

7.  Hagiwara, H.; Irisawa, H.; Kameyama, M. Contribution of two types of calcium currents to the pacemaker potentials of rabbit
sino-atrial node cells. J. Physiol. 1988, 395, 233-253. [CrossRef]

8. Carabelli, V.; Marcantoni, A.; Comunanza, V.; de Luca, A.; Diaz, J.; Borges, R.; Carbone, E. Chronic hypoxia up-regulates alphalH
T-type channels and low-threshold catecholamine secretion in rat chromaffin cells. J. Physiol. 2007, 584, 149-165. [CrossRef]

9. Wan, J.; Yamamura, A.; Zimnicka, A.M.; Voiriot, G.; Smith, K.A; Tang, H.; Ayon, R.J.; Choudhury, M.S.; Ko, E.A.; Wang, J.;
et al. Chronic hypoxia selectively enhances L- and T-type voltage-dependent Ca?* channel activity in pulmonary artery by
upregulating Cav1.2 and Cav3.2. Am. J. Physiol. Lung Cell Mol. Physiol. 2013, 305, L154-L164. [CrossRef]

10. Fearon, LM.; Randall, A.D.; Perez-Reyes, E.; Peers, C. Modulation of recombinant T-type Ca?* channels by hypoxia and
glutathione. Pflug. Arch. 2000, 441, 181-188. [CrossRef]

11. Makarenko, V.V.; Ahmmed, G.U.; Peng, Y.J.; Khan, S.A.; Nanduri, J.; Kumar, G.K,; Fox, A.P; Prabhakar, N.R. Cav3.2 T-type CaZ*
channels mediate the augmented calcium influx in carotid body glomus cells by chronic intermittent hypoxia. J. Neurophysiol.
2016, 115, 345-354. [CrossRef]

12.  Pluteanu, F; Cribbs, L.L. T-type calcium channels are regulated by hypoxia/reoxygenation in ventricular myocytes. Am. . Physiol.
Heart Circ. Physiol. 2009, 297, H1304-H1313. [CrossRef]

13. Gonzalez-Rodriguez, P.; Falcon, D.; Castro, M.].; Urefia, J.; Lopez-Barneo, J.; Castellano, A. Hypoxic induction of T-type CaZt
channels in rat cardiac myocytes: Role of HIF-1&c and RhoA /ROCK signalling. J. Physiol. 2015, 593, 4729-4745. [CrossRef]

14. Huang, EJ.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function. Annu. Rev. Neurosci. 2001, 24, 677-736.

[CrossRef]


http://doi.org/10.1152/physrev.00014.2006
http://doi.org/10.1016/j.bbrc.2006.04.146
http://www.ncbi.nlm.nih.gov/pubmed/16701562
http://doi.org/10.2170/jjphysiol.51.337
http://www.ncbi.nlm.nih.gov/pubmed/11492958
http://doi.org/10.1159/000094900
http://www.ncbi.nlm.nih.gov/pubmed/16899990
http://doi.org/10.1161/01.RES.88.4.403
http://doi.org/10.1113/jphysiol.1988.sp016916
http://doi.org/10.1113/jphysiol.2007.132274
http://doi.org/10.1152/ajplung.00313.2012
http://doi.org/10.1007/s004240000424
http://doi.org/10.1152/jn.00775.2015
http://doi.org/10.1152/ajpheart.00528.2009
http://doi.org/10.1113/JP271053
http://doi.org/10.1146/annurev.neuro.24.1.677

Membranes 2021, 11, 470 12 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kermani, P.; Hempstead, B. BDNF actions in the cardiovascular system: Roles in development, adulthood and response to injury.
Front. Physiol. 2019, 10, 455. [CrossRef] [PubMed]

Hang, P.Z.; Zhu, H.; Li, PF; Liu, J.; Ge, EQ.; Zhao, J.; Du, Z.M. The emerging role of BDNF/TrkB signaling in cardiovascular
diseases. Life 2021, 11, 70. [CrossRef] [PubMed]

Hiltunen, J.O.; Laurikainen, A.; Vdkevd, A.; Meri, S.; Saarma, M. Nerve growth factor and brain-derived neurotrophic factor
mRNAs are regulated in distinct cell populations of rat heart after ischaemia and reperfusion. J. Pathol. 2001, 194, 247-253.
[CrossRef] [PubMed]

Okada, S.; Yokoyama, M.; Toko, H.; Tateno, K.; Moriya, ]J.; Shimizu, I.; Nojima, A.; Ito, T.; Yoshida, Y.; Kobayashi, Y.; et al. Brain-
derived neurotrophic factor protects against cardiac dysfunction after myocardial infarction via a central nervous system-mediated
pathway. Arter. Thromb. Vasc. Biol. 2012, 32, 1902-1909. [CrossRef]

Fulgenzi, G.; Tomassoni-Ardori, F.; Babini, L.; Becker, J.; Barrick, C.; Puverel, S.; Tessarollo, L. BDNF modulates heart contraction
force and long-term homeostasis through truncated TrkB.T1 receptor activation. J. Cell Biol. 2015, 210, 1003-1012. [CrossRef]
Lee, S.H.; Wolf, P.L.; Escudero, R.; Deutsch, R.; Jamieson, S.W.; Thistlethwaite, P.A. Early expression of angiogenesis factors in
acute myocardial ischemia and infarction. N. Engl. ]. Med. 2000, 342, 626—633. [CrossRef]

Ambrose, L.J.; Abd-Jamil, A.H.; Gomes, R.S.; Carter, E.E.; Carr, C.A.; Clarke, K.; Heather, L.C. Investigating mitochondrial
metabolism in contracting HL-1 cardiomyocytes following hypoxia and pharmacological HIF activation identifies HIF-dependent
and independent mechanisms of regulation. J. Cardiovasc. Pharmacol. Ther. 2014, 19, 574-585. [CrossRef]

Elgenaidi, I.S.; Spiers, ].P. Hypoxia modulates protein phosphatase 2A through HIF-1a dependent and independent mechanisms
in human aortic smooth muscle cells and ventricular cardiomyocytes. Br. ]. Pharmacol. 2019, 176, 1745-1763. [CrossRef] [PubMed]
Huai, R.; Han, X.,; Wang, B.; Li, C.; Niu, Y,; Li, R.; Qu, Z. Vasorelaxing and antihypertensive effects of 7,8-dihydroxyflavone. Am. J.
Hypertens. 2014, 27, 750-760. [CrossRef] [PubMed]

Zhang, YH.; Yan, X.Z.; Xu, S.E; Pang, Z.Q.; Li, L.B,; Yang, Y.; Fan, Y.G.; Wang, Z.; Yu, X.; Guo, C.; et al. x-Lipoic Acid Maintains
Brain Glucose Metabolism via BDNF/TrkB/HIF-1alpha Signaling Pathway in P301S Mice. Front. Aging Neurosci. 2020, 12, 262.
[CrossRef] [PubMed]

Nakamura, K.; Martin, K.C.; Jackson, ] K.; Beppu, K.; Woo, C.W.; Thiele, C.J. Brain-derived neurotrophic factor activation of TrkB
induces vascular endothelial growth factor expression via hypoxia-inducible factor-lalpha in neuroblastoma cells. Cancer Res.
2006, 66, 4249-4255. [CrossRef] [PubMed]

Wurzelmann, M.; Romeika, J.; Sun, D. Therapeutic potential of brain-derived neurotrophic factor (BDNF) and a small molecular
mimics of BDNF for traumatic brain injury. Neural. Regen. Res. 2017, 12, 7-12. [PubMed]

The BDNF Study Group (Phase III). A controlled trial of recombinant methionyl human BDNF in ALS. Neurology 1999, 52,
1427-1433. [CrossRef] [PubMed]

Griffioen, K.J.; Wan, R.; Brown, T.R.; Okun, E.; Camandola, S.; Mughal, M.R.; Phillips, T.M.; Mattson, M.P. Aberrant heart rate and
brainstem brain-derived neurotrophic factor (BDNF) signaling in a mouse model of Huntington’s disease. Neurobiol. Aging 2012,
33, 1481.e1-e5. [CrossRef] [PubMed]

Wan, R.; Weigand, L.A.; Bateman, R.; Griffioen, K.; Mendelowitz, D.; Mattson, M.P. Evidence that BDNF regulates heart rate by a
mechanism involving increased brainstem parasympathetic neuron excitability. J. Neurochem. 2014, 129, 573-580. [CrossRef]
[PubMed]

Yang, B.; Slonimsky, J.D.; Birren, S.J. A rapid switch in sympathetic neurotransmitter release properties mediated by the p75
receptor. Nat. Neurosci. 2002, 5, 539-545. [CrossRef] [PubMed]

Yamashita, N.; Kaku, T.; Uchino, T.; Isomoto, S.; Yoshimatsu, H.; Ono, K. Short- and long-term amiodarone treatments regulate
Cav3.2 low-voltage-activated T-type Ca2+ channel through distinct mechanisms. Mol. Pharmacol. 2006, 69, 1684-1691. [CrossRef]
Wang, Y.; Morishima, M.; Zheng, M.; Uchino, T.; Mannen, K.; Takahashi, A.; Nakaya, Y.; Komuro, I.; Ono, K. Transcription factors
Csx/Nkx2.5 and GATA4 distinctly regulate expression of Ca2+ channels in neonatal rat heart. J. Mol. Cell Cardiol. 2007, 42,
1045-1053. [CrossRef] [PubMed]

Yamabe, M.; Sanyal, S.N.; Miyamoto, S.; Hadama, T.; Isomoto, S.; Ono, K. Three different bradycardic agents, zatebradine,
diltiazem and propranolol, distinctly modify heart rate variability and QT-interval variability. Pharmacology 2007, 80, 293-303.
[CrossRef] [PubMed]

Wang, H.; Wei, Y.; Pu, Y; Jiang, D.; Jiang, X.; Zhang, Y.; Tao, ]J. Brain-derived neurotrophic factor stimulation of T-type Ca?*
channels in sensory neurons contributes to increased peripheral pain sensitivity. Sci. Signal. 2019, 12, eaaw2300. [CrossRef]
Trimarchi, T.; Pachuau, J.; Shepherd, A.; Dey, D.; Martin-Caraballo, M. CNTF-evoked activation of JAK and ERK mediates the
functional expression of T-type Ca?* channels in chicken nodose neurons. J. Neurochem. 2009, 108, 246-259. [CrossRef] [PubMed]
Pachuau, J.; Martin-Caraballo, M. Extrinsic regulation of T-type Ca2* channel expression in chick nodose ganglion neurons. Dev.
Neurobiol. 2007, 67, 1915-1931. [CrossRef]

Wang, Y.; Morishima, M.; Li, D.; Takahashi, N.; Saikawa, T.; Nattel, S.; Ono, K. Binge alcohol exposure triggers atrial fibrillation
through T-type Ca?* channel upregulation via protein kinase C (PKC)/glycogen synthesis kinase 3p (GSK3)/nuclear factor of
activated T-cells (NFAT) signaling—An experimental account of holiday heart syndrome. Circ. J. 2020, 84, 1931-1940. [PubMed]
Morishima, M.; Tahara, S.; Wang, Y.; Ono, K. Oxytocin downregulates the Cav1.2 L-type Ca?* Channel via Gi/cAMP/PKA /CREB
signaling pathway in cardiomyocytes. Membranes 2021, 11, 234. [CrossRef]


http://doi.org/10.3389/fphys.2019.00455
http://www.ncbi.nlm.nih.gov/pubmed/31105581
http://doi.org/10.3390/life11010070
http://www.ncbi.nlm.nih.gov/pubmed/33477900
http://doi.org/10.1002/path.878
http://www.ncbi.nlm.nih.gov/pubmed/11400155
http://doi.org/10.1161/ATVBAHA.112.248930
http://doi.org/10.1083/jcb.201502100
http://doi.org/10.1056/NEJM200003023420904
http://doi.org/10.1177/1074248414524480
http://doi.org/10.1111/bph.14648
http://www.ncbi.nlm.nih.gov/pubmed/30825189
http://doi.org/10.1093/ajh/hpt220
http://www.ncbi.nlm.nih.gov/pubmed/24317273
http://doi.org/10.3389/fnagi.2020.00262
http://www.ncbi.nlm.nih.gov/pubmed/32973490
http://doi.org/10.1158/0008-5472.CAN-05-2789
http://www.ncbi.nlm.nih.gov/pubmed/16618748
http://www.ncbi.nlm.nih.gov/pubmed/28250730
http://doi.org/10.1212/WNL.52.7.1427
http://www.ncbi.nlm.nih.gov/pubmed/10227630
http://doi.org/10.1016/j.neurobiolaging.2011.11.030
http://www.ncbi.nlm.nih.gov/pubmed/22209255
http://doi.org/10.1111/jnc.12656
http://www.ncbi.nlm.nih.gov/pubmed/24475741
http://doi.org/10.1038/nn0602-853
http://www.ncbi.nlm.nih.gov/pubmed/11992117
http://doi.org/10.1124/mol.105.021253
http://doi.org/10.1016/j.yjmcc.2007.03.905
http://www.ncbi.nlm.nih.gov/pubmed/17498735
http://doi.org/10.1159/000107103
http://www.ncbi.nlm.nih.gov/pubmed/17690562
http://doi.org/10.1126/scisignal.aaw2300
http://doi.org/10.1111/j.1471-4159.2008.05759.x
http://www.ncbi.nlm.nih.gov/pubmed/19046323
http://doi.org/10.1002/dneu.20560
http://www.ncbi.nlm.nih.gov/pubmed/33028764
http://doi.org/10.3390/membranes11040234

Membranes 2021, 11, 470 13 of 13

39.

40.

Masuda, K.; Takanari, H.; Morishima, M.; Ma, F; Wang, Y.; Takahashi, N.; Ono, K. Testosterone-mediated upregulation of delayed
rectifier potassium channel in cardiomyocytes causes abbreviation of QT intervals in rats. J. Physiol. Sci. 2018, 68, 759-767.
[CrossRef] [PubMed]

Wang, P.; Wei, M.; Zhu, X,; Liu, Y.; Yoshimura, K.; Zheng, M.; Liu, G.; Kume, S.; Morishima, M.; Kurokawa, T.; et al. Nitric oxide
down-regulates voltage-gated Na* channel in cardiomyocytes possibly through S-nitrosylation-mediated signaling. Sci. Rep.
2021, 11, 11273. [CrossRef]


http://doi.org/10.1007/s12576-017-0590-4
http://www.ncbi.nlm.nih.gov/pubmed/29332211
http://doi.org/10.1038/s41598-021-90840-0

	Introduction 
	Results 
	Acute Hypoxia Upregulates Cav3.1, Cav3.2 and Bdnf 
	HIF-1 as a Modulator of the Cav3 Channels 
	BDNF Upregulates the Cav3 Channels in Hypoxia 

	Discussion 
	Acute Hypoxia Causes Upregulation of Cav3 Channels 
	HIF-1/BDNF Involvement in Cav3 Channel Upregulation 
	Pathophysiological Significance of BDNF in the Heart Rhythm 

	Materials and Methods 
	Regents 
	Preparation of Neonatal Rat Cardiomyocytes and Hypoxia Treatment 
	Transfection 
	Quantitative Real-Time PCR 
	Western Blot Analysis 
	Immunocytochemistry 
	Confocal Fluorescence Microscopy 
	Statistics 

	References

