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Abstract
Caveolae are organizing centers for cellular signal transduction in endothelial cells (ED) and smooth
muscle cells (SMCs) in the blood vessels.

Methods: Myography was used to investigate effects of caveolar disruption using methyl-β-cyclodextrin
(MBCD) on maxi-K channels in rat carotid arteries.

Results: Incubation of carotid segments with MBCD augmented contractions in response to BaK
(chemical channel agonist) but not those induced by depolarizing high potassium physiological saline
(KPSS). In contrast, incubation with cholesterol-saturated MBCD (Ch-MBCD) abolished the effects of
MBCD. Mechanical removal of endothelial cells by MBCD triggered a small contraction in response to
BaK. Incubation with nitroarginine methyl ester (L-NAME) inhibited nitric oxide (NO) release, thereby
causing increased contractions in response to BaK, and this effect was reversed by pretreatment with
MBCD. These results suggest that MBCD inhibits endothelial NO release. Contrastingly, inhibition of maxi-
K channels with iberiotoxin enhanced contractions in response to BaK. Likewise, L-NAME decreased the
contractile effect of iberiotoxin, as in the ED-denuded arteries. Transmission electron microscopy (TEM)
showed the presence and absence of caveolae in intact blood vessels before and after MBCD treatment,
respectively, whereas histology con�rmed ED removal after the treatment.

Conclusions: Caveolar disrupted using MBCD impairs ED-dependent relaxation by inhibiting the release of
NO from the ED and altered the contractility of SMCs independent of the ED due to reduced contribution
of maxi-K channels to the SMC membrane potential, causing depolarization and increasing carotid artery
contraction. These �ndings might help to understand physiological role of the maxi-K channels in rat
carotid arteries.

1. Introduction
The brain is among the most metabolically active organs and hence has high energy and blood supply
demands (Berg et al. 2002), predisposing it to ischemic injury. Excessive blood �ow in the brain that
exceeds the metabolic needs may cause the breakdown of the blood-brain barrier and transudation into
the pericapillary astrocytes and interstitium (Nakada &Kwee 2019). Carotid vasculature is highly sensitive
to changes in the carbon dioxide partial pressure; carbon dioxide has a signi�cant vasodilatory role in the
carotid vasculature, increasing the blood �ow to the brain (Bosmia et al. 2015, Sato et al. 2012). High
partial pressure of carbon dioxide suppresses carotid activity. A common property of most carotid arteries
is a highly selective and specialized blood-brain barrier (Andjelkovic et al. 2020, Wong et al. 2013). In the
systemic circulation, the regulation of blood pressure is primarily mediated by the vascular smooth
muscle cell contractile state in the walls of the resistance vessels (Touyz et al. 2018). In relation to the
hemodynamic regulation of the microvasculature, the cellular processes linking the myogenic.

Carotid blood pressure is maintained by an autoregulatory mechanism that maintains a stable carotid
blood �ow despite �uctuating systemic arterial pressures (Shekhar et al. 2017). Carotid autoregulation



Page 3/23

occurs via various mechanisms, including autonomic, metabolic, and myogenic mechanisms (Ghosh et
al. 2015). Myogenic tone protects peripheral vessels such as carotid arteries from damage induced by
pressure and regulates blood pressure (Miyagi et al. 1996). The myogenic tone and carotid
autoregulation are under the control of the autonomic nervous system and several vasoactive factors
such as EDHF and NO, and are dependent on calcium in�ux via voltage-gated channels such as L- and T-
type calcium channels (Miyagi et al. 1996). However, the mechanisms of vascular smooth muscle
constriction remain unclear.

Caveolae are described as �ask-shaped microdomains of membranes rich in glycosphingolipids and
cholesterol (Bender et al. 2002). Caveolae mainly consist of caveolin-1, caveolin-2, and caveolin-3, and
are characterized by high cholesterol and sphingolipid content (Cohen et al. 2004, Rothberg et al. 1992).
Caveolin-1 is essential and su�cient for caveolar formation (Drab et al. 2001), while caveolin -2 is mostly
co-expressed with caveolin-1 to form hetero-oligomeric complexes. Caveolin-2 seems to have a
supporting role in caveolar formation (Sowa et al. 2001). Caveolin-3, which is mainly expressed in muscle
cells, has an analogous role to caveolin-1in non-muscle cells (Cohen et al. 2004). However, all three
caveolin isoforms express vascular SMCs (Al-Brakati et al. 2015, Cohen et al. 2004). They play a role in
several physiological processes such as cellular signaling, lipid uptake, and pathophysiologic events in
blood vessels and heart (Gu et al. 2017). In the maintenance of homeostasis, the caveolae serve as signal
platforms for molecules such as nitric oxide synthase in the vascular ED (Sowa et al. 2001). Nevertheless,
a large number of receptors and signaling molecules present on endothelial cells are also numerous in
the caveolae. Examples include G-proteins, endothelial nitric oxide synthase (eNOS), Maxi-K+ channels, T-
type channels, and protein kinase C (PKC) and A (PKA). These receptors and signaling molecules bind to
and are inhibited by caveolin-1 (Fridolfsson et al. 2014, Zundel et al. 2000). eNOS is particularly important
in the pathogenesis of hypertension due to its role in the regulation of blood pressure and homeostasis in
the cardiovascular system. In relation to eNOS, the caveolae of endothelial cells regulate its activation via
caveolin-1 (Chen et al. 2018).

Caveolin-1 de�ciencies or loss of function mutations have been shown to result in arterial relaxation
induced by acetylcholine and a chronic elevation of NO levels. Even though these would be expected to
decrease the blood pressure, several studies have reported elevated systolic blood pressure and increased
heart rate in cases of chronic caveolin-1 loss and subsequent eNOS hyperactivation, possibly due to
prolonged activation of the baroreceptor re�ex, which results in increased neurogenic tone and
sympathetic stimulation. (Lian et al. 2019a). Caveolin-1 deletions have been shown to interfere with the
localization and activity of L-type calcium channels, thereby increasing the myogenic tone (Toselli et al.
2005). This increases vascular resistance and may result in hypertension. In some medium-sized arteries,
the maxi-K channels located within caveolae regulate the myogenic tone, they regulate the L-type
channels, which may indicate their association or synergistic action in blood pressure regulation (Lian et
al. 2019b).

In several studies, the disruption of caveolae using MBCD has been implicated in hypercontractility in
different arteries. In addition, disrupted caveolae lead to loss of function mutations and/or contribute to
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several pathological conditions, such as ischemic stroke, dementia, and vascular cognitive impairment.
Although the physiological role of caveolae has been reported in different types of arteries, there have
been no studies focusing on the physiological function of caveolae in carotid arteries. Therefore, the aim
of this study was to evaluate the effects of caveolar disruption (using MBCD) on the contractility of
carotid artery, due to inhibition of NO release and modulation of maxi-K channel activity, to understand
the physiological function of the maxi-K channels in the rat carotid artery.

2. Materials And Methods

2.1. Animals
Forty adult male Wistar rats (175–200 g) were obtained from King Fahd Medical Research Center, King
Abdulaziz University, Saudi Arabia. Rats were kept in a 12-h light/12-h dark cycle. All animals were
offered free access to water and laboratory food for a week for adaptation, following which, they were
euthanized using high concentrations of CO2.

2.2. Experimental groups
Rats were divided into two groups (20 in each group) as follows: treated animals with methyl-β-
cyclodextrin (MBCD) and non-treated animals.

2.3. Drugs and chemicals
For depolarization, high potassium physiological saline (KPSS), consisting of a physiological saline
solution formed by replacing NaCl with 80 mM KCl was used. For inducing contractions of the arteries via
activation of L-type Ca2+ channels, BaK, consisting of 200 nM ± Bay-K8644 + 20 mM K+ dissolved in
physiological saline solution, was used. For inhibiting nitric oxide synthase, 250 µM nitroarginine methyl
ester (L-NAME) dissolved in BaK or KPSS, or physiological saline solution was used. Stock solutions of
iberiotoxin (100 µM) and acetylcholine 10 µM (ACh) were prepared in distilled water. MBCD was prepared
by dissolving it in a physiological saline solution. Cholesterol-saturated MBCD (Ch-MBCD) (10 mM) was
prepared by dissolving it in a physiological saline solution.

2.4. Histological analysis
Intact and ED-denuded carotid arteries were used for histological analysis. The ED was removed from the
vessel rings by gently rubbing the intimal surface with human hair. Approximately 0.05-mm-thick sections
of carotid arteries were �xed in 10% formaldehyde �xative. The samples were dehydrated in ethanol for
30 min each. Segments were cleared with xylene and then embedded in para�n wax. The blocks were cut
at a thickness of 12 mm using a Leica microtome (VT1000 S vibrating blade microtome). The sections
were mounted onto slides coated with gelatin. Subsequently, the slides were stained with Ehrlich
hematoxylin and eosin (H&E) (Sina &Avwioro 2011). For histological examination, the slides were
examined using optical microscopy (Leica, DM2500 & DM2500 LED).

2.5. Caveolae disassembly in carotid arteries
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For caveolae disassembly from the plasma membrane of carotid arterial tissues, the blood vessels were
incubated with MBCD (10 mM) for 1 h in the treated group with MBCD (Al-Brakati et al. 2015).

2.6. Transmission electron microscopy
Small sections of the carotid arteries (0.5–1 mm thick) from each group (n=10) were �xed with 4%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) for 12 h. Samples were
washed in 0.1 M sodium cacodylate, and then post-�xed in 1% (w/v) osmium tetroxide (OsO4) in sodium
cacodylate for 1 h. Segments were incubated with cacodylate for 12 h and reincubated in 2% aqueous
uranyl acetate for 1 h before embedding in resin. After this, the segments were dehydrated through a
graded series of alcohol (60-100%), immersed in 100% acetone, and then embedded in resin. Samples
were left in the oven at 60°C for 12 h. The block was sectioned (70–90 nm). The sections were mounted
on copper grids, stained with 2% aqueous uranyl acetate for �ve min, restained with lead citrate for �ve
min, and left for 12 h after being washed to dry. A transmission electron microscope (JEOL JEM-1400
series 120 kV) was used to examine the sections, and the sections were imaged under different
magni�cations.

2.7. Myography
The isometric force of the blood vessels was measured using myography (Myograph System-202CM,
Danish, Denmark). In brief, carotid artery segments (about 2 mm long) were mounted in the myograph, as
previously described by Prendergast et al. (2010). Arteries were stimulated to contract by KPSS and/or
BaK (Al-Brakati et al. 2015, Thomas et al. 1985). In some carotid arteries, the ED was removed by rubbing
the lumen using human hair. Acetylcholine (10 µM) was used to con�rm the absence of relaxation in the
ED-denuded arteries.

2.8. Western blot analysis
Western blotting was performed to determine the expression of caveolin-1, caveolin-3, α-actin, and Maxi-K
channels in rat carotid artery as described previously (Doronin et al. 2004). In addition, α-actin was used
as a speci�c marker for smooth muscle cells in this experiment. Mouse monoclonal anti-caveolin-1;
1:200, (Catalog No; 610058), and rat polyclonal anti-caveolin-3 1:500 (; Catalog No; 610420) were
purchased from BD Biosciences, San Jose, CA, USA. Rabbit polyclonal anti-Maxi-K+ channel (1:500)
(Catalog No; 224033) and mouse monoclonal anti-α-actin (1:300) were purchased from United States
Biological, USA. The primary antibodies were diluted with TBST with 5% milk overnight. Arteries were
harvested and lysed with lysis buffer containing 50 mmol/L Tris-Cl (pH 7.4), 150 mmol/L NaCl, 1% Triton
X-100, 1% sodium deoxycholate, and a series of protease inhibitors. Samples were separated by SDS-
PAGE and then transferred to a PVDF membrane. Subsequently, samples were blocked and incubated
with primary antibodies at 4°C for 12 h. The blots were then incubated with the secondary antibody. The
secondary antibody (anti-rabbit IgG) was conjugated to horseradish peroxidase (HRP) and diluted in 5%
milk-TBST (1:5000). Immunolabeling was detected using auto-radiographic hyper�lm (Amersham)
placed onto the membrane for 5 min. The images were analyzed using Quantity One software (Bio-Rad,
CA, USA).
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2.9. Statistical analyses
Data expressed by Myography were transferred to the computer by Axoscope software (Axon
Instruments, California, USA). Results were analysed using Axoscope and SigmaPlot 18. Statistical
signi�cance was assessed by ANOVA with Duncan’s test was used as a post hoc test. The acceptable
level of signi�cance was set at p  0.05.

3. Results

3.1. Histological analysis
Histological examination of the intact carotid arteries revealed normal histological architecture, showing
the presence of a single layer of ED in the tunica intima and smooth muscle cells in several layers in the
tunica media, as seen in Fig. 1A. In contrast, the histological examination con�rmed the absence of ED
from tunica media after endothelial removal by human hair (Fig. 1B).

3.2. Transmission electron microscopy

3.2.1. Transmission electron microscopic examination of
the intact rat carotid artery
Transmission electron microscopy of SMCs showed that caveolae were �ask-shaped in the cell
membrane. It also revealed nanocontacts between caveolae and SR in SMCs, as seen in Fig. 1C. However,
caveolae in the endothelial cells of rat carotid arteries were tubule-shaped, as seen in Fig. 1D.

3.2.2. Transmission electron microscopic examination of
the rat carotid artery treated with MBCD
Transmission electron microscopy showed the abolishment of caveolae in most cell membranes of
SMCs and EDs after treatment with MBCD, as seen in Figs. 1E and 1F, respectively.

3.3. Carotid artery contraction analysis

3.3.1. Disruption of caveolae by MBCD augmented
contraction force of the intact carotid artery
To evaluate the functional role of caveolae in the rat carotid artery, the contraction force was recorded
before and after treatment with MBCD in response to KPSS and BaK. The contraction force analysis
showed that the contraction force signi�cantly (P< 0.01) augmented (12.74±2.15 mN to 19.22±1.85 mN)
in response to BaK after treatment with MBCD. In contrast, no signi�cant change was observed in the
contraction force in response to KPSS (32.58 ±1.43 mN to 33.12±3.54 mN) after treatment with MBCD
(Figs. 2A and 2B). This result suggests that disruption of caveolae by MBCD affects the ion channels that
regulate contractility.
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3.3.2. Incubation of the carotid artery with Ch-MBCD
reversed the augmented contraction induced by MBCD
Incubation of the carotid artery with Ch-MBCD (10 mM) reversed the augmented contraction induced by
MBCD in response to BaK and signi�cantly altered the contraction force (19.22± 2.24 mN to 12.55±2.13
mN). In addition, no signi�cant effect was observed on the contraction force in response to KPSS
(32.18±2.52 mN to 32.18±3.02 mN) (Figs. 2A and 2B). This result suggested that incubation of the
carotid artery with Ch-MBCD after disrupting caveolae by MBCD restored the caveolae structure, thereby
recovering the ion channels located within caveolae.

3.3.3. The effect of MBCD on the contraction force is ED-
dependent
The absence of the ED in ED-denuded carotid arteries was con�rmed by the loss of a vasodilatory
response to acetylcholine. The contraction of ED-denuded carotid arteries showed a nonsigni�cant
augmentation (12.12±2.34 mN to 15.22±3.02 mN) in response to BaK after treatment with MBCD. These
results suggest that the augmentation of contraction by MBCD is ED-dependent (Figs. 3A and 3B).
Moreover, augmented contractions by BaK depend on the vasodilator factors released from the ED.

3.3.4. Incubation of intact carotid arteries with L-NAME augmented the contraction force but had no
effect after MBCD treatment

Intact carotid arteries preincubated with 250 µM L-NAME showed a signi�cantly augmented contraction
in response to BaK (P< 0.01) (7.12±1.50 mN to 16.09±2.13 mN). In contrast, intact carotid arteries
preincubated with L-NAME showed no considerable change in the contraction force after MBCD
treatment (16.98±2.33 mN to 16.09±2.87 mN). These results suggest that caveolar disruption using
MBCD leads to reduced release of NO from the ED, subsequently augmenting the contraction force in
response to BaK (Figs. 4A and 4B).

3.3.5. Inhibition of the maxi-K channels by iberiotoxin did not increase the contraction force of intact
carotid arteries after treatment with MBCD

In this study, iberiotoxin was used as a speci�c inhibitor of the maxi-K channels (Langton 1993, Langton
et al. 1991). Intact carotid arteries preincubated with 100 nM iberiotoxin showed a signi�cant increase
(P<0.05) in the contraction force (6.05±3.04 mN to 17.80±2.24 mN). This �nding suggests that
iberiotoxin is a speci�c inhibitor for the maxi-K channels, consequently contributing to inducing the
resting state during contraction with BaK. In addition, arteries incubated with iberiotoxin showed a
nonsigni�cant change in the contraction force (13.01± 3.01 mN to 16.98±3.55 mN) in response to BaK
after treatment with MBCD. This observation suggests that caveolar disruption by MBCD leads to a
decreased contribution of iberiotoxin to the physiological function of the maxi-K channels in inducing
membrane depolarization in smooth muscle cells (Figs. 5A and 5B).
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3.3.6. Inhibition of the maxi-K channels by iberiotoxin did not increase the contraction force of ED-
removed carotid arteries after treatment with MBCD

ED-removed carotid arteries incubated with 100 iberiotoxin showed no signi�cant change in the
contraction force in response to BaK K before/after incubation with MBCD (6.75±1.55 mN to 8.17±1.19
mN) and (7.01±2.44 mN to 8.30±2.14 mN), respectfully as seen in Figs. 6A and 6B). These results
suggested that both caveolar disruption by MBCD and/or ED removal inhibited the release of NO, thereby
inhibiting the activation of maxi-K channels, leading to the induction of smooth muscle cell contraction.

3.3.7. Incubation of intact carotid arteries with iberiotoxin inhibited the release of basal NO from the ED

In this study, further experiments were designed to examine the physiological role of the maxi-K channels
in the release of NO from the ED. The result of the experiment showed that adding iberiotoxin at the peak
contraction induced by BaK caused a signi�cant change (P< 0.01) in the contraction force from 5.75
±1.22 mN to 13.45 ± 1.12 mN in the absence of L-NAME. However, adding iberiotoxin at the peak
contraction to the vessels incubated with L-NAME caused a nonsigni�cant change in contraction force in
response to BaK (14.14±1.05 mN to 16.88±1.33 mN). These �ndings suggest that the augmented
contraction caused by iberiotoxin was markedly inhibited by L-NAME (Figs. 7A and 7B). This re�ects the
contribution of the max-K channel in releasing NO from the ED, which leads to activation of the maxi-K
channels in vascular smooth muscle cells.

3.4. Western blot analysis
In this study, western blotting was performed to examine the expression of caveolin-1, caveolin-3, maxi-K
channels, and α-actin in protein lysates of rat carotid arteries. Western blotting revealed caveolin-1
expression at 24-kDa, caveolin-3 at 18-kDa, and maxi-K channels at 96-kDa. These �ndings prove that the
caveolae proteins (caveolins) and the Maxi-K channels were expressed in rat carotid artery tissues. In
addition, the expression of α-actin was observed at 42-kDa, which was considered a speci�c marker for
smooth muscle cells in this experiment, as shown in Fig. 8.

4. Discussion
The results of this study showed that caveolae disassembly using MBCD augmented the contraction in
response to BaK but not to KPSS. In this study, the experiment was designed to augment the contraction
by high-K (80 Mm KCl), which induces the equilibrium potential for K ions throughout the cell membrane
of the smooth muscle cells. Therefore, the high-K+-induced contraction is not affected by calcium-
mediated contractions via voltage-dependent calcium channels (Meisheri et al. 1990). In addition, Bay
K8644 was primarily used in this study as a speci�c calcium channel agonist (Thomas et al. 1985).
These results agree with the �ndings of (Al-Brakati et al. 2015), who demonstrated that the augmented
contraction in different arteries is due to disruption of caveolae by MBCD(Gimpl et al. 1997, Rothberg et
al. 1990). Several studies have reported that caveolae play an important role in the regulation of arterial
tone. In other studies, it has been reported that disruption of caveolae impairs vasorelaxation and causes
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several vascular diseases, including atherosclerosis (Darblade et al. 2001, Radenković et al. 2012, Xu et
al. 2008). However, the augmented contraction by MBCD in response to BaK was reversed after
incubation of the carotid segment with Ch-MBCD. The results of this study indicate that the increase in
the contraction force was regulated by cholesterol depletion. These results suggest that caveolar
disruption using MBCD leads to reduced release of NO from the ED. However, in this regard, it has been
reported that cholesterol has inhibitory effects on the ion channels of the blood vessels (Levitan et al.
2014). A similar result was reported by (Al-Brakati et al. 2015), that the augmented contraction by MBCD
in response to BaK was reversed after incubation of the femoral segment with Ch-MBCD.

The physiological role of NO in vasorelaxation has been shown in several studies (Ahmad et al. 2018,
Herrera &Garvin 2007, Lumley et al. 2016). It has been reported that adding acetylcholine as an ED-
dependent vasodilator has no effect on arterial relaxation (Drab et al. 2001, Razani &Lisanti 2001).
However, the association between caveolin-1 and eNOS, which causes tonic inhibition of enzyme activity,
has been shown in different kinds of blood vessels (Michel et al. 1997).

Many factors are involved in the basal release of NO, including ED-dependent vasodilators such as
acetylcholine (Michel &Vanhoutte 2010). In this study, another experiment was performed to evaluate the
role of NO in vasorelaxation in rat carotid arteries. The results of this study showed that incubation of ED-
intact carotid arteries with L-NAME abolished the vasodilator response to Ach and augmented the
contraction response to BaK. In addition, we found that L-NAME did not augment the contractile force
after MBCD treatment in response to BaK. These results suggested that vasorelaxation of rat carotid
artery was dependent on NO release from the ED cells, and caveolar disruption using MBCD impaired ED-
dependent relaxation.

In a step to con�rm the contributing role of basal NO released from the ED to increase contraction, the ED-
denuded carotid arteries were incubated with L-NAME. A slight augmentation in contraction in response
to BaK was observed. These �ndings suggest that NO is the key mediator of vasorelaxation in rat carotid
arteries. These results agree with the �ndings of Darblade et al. (2001), who reported that caveolae
disruption mimics endothelial dysfunction in rabbit aorta.

To study the effects of maxi-K channel inhibitors on smooth muscle cell contraction, blocking the maxi-K
channels by iberiotoxin showed a marked increase in contraction force in response to BaK, and about
25% in ED-denuded arteries. However, the larger contraction was showed in intact ED, might be indicated
to the maiger role of NO inactivate the maxi-K channel in rat carotid arteries. In contrast, the low Ca2+-
sensitivity of the channel may explain the comparatively small contribution to membrane potential, and
thus, increase contraction. These results evidently indicate the participation of the maxi-K channels to
induce membrane potential, thus increasing the contraction. However, Maxi-K channels have been
previously implicated in NO-induced vasorelaxation in blood vessels (Hu &Zhang 2012, Khan et al. 1998).

To study the effects of caveolar disruption on smooth muscle cell contraction, the ED-denuded carotid
arteries were incubated with iberiotoxin. No signi�cant augmentation of the contraction force in response
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to BaK before and/or after treatment with MBCD was observed. The �rst explanation for these �ndings is
that NO released from the endothelial cells induces vasorelaxation through maxi-K channel activation in
smooth muscle cells. It is well known that nitrovasodilators act to initiate vasorelaxation via potassium
channel opening. The mechanism of regulation of maxi-K channels by NO includes activation of
guanylate cyclase. Subsequently, the generation of cGMP, activation of cGMP-dependent PKC, and thus,
the activation of smooth muscle cell maxi-K channels occurs (Robertson et al. 1993). The second
explanation is that the inhibition of eNOS-activity through caveolin-1 occurs in the absence of Ca2+–CaM
(Sandow et al. 2002). This might decrease Ca2+-dependent activation of eNOS, reduce NO release, and
subsequently augment the contraction of the carotid artery. However, several studies have demonstrated
the presence of maxi-K channels in endothelial cells (Sandow &Grayson 2009).

Furthermore, caveolar disruption in smooth muscle cells has been shown to change the response to some
ion channels and receptors located within caveolae in the vascular tissue (Dreja et al. 2002, Parton et al.
1997, Prendergast et al. 2010). The disturbance in the cholesterol amount in the plasma membrane has
been associated with increased contraction in some arteries due to inhibition of potassium channels,
which leads to inhibition of calcium channels (Catterall 2011). In general, these results explain the
importance of the receptors and ion channels located within caveolae, which contribute to the contractile
response.

In this study, transmission electron microscopy was used to observe the presence of caveolae in the
plasma membrane in both SMCs and ECs. It was also used to con�rm the absence of caveolae from the
plasma membrane of the SMCs and EDs after treatment with MBCD. Transmission electron microscopy
revealed the presence of caveolae throughout the plasma membrane in the ED and smooth muscle cells
in the intact rat carotid artery. In contrast, after pretreatment of the rat carotid artery with MBCD, the
transmission electron microscope revealed abolished caveolae from most of the plasma membrane of
the ED and smooth muscle cells in the rat carotid artery. These results agree with several studies reported
by (Al-Brakati et al. 2015, Cohen et al. 2004, Dreja et al. 2002, Khan et al. 1998, Xu et al. 2008), who
demonstrated caveolae in the ED and smooth muscle cells in different arteries. In addition, they reported
the abolishment of caveolae from the cell membrane of the ED and SMCs after the treatment of the
arteries with MBCD.

Conclusion
This study concluded that caveolar disruption using MBCD impaired the ED-dependent relaxation,
inhibiting the release of NO from the ED, and altered the contractility of smooth muscle cells (SMCs)
independently of the ED due to reduced contribution of maxi-K channels to the SMC membrane potential,
causing depolarization and increased carotid artery contraction (Fig. 9). Therefore, these �ndings might
help to understand the physiological role of the Maxi-K channels in rat carotid arteries.
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Figure 1

A. Light photomicrograph showing the normal histologic architecture of the intact rat carotid artery. B.
Light photomicrograph showing the absence of the ED layer from tunica media after endothelial removal
by human hair. C. Transmission electron micrograph of rat carotid artery shown the caveolae (Cav)
covering most of the SMCs membrane (X40000). D. Transmission electron micrograph of rat carotid
artery shown the caveolae (Cav) covering most of the ED membrane (X20000). E. Transmission electron
micrograph of rat carotid artery shown the cell membranes of SMC free of caveolae after treatment with
M-β-CD (X40000). F. Transmission electron micrograph of rat carotid artery shown the cell membranes of
ED free of caveolae after treatment with M-β-CD (X20000).
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Figure 2

A. Representative force myograph traces showing the effect of Ch-MBCD on contraction force following
MBCD treatment in the intact carotid artery. B. Mean data showing the effect of MBCD and Ch-MBCD on



Page 17/23

contractions BaK and KPSS. Data are expressed as means± SD (n =10). P-value <0.05 was considered
statistically signi�cant.

Figure 3

A. Representative force myograph traces showing the effect of MBCD on contraction force in the ED-
denuded carotid artery. B. Mean data showing the effect of ED-removal on the contraction force
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stimulated with BaK following MBCD treatment. Data are expressed as means± SD (n=10). P-value <0.05
was considered statistically signi�cant.

Figure 4
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A. Representative force myograph traces showing the effect of inhibition of NO synthase by L-NAME on
intact carotid artery contractions. B. Mean data showing the effect of L-NAME on the contraction
response to BaK. Data are expressed as means± SD (n= 10). P-value <0.05 was considered statistically
signi�cant.
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Figure 5

A. Representative force myograph traces showing the effect of iberiotoxin on contractions with BaK in an
intact carotid artery. B. Mean data showing the effect of iberiotoxin on the contraction response to BaK,
before/after incubation with MBCD. Data are expressed as means± SD (n= 10). P-value < 0.05 was
considered statistically signi�cant.
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Figure 6

A. Representative force myograph traces showing the effect of iberiotoxin on contraction force in the ED-
removed carotid artery in response to BaK. B. Mean data showing the effect of iberiotoxin on the
contraction response to BaK after/before incubation with the ED removed. Data are expressed as means±
SD (n= 10). P-value <0.05 was considered statistically signi�cant.
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Figure 7

A. Representative force myograph traces showing the effect of iberiotoxin and L-NAME on contraction
force of intact carotid arteries with BaK. B. Mean data showing the effect of iberiotoxin on the contraction
response to BaK after/before incubation with L-NAME. Data are expressed as means± SD (n = 10). P-
value <0.05 was considered statistically signi�cant.
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Figure 8

Western blot analysis showing the expression of caveolin-1 at 24-kDa, caveolin-3 at 18-kDa, Maxi-K
channels at 96 24 kDa, and α-actin at 42-kDa.

Figure 9

Proposed mechanisms of action of the NO on Maxi-K channels mediated hyperpolarization.


