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Sleep Deprivation Before and After Balloon Angioplasty
Significantly Augments Post-injury Neointimal
Proliferation in Carotid Arteries of Rats — Preliminary

Study
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Background:

Coronary artery disease can be treated with percutaneous transluminal
coronary angioplasty (PTCA). Although this procedure is efficacious in opening
stenotic arteries it may also cause injury and inflammation to the vessel
producing neointima formation and subsequently restenosis. Sleep deprivation
has major effects on early inflammatory response and may produce numerous
untoward effects on cardiovascular disease and wound healing. However,
whether sleep deprivation may affect injury-induced neointimal proliferation of
the vessel is unknown. This preliminary study is to investigate if sleep
deprivation will augment balloon angioplasty induced neointimal proliferation in

carotid arteries of rats.
Materials and Methods:

Rats were randomly assigned to the following four groups: Group C (control
group): balloon angioplasty without sleep deprivation. Group A: balloon
angioplasty after 24-hours sleep deprivation. Group B: balloon angioplasty
before 24-hours sleep deprivation. Group AB: 24-hours sleep deprivation before
and after balloon angioplasty. Twenty four hours sleep deprivation was
performed by the disc-on-water method for the rats in Group A, Group B and
Group AB. Balloon injury was performed with all rats anesthetized and

afterwards subjected to an injury of the right carotid artery with a 2F-Fogarty
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balloon catheter. The untouched left carotid artery was used as another (self)
control. Thirteen days after the balloon injury, all of the rats were sacrificed and
both carotid arteries were removed. The cross sections were later stained with

hematoxylin and eosin (H&E) for morphometric analysis.

Results:

There were 2 rats in each group. The post injury neointima-to-media area ratio
in Group C, Group A, Group B and Group AB were 0.90+0.01, 1.2+0.13,
1.44+0.05 and 1.73%0.02, respectively. There were 31.87%, 58.24%, and 87.91
increase in post-injury neointima-to-media area ratio in Group A, Group B and
Group AB, respectively, compared with Group C (p<0.05). In addition, the post
injury neointima-to-media area ratios in Group A and Group B were lower than
that in Group AB (p<0.05). There were no neointimal proliferations in the left
carotid artery for all groups.

Conclusion:

This preliminary study shows that neointimal proliferation induced by balloon
angioplasty is significantly increased whether the 24-hours sleep deprivation
was before and/or after balloon angioplasty of rats. In addition, sleep deprivation
before and after balloon angioplasty had significantly more neointimal
proliferation than sleep deprivation before or after angioplasty alone. We
concluded that sleep deprivation significantly augments post-injury neointimal

proliferation in carotid artery angioplasty of rats.
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Morphometric Analysis
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No Neointima Media Neointima-to-media Mean ratio

. (umd) («m’)  area ratio
1 6,029 6,785 0.89 0.900+0.010
2 5,781 3,371 0.91

Group A 1 258,524 195,902 1.32 1.195+0.125
2 31,442 29,477 1.07
1 48,040 32,329 1.48 1.435+0.045
2 58,960 42,417 1.39
1 12,434 7,267 1.71 1.725+0.015
2 12,554 7,223 1.74
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SUMMARY

Coronary artery disease can be treated with percutaneous transluminal coronary
angioplasty (PTCA). Although this procedure is efficacious in opening stenotic
arteries it may also cause injury and inflammation to the vessel producing
neointima formation and subsequently restenosis. Sleep deprivation has major
effects on early inflammatory response and may produce numerous untoward
effects on cardiovascular disease and wound healing. However, whether sleep
deprivation may affect injury-induced neointimal proliferation of the vessel is
unknown. This preliminary study is to investigate if sleep deprivation will
augment balloon angioplasty induced neointimal proliferation in carotid arteries
of rats. Rats were randomly assigned to the following four groups: Group C
(control group): balloon angioplasty without sleep deprivation. Group A:
balloon angioplasty after 24-hours sleep deprivation. Group B: balloon
angioplasty before 24-hours sleep deprivation. Group AB: 24-hours sleep
deprivation before and after balloon angioplasty. Twenty four hours sleep
deprivation was performed by the disc-on-water method for the rats in Group A,
Group B and Group AB. Balloon injury was performed with all rats anesthetized
and afterwards subjected to an injury of the right carotid artery with a
2F-Fogarty balloon catheter. The untouched left carotid artery was used as

another (self) control. Thirteen days after the balloon injury, all of the rats were
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sacrificed and both carotid arteries were removed. The cross sections were later
stained with hematoxylin and eosin (H&E) for morphometric analysis. There
were 2 rats in each group. The post injury neointima-to-media area ratio in
Group C, Group A, Group B and Group AB were 0.90+0.01, 1.2+0.13,
1.44+0.05 and 1.73+0.02, respectively. There were 31.87%, 58.24%, and 87.91
increase in post-injury neointima-to-media area ratio in Group A, Group B and
Group AB, respectively, compared with Group C (p<0.05). In addition, the post
injury neointima-to-media area ratios in Group A and Group B were lower than
that in Group AB (p<0.05). There were no neointimal proliferations in the left
carotid artery for all groups. This preliminary study shows that neointimal
proliferation induced by balloon angioplasty is significantly increased whether
the 24-hours sleep deprivation was before and/or after balloon angioplasty of
rats. In addition, sleep deprivation before and after balloon angioplasty had
significantly more neointimal proliferation than sleep deprivation before or after
angioplasty alone. We concluded that sleep deprivation significantly augments

post-injury neointimal proliferation in carotid artery angioplasty of rats.

KEYWORDS: sleep deprivation, balloon angioplasty, neointimal proliferation
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INTRODUCTION

Coronary artery disease develops when a combination of fatty
material, calcium and plaque builds up in the arteries that supply the heart with
blood and is one of the major causes of death and disability. The disease can be
treated with percutaneous transluminal coronary artery angioplasty (PTCA) by
passing a Fogarty balloon catheter into the lumen of the narrowing artery.
However, this procedure can cause the medial smooth muscle cells (SMCs)
proliferation within two days and SMCs migration into the intima after four days,
where they continue to proliferate for up to two weeks (Olson et al., 2000).

These neointimal proliferations and geometric arterial remodeling subsequently
result in restenosis, which develops in 30-50% of angioplasty receivers within
six months (Stigwart, 1999; Kimura T et al., 1997; Faxon et al., 1984).

Many candidate molecules that regulate neointimal proliferation
following vessel injury have been studied including the rennin-angiotensin
system, catecholamines, endothelin-1 (ET-1), natriuretic peptides, thrombin,
platelet-derived growth factor (PDGF), transforming growth factor-8 (TGF-8),
fibroblast growth factor, nitric oxide and the estrogen receptor (Berk, 2001;
Pawlowski et al., 1997; Gong et al., 1996; Konneh et al., 1995; Rudic et al.,
1998; Iafrati et al., 1997). A numbers of studies carried out in the last decade
have consistently indicated that inflammatory mechanisms play a pivotal role in
the process of neointimal proliferation and restenosis (Blum et al., 2004; Li et al.,

2004; Versaci and Gaspardone, 2004).
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Sleep i1s a major modulator of metabolic and endocrine regulation.
Conversely, sleep deprivation has major hormonal and metabolic consequences.
Sleep deprivation has been found to affect both behavioral and physiological
function, such as memory, cognitive ability, hormone secretion, glucose
metabolism, and immune function (Malik and Kaplan, 2005; Van et al., 2007,
Zisapel, 2007). It has also been reported that sleep deprivation may produce
numerous untoward effects on cardiovascular disease and wound healing
(Simpson and Dinges, 2007; Gumustekin et al., 2004). In addition, a study by
Vgontzas AN et al. showed that sleep deprivation can provoke a
pro-inflammatory response via increased cytokine secretion (Vgontzas et al.,
1999). Taken together, these findings provide one possible avenue by which
sleep deprivation may affect inflammation and subsequent health.

Since sleep deprivation may provoke inflammation and inflammation
has a major role in post-injury neointimal proliferation, we question if sleep
deprivation may augment post-injury neointimal proliferation after balloon
angioplasty. However, in the literature whether sleep deprivation affects the
degree of post-injury neointimal proliferation is unknown. We hypothesize that
sleep deprivation may prompt post-injury neointimal proliferation after balloon
angioplasty. In the present study, we aimed to investigate whether sleep
deprivation augments post-injury neointimal proliferation in carotid arteries of
rats by morphometric analysis. As the prevalence of sleep deprivation in the
industrialized world appears to be on the rise (Malik and Kaplan, 2005), this
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study has important clinical implication in postulating that sleep deprivation

may be an important risk factor for post-angioplasty restenosis of the artery.
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MATERIALS AND MEDTHODS

To investigate whether sleep deprivation augments neointimal
proliferation induced by balloon angioplasty in carotid arteries of rats, the rats
were randomly assigned to four groups: Group C (control group): balloon
angioplasty without sleep deprivation; Group A: balloon angioplasty after
24-hours sleep deprivation; Group B: balloon angioplasty before 24-hours sleep
deprivation; Group AB: 24-hours sleep deprivation before and after balloon

angioplasty. Figure 1 provides a graphic summary of the experimental design.

Experimental Animals

Male Sprague-Dawley rats (5-6 weeks old) weighing 200-300 grams
were purchased from the National Laboratory Animal Breeding and Research
Center, Taipei, Taiwan. All procedures performed on the animals were approved
by the Research Animal Resource Center Committee at China Medical
University. The rats were housed in stainless steel cages with12-h light/dark
cycles with free access to food and water. All animal care followed the
institutional animal ethical guidelines of the China Medical University Hospital.
At the start, all rats had electrodes for cortical electroencephalogram (EEG)
monitoring implanted into the brain. The procedure for implantation was as
follows: Under Tiletamine-Zolazepam (Zoletil 50®) with xylazine (Rompun®)

anesthesia, rats were implanted with four stainless steel screws for EEG
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monitoring, one overlaying the right lateral fronto-parietal area, the right and left
medial (bregma) parietal area and the left lateral lambda-parietal cortex. One
additional pair of nickel-chromium fine wire electrodes were implanted in the
dorsal neck muscle for electromyogram (EMGQG) recording. The electrodes were
soldered to a connector, which were fixed to the animal cranium with acrylic
dental cement. After the implantation surgery, penicillin and diclofenac were
administered in all rats. They were maintained on 12:12 h light-dark cycles at 25

°C for two days for wound healing.

Sleep Deprivation in Rats.

Total sleep deprivation models were elicited using the dish-over-water
method with the Rechtschaffen apparatus. The apparatus consists of two
rectangular clear plastic chambers, each 60 (length) x 20 (width) x 60 (height)
cm’, which are placed side by side to house two rats. Adequate food and water
were provided to all rats in the apparatus. Beneath each side of the disc and
extending beyond it to the walls of each chamber is a tray with 2-3 cm of water.
Before sleep deprivation, all rats were raised ad labium in the water-disc cages
for five days to adapt to the environment. At the start of sleep deprivation, the
implanted electrodes were connected to an EEG monitoring system (Biopac
System, Inc, MP 150, USA), which functioned with a computer under data
acquisition software. The sleep state was controlled by the root mean square of

the EEG-theta wave. Upon detecting an EEG sleep state, the computer started
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the motor beneath the disc to rotate in a counterclockwise direction at a
moderate speed of 3.5 rpm. As the motor rotated the disc, the rats were disturbed
and had to walk opposite to the direction of rotation in order not to fall into the
water (rats are hydrophobic) thus resulting in total sleep deprivation. Disc
rotation stopped when the rats were not sleeping. To avoid bias due to isolation
of rats, the functioning apparatus was placed in between 4 other plastic

chambers with rats placed for adaptation of their chamber.

Carotid Balloon-1njury Model.

Rats were anesthetized by an intraperitoneal injection of chloral
hydrate. Angioplasty of the right carotid artery in each rat was performed using
a balloon embolectomy catheter. The balloon catheter (2F Fogarty)
(Becton-Dickinson, Franklin Lakes, NJ, USA) was introduced through the right
external carotid artery into the aorta, and the balloon was inflated at 1.3 kg/cm®
using an inflation device. An inflated balloon was pushed and pulled through the
lumen three times to damage the vessel. The left carotid artery was left

untouched.

Morphometric Analysis.

Thirteen days after balloon angioplasty of the right carotid artery, the
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rats were sacrificed with an overdose of desflurane injection. Both the right
carotid artery and left carotid artery in each rat were fixed and perfused with
10% formalin. Tissue was harvested for histology at 14™ days and fixed with
paraformaldehyde at 4 °C overnight. Tissue sections were performed at the
desktop microtone with 10 um thickness and then stained with hematoxylin and
eosin (H&E). Tissue slides from each rat were then examined by light
microscopy (Nikon, Optophot, Mississauga, ON). Morphometric analysis was
carried out using NIH Image analyzer software on a Power PC (G3; Apple
Computer, Cupertino, CA) to measure the surface area (um?). The degrees of
neointimal formation of the balloon-injured carotid artery were expressed as the
neointima-to-media area ratio, which were subjected to statistical analysis. This
1s a common mathematical tool that is utilized to normalize the neointimal area

for individual differences in arterial sizes (Dalle et al., 2001; Tulis et al., 2001).

Statistics

The neointima-to-media area ratio are expressed as mean * standard

error of the mean (SEM). Statistical analysis was conducted using one-way
analysis of variance (ANOVA) with the Ducan test for pairwise comparison. A

p-value < 0.05 was considered statistically significant.
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RESULTS

Eight rats were enrolled in this study with 2 rats in each group. All
eight rats were subjected to balloon angioplasty on the right carotid artery but
with their left carotid artery untouched. All rats survived to completion of the
three-week study. Cross-sectional segments from both left and right carotid

arteries were further analyzed under high of magnification x 100. There were no

neointimal formations in the left carotid arteries of the rats in any group (Figure
2). In figure 3, the histological analysis demonstrated a significant neointimal
formation after balloon angioplasty in the right carotid artery but not in the left

artery in no.2 group B rat.

Morphometric Analysis.

The morphometric analysis of the balloon angioplasty carotid arteries,
including area of neointima and media, and neointima-to-media area ratio are
shown in Table 1. The post-injury neointima-to-media area ratio of Group A
(1.2£0.13), Group B (1.44+0.05) and Group AB (1.73+0.02) were significantly
higher (F=27.38, p=0.0045) than that of Group C (0.90+0.01) (Figure 4). There
were 31.87%, 58.24% and 87.91% increase in post-injury neointima-to-media
area ratio in Group A, Group B and Group AB, respectively, as compared with
Group C (p<0.05). In addition, the post-injury neointima-to-media area ratios in
Group A and Group B were significant lower (p<0.05) than that in Group AB.
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However, there was no significant difference in the post-injury

neointima-to-media area ratio between Group A and Group B (Figure 4).
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DISCUSSION

In this study, a rat model of balloon angioplasty on carotid arteries was used to
investigate whether sleep deprivation would augment neointimal proliferation
triggered by injury to the vessel wall. Neointimal proliferation induced by
balloon angioplasty of the vessel was significantly increased whether balloon
angioplasty was performed before or after 24-hours sleep deprivation. In
addition, neointimal proliferation was also significantly more obvious when
sleep deprivation occurred both before and after balloon angioplasty, compared

with sleep deprivation occurring only before or only after balloon angioplasty.

Although PTCA and coronary artery stenting have had a tremendous impact on
the treatment of coronary vascular disease, these procedures are marked by a
high incidence of restenosis(Stigwart, 1999; Kimura T et al., 1997; Faxon et al.,
1984). The process of vessel renarrowing occurs because the vascular response
to injury triggers a migratory and proliferative response within the SMCs, which
exit the quiescent stage GO and progress through the G1 and G1/S transitions of
the cell cycle after arterial injury, resulting in neointimal proliferation (Boehm et
al., 2002). Inflammation plays an important role in the development of
neointimal proliferation, resulting in restenosis, after balloon angioplasty. More
recently, the important role of inflammation in vascular healing has also been
increasingly well understood. The focal thrombus formation after artery
angioplasty can activate and recruit leukocytes, monocytes, and macrophages

from the circulating blood and adventitia at the injury site. The macrophage
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number and inflammatory markers could predict the rate of restenosis in patients
undergoing PTCA (Moreno et al. 1996). Local inflammation caused by coronary
intervention also elicits a systemic inflammatory response initially mediated by
inflammatory cytokines such as IL-1, IL-6 and tumor necrosis factor (TNF)-a

(Versaci and Gaspardone, 2004).

Although sleep is a fundamental physiologic process, its functions are only
starting to be unraveled (Zisapel, 2007; Majde and Krueger, 2005). The main
function of sleep is establishing a restorative function for the brain and body,
improving the sense of energy and “well-being”, and playing an important role
in the cerebral changes that underlie learning and consolidation of memory
(Maquet, 1995; Maquet, 2001). Sleep deprivation or disruption, has become a
common hallmark of modernity in developed countries, and it can also occur in
hospitalized patients after surgery, post-traumatic recovery or other situations. It
has multiple effects on immune, endocrine and metabolic function (Malik and
Kaplan, 2005; Van et al., 2007; Zisapel, 2007; Simpson and Dinges, 2007;
Gumustekin et al. 2004; Vgontzas et al., 1999). Inflammation, one type of
non-specific immune response, has the function of directing components of the
immune system to a site of injury or infection. Therefore, sleep deprivation can
provoke an inflammation increasing response like injury and infection

(Vgontzas et al., 1999).

Of cytokines studied thus far, evidence indicates that at least three, IL-1, IL-6

and TNF are involved in the regulation of sleep because plasma levels of these
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cytokines increase during sleep deprivation (Zisapel, 2007; Majde and Krueger,
2005). It has been hypothesized that IL-6 is a mediator of sleepiness, and its
circadian pattern reflects the homeostatic drive for sleep (Vgontzas, 2005; Wolf
and Dittrich, 1992). Based on these data, we postulate that sleep deprivation has
deleterious effects on neointimal proliferation after balloon angioplasty, which
might be due to elevations in the pro-inflammatory cytokines, such as TNF-a

and IL-1.

Neointimal proliferation of the post-injury vessels could be a process of wound
healing. A previous similar study of the effects of sleep deprivation on wound
healing performed by Gumustekin K et al. showed that sleep deprivation may
delay wound healing (Gumustekin et al., 2004).However, the study by
Mostaghimi L et al. showed that sleep deprivation did not produce differences in
the rate of wound healing, regardless of the timing of the biopsy punch
(Mostaghimi et al., 2005). The author states though that it appears to act
differently from other types of stressors on wound healing. Another study
reported by Landis and Whitney demonstrated that later stages of healing were
not affected by sleep deprivation because sleep deprivation might have had
greater effects on the early, inflammatory phase of healing (Landis and Whitney,
1997). However, our present study showed that neointimal proliferation was
significantly increased whether the 24-hours sleep deprivation was before or
after balloon angioplasty, and the neointimal proliferation was also significantly

higher when sleep deprivation was both before and after balloon angioplasty.
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The number of the experimental rats was only two in each group in this
preliminary study; we will enroll more experimental rats in the future. Only
male animals were used in our study, and gender-related differences in the
degree of neointimal proliferation remain unclear. Furthermore, the mechanism
by which sleep deprivation increases neointimal proliferation induced by
balloon angioplasty is unclear. In the future, we will design more studies to
investigate the role of inflammation in post-injury neointimal proliferation
before and after sleep deprivation by detecting macrophage and inflammatory

cytokines.

In conclusion, post-injury neointimal proliferation is significantly obvious
whether sleep deprivation occurs before or after balloon angioplasty, and sleep
deprivation both before and after balloon angioplasty significantly augments
post-injury neointimal proliferation. To the best of our knowledge, this is the
first study demonstrating that 24-hours sleep deprivation before and after
balloon angioplasty augments post-injury neointimal proliferation. This
investigation provides the experimental basis toward the clinical implication of
sleep deprivation having deleterious effects on patients who have just undergone
PTCA. Further studies in clinical settings as well as in animal models are needed

to understand the role of sleep in vascular injury in humans.
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Figures
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Figure 1.Schematic diagram of the study design. C = Group C, A = Group A, B

= Group B, AB = Group AB. EEG = electroencephalogram, SD = sleep
deprivation, Red arrows points at time of balloon angioplasty. At the start of the
study, electrode implantations for EEG sleep state recording were performed in
all rats. A resting postoperative period and environmental adaptation period of 7
days was then provided. Rats were randomly assigned to four groups: Group C
(control group): balloon angioplasty in between 24 hours of ad libium activity;
Group A: balloon angioplasty after 24-hours sleep deprivation and followed by
24 hours of ad libium activity; Group B: balloon angioplasty after 24 hours of ad
libium activity and followed by 24-hours sleep deprivation; Group AB: 24-hours

sleep deprivation before and after balloon angioplasty.

52



Group | Group C Group A Group B Group AB
No.1 rat No. 1 rat No. 1 rat No. 1 rat

Left
carotid . .
artery Ho

Right
carotid
artery

Figure 2. Samples of Cross-sections of carotid arteries from each group. There
were no neointimal proliferations in the left carotid arteries in any group rat. In
addition, neointimal areas were more obvious in group A, group B, group AB

compared with group C. (H & E staining, original magnification x 100)
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Figure 3. Cross-section of the carotid artery in rat B2, showing no neointimal
proliferation in the left carotid artery (a) and neointimal proliferation in the right
carotid artery (b). N = neointimal, M = media, A = adventitia. (H & E staining,

original magnification x 400).
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Figure 4. The neointima-to-media area ratio of Group A, Group B and Group
AB is significantly higher than that in Group C (* p<0.05). The
neointima-to-media area ratio of Group A, Group B is significantly lower than

that in Group AB (** p<0.05).
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Table

No. Neointima Media Neointima-to-media Mean ratio

(um?) (um?) area ratio
1 6,029 6,785 0.89
: ; 0.90+0.01
Group €7 5781 3,371 0.91 ’
1 2582,;51 195,9(2) 132
.20=£0.
GroupA2 31.44 29.477 1.20+0.13
1.07
2
1 48,03 32,329 1.48
.44=+0.
GroupB2 58.96 12417 1.44+0.05
1.39
0
Grou 1 12,42 7,267 171
WRE=(X
AB 2 12,55 7,223 1.73+0.02
4 1.74

Table 1. The area of the neointimal and media of common carotid arteries
subjected to balloon angioplasty from rats in each group. The
neointima-to-media area ratio was also displayed. Rats were randomly assigned
to four groups: Group C (control group): balloon angioplasty in between 24
hours of ad libium activity; Group A: balloon angioplasty after 24-hours sleep
deprivation and followed by 24 hours of ad libium activity; Group B: balloon
angioplasty after 24 hours of ad libium activity and followed by 24-hours sleep
deprivation; Group AB: 24-hours sleep deprivation before and after balloon

angioplasty. Values are shown as mean + S.E.M.
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1. FpF3t g
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1. Extracorporeal Membrane Oxygenation in treatment of Fulminant

Myocarditis — report of four cases, Chien-Heng Lin, Jeng-Sheng Chang,
Yung-Chang Lai S22 ¥ F ¢ % 44 5 & ¢ % 174 B immdg o4, 92
£ 4726 0p

2. Rescue Severe Cardiovascular Failure Children With Extracorporeal
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3. Experience of percutaneous pigtail catheters for thoracostomy in pediatric
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B E, s 934 100
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Fit g, fH, 93# 40 187
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10. Chest Pain in Pediatric Patients Presenting to an Emergency Department:
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13. Right lung agenesis with acute airway obstruction: one case report.
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injury. Shih-Pin Kuo, An-Chyi Chen, Chien-Heng Lin, Shu-Fen Wu, Walter

Chen Ninth Congress of the Asian Pan-Pacific Society of Paediatric
Gastroneterology, Hepatology and Nutrition 16™-19" June 2005 Malaysian
2. Rescue patients of severe enterovirus 71 infection with flexible

cardiovascular medication Jeng-Sheng Chang, Chien-Heng Lin, Shiou-Jien
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2. Ileal atresia associated with intrauterine intussusception caused by Meckel’s
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