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ABSTRACT

Pulmonary diseases associated with diurnal hypoxe-
mia are known to be associated with pulmonary hy-
pertension in some patients. In this study we exam-
ined the effects of daily hypoxia (10% oxygen; 8h/day
for 14 days) on two strains of rats to simulate sleep
related hypoxia in pulmonary diseases expecting to find
differences in vascular responses, the development of
right ventricular hypertrophy and pulmonary hyper-
tension according to genetic background. In response
to daily hypoxia, Sprague Dawley rats developed right
ventricular hypertrophy while Brown Norway rats did
not. Both strains developed pulmonary hypertension
(elevated right ventricular pressure) although the in-
crease was significantly greater in the Sprague Daw-
ley strain. Pulmonary artery (first branch) vasocon-
srictive responses to potassum chloride wereincr eased
equally in both strains and the subsequent vasodila-
tion with acetylcholine wer e reduced equally with daily
hypoxia in both strains. Taken together, these findings
suggest that the genetic makeup of the rats contrib-
uted significantly to the development of right ventricu-
lar hypertrophy and the degree of pulmonary hyper-
tension. Moreover, this response is not secondary to
differences in the intralobar pulmonary vascular re-
activity. Genetic background could explain why cer-
tain patients do worse with hypoxia inducing pulmo-
nary vascular diseases.
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1. INTRODUCTION

The incidence of pulmonary hypertension in chronic ob-
structive and interstitial lung diseases is dependent on the
disease, the degree of hypoxia and possibly an individ-
ual’s genetic response [1-4]. Although the incidence and
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degree of pulmonary hypertension in these diseases may
be low, it carries important prognostic information in that
its presence infers a much worse prognosis than its ab-
sence [5]. A genetic contribution to the pulmonary hy-
pertension phenotype in these diseases is not clear. Ge-
netic predisposition is however clearly present in human
studies of pulmonary hypertension in populations living
at high atitudes, exposed to ambient hypoxia[6].

The development of pulmonary hypertension has been
examined in rat strains exposed to continuous steady-state
hypoxia. In these animal models, measured physiologic
differences included vascular reactivity and right ven-
tricular hypertrophy [7]. Thomas et al. showed that the
physiologic response to continuous hypoxia was a graded
response that starts with an increase in pulmonary vas-
cular reactivity followed by an increase in right ventricular
pressure and finally right ventricular hypertrophy [8].
However, Jin et al. reported that the Sprague Dawley rat
strain developed significantly less vascular reactivity than
that developed by the Wistar rat strain, indicating a role
for genetic predisposition in the response to hypoxia[7].

In contrast to the effect of continuous hypoxia explored
in these animal models, humans develop pulmonary hy-
pertension in response to hypoxemia associated with car-
diopulmonary conditions. This pathophysiology is recog-
nized by World Hedlth Organization as class 3 pulmo-
nary hypertension. Hypoxemia is either only noticed or
significantly worse during sleep in these patients [9,10].
Such nocturnal hypoxemic episodes are associated with
acute increases in pulmonary arterial pressure that in turn
may lead to the development of wake time pulmonary
hypertension [1,11]. These findings have prompted phy-
sicians to measure overnight oximetry to determine the
presence and severity of hypoxia during the hours of sleep
as a risk factor [12]. Such a paradigm of daily hypoxia
might be a better mimic of hypoxia secondary to pulmo-
nary diseases [12]. Nattie et al. reported that 8 hours of
daily hypoxia over a 3 week period led to sustained in-
creases in right ventricular pressure in Sprague Dawley
strain of rats [13]. Whether such a daily exposure would
have that same effect in different strains has not been
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explored. Such a study design might provide insight into
why certain patients develop signs of pulmonary hyperten-
sion in hypoxia causing diseases while others do not.

In this study we investigated the physiologic effects of
daily hypoxia on Sprague Dawley and Brown Norway rats
with respect to three parameters: the change in large pul-
monary artery contractility right ventricular pressure and
right ventricular mass. We hypothesize that there is a dif-
ference in the vascular response and the development of
right ventricular hypertrophy and pulmonary hyperten-
sion between Sprague Dawley and Brown Norway strains
of rats when exposed to eight hours of constant daily hy-
poxia over two weeks.

2.METHODS

All procedures were approved by the local Institutional
Anima Care and Use Committee and conformed to ani-
mal care guidelines established by the National Institutes
of Health. Adult (6 weeks of age) male Sprague Dawley
(420 + 14 g, n = 18) and Brown Norway (318 + 12 g, n=
18) rats were used for the experiments. Animals had free
access to water and food throughout the experiments.

2.1. Exposure Protocols

Rats were housed under one of two experimental condi-
tions: normoxia or daily hypoxia. Daily hypoxia exposure
was as follows. Cages were placed in a chamber sealed
with Plexiglas doors. The chamber was connected to com-
pressed air (21% O,) and nitrogen (0% O,) tanks via a
sensor controller pinch-valve switch and set to deliver ei-
ther gas at a constant pressure of 5 psi through the inflow
to the cage. A fan was used to disperse the gas at the
inflow and equivalent oxygen levels were measured in
multiple areas of the cage. Animals in the daily hypoxia
group were exposed to compressed air or hypoxic gas
beginning at 8:00 AM and ending at 4:00 PM each day
for 14 days to coincide with sleep cycle. Control animals
were placed in the chamber between 8:00 AM and 4:00
PM daily with room air flowing to simulate experimental
conditions. When not in the exposure chamber, animals
were housed at the animal facility under room air condi-
tions. Inspired PO,, intrachamber pressure and intracham-
ber PCO, were closely monitored during the hypoxia ex-
posure. Sensors placed inside the cages of the experi-
mental rat groups showed that flushing cages with com-
pressed normoxic air (21% O,) or nitrogen (to maintain a
hypoxia level of 10% O,) resulted in changes in inspired
PO, which were maintained over the eight hour period
with no change in PO, or intrachamber pressure.

2.2. In Vivo Hemodynamic M easurements

Right ventricular systolic pressure (RVP, mmHg) was

Copyright © 2012 SciRes.

measured as previously described by Fagan [14]. Briefly,
rats were anesthetized with an intraperitoneal injection of
ketamine, xylazine and acepromazine anesthesia cocktail
with extra doses of the same cocktail given as needed
during the experiment. The anesthetized animas were then
placed in the supine position while spontaneoudly breath-
ing room air. A 24-gauge needle was introduced percuta-
neously into the right ventricle via a subxiphoid approach.
RVP was verified in red time and recorded. Animals from
the daily hypoxia exposure group were kept hypoxic until
immediately before hemodynamic measurement after at
least a four hour exposure to hypoxia. After RVP meas-
urements the chest was opened, the aorta was severed and
the animal exsanguinated.

2.3. Measurements of RV Mass

Immediately after death, the heart was resected and the
atria were removed at the plane of the atrioventricular
valves. The RV free wall was then dissected free of the
left ventricle (LV) and septum (S). The RV and LV plus
S were weighed (g), and the RV-to-(LV + S) ratio was
calculated.

2.4. In Vitro M easur ement of Contractility of
Pulmonary Artery Rings

As described previoudy, 2 mm long pulmonary artery rings
were dissected from the right and left first branch pulmo-
nary arteries and suspended at 17.5 mmHg [15]. Maximum
contraction was determined with exposure to 80 mM of
KCL and calculated in grams of force per gram of tissue.
Maximum dilation was determined with exposure to ace-
tylcholine (300 uM) following a maximum contraction
induced by 80 mM KCL [16]. The degree of response to
acetylcholine was quantified as percent dilation from
maximum contraction.

2.5. Data Analysis

All values presented are means = SE. Two-way analysis
of variance (ANOVA) for repeated measures was per-
formed. The post-hoc Student-Newman-Kuels test was
conducted in the event of significant ANOVA results.
Statistical comparisons between two groups were per-
formed using unpaired t-tests. The level for statistical sig-
nificance was set at 0.05 (two-tailed).

3.RESULTS

In-vivo measurements of right ventricular pressure (RVP)
showed a significant increase in pressure when Sprague
Dawleys were conditioned with 2 weeks of eight hour
constant daily hypoxia compared to normoxic controls;
this increase of pressure was aso present in the Brown
Norway strain after hypoxic exposure (Figure 1). A com-
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pareson was made across strains to identify whether the
degree of rise in right ventricular pressure was different
in the two strains. There was a significantly greater in-
crease in the right ventricular pressure of Brown Nor-
way when compared to Sprague Dawley strain of rats as
measured by percentage difference (Figure 2).

Right ventricular hypertrophy occurred in Sprague Daw-
ley rat strain as manifested by the significant increase of
RV/LV + Septum ratio in hypoxia conditioned rats
(Figures 3 and 4). In contrast, there was no statistically
significant difference in RV hypertrophy in Brown Nor-
way strain of rats after exposure to hypoxia although there
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Figure 1. Right ventricular pressure increased in both Sprague
Dawley and Brown Norway rat strains in response to daily
hypoxia. Right ventricular pressure (RVP; mmHg) as an estimate
of pulmonary artery pressure in normoxic Sprague Dawley (n =
9), normoxic Brown Norway (n = 9), and Sprague Dawley (n =
8) and Brown Norway (n = 9) exposed to daily hypoxia for 2
weeks. Asterisks indicate significance of differences (p < 0.05).
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Figure 2. Right ventricular pressure increased significantly more
in the Sprague Dawley rat strain when compared to Brown
Norway in response to daily hypoxia. Right ventricular pressure
expressed as a percentage of increase from baseline (RVP; percent)
as a measure of pressure increase after hypoxic exposure in
Sprague Dawley exposed to daily hypoxia for 2 weeks (n = 8)
and Brown Norway exposed to daily hypoxia for 2 weeks (nh =
9). Agterisks indicate significance of differences (p = 0.035).
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was a trend towards higher RV/LV + S ratio with hy-
poxia (p = 0.089).

The degree of vascular reactivity was higher in both
rat strains after hypoxic exposure as determined by two
surrogates of reactivity: 1) force generated per gram of
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Figure 3. Right ventricular hypertrophy in response to daily
hypoxia seen in Sprague Dawley but not Brown Norway rat
grains. Right ventricular (RV) mass [RV-to-left ventricle + septum
ratio ((RV/LV +S) )] in normoxic Sprague Dawley and Brown

Norway strain rats (n = 9 and 9 respectively), and Sprague
Dawley and Brown Norway strains exposed to eight hours
constant daily hypoxia for 2 weeks (n = 9 and 9 respectively).
Agterisks indicate significance of differences (p = 0.027), while
NS indicates non statistical significance.
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Figure 4. Right ventricular hypertrophy developed significantly
more in Sprague Dawley versus Brown Norway rat strains in
response to daily hypoxia. Right ventricular (RV) mass [RV-to-

|eft ventricle + septum ratio (RV/LV +S)] as a percentage of
increase from baseline (RV/LV +S; percent) as a measure of

pressure increase after hypoxic exposure in Sprague Dawley
exposed to daily hypoxiafor 2 weeks (n = 9) and Brown Norway
exposed to daily hypoxiafor 2 weeks (n = 9). Asterisks indicate
significance of differences (p < 0.001).
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tissue in 2 mm pulmonary vascular rings when exposed
to a maximal dose of potassium chloride and 2) the per-
centage of dilation in response to acetylcholine after such
contraction. The degree of contraction was higher in pul-
monary artery rings from both strains after exposure to
hypoxia and the response to acetylcholine was blunted in
both (Figures 5 and 6). Interestingly, the increase in the
force of contraction and the blunting of the acetylcholine
were similar in both strains when compared to each other
(p=0.54).
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Figure 5. Contractility increased after hypoxic exposure in both
Sprague Dawley and Brown Norway rat strains. Maximal co-
ntraction of 2 mM pulmonary artery rings plotted in grams of
tension per gram of tissue in response to 80 mM potassium ch-
loride. The figure compares normoxia in Sprague Dawley and
Brown Norway (n = 8 and 7 respectively) to daily hypoxia for
two weeks in Sprague Dawley and Brown Norway strain of rats
(n = 8 and 9 respectively). Asterisks indicate significance of

differences (p < 0.05).
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Figure 6. Relaxation in response to acetylcholine was blunted
in both Brown Norway and Sprague Dawley rat strains after
exposure to daily hypoxia. Maximal relaxation in response to
300 puM of acetylcholine after maximal contraction with 80 mM
potassium chloride. The figure compares normoxia in Sprague
Dawley and Brown Norway (n = 8 and 7 respectively) to daily
hypoxia for two weeks in Sprague Dawley and Brown Norway
strain of rats (N = 8 and 9 respectively). Asterisks indicate
significance of differences (p < 0.05).
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4. DISCUSSION

Our results confirm the previous reports that daily hypoxic
exposures over time leads to increased pulmonary artery
pressure and right ventricular hypertrophy and that these
changes do occur in the setting of eight hours of constant
daily hypoxia [13]. The hypothesis that the degree of
pulmonary artery pressure differs between these two strains
of rat when exposed to eight hours of constant daily hy-
poxia over two weeks is confirmed. However, at this time
point pulmonary vascular responsiveness is no different
and more importantly the Brown Norway did not respond
with an increase in right ventricular hypertrophy despite
an increase in pulmonary artery pressure.

The hypoxia paradigms currently popular for simulat-
ing pathophysiologic responses to hypoxiain humans fall
into two categories. steady-state exposures of 8 - 24 hours
and intermittent exposure of varying times with hypoxia/
reoxygenation cycles no greater than 10 minutes. The lat-
ter approach is proposed for the study of the hypoxic
consequences of sleep apnea, and such various short-cycle
hypoxia reoxygenation paradigms are accompanied by
metabolic effects on lipid metabolism [17] and glucose
intolerance [18]. These effects are in part secondary to
the development of free oxygen radicals formed in the
hypoxia reoxygenation process [19]. The common ap-
proach to model the hypoxia of chronic lung disease is a
23 - 24 hour exposure to hypoxia for 2 - 3 weeks. One
recent study compared steady state constant to intermit-
tent exposures, there is a differential effect on pulmonary
vasculature which is at least partially modulated by the
presence or absence of hypercapnia[20]. Neither of these
paradigms however, simulate hypoxia in pulmonary dis-
orders that results from the normal physiology of sleep
[21]. The paradigm we use in this study is designed to
mimic nocturnal hypoxia secondary to ventilation/perfu-
sion mismatch and the hypoventilation of sleep present
in patients with hypoxia inducing-pulmonary disorders
[8,14]. We chose eight hours of hypoxia during the light
period to coincide with the major sleep period of the rat.
This paradigm has been shown by others to result in pro-
totypic hypoxic responses, increases in hematocrit, pulmo-
nary artery pressure, and right ventricular hypertrophy—a
finding we found and confirmed in one strain [13-15,22].

The choice of strains was based on two considerations.
First, we have previously shown that a comparison of
these two strains in regard to the ventilatory chemore-
sponsivness shows that to the same environmental chal-
lenges the Brown Norway strain has a reduced hypoxic
and hypercapnic response compared to the Sprague Daw-
ley, and the response to reoxygenation is also different
with the Brown Norway showing post-hypoxic frequency
and ventilatory decline while the Sprague Dawley shows
a sustained post-hypoxic frequency and ventilation [23,24].
Second, the difference in terms of genetic distance be-
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tween the two strains, the Brown Norway is very differ-
ent (63% difference in synonymous single nucleotide
polymorphisms) from the Sprague Dawley [25]. There-
fore, the genetic differences between the strains, while not
inclusive of all known polymorphisms among rat strains,
is sufficient to test the hypothesis that genetic back-
ground might play a role in the response to chronic, daily
hypoxia.

When Thomeas et al. investigated the development of
pulmonary hypertension in rats exposed to constant hy-
poxiafor 3, 5 and 20 days, the response was found to be
graded and time dependent [8]. Thus, our findings can be
explained by two possible hypotheses. Brown Norway
rats are resistant to the development of pulmonary hy-
pertension by virtue of their genetic make-up and this
would be the maximum effect seen after hypoxic expo-
sure. Alternatively, a more plausible explanation is that
there is an exposure length effect in which pulmonary
hypertension is a stepwise disease starting with increased
pulmonary vascular reactivity followed by increased right
ventricular pressure which eventually leads to right ven-
tricular hypertrophy. This theory would explain why both
strains devel oped increased contractility and right ventri-
cular pressure but not right ventricular hypertrophy at
two weeks of exposure. Assuming such a mechanism is
true; the finding of no difference in the pulmonary reac-
tivity between the two strains might imply that the pul-
monary arteries from both strains have reached maximal
heightened reactivity. This kinetic effect is supported by
the previous findings that confirm the development of
increased vascular reactivity and increased right ventri-
cular pressure over atwenty day period [8].

The increased pulmonary vascular contractility is proba-
bly secondary to a combination of increased reactivity
and a fixed vascular component (remodeling). In humans,
acute increases in pulmonary arterial pressure are associ-
ated with nocturnal hypoxemic episodes and may lead to
the development of pulmonary hypertension [1,14]. It is
also documented that patients with sleep apnea and rest-
ing daytime pulmonary hypertension have increased hy-
poxic pulmonary vasoconstriction as well as increased
resistance to pulmonary blood flow, suggesting both a
reactive and fixed (remodeled) vascular component of the
pulmonary hypertension [22,26]. Another important con-
sideration in diseases associated with hypoxia is the fact
that the presence of hypercapnea leads to more severe
pulmonary hypertension [27]. In the present report, the
rats were not made hypercapnic, and, athough we did
not measure arterial blood gasses, the animals were likely
hypocapnic. The action of carbon dioxide in the pulmo-
nary circulation may depend on the pulmonary arterial
pressure with hypercapnia causing vasoconstriction at low
pulmonary arterial pressure and vasodilatation at high
pressure [28]. How a hypercapnic environment could
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have affected our results is not entirely clear. In sum-
mary, the present study reports the development of dif-
ferent degrees of pulmonary hypertension in two strains
of rats in response to constant daily hypoxia, simulating
the hypoxia-reoxygenation cycle seen with hypoxia in
diseases such as chronic abstructive pulmonary disease.
Although the episodic nature of the hypoxia may be
similar to that seen in diseases like chronic obstructive
pulmonary disease and idiopathic pulmonary fibrosis,
further studies are needed to determine the mechanism of
resistance of certain strains and the genetic factors con-
tributing to differences in right ventricular remodeling in
this exposure paradigm.
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