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Abstract: Aims: Our previous studies showed that expression and functional profile of voltage-dependent potassium 
channels Kv1.3 were increased in lymphocytes of spontaneously hypertensive rats (SHR) compared to normoten-
sive rats, suggesting a crucial role for lymphocyte Kv1.3 in the development of hypertension. Here, we further inves-
tigated whether the expression and functional profile of Kv1.3 was related to increased blood pressure in SHR with 
age of 4, 8, 16 and 24 wk. Methods: Systolic blood pressure was measured through pressure device around the 
tail. mRNA and protein expression were assessed by real-time PCR and western blot in lymphocytes of SHR. Current 
density of Kv channels in lymphocytes was measured by patch-clamp. Results: Systolic blood pressure was elevated 
in an age-dependent manner (ANOVA P < 0.05). mRNA and protein level of Kv1.3 were significantly increased in an 
age-dependent manner in lymphocyte of SHR (ANOVA P < 0.05). Moreover, the current density of Kv was dramati-
cally enhanced in an age-dependent manner (ANOVA P < 0.05). Conclusion: The systolic blood pressure positively 
correlated with expression as well as current density of potassium channels in lymphocytes of SHR at age of 8, 16 
and 24 wk. In conclusion, Kv1.3 channels were upregulated in an age-dependent manner in SHR and correlates 
with systolic blood pressure during aging. The present study implies that Kv1.3 blockers may be applied as a thera-
peutic treatment for the development of hypertension during aging.
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Introduction 

Low-grade inflammation has been recognized 
as a mechanism contributing to the progres-
sion of cardiovascular diseases. More recently, 
participation of the innate and the adaptive 
immune response in mechanism that contrib-
utes to inflammation has been reported in car-
diovascular diseases such as hypertension [1], 
atherosclerosis [2] and diabetes [3]. Several 
experimental evidences showed that applica-
tion of immunosuppressor attenuated develop-
ment of salt sensitivity [4, 5] and reduced renal 
pathology in angiotensin II-induced hyperten-
sive mice [6]. However, the detailed insight in 
this process remains unclear.

The potassium channels expressed by lympho-
cytes play a critical role in the control of the 
membrane potential and calcium homeostasis, 
thereby affecting signal transduction pathways 
that lead to the activation of these cells follow-
ing immune response [7]. For instance, activa-
tion of voltage dependent potassium channel 
1.3 (Kv1.3), which is relatively restricted to the 
immune system [8], regulates the proliferation, 
maturation and differentiation of T-cells [9]. On 
the other hand, Kv1.3 has been observed to be 
upregulated in pathological conditions such as 
allergic asthma [10] and type 1 diabetes [11]. 
Therefore, activation of potassium channel 
Kv1.3 regulates lymphocyte function and may 
play a role in pathophysiology of hypertension. 
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In accordance with this concept, previous stud-
ies from our laboratory demonstrated that 
mRNA and protein level as well as the current 
density of Kv1.3 channel were dramatically ele-
vated in spontaneously hypertensive rats (SHR) 
as compared to Wistar rats [12]. More recently, 
similar evidence has been observed in hyper-
tensive patients in Xinjiang Kazakh in which the 
current density of Kv1.3 was significantly high-
er [13], suggesting the crucial role of Kv1.3 in 
development of hypertension found in rodents 
may also be translated into humans.

Aging is attributed to numerous structural and 
functional changes in tissues and organs, such 
as in the vasculature where increased stiffness 
and vasoconstriction contribute to develop-
ment of hypertension [14], as well as in the 
immune system where the alteration in regula-
tion of lymphocyte activity is present [15]. Since 
the evidence for the changes in Kv channels in 
lymphocytes which is related to changes in 
blood pressure during aging progress has not 
been explored. Consequently, the aim of the 
present study is to investigate the alteration of 
Kv1.3 channels at mRNA and protein level, as 
well as the functional involvement of Kv chan-
nels in SHR during aging. Moreover, the asso-
ciation between changes in Kv channel level 
and blood pressure during aging was assessed.

Methods

Experimental animals

Male SHR used in the present study were pur-
chased from Vital River Beijing (a Charles River 
company). Rats with age of 4, 8, 16 and 24 
weeks entered the study. The animal protocol 
was approved by The Animal Ethic Committee 
at the first affiliation of Xinjiang Medical 
University.

Blood pressure measurement

Conscious rats (n = 40) were placed in a ther-
mo pad with 40°C for 15 min. the blood pres-
sure was measured by BP-6 device (Chengdu 
Taimeng Co., China) placed around tail artery. 

Peripheral lymphocyte isolation

Relatively pure (> 90%) population of lympho-
cytes from whole blood of mesenteric veins 
was isolated by differential centrifugation on a 
Ficoll-Hypaque density gradient, as previously 
described [12]. Briefly, isolated mononuclear 
cells were stimulated with phytohaemaggluti-
nin. A monoclonal antibody, which recognizes 
the CD3 molecule on T-lymphocytes, was used. 
Cells were then incubated overnight at 37°C in 
5% CO2. Enriched lymphocytes were deter-
mined by high-performance liquid chromatog-
raphy in a balanced salt solution.

Quantitative real-time PCR analysis

Peripheral lymphocytes were used for detec-
tion of Kv1.3 mRNA (GenBank: NM-019270). 
Total RNA was extracted with Trizol Reagent. 
cDNA was synthesized with iScript Reverse 
Transcriptase (Bio-Rad). Quantitative real-time 
PCR (MyIQ, Bio-Rad) was performed with SYBR 
Green (TaKaRa, Dalian, China). Kv1.3 mRNA 
levels were expressed relative to the house-
keeping gene β-actin (GenBank: NM-031144) 
as an endogenous control. Primers were 
designed using Primer 5.0. Kv1.3 (121 bp): 
sense 5’-GGAAGCTCCGGGAACAAGTG-3’; anti-
sense 5’-TGCCAGCCCATGGATTCTC-3’. β-actin 
(150 bp): sense 5’-GGAGATTACTGCCCTGGCT- 
CCTA-3’; antisense 5’-GACTCATCGTACTCCTGCT- 
TGCTG-3’. 

Western blot analysis

Lymphocytes were isolated. Supernatants were 
stored at -80°C. Protein was measured using 
the Bradford dye procedure with bovine serum 
albumin as a standard (Bio-Rad). Samples (50 
µg of total protein) were loaded on slab gels 
(10% acrylamide; 1 mm thick), separated by 
sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), and transferred to 
nitrocellulose membranes. Protein transfer 
was confirmed by visualization of pre-stained 
molecular weight markers (Bio-Rad). Mem- 
branes were blocked with 5% nonfat dry milk 

Table 1. The systolic blood pressure in SHR at 
different ages
Age SBP (mmHg) n
4 117 ± 4.0 10
8 154 ± 7.4* 10
16 184 ± 7.6*,† 10
24 215 ± 6.0*,†,‡ 10
SHR: Spontaneously hypertensive rats; SBP: Systolic 
blood pressure. Values are mean ± SEM. *P < 0.05 vs. 4 
wk; †P < 0.05 vs. 8 wk; ‡P < 0.05 vs. 16 wk.



Kv1.3 channel in lymphocytes of hypertension during aging

2508 Int J Clin Exp Med 2015;8(2):2506-2515

and incubated with primary antibody. The 
1:1000 dilutions were used for Kv1.3 (Sigma 
Aldrich) and β-actin (Santa Cruz). The mem-

has been reported previously [12, 17]. Currents 
were measured in voltage-clamp mode and 
induced by ramp depolarization from -60 mV to 
+60 mV, 3 s duration, every 15 s with a holding 
potential of -60 mV. We previously showed the 
presence of Kv channels in lymphocytes in 
SHR, and the Kv current can be adequately 
attenuated by Kv channel blocker 4-aminopyri-
dine (4-AP) (3 mM) [12].

Data analysis

Data are presented as mean ± SEM; statistics 
were performed using two-way ANOVA, followed 
by post-hoc using SNK. Statistical significance 
was accepted when P < 0.05.

Figure 1. The expression profile of Kv1.3 in lymphocytes of SHR. Shown are 
mRNA (A) and protein (B) expression of Kv1.3 in lymphocytes in SHR at age 
of 4, 8, 16 and 24 wk. n = 50 for each age group. Values are mean ± SEM. 
*P < 0.05 vs. 4 wk, †P < 0.05 vs. 8 wk, ‡P < 0.05 vs. 16 wk. 

Table 2. The current density of Kv channels in 
lymphocytes of SHR at different ages
Age Density (pA/pF) n
4 59 ± 7.2 30
8 86 ± 7.9* 30
16 119 ± 10*,† 30
24 126 ± 16*,†,‡ 30
SHR: Spontaneously hypertensive rats; SBP: Systolic 
blood pressure. Values are mean ± SEM. *P < 0.05 vs. 4 
wk; †P < 0.05 vs. 8 wk; ‡P < 0.05 vs. 16 wk.

branes was stripped and 
probed for β-actin; this served 
as an internal control to nor-
malize protein expression. 
Secondary antibodies (ZSGB-
Bio, Beijing) were diluted as 
1:1000. Image was analyzed 
using Quantity-One software 
(Bio-Rad). 

Electrophysiological recording

The whole-cell patch clamp 
was applied to single lympho-
cyte using AXON 700B ampli-
fier at room temperature. The 
external solution was: 150 
mM NaCl, 5 mM KCl, 2.5 mM 
CaCl2, 1.0 mM MgCl2, 10 mM 
glucose and 10 mM N-(2-
hydroxyethyl) piperazine-N’-
(2-ethanesulfonic acid) (HEP- 
ES); NaOH was added to 
adjust pH to 7.3. The pipette 
solution was: 134 mM KCl, 1 
mM CaCl2, 10 mM EGTA, 2 
mM MgCl2, 10 mM HEPES; 
KOH was added to adjust pH 
to 7.3. The concentration free 
calcium in the internal solu-
tion was about 10 nM, assum-
ing the dissociation constant 
for EGTA. Such a low calcium 
concentration was applied in 
order to prevent the activation 
of calcium-activated potassi-
um channels [12, 16]. The pro-
cedure of electrophysiological 
recordings and data acquisi-
tion for whole-cell recording 
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Results

The alteration of systolic blood pressure in 
SHR during aging

In accordance with our previous observations 
[12, 18], the systolic blood pressure of SHR at 
age of 4 wk was regarded as normal, which was 
117 ± 4.0 mmHg in the present study (Table 1). 
The systolic blood pressure of the rest animal 
groups (with age of 8, 16 and 24 wk) was all 
elevated as compared to those at age of 4 wk 
(Table 1). Moreover, the systolic blood pressure 
kept developing during aging, which increased 
up to 215 ± 5.0 mmHg at age of 24 wk (Table 
1). 

The expression of Kv1.3 in lymphocytes of 
SHR during aging

The expression of Kv1.3 was minimally present 
at age of 4 wk, but was significantly increased 
at all ages in the rest of animals both at mRNA 
and protein levels (Figure 1A and 1B). Moreover, 
the mRNA and protein level of Kv1.3 were ele-
vated during aging, which was ~10 fold and ~3 
fold higher in animals at age of 24 wk as com-
pared to those at 4 wk, respectively (Figure 1A 
and 1B).

The alteration of current density of Kv in SHR 
lymphocytes during aging

In accordance with previous study from our 
laboratory [18], the Kv current density was 59 ± 
7.2 pA/pF in SHR at age of 4 wk (Table 2). 
Notably, the Kv current density was enhanced 
at all age groups in rest of animals as compared 
to those at age of 4 wk (Table 2). Moreover, the 
current density kept increasing during aging (at 
age of 8, 16 and 24 wk), which was more than 
2 fold in animals at age of 24 wk as compared 
to those at age of 4 wk (Table 2).

The correlations between systolic blood pres-
sure and Kv current density as well as Kv1.3 
expression

There was no significant correlation between 
systolic blood pressure and Kv current density 

as well as Kv1.3 expression level in SHR at age 
of 4 wk (Figure 2A-C). However, at all other 
ages (8, 16 and 24 wk) in SHR, the systolic 
blood pressure positively correlates with Kv 
current density (Figure 2D, 2G and 2J) and 
Kv1.3 expression (Figure 2E, 2H, 2K, 2F, 2I and 
2L).

Discussion

The main findings of the present study in SHR 
are 1) the systolic blood pressure was elevated 
during aging (at age of 4, 8, 16 and 24 wk); 2) 
the expression of Kv1.3 in lymphocytes was 
increased at both mRNA and protein level dur-
ing aging; 3) the current density of Kv was 
enhanced during aging, and 4) the systolic 
blood pressure positively correlated with Kv1.3 
expression as well as Kv current density at age 
of 8, 16 and 24 wk, respectively. The implica-
tions of these findings are discussed below.

It has been clearly observed and reported in 
both experimental animals as well as human 
beings that blood pressure increases with age 
[19], the latter of which is regarded as one of 
the risk factors for the development of hyper-
tension [20]. In accordance with one of our pre-
vious studies [18] as well as studies from oth-
ers [21-23], the systolic blood pressure of SHR 
developed during aging, with almost two-fold 
increase at age of 24 wk as compared to 4 wk.

Chronic inhibition of the immune system has 
been shown to attenuate hypertension and 
renal damage in different animal models of 
hypertension [24-27] and human patients [28, 
29], suggesting activation of immune system, 
more specifically, immune cells such as lym-
phocytes contributes to development of hyper-
tension [1]. Since Kv1.3, which is relatively 
restricted to the immune system [8], plays a 
critical role in the control of the membrane 
potential and calcium homeostasis, Kv1.3 con-
tributes to activation of lymphocytes following 
immune response. Moreover, Kv1.3 has been 
observed to be upregulated in pathological 
conditions such as allergic asthma [10] and 
type 1 diabetes [11]. Therefore, activation of 
potassium channel Kv1.3 regulates lympho-

Figure 2. The correlations between systolic blood pressure and expression as well as functional profile of Kv chan-
nels in lymphocytes of SHR. Shown are the correlations between systolic blood pressure and current density of Kv at 
age of 4 wk (A), 8 wk (D), 16 wk (G) and 24 wk (J); between systolic blood pressure and mRNA level of Kv1.3 at age 
of 4 wk (B), 8 wk (E), 16 wk (H) and 24 wk (K); between systolic blood pressure and protein level of Kv1.3 at age of 
4 wk (C), 8 wk (F), 16 wk (I) and 24 wk (L). Values are mean ± SEM. 



Kv1.3 channel in lymphocytes of hypertension during aging

2513 Int J Clin Exp Med 2015;8(2):2506-2515

cyte activity and may play a role in pathophysi-
ology of hypertension. Indeed, previous studies 
from our laboratory demonstrated that Kv1.3 
mRNA and protein level as well as the current 
density of Kv channel were dramatically elevat-
ed in SHR as compared to Wistar rats [12]. 
More recently, we have observed that in hyper-
tensive patients in Xinjiang Kazakh in which the 
current density of Kv channel was significantly 
higher [13], suggesting the crucial role of Kv1.3 
in development of hypertension found in 
rodents may also be translated into humans. 
However, little information addresses the 
changes of Kv1.3 during aging process in lym-
phocytes, and how this change relates to devel-
opment of hypertension. 

In light of those considerations, we aimed to 
investigate in the present study the alteration 
of Kv channels in lymphocytes during aging and 
assess the association between Kv channels 
and hypertension. We found that the expres-
sion of Kv1.3 at both mRNA and protein levels 
in SHR was increased during aging. The con-
cept that increased expression of Kv channels 
during aging is also supported by one of recent 
studies that Kv4.3 expression was increased in 
myocytes [30]. Although activation of immune 
system has been in general regarded to be 
downregulated during aging in health [15], 
upregulated Kv1.3 in some diseased states as 
observed in the present study and studies from 
others [10, 11] may suggest a role for Kv1.3 in 
aging process in hypertensive state. In addition 
to the increased expression of Kv1.3, the cur-
rent density of Kv channels in lymphocytes of 
SHR was also enhanced during aging, suggest-
ing a functional evidence for Kv channels in the 
development of hypertension during aging. 
More importantly, a positive correlation 
between systolic blood pressure and Kv1.3 
expression as well as Kv current density has 
been observed, further supporting the idea 
that increased activity of Kv channels in lym-
phocytes plays a crucial role in increased sys-
tolic blood pressure during aging in SHR. 
Further studies need to confirm this correlation 
using specific Kv1.3 blocker or using lympho-
cyte knockout techniques for Kv1.3 channels.

Study limitations

Our previous studies demonstrated that mRNA 
and protein level as well as the current density 
of Kv1.3 channel were dramatically elevated in 
SHR as compared to Wistar rats [12], suggest-

ing that activation of Kv1.3 channels in lympho-
cytes plays a crucial role in development of 
hypertension. In the present study, the expres-
sion as well as current density of Kv1.3 was 
elevated during aging in hypertensive state, 
suggesting Kv1.3 not only plays a role in hyper-
tension but is also involved in age-associated 
increased blood pressure. Although the expres-
sion and functional profile for Kv1.3 was not 
assessed in normotensive rats, the immune 
response in healthy conditions during aging 
has shown to be dysregulated [15], which may 
imply that the potassium channel of the 
immune system is unlikely to be changed or 
increased. 

Conclusions

The present study demonstrates that Kv1.3 
channels in lymphocytes are upregulated in 
SHR during aging, which correlates with 
increased systolic blood pressure. Together 
with one of our previous studies that Kv1.3 in 
lymphocytes is enhanced in SHR as compared 
to Wistar rats [12], the present study suggests 
that activation of Kv1.3 channels not only regu-
lates blood pressure, but also plays a role in 
age-associated hypertension.
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