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Abstract
Introduction K+ channels are central to vascular pathophysi-
ology. Previous results demonstrated that phenotypic modu-
lation associates with a change in Kv1.3 to Kv1.5 expression,
and that Kv1.3 blockade inhibits proliferation of VSMCs
cultures.
Purpose To explore whether the Kv1.3 to Kv1.5 switch could
be a marker of the increased risk of intimal hyperplasia in
essential hypertension and whether systemic treatment with
Kv1.3 blockers can prevent intimal hyperplasia after
endoluminal lesion .
Methods Morphometric and immunohistochemical analysis
were performed in arterial segments following arterial injury
and constant infusion of the Kv1.3 blocker PAP-1 during
28 days. Differential expression of K+ channel genes was
studied in VSMC from hypertensive (BPH) and normotensive
(BPN) mice, both in control and after endoluminal lesion.
Finally, the migration and proliferation rate of BPN and
BPH VSMCs was explored in vitro.
Results Changes in mRNA expression led to an increased
Kv1.3/Kv1.5 ratio in BPH VSMC. Consistent with this,

arterial injury in BPHmice induced a higher degree of luminal
stenosis, (84±4 % vs. 70±5 % in BPN, p<0.01), although no
differences in migration and proliferation rate were observed
in cultured VSMCs. The in vivo proliferative lesions were
significantly decreased upon PAP-1 systemic infusion (18±
6 % vs. 58±20 % with vehicle, p<0.05).
Conclusions Hypertension leads to a higher degree of luminal
stenosis in our arterial injury model, that correlates with a
decreased expression of Kv1.5 channels. Kv1.3 blockers de-
creased in vitro VSMCs proliferation, migration, and in vivo
intimal hyperplasia formation, pointing to Kv1.3 channels as
promising therapeutical targets against restenosis.
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Introduction

Vascular remodeling is a physiological response to altered
blood flow conditions, changes in blood pressure, and athero-
sclerosis, and is a common finding in conditions such as
hypertension and restenosis. Remodeling involves changes
in VSMC growth and migration as well as alterations in the
extracellular matrix composition.

Ion channels have a key role in the processes of cell
proliferation and migration in the vessel wall, which are
central to intimal hyperplasia formation, as well as in the
maintenance of vascular tone, such as in hypertension. Among
them, K+ channels have been proposed as important determi-
nants of contractile functional changes in hypertension [1] and
in the phenotypic switch of vascular smooth muscle cells after
arterial injury [2].

Hypertension, a well-recognized risk factor for cardiovas-
cular disease and atherosclerosis development, has also been
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related to altered K+ channel function. Whether hypertension
by itself can have an impact on intimal hyperplasia formation
after arterial injury is unknown because atherosclerosis devel-
opment in humans is usually the consequence of many factors.
A spontaneously hypertensive mouse model is available —
BPH (Blood Pressure High). Mean life span of these mice is
reduced compared to BPN (Blood Pressure Normal) mice (20
versus 28 months, respectively), reflecting the shortened life
span related to hypertension complications in these animals
[3].

K+ channels are the therapeutic target of a number of drugs
and are, therefore, suitable to be modulated in a clinical
setting. Recent investigations in the Kv channel field are
advancing in the development of new compounds to target
Kv channels for several conditions, such as autoimmune
diseases, multiple sclerosis, epilepsy, cancer, and cardiovas-
cular disorders [4].

In our previous work, using high-throughput real-time
PCR, we obtained a global portrait of ion channel expression
from contractile and proliferative VSMCs obtained frommice
femoral arteries in two experimental paradigms: an in vivo
model of endoluminal lesion and an in vitro model of cultured
VSMCs obtained from explants. We observed a general de-
crease of ion channels expression upon proliferative switch,
except for the voltage-dependent potassium channel (Kv)
Kv1.3 and the Kvβ2 auxiliary subunit. Kv1.3 functional
expression associates to proliferative phenotype, as we also
found an in vitro inhibitory effect of the Kv1.3 selective
blockers margatoxin (MgTx, a venom toxin) and the psoralen
PAP-1 on VSMCs proliferation and migration [2]. However,
not such a study has been performed in the in vivo model of
endoluminal lesion.

Although there are several other ion channels (including
TRPC1) [5], T-type calcium channels [6], Kv3.4 channels [7,
8] and IK1 channels [9, 10] whose expression and/or function
has been linked to VSMC proliferation, the information re-
garding conservation across different vascular beds and/or
species is missing for most of them. Besides, involvement of
Kv1.3 channels in proliferation has been described in a sub-
stantial number of cell types, including T- and B-cells, mac-
rophages, platelets, endothelial cells, microglia, adipocytes,
oligodendrocyte progenitors and some cancer cells [4, 11, 12].

In proliferating mouse femoral VSMCs, increase of Kv1.3
currents (determined by electrophysiological recordings in
isolated cells) parallels an enormous decrease of Kv1.5, the
dominant Kv1 channel in the contractile state, and following
this observation, we found that the Kv1.3 to Kv1.5 ratio was a
landmark of the VSMC phenotype in all vascular beds studied
[13]. Moreover, Kv1.3 expression was also able to induce
proliferation when heterologously expressed in HEK cells,
while Kv1.5 expression inhibits it. This antagonistic effect
of Kv1.5 and Kv1.3 channels in this system points to concur-
rent changes in Kv1.5 and Kv1.3 channels expression in

native systems as a requirement for the functional changes
associated with phenotypic switch [13].

In the present study, we sought to address two main issues:
first, whether hypertension, in the absence of other risk fac-
tors, has an impact in the response-to-injury. We will also
explore if the differences in the in vivo proliferative response
in our arterial injury model correlate (and hence could be
predicted) by the remodeling of Kv channels, and more spe-
cifically by a change in the Kv1.3 to Kv1.5 ratio that could
promote a pro-proliferative state under these conditions. Sec-
ond, we will explore the effect of the specific blockade of
Kv1.3 channels on in vivo intimal hyperplasia formation.

Materials and Methods

Animals

BPN strain mice were purchased from Jackson Laboratories
(Bar Harbor, Maine, USA) and maintained with inbred cross-
ing in the animal facility of the Hospital Clínic of Barcelona
School ofMedicine. Animals were housed under temperature-
controlled conditions (21 °C) with free access to water and
food.

All animal procedures have been approved by the Univer-
s i ty of Barcelona Ethics Commit tee on Animal
Experimentation.

BPH mice have a hypertension level qualified as moderate.
BPH mice have a mean systolic and diastolic BP of 153±
3 mmHg and 107±2, respectively; compared with BPN mice
(sBP of 135±2 mmHg and dBP of 90±2 mmHg.

Surgical Procedures and in-vivo PAP-1 Treatment For trans-
luminal injury of femoral arteries, endoluminal lesion to the
common femoral artery was achieved as previously described
[14]. In this model, we also explored the effects of treatment
with the selective Kv1.3 blocker PAP-1 [15] (Sigma-Aldrich,
Germany). For that purpose, BPN animals, underwent
endoluminal injury 2 days after subcutaneous minipump
(Alzet Corp.) implantation, so that a constant systemic deliv-
ery of PAP-1 (or vehicle) could be obtained. PAP-1 was
administered at 50 μg/kg/min during up to 28 days after
femoral artery injury. Control groups were injured animals
infused with vehicle (Cremophor C5135, Sigma-Aldrich,
Germany), and sham-operated animals infused with PAP-1.
Femoral arteries were collected and cross-sections from
all the experimental groups were stained and analyzed
morphometrically.

Proliferation and Migration Assays

BPN and BPHmice from 4 to 6 weeks of age were euthanized
and the femoral arteries were carefully dissected. After
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cleaning of connective and endothelial tissues, primary cul-
tures of VSMCs were obtained as previously described [2, 8].

Femoral cultured VSMCs from BPN and BPH mice were
plated in poli-L-lysine coated coverslips and grown to approx-
imately 65–80 % confluence. At this point, cells were syn-
chronized by 48 h incubation in SF (serum-free) medium at
37 °C in a 5 % CO2 humidified atmosphere. After this, cells
were incubated in the indicated experimental conditions for
24 h and proliferation was determined by BrdU incubation for
an additional 60min period as previously described [2] . BrdU
incorporation was measured and represented as the percentage
of BrdU positive cells (BrdU+) from the total cell number
stained with DAPI. In each experiment, BrdU incorporation
was obtained from the average of at least 10 different fields for
each condition.

To evaluate migration we used a wound healing or scratch
assay in cultured VSMCs from mouse femoral arteries [2].
The scratched area was measured using Image J software.
Percentage of invaded area was determined as % Reinvasion,
according to the following expression:

% Reinvasion ¼ 100 Area0−Area24ð Þ=Area0

Where Area0=Initial area (t=0) and Area24=area at t=
24 h after scratch. Migration assays were performed in
VSMCs derived from BPN or BPH arteries both in the ab-
sence (control) or presence of 100 nM PAP-1.

Histology and Morphometry

For the morphometrical analysis, animals were euthanized
48 h, 1 and 4 weeks after arterial injury and perfusion-fixed
with 4 % paraformaldehyde in PBS for 5 min at 100 mmHg to
obtain paraffin sections from femoral arteries as described
elsewhere [2, 14]. Three 5-μm-thick paraffin sections from
each arterial segment were stained with combined Masson’s
trichrome elastic and analyzed by using computerized mor-
phometry (NIH Image) and the average values were calculat-
ed. Measurements included luminal area, medial area, intimal
area, vessel area, and the lengths of the internal elastic lamina
and external elastic lamina. The intima-to-media (I/M) ratio
and the percentage of stenosis were calculated as described
[14].

Immunohistochemistry

Immunohistochemical analysis was performed as previously
described [2]. Briefly, arterial sections were treated with 1 %
citric acid for antigen retrieval and blocked with 3% hydrogen
peroxide (DakoCytomatation) before the incubation with pri-
mary antibodies at 4 °C ON. Sections were incubated with a
horseradish peroxidase conjugated anti-mouse IgG

(DakoCytomatation) for 30 min and signals were detected
using 3,3-diaminobenzidine (DAB, DakoCytomatation).
Negative controls were prepared by substitution of the
primary antibody with an irrelevant antibody. Primary
antibodies (prepared at 1:50) were: mouse anti-Kv1.3
(clone L23/27, NeuroMab, UC Davis), mouse anti-Kv1.5
(Sigma) mouse anti-Kvbeta2 (Santa Cruz Biotech), rabbit
anti-TWIK1 and rabbit anti-BKCa Alomone Labs. For
immunohistochemical measurements four magnified (×20)
areas of the vessel wall, acquired from each of the four
quadrants of the arterial circumference, were blindly ana-
lyzed (Image AnalySIS 2.3). The percentage of labelled
area over the total vessel area was calculated for all
arteries.

RNA Expression Profile

Taqman low-density arrays (Applied Biosystems) were
used to simultaneously quantify the expression of 96
genes/sample as previously described [2, 13, 16]. These
genes include α, β and γ subunits of K+ channels as
well as α subunits of voltage-dependent Ca2+ channels
(VDCC), Cl− channels and TRP channels. The expres-
sion levels of markers of VSMCs (calponin, Cnn1), and
endothelium (endothelial nitric oxide synthase, NOs3,
and Von Willebrand factor, VWf), were also explored,
as well as other endogenous controls (Gapdh, B2m,
Hprt-1 and Klf5). Each sample derived from≈500 ng
of mRNA from contractile or proliferating VSMCs (6–
10 femoral arteries for each determination). Briefly, total
RNA from arteries was isolated with MELT™ Total
RNA Isolation System Kit (Ambion). Real-time PCR
with TaqMan Low Density Arrays (Applied Biosystems)
was carried out with the ABI Prism 7900HT Sequence
detection system (Applied Biosystems). mRNA expres-
sion levels were determined using the threshold cycle
(Ct) relative quantification method (ΔΔCt) [17]. Ex-
pression data of genes were normalized by an internal
control, ribosomal RNA 18S, Gapdh or Gusb. The rel-
ative abundance of the genes was calculated from
2(−ΔCt), where ΔCt=Ctgen-Ctinternal control.

Changes in the expression between control (calibrator) and
the different experimental conditions were calculated from
2(−ΔΔCt), where ΔΔCt=ΔCtexperimental–ΔCtcalibrator.

Statistical Analysis

A number of 15 animals per group to reach statistical signif-
icance has been calculated, considering the loss of some
animals because of accidental death.

To compare different groups an analysis of variance
(ANOVA) and non-paired t-test have been applied. Values
are provided as Means±SEM.
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Results

Effects of Hypertension on Intimal Hyperplasia After Arterial
Injury

We selected BPN and BPH animals having similar ages and
body weights, to ensure homogeneity of femoral artery size. A
gender analysis was performed, that did not find any signifi-
cant differences between males and females in all subgroups
and time-points analyzed (data not shown); therefore data
from all animals has been pooled.

Forty-eight hours after injury, there was no detectable
proliferative response in the intima layer of injured arteries,
but a strong inflammatory response was observed, with depo-
sition of blood-borne cells on the denuded luminal surface
(Fig. 1a). One week after injury, a mild intimal hyperplasia
was observed, without significant differences between BPN
and BPH mice, (Fig. 1b). A robust proliferative response was
observed in BPN and BPH mice 28 days after arterial injury
(Fig. 1c), with a mean intima/media ratio of 1.8±0.3 and 1.7±
0.3, respectively, p=NS. Data is summarized in Table 1.

However, despite a similar age and body weight of the
animals in both groups, a significantly higher vascular area
and luminal area was noted in BPNmice, compared with BPH
(Table 1). Medial and intimal areas were comparable. This
resulted in a significant increase in the percentage of luminal
stenosis in BPH mice versus BPN. These morphometric data
suggest a negative remodeling after arterial injury in BPH
mice, that could be related to the increased vascular tone
characteristic of hypertension, which translates in an increased
degree of luminal stenosis.

Expression Profile of ion Channels in BPH Femoral VSMCs
and Effect of Endoluminal Injury

In light of the previous findings, we explored whether changes
in the expression profile of ion channels could help in defining
risk factor conditions in the development of intimal hyper-
plastic lesions, and in particular the case of essential hyper-
tension.We first determined the ion channel expression profile
of femoral artery VSMCs from BPN and BPH mice, and after

Fig. 1 Intimal hyperplasia in
BPN and BPHmice 48 h, 1 week,
and 28 days after arterial injury.
Representative microphotographs
of femoral arteries from BPN (left
panels) and BPH (right panels)
mice, 48 h (A panels), 1 week (B
panels) and 28 days (C panels)
after injury
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that we explored the changes in this expression profile upon
endoluminal injury in BPH mice.

Expression of 31 channel genes was undetectable
after 40 cycles of amplification in all conditions. The
relative abundance of the 49 channel genes found in the
control preparation, (mRNA from intact BPN femoral
arteries without endothelium), is shown in Fig. 2a. Genes are
grouped by families, and their expression levels normalized to
the endogenous control ribosomal protein 18S.

Changes in the expression profile of ion channels upon
hypertension were studied by analyzing for each individual
gene the differences between control (BPN) and BPHwith the
2(−ΔΔCt) relative quantification method (Fig. 2b), where
ΔΔCt=ΔCtBPH -ΔCtBPN and 2(−ΔΔCt) represents the expres-
sion fold change.

As shown in the figure, only one channel gene (TWIK1)
shows a remarkable increase in expression in BPH mice,
while there are several channel genes showing a significant

Table 1 Morphometry of injured arteries from BPH and BPN mice 28 days after injury

Vascular area Media area Intima area Luminal area I/M ratio % stenosis

BPN n=37 38015±3717 16824±2247 17871±2017 3320±884 1.7±0.3 84±4

BPN n=24 51769±4696* 19178±2907 24073±3544 8888±2204** 1.8±0.3 70±5**

I/M ratio intima/media ratio

*p<0.05; **p<0.01
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Fig. 2 a Relative abundance of the ion channels expressed in femoral
VSMCs from BPN mice. Expression levels are normalized with respect
to RP18s. Relative abundance was expressed as 2-ΔCt×105, whereΔCt=
Ctchannel-Ct18s. The different families of ion channels are plotted with the
same color, from top to bottom Cl channels (grey) inward-rectifier chan-
nels (orange), two-pore K channels (dark green), Ca-dependent K chan-
nels (yellow) accessory subunits of Kv channels (dark blue), Kv channels
(blue), TRP channels (green) and Ca channels (red). b Differences in ion

channels expression in BPH femoral arteries (using BPN expression
levels as calibrator). The changes were calculated as 2-ΔΔCt, where
ΔΔCt=ΔCt(BPH)–ΔCt(BPN), and represented in log scale, so that nega-
tive values mean decreased expression and positive values increased
expression. Each bar is the mean of 10 determinations obtained in 5
assays by duplicate. All through the figures, *p<0.05, **p<0.01 and
***p<0.001
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decreased expression. These include some calcium channel
genes (Cav1.2 and Cav3.2), several members of the TRP
channel family, some inward rectifier channels (Kir6.1 and
Kir2.2), the maxi-K channel (BK), a two pore domain channel
(TASK1), the accessory subunit KChAP and several members
of the Kv channel family (Kv4.3, Kv3.3 and Kv1.5).

Next we explored the changes between BPN and BPH
femoral VSMCs when endoluminal injury was performed.
In this case, the mRNA expression profile was obtained from
injured BPN and BPH arteries extracted 28 days after surgery,
and the expression levels obtained in BPN injured arteries
were used as the calibrator, so that the changes will reflect the
effect of hypertension on the phenotypic modulation. When
compared with injured BPH arteries, we found changes in 15
channel genes, of which again only TWIK1 expression in-
creased (Fig. 3a). Some of the channels that show a decreased
expression are coincident with those that are down-regulated
in hypertensive arteries. Of those, we found specially relevant
the decreased expression of Kv1.5 in both situations, because,
according to our previous work, VSMCs phenotypic switch
associates with an increase in the Kv1.3 to Kv1.5 ratio [13].
While we did not observe changes in the expression of Kv1.3,
which increased to the same levels as in injured BPN arteries
[2], Kv1.5 expression was significantly decreased in injured

BPH, leading to a higher Kv1.3 to Kv1.5 ratio (Fig. 3b) that is
in agreement with the increased intimal thickening observed
in response to injury in BPH VSMCs.

Ion Channels Protein Expression After Arterial Injury in BPH
Versus BPN Mice

We explored the correlation and the protein level of some of
the changes observed in our mRNA expression profile. We
chose to explore the most conspicuous changes (i.e. the in-
creased expression of TWIK1 channels in BPH) as well as
some of the channels that have been previously associated
with VSMC phenotypic modulation (such as, Kv1.3, Kv1.5
and Kvβ2) or with hypertension (BK channels). For all these
channel proteins, we analyzed their expression at three differ-
ent times after endoluminal lesion (2, 7 and 28 days) on BPN
and BPH arteries, using immunohistochemical techniques.
Our findings are summarized in Fig. 4.

We did not observe consistent changes when comparing
the expression levels of the channel proteins studied at 48 h
and 7 days. However, the low rate of proliferative lesion
together with the acute inflammatory response at these time
points precludes any interpretation of the data. At 28 days
after injury, a significant decrease of Kv1.5 expression in the

-1,0 -0,5 0,0 0,5 1,0

***

**

***
**
**

**

**

**

***
**

**

**
**

**

**
**

Nos3
Cav3.1
Trpc1
Trpm4
Trpv2
Trpp1
Trpp2
Kv1.5
Kv2.1
Kv4.3
KChAP
BK
BKbeta1

TWIK1
Kir2.2
Kir6.1

x 5

log(2- Ct)

x 5x 2 -3 -2 -1 0 1

Culture
Lesion
Control

BPH

BPN

Kv1.5

Kv1.5

Kv1.3

Kv1.5

Endoluminal lesion
(proliferative)

Control
(contractile)

Kv1.5
Kv1.3

ba

Log 2
-( CtKv1.3- CtKv1.5)

Fig. 3 a Bar plot showing the changes in the expression of ion channels
in injured femoral arteries from BPH mice using injured BPN arteries as
the calibrator. The plot calculations are made as in Fig. 2b. Only ion
channels exhibiting a significant change in expression are represented,
and as in the previous figure, negative and positive values indicated
decreased and increased expression respectively. Data were obtained
from injured arteries after 28 days of lesion, and the plot shows the
mean±SEMof 8 determinations from 4 different experiments in duplicate
determinations. b The relative abundance of Kv1.3 and Kv1.5 in BPN

and BPH femoral VSMCs in both conditions (control and 28-days post
lesion, injured) is illustrated by the pie charts. The bars plot shows the
Kv1.3:Kv1.5 ratio expressed as log (2–ΔΔ Ct), where ΔΔ Ct was
ΔCtKv1.3–ΔCtKv1.5. A value of 0 indicates a Kv1.3:Kv1.5 ratio of 1,
a value of −2 denotes Kv1.5 expression levels 100 times higher than
Kv1.3, and a value of +2 Kv1.3 expression levels 100 times higher than
Kv1.5. Each data point was obtained from at least 5 independent deter-
minations. For comparison, the Kv1.3:Kv1.5 ratio obtained in primary
cultures from femoral BPN VSMCs is also shown in the plot
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vessel wall of BPH arteries was observed. both in the media an
in the intima layer. (Fig. 4a and b) There were no other major
significant differences in vessel wall channel expression, as
assessed by immunohistochemical analysis, between BPH
and BPN mice. In the case of TWIK1, while the labelled area
was large as expected, no significant differences could be
observed when comparing BPN and BPH samples. Represen-
tative images of the labelling with TWIK1 and Kv1.5 anti-
bodies in both preparations are shown in Fig. 4b.

Proliferation and Migration of VSMCs from BPN and BPH
Arteries in vitro

Finally, we investigated if the changes in the proliferative
response between BPN and BPH VSMCs observed in the
in vivo model of proliferation could be also observed in vitro,
by analyzing the rate of proliferation of primary VSMCs cul-
tures (Fig. 5a). No differences in serum-induced proliferation
between BPN and BPH were detected, which suggest that the
increased proliferation of VSMCs fromBPHmice is dependent
on some environmental cues that, after several passages could
be lost in the in vitro culture conditions. The inhibitory effect of
10nM MgTx, a selective Kv1.3 blocker, was also similar in
both strains. We also determined that this 24 h treatment with
10 nMMgTx did not modify the expression levels of Kv1.3 or
Kv1.5 mRNA in cultured VSMCs (Fig. 5b).

We finally explored the possible differences in the migration
rate of BPN andBPHVSMC in culture using a scratch assay. In
this set of experiments, we evaluated both the migration rate of
the cells in control media, as well as the effect of Kv1.3
blockade using 100 nM PAP-1. As shown in Fig. 6, no

significant differences in the migration rate could be observed
between BPN and BPH femoral VSMCs cultures. Also, the
inhibitory effect of treatment with PAP-1 was of similar mag-
nitude in both cases, suggesting a similar contribution of Kv1.3
channels to migration in BPN and BPH cultures.

Effect of Selective Blockade of Kv1.3 on the in vivo
Proliferative Response

We have previously described that Kv1.3 channels are upreg-
ulated in proliferating VSMCs both in vivo (endoluminal
injury) and in vitro (cultured cells). In this later system we
have also found that selective Kv1.3 blockers were able to
inhibit proliferation. However, this point had not been ex-
plored in vivo, as well as the feasibility of a systemic treatment
with Kv1.3 blockers. No changes in the morphometry of the
arteries were observed upon PAP-1 treatment in the absence of
arterial injury (Fig. 7a). A marked decrease in intima-to-media
ratio in femoral arteries of animals treated with PAP-1 was
observed, compared to vehicle-treated animals (0.43±0.2 ver-
sus 1.06±0.4, respectively; p<0.05). This decreased intimal
thickening translated also in a significant reduction in the
percentage of luminal stenosis (18±6 % versus 58±20 %,
respectively; p<0.05; Fig. 7a and b).

Discussion

We have used a well-characterized arterial injury model, de-
veloped by our group [14], that leads to reproducible intimal
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Fig. 4 Immunohistochemical
expression of ion channels in the
femoral artery of BPH and BPN
mice 28 days after injury. a
Immunohistochemistry for
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hyperplasia, as happens after percutaneous coronary interven-
tions and stent implantation. By using this injury model in
mice with a similar genetic background, that have been phe-
notypically selected by their blood pressure levels as normo-
tensive (BPN) or hypertensive (BPH), the present study
provides some relevant conclusions. First, using BPN
mice, we found that isolated essential hypertension leads
to a higher degree of luminal stenosis in our arterial injury
model. Second, we demonstrate that selective blockade of
Kv1.3 channels with PAP-1 is an effective strategy to
inhibit intimal hyperplasia after vascular interventions, as
there was a very significant decrease in the proliferative
response in the animals subjected to a chronic systemic
administration of PAP-1.

Regarding our first conclusion, we found that hypertension
induces a negative remodeling of the vessel wall in response
to arterial injury that leads to an increased stenosis in our
murine model of intimal hyperplasia. When characterizing
the differences in the ion channel expression profile between
injured BPH and injured BPN arteries, we observed that the
enhanced VSMCs proliferation in injured BPH arteries corre-
lates with an increased Kv1.3 to Kv1.5 ratio, an index that we
have described associated with the phenotypic switch [13].

Hypertension and K+ Channels Expression

K+ channels have a wide spectrum of functions in the plasma
membrane, and are important determinants of the cell
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membrane potential. Changes in K+ channels expression lead
to changes in the vascular tone or cell phenotype, so that
altered expression of potassium channels has been related to
diseases such as systemic and pulmonary hypertension, ath-
erosclerosis, and diabetes, among others [18, 19]. In the
present work, when comparing BPN and BPH animals, we
detected several changes in K+ channels expression that have
been already described in some of these pathologies, such as
the down regulation of BKCa channels, the decrease of Kv1.5
channels and the changes in the expression of inward-rectifier
channels [2, 16, 19]. However, the most dramatic change, the
up regulation of TWIK channels, could not be confirmed at
the protein level, so that its possible functional contribution to
the hypertensive phenotype awaits further characterization.

Of all the other observed changes, the decreased expression
of Kv1.5 in hypertensive VSMCs both in control conditions
and upon proliferation is especially relevant. Our data show
that Kv1.5 is the most abundant Kv channel gene expressed in
femoral VSMC in the contractile phenotype and it is also the
predominant Kv current in these cells [2]. However, its ex-
pression decreases dramatically in proliferating VSMCs,
where Kv1.5 current is almost non-detectable. In these cells,
the larger Kv current seems to be carried by Kv1.3 channels
[13]. These observations led us to postulate that the pheno-
typic switch of VSMCs associates with a Kv channel switch,
from Kv1.5 in contractile VSMCs to Kv1.3 in proliferative
VSMCs, so that Kv1.3 to Kv1.5 ratio could be a hallmark to
define the phenotype. The data obtained in the present work
when comparing proliferating VSMCs from BPN and BPH
are consistent with this hypothesis, as the enhanced prolifer-
ation of BPH VSMCs associates with a larger Kv1.3 to Kv1.5

ratio. On the basis of this observation it is tempting to specu-
late that not only Kv1.3/Kv1.5 ratio may serve as a tool to
define VSMCs phenotype but also that changes in this ratio
will modify the proliferative and migratory capabilities of the
cells. More research in this line, by determining the effects of
manipulating the expression of Kv1.3 and Kv1.5 on VSMCs
phenotype will be required to confirm this attractive
hypothesis.

Hypertension and Intimal Hyperplasia

Hypertension is a well-known risk factor for atherosclerosis
development. In the clinical context, several factors concom-
itantly promote development of atherosclerosis, such as dys-
lipidemia, diabetes, smoking, obesity, hypertension, and age.
Hypertension has been related to increased intimal thickening
of the vascular wall in clinical and experimental models
[20–22]. Among the mechanisms hypothesized for this effect
is the increased expression of growth factors in hypertension
and enhanced SMC proliferation in the vessel wall.

The interest of our intimal hyperplasia model resides in its
similarity to human endoluminal procedures, with complete
denudation and stretching of the vessel wall, due to guidewire
passage. Using this model, we have observed a decreased
vascular and luminal area in hypertensive animals, with sim-
ilar intimal areas and intima-to-media ratios, resulting in a
higher degree of luminal stenosis. These findings suggest, a
negative remodeling, possibly due to increased vascular tone
related to hypertension.

Compared with previously described models, like the ca-
rotid endarterectomy [22], our model resembles more closely
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the human setting after percutaneous coronary or vascular
peripheral interventions. It is plausible that a mouse model
of combined hyperlipidemia and hypertension, or older age,
etc., like in the human clinical scenario, would have resulted
in enhanced intimal hyperplasia in hypertensive animals and
more marked differences in response-to-injury.

Selective Blockade of Kv1.3 with PAP-1 Inhibits Intimal
Hyperplasia

We have previously described the predominant role of Kv1.3
in the process of phenotypic modulation and VSMC prolifer-
ation [13]. Therefore, inhibition of Kv1.3 channels could be a
suitable therapeutic target to prevent intimal hyperplasia for-
mation after vascular injury.

Kv1.3 channel blockers first clinical application has been
as immunomodulators in T-cell mediated autoimmune dis-
eases, such as diabetes, psoriasis, rheumatoid arthritis, multi-
ple sclerosis and transplant rejection. Among all the com-
pounds known to inhibit Kv1.3 channels, PAP-1 has the
highest selectivity and is currently being under development
for clinical use.

In the present study, we demonstrate that PAP-1 treatment
in vivo inhibits intimal hyperplasia in a murine model of
endoluminal arterial injury. Our data provide the first evidence
of the antiproliferative effect of Kv1.3 blockers in an in vivo
model, paving the way for the development of new therapies
against stenosis directed to treat the root causes of the disease.

An antiproliferative and antimigratory effect of PAP-1,
mediated by Ca2+ signaling inhibition, has been described
on T-cells, which is linked to its immunosuppressive effect
[12]. Also, selective inhibition of Kv1.3 has been shown to
inhibit exocytosis of cytoplasmic granules from
CD4+CD28null T cells, which decreases atherosclerosis pro-
gression [23]. The present study is the first report, to date, of
an antiproliferative and antimigratory effect of PAP-1 on
vascular lineage cells in an in vivo model of endoluminal
arterial injury. Kv1.3 up-regulation in proliferating VSMCs
determines changes in resting membrane potential and/or
intracellular [Ca2+] that may promote proliferation [13] . In
addition to the antiproliferative effect of Kv1.3 blockade in
VSMCs, in the in vivo model the inhibitory effects of PAP-1
on T cells, platelets and macrophages are likely to have an
important impact inhibiting both, atherosclerosis develop-
ment, as well as intimal hyperplasia.

Conclusions

The results of our work show that hypertension led to a higher
degree of luminal stenosis in our arterial injury model, that
correlated with a decreased expression of Kv1.5 channels.

Also, our data confirm the role of Kv1.3 in intimal hyperplasia
and the potential use of specific blocking agents, such as PAP-
1, as a new therapeutic strategy to prevent restenosis after
percutaneous coronary interventions.

Future Directions

Future investigations on the effect of the local administration
of PAP-1 after coronary angioplasty and stent implantation in
a superior animal model of restenosis is warranted, in order to
assess efficacy and feasibility of this therapeutic strategy in a
clinically relevant setting.
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