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ABSTRACT. Expression of thrombospondin-4 (TSP-4), a matricellular protein, is increased in the
heart tissue of various cardiac disease models. In dorsal root ganglion neurons, TSP-4 inhibits
L-type Ca%* channel (LTCC) activity. Although TSP-4 might be related to the electrophysiological
properties in heart, it remains to be clarified. The present study aimed to clarify the effects of TSP-4
on action potential (AP), LTCC current (I, ) and voltage-dependent K* (Kv) channel current (/) in
rat isolated ventricular myocytes by a patch clamp technique. Ventricular myocytes were isolated
from the heart of adult male Wistar rats. The ventricular myocytes were treated with TSP-4 (5 nM) or
its vehicle for 4 hr. Then, whole-cell patch clamp technique was performed to measure AP (current-
1. Vet. Med. Sci. clamp mode) and I, and Iy, (voltage-clamp mode). The mRNA expression of Kv channels was
82(6): 707-712, 2020 examined by reverse transcription-polymerase chain reaction. TSP-4 had no effect on the resting

) ' membrane potential and peak amplitude of AP. On the other hand, TSP-4 significantly prolonged
doi: 10.1292/jvms.20-0038 AP duration (APD) at 50% and 90% repolarization. TSP-4 significantly inhibited the peak amplitudes
of I, and lx,. TSP-4 had no effect on mRNA expression of Kv channels (Kcna4, Kcna5, Kenb1, Kend2
and Kcnd3). The present study for the first time demonstrated that TSP-4 prolongs APD in rat
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Lethal ventricular arrhythmia, such as persistent ventricular tachycardia, ventricular fibrillation and torsade de pointe, requires
immediate treatment [2]. QT interval prolongation accompanied with early afterdepolarization (EAD) is one of the causes of
lethal ventricular arrhythmia [20]. Long QT syndromes (LQTS) is divided into a congenital and a secondary LQTS [20]. The
genetic mutation in LOT1-13 is a major cause of congenital LQTS [31]. On the other hand, drugs (antiarrhythmic agents (I, III),
psychotropic drugs, antihypertensive agents, antihistaminic drugs, antimycotic agents and antibacterial agents), electrolyte
disorders and basal cardiac diseases (myocardial infarction, cardiac hypertrophy and heart failure) are the triggers for secondary
LQTS [8, 14, 18, 19, 28].

Matricellular proteins are a family of non-structural extracellular matrix (ECM) proteins, which mediate cell-cell and cell-
matrix interaction by binding to other structural ECM, growth factors, cytokines, proteases and cell-surface receptors [5].
Thrombospondin-4 (TSP-4), a matricellular protein, is composed of 961 amino acid residues in human (Accession number:
CAA79635.1). TSP-4 is expressed in whole body organs, especially high in heart and skeletal muscles [21, 33]. The expression
of TSP-4 is known to increase in the heart tissue of patients with coronary artery disease and various heart disease model
animals, such as pressure overload-induced hypertrophied mice, spontaneously-hypertensive rats and myocardial infarcted rats
[12, 13, 23, 29]. It has been reported that TSP-4 exerts a cardioprotective effect through the inhibition of interstitial fibrosis via
regulation of cardiac fibroblasts [12, 30]. TSP-4 gene knock-out inhibited the increase of stroke volume in transaortic-constriction
(TAC) model mice. Thus, TSP-4 might play a pivotal role in systolic function of the hearts [7]. On the other hand, in dorsal root
ganglionic neurons, TSP-4 inhibits L-type Ca?" channel (LTCC) activity via binding to the 0,8, subunit [25]. Although TSP-4
might be related to the electrophysiological properties in heart, it remains to be clarified. The present study aimed to clarify
the effects of TSP-4 on action potential (AP), LTCC current (I,; ) and voltage-dependent K* (Kv) channel current (/i) in rat
ventricular myocytes by a patch clamp technique.
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MATERIALS AND METHODS

Animals

All animal studies were approved by Institutional Animal Care and Use Committee of Kitasato University (Approved No. 17-
085, 18-022 and 19-127) and conducted in accordance with the guidelines of the Kitasato University. Five to seven-week-old male
Wistar rats (CLEA Japan, Tokyo, Japan) were used to isolate ventricular myocytes. The animals were fed with a standard chow diet
and tap water, and maintained in a 12 hr/12 hr light-dark cycle.

Reagent
Recombinant mouse TSP-4 (R&D Systems, Minneapolis, MN, USA) and verapamil (Sigma-Aldrich, St. Louis, MO, USA).

Isolation of rat ventricular myocytes

Rat ventricular myocytes were isolated by an enzymatic digestion of perfused heart as described previously [16]. Briefly,
rats were anesthetized by an intraperitoneal injection of urethane (1.5 g/kg). The heart was excised and connected to a modified
Langendorff apparatus via aorta. HEPES-Tyrode solution [(in mM): NaCl 143, KCI 5.4, NaH,PO,-2H,0 0.33, MgCl,-6H,0 0.5,
glucose 5.5, HEPES 5 and CacCl, 1.8 adjusted to pH 7.4 with NaOH] was perfused for 5 min at 37°C. After changing the perfusate
into Ca?*-free normal HEPES-Tyrode solution for 5 min, 0.02% collagenase (Wako, Osaka, Japan) was treated for 30-40 min.
Then, the heart was washed with modified Kraft-Bruhe (KB) solution [(in mM): KOH 70, L-glutamic acid 50, KCI 40, taurine 20,
MgCl,-6H,0 3, glucose 10, HEPES 10, EGTA 1 adjusted to pH 7.4 with KOH]. The ventricular myocytes isolated from digested
heart were seeded and attached on 1% laminin (Discovery Labware, Billerica, MA, USA)-coating coverslips in KB solution for
1 hr (37°C, 5% CO,). The ventricular myocytes were treated with TSP-4 (5 nM) or equal volume of solvent (phosphate buffered
saline or Milli-Q water; Vehicle) for 4 hr (37°C, 5% CO,) in Medium 199 (Sigma-Aldrich) supplemented with taurine (5 mM),
creatine (5 mM) and L-carnitine (2 mM).

Electrical recording

Patch clamp technique was performed using a Patch/Whole Cell Clamp Amplifier CEZ-2400 (Nihon Kohden, Tokyo, Japan)
with a pCLAMP 10 software (Clampex 10, Molecular Devices/Axon Instruments, Union City, CA, USA) as described previously
[16]. Patch pipettes were pulled from glass capillary (1.5 x 90 mm, MODEL G-1.5, Narishige, Tokyo, Japan) using a PC-10 Needle
Puller (Narishige) and filled with pipette solution. Ventricular myocytes on laminin-coating coverslip were placed in a recording
chamber equipped with an inverted microscope (IMT-2 or CKX53, Olympus, Tokyo, Japan) and superfused with a bath solution at
a rate of 3 m//min at 34 £ 1°C. AP was recorded by a current-clamp mode. The bath solution for AP recording was composed of the
followings (mM): NaCl 140, KCI 4, MgCl, 1, CaCl, 1, glucose 10, HEPES 5 and L-arginine 1 adjusted to pH 7.4 with NaOH. The
pipette solution for AP recording was composed of the followings (mM): NaCl 8, KCl 10, potassium aspartate 140, HEPES 5 and
Mg-ATP 2 adjusted to pH 7.2 with KOH. AP was elicited by a 0.8—1 nA rectangular pulse for 5—8 msec. /q,; and I, were recorded
by a voltage-clamp mode. Normal HEPES-Tyrode solution was used as the bath solution for /,; recording. The pipette solution
for I,y recording was composed of the followings (mM): CsClI 120, MgCl, 6, EGTA 10, HEPES 10 and ATP-Mg 2 adjusted to
pH 7.2 with CsOH. /,; was elicited by 0.4 sec depolarization pulse to the test potentials ranging —50—40 mV in 5 mV increments
from a holding potential of —40 mV (0.2 sec after elevation from —80 mV) every 5 sec. The bath solution for /i, recording was
composed of the followings (mM): NaCl 136, KCI 5.4, MgCl, 1, CaCl, 1, glucose 10, HEPES 5 and NaH,PO, 0.33 adjusted to
pH 7.35 with NaOH. Verapamil (10 M) was added in the bath solution to block /-, . The pipette solution for /i, recording was
composed of the followings (mM): KCI 20, MgCl, 1, potassium aspartate 110, HEPES 10, Mg-ATP 5, GTP 0.1, creatine phosphate
dipotassium salt 5 and EGTA 10 adjusted to pH 7.3 with KOH. Iy, was elicited by 0.4 sec depolarization pulse to the test potentials
ranging —60—60 mV in 5 mV increments from a holding potential of =70 mV every 10 sec. The peak amplitudes of /.,; relative to
the end of depolarization pulse and of Iy, relative to zero current level were measured to each test potentials by using pPCLAMP 10
software (Clampfit 10, Molecular Devices/Axon Instruments). The peak amplitudes (pA) were normalized by cellular membrane
capacitance (pF) and the current-voltage curves were depicted.

Reverse transcription-polymerase chain reaction (RT-PCR)

RT-PCR was performed using Quick Taq HS DyeMix (TOYOBO, Osaka, Japan) as described previously [16]. Total RNA was
isolated from ventricular myocytes treated with TSP-4 (5 nM, 4 hr) or Vehicle using TRI REAGENT (Molecular Research Center,
Montgomery, OH, USA). The cDNA was obtained from the total RNA using ReverTra Ace qPCR RT Master Mix with gDNA
Remover (TOYOBO). After initial activation at 94°C (2 min), the amplification reaction was run for 35 cycles in Kv channel
(Kcna4, Kena5, Kenbl, Kend?2 and Kend3) and 27 cycles in glyceraldehyde 3-phosphate dehydrogenase (Gapdh) at 94°C (30 sec),
62°C (30 sec), and 68°C (1 min). The primer sequences were shown in Table 1. Agarose gel electrophoresis was performed to
separate the PCR products. The bands were detected by an ATTO light capture system (AE-6972, ATTO Corp., Tokyo, Japan).

Statistical analysis

All data are shown as means =+ standard error of the mean. Statistical analyses were performed using Student’s #-test (Figs. 1B,
1C and 4B) or two-way ANOVA followed by Bonferroni’s post hoc test (Figs. 2B and 3B). A value of P<0.05 was considered
statistically significant.
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Table 1. Primer sequences for reverse transcription-polymerase chain reaction analysis

Gene Primer sequences Accession number

Kcna4 Forward 5'-GCCATTGCGGGTGTCTTAAC-3’ NM 012971.2
Reverse 5'-AGGTATGGGCAACTGACTGC-3’

Kcna$ Forward 5'-AGCGTCTCTGGAGCACTTTC-3' NM 012972.1
Reverse 5'-CACACATGTGGTCTCCACGA-3’

Kenbl Forward 5'-CTGGAGAAGCCCAACTCGTC-3' NM_013186.1
Reverse 5'-CCGAACTCGTCTAGGCTCTG-3'

Kend?2 Forward 5'-CGCTACGGTTATGTTCTACGCA-3' NM_031730.2
Reverse 5'-GTCGCCATACCCCAGTGTTG-3’

Kcend3 Forward 5'-GGCAAGACCACGTCACTCAT-3' AB003587.1
Reverse 5-CGTGGTTCTTGATGGTGGAG-3'

Gapdh Forward 5'-GAGAATGGGAAGCTGGTCAT-3' NM 017008.4

Reverse 5'-GAAGACGCCAGTAGACTCCA-3’

Kcna4, Kena5, Kenbl, Kend2, Kend3 and Gapdh are genes for Kvl.4, Kv1.5, Kv2.1, Kv4.2, Kv4.3 and
glyceraldehyde 3-phosphate dehydrogenase, respectively.
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Fig. 1. Thrombospondin-4 (TSP-4) prolongs action potential (AP) duration (APD) in rat ventricular myocytes. Rat ventricular myocytes were
treated with TSP-4 (5 nM) or equal volume of phosphate buffered saline (Vehicle) for 4 hr. Patch clamp technique (current-clamp mode)
was performed to measure AP, which was elicited by a 0.8—1 nA rectangular pulse for 5—8 msec. (A) Representative AP waveform in the rat
ventricular myocytes treated with TSP-4 (red) or Vehicle (black) was shown. (B) The resting membrane potential (RMP) and peak amplitude
of AP were measured and shown as mean + standard error of the mean (S.E.M.) (Vehicle; n=11, TSP-4; n=9). (C) The APD at 50% and 90%
repolarization (APDs, and APDy,) were measured and shown as means + S.E.M. (Vehicle; n=11, TSP-4; n=9). *P<0.05 vs. Vehicle.

RESULTS

TSP-4 prolongs AP duration (APD) in rat ventricular myocytes

We examined the effects of TSP-4 (5 nM, 4 hr) on AP in rat ventricular myocytes. There is no difference in the stimulating pulse
between vehicle- and TSP-4-treated ventricular myocytes (Vehicle: 1.00 + 0.00 nA, 5.09 + 0.34 msec, n=11; TSP-4: 0.98 + 0.02
nA, 5.44 + 0.31 msec, n=9). In the TSP-4-treated group, repolarization phase was prolonged compared with the Vehicle-treated
group (Fig. 1A). TSP-4 had no effect on the resting membrane potential (RMP) and peak amplitude of AP (Fig. 1B). On the other
hand, TSP-4 significantly prolonged the APD at 50% and 90% repolarization (APDs, and APDy,) (Fig. 1C, P<0.05, Vehicle: n=11;
TSP-4: n=9).

TSP-4 decreases 1., in rat ventricular myocytes

The increase of inward /¢, is one of the causes of APD prolongation [1, 10]. Thus, we examined the effects of TSP-4 (5 nM,
4 hr) on the peak amplitude of /-, in rat ventricular myocytes (Fig. 2A). TSP-4 significantly decreased /., in the range of
—10-5 mV (Fig. 2B, P<0.05, Vehicle: n=16; TSP-4: n=11).

TSP-4 decreases Iy, without influencing mRNA expression of Kv channels in rat ventricular myocytes

The decrease of outward I, is a major cause of APD prolongation [1, 10]. Thus, we examined the effects of TSP-4 (5 nM, 4 hr)
on the peak amplitude of /i, in rat ventricular myocytes. TSP-4 significantly decreased /i, (Fig. 3A and 3B, P<0.05, Vehicle: n=10;
TSP-4: n=9). On the other hand, TSP-4 (5 nM, 4 hr) had no effect on mRNA expression of Kv channels (Kcna4, Kcna, Kenbl,
Kcnd?2 and Kend3), which are responsible for the /i, in repolarization phase of AP, in rat ventricular myocytes (Fig. 4A and 4B)
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Fig. 2. Thrombospondin-4 (TSP-4) inhibits L-type Ca>" channel current (I, ) in rat ventricular myocytes. Rat ventricular myocytes were treated
with TSP-4 (5§ nM) or Milli-Q water (Vehicle) for 4 hr. Patch clamp technique (voltage-clamp mode) was performed to measure /cy; . ¢, Was
elicited by 0.4 sec depolarization pulse to the test potentials ranging —50—40 mV in 5 mV increments from a holding potential of =40 mV (0.2
sec after elevation from —80 mV) every 5 sec. (A) Representative trance of /,; in the rat ventricular myocytes treated with TSP-4 (lower) or
Vehicle (upper) was shown. Inset: depolarization pulse protocol. (B) Current-voltage curve for the peak amplitude of /-,; was shown as means
+ S.E.M. The peak current (pA) was normalized by cellular membrane capacitance (pF). (Vehicle: n=16; TSP-4: n=11). *P<0.05 vs. Vehicle.
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Fig. 3. Thrombospondin-4 (TSP-4) inhibits voltage-dependent K* (Kv) channel current (/i) in rat ventricular myocytes. Rat ventricular myocytes
were treated with TSP-4 (5 nM) or phosphate buffered saline (Vehicle) for 4 hr. Patch clamp technique (voltage-clamp mode) was performed
to measure /i, which was elicited by 0.4 sec depolarization pulse to the test potentials ranging —60—60 mV in 5 mV increments from a holding
potential of =70 mV every 10 sec. (A) Representative trace of total outward /i, in the rat ventricular myocytes treated with TSP-4 (lower) or
Vehicle (upper) was shown. Inset: depolarization pulse protocol. (B) Current-voltage curve for the peak amplitude of Iy, was shown as means +
S.E.M. The peak current (pA) was normalized by cellular membrane capacitance (pF). (Vehicle: n=10; TSP-4: n=9). *P<0.05 vs. Vehicle.

DISCUSSION

The present study for the first time demonstrated that TSP-4 prolongs APD in rat isolated ventricular myocytes possibly through
the inhibition of 7, but not /c; .

It has been reported that serum concentration of TSP-4 in healthy human volunteers was in the range of 300-600 ng/m/ [17]. In
addition, the expression of TSP-4 in heart tissue is increased in patients with coronary arterial disease and animal models with cardiac
hypertrophy and myocardial infarction [12, 13, 23, 29]. Thus, 5 nM of TSP-4 (approximately 700 ng/m/) used in this study might be
within the pathophysiological range. Pan et al. reported that TSP-4 (5 nM) inhibited /.,; by 20% in dorsal root ganglionic nerve cells
[25]. In addition, the acute bath application (10 min) of TSP-4 had no effect on /,; while treatment of the cells with TSP-4 for 4 hr
reduced it [25]. From these observations, we stimulated the ventricular myocytes with recombinant TSP-4 (5 nM) for 4 hr, although a
possibility that the acute application of TSP-4 affects ion channel activity in ventricular myocytes could not be excluded.

Typical AP waveform was obtained in Vehicle-treated ventricular myocytes (Fig. 1A) [34]. Na/K* ATPase and inward-rectifier
K™ channel current form the RMP, whereas Na* channel current is a main component of the peak amplitude of AP [3, 24, 32].
Because the RMP and peak amplitude of AP were not changed by the TSP-4 treatment (Fig. 1B), it is suggested that TSP-4 did
not influence the activity of Na*/K* ATPase, inward-rectifier K™ channel and Na* channel in rat ventricular myocytes. On the other
hand, APDs, and APD,, in TSP-4-treated myocytes were prolonged during repolarization phase compared with Vehicle-treated
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Fig. 4. Thrombospondin-4 (TSP-4) has no effect on mRNA expression of Kv channels in rat ventricular myocytes. Total RNA was isolated
from the rat ventricular myocytes treated with TSP—4 (5 nM) or phosphate buffered saline (Vehicle) for 4 hr, and semi-quantitative reverse
transcription-polymerase chain reaction (RT-PCR) was performed. (A) Representative electrophoretic images of PCR products for Kcna4,
Kcna5, Kenbl, Kend2, Kend3 and Gapdh (genes for Kvl.4, Kvl.5, Kv2.1, Kv4.2, Kv4.3, and glyceraldehyde 3-phosphate dehydrogenase,
respectively) were shown. (B) The mRNA expression of Kv channels was corrected by Gapdh, and the normalized expression relative to Vehicle
was shown as mean = S.E.M. (Vehicle: n=4; TSP-4: n=3).

myocytes (Fig. 1C). Repolarization phase of AP is mainly composed of inward /.,; and outward /y,. The increase of /,; prolongs
the AP duration [1, 10]. In the present study, contrary to expectation, TSP-4 decreased /¢, in rat ventricular myocytes (Fig. 2A
and 2B). Thus, we next examined /i, the decrease of which induces prolongation of APD. TSP-4 significantly inhibited /x, in rat
ventricular myocytes (Fig. 3B). TSP-4 did not affect mRNA expression of Kv channels responsible for Iy, (Fig. 4). From these
results, it is suggested that TSP-4 inhibits the activation but not expression of Kv channels. Chae et al. reported that sevoflurane,
which decreases both /i, and I, , prolonged APD without changing the amplitude and RMP in rat ventricular myocytes [6].

In addition, the prolongation of APD concomitant with the decrease of both /g, and /-,; was observed in ventricular myocytes
isolated from myocardial infarction model rats [1]. These observations support our results. The repolarization phase of AP in rat
ventricular myocytes lacked a clear plateau phase, which is mainly composed of /i, , unlike in the case of large animals, such as
guinea pig and rabbit [34]. Thus, the inhibition of outward I, might have a greater effect on the prolongation of APD than the
decrease of inward I, in rat ventricular myocytes.

It was reported that TSP-4 inhibited LTCC activity via binding to the 0,0, subunit in dorsal root ganglionic neurons [25]. Thus,
it is proposed that TSP-4 might inhibit /-,; by the same mechanism. Integrins, a family of adhesion molecules, mediate signal
transduction from ECM proteins [15]. Kv channels bind to certain integrins which regulate the gating property [4]. TSP-4 is known
to interact with oy,B,, oyB; and a, integrins [11, 22, 26]. Thus, it might be possible that TSP-4 inhibits the activity of Kv channels
via changing the binding property to integrins. Interestingly, prolongation of APD with the decrease of outward /i, was observed
in left ventricular myocytes isolated from integrin-linked kinase (ILK) knock-out mice [27]. ECM components, such as collagen
and fibronectin, activate ILK by binding to integrins [9]. Therefore, it is proposed that TSP-4 might decrease Ik, by inhibiting
ILK activity through the interaction with integrins. Further study is needed to clarify the detailed mechanisms for the inhibition of
LTCC and Kv channel by TSP-4 treatment in rat ventricular myocytes.

The expression of TSP-4 in heart tissue was increased in various cardiac disease model animals [12, 22, 29, 30]. Several studies
reported that TSP-4 exerted a cardioprotective effect in cardiac diseases [12, 30]. In the present study, TSP-4 prolonged APD
with suppressing the activation of calcium and potassium channels. Both calcium and potassium channel blockers are well known
as antiarrhythmic drugs, which are used for treatment of ventricular tachycardia and ventricular fibrillation. Thus, TSP-4 might
be applicable as an antiarrhythmic agent. On the other hand, QT prolongation is a side effect of potassium channel inhibition,
indicating that TSP-4 might be an onset factor for arrhythmia by prolonging APD and QT interval. Further in vivo study is needed
to clarify the actual impact of TSP-4 on the electrophysiological properties of heart.
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