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Mechanisms underlying the impairment of endothelium-dependent
relaxation in the pulmonary artery of monocrotaline-induced

pulmonary hypertensive rats
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1 It has been reported that endothelium-dependent relaxation is impaired in pulmonary
hypertensive vessels. The underlying mechanisms for this phenomenon, however, have not yet been
identified. In this study, the mechanisms responsible for decreased endothelium-dependent relaxation
in the pulmonary artery isolated from monocrotaline (MCT)-induced pulmonary hypertensive rat
(MCT rat) were examined. MCT (60 mg kg="), or its vehicle was administered by a single
subcutaneous injection to 6-week-old male Sprague Dawley rats.

2 Endothelium-dependent relaxation induced by carbachol or ionomycin in the MCT rat artery
was significantly smaller than that in vehicle-treated rat (control rat) artery. Cyclic GMP levels,
measured by enzyme-immunoassay, under resting or stimulation with carbachol or ionomycin were
also smaller in the MCT rat artery. However, sodium nitroprusside-induced cyclic GMP
accumulation in the endothelium-denuded artery was similar in control and MCT rats. These
results suggest that MCT treatment decreases endothelial nitric oxide (NO) production.

3 Resting endothelial Ca?" levels ([Ca®"]) in the fura-PE3-loaded MCT rat artery, were not
different from those in the control rat. However, the increase in endothelial [Ca®"]; elicited by
carbachol was attenuated in the MCT rat.

4 In quantitative RT—PCR analysis, the expression of mRNA encoding endothelial NO synthase
was rather increased in the MCT rat artery, suggesting an up-regulation of eNOS expression.

5 These results provide evidence that impaired NO-mediated arterial relaxation in the MCT rat is
due to dissociation between eNOS expression and NO production. This dissociation may be derived
from an inhibition of receptor-mediated Ca®" metabolism and also from the apparent decrease in

Ca*" sensitivity of eNOS.

Keywords: Pulmonary hypertension;
intracellular Ca””*

endothelium;

endothelium-dependent

relaxation; nitric oxide; NOS mRNA;

Abbreviations: eNOS, endothelial NO synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; iNOS, inducible NO
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Introduction

Pulmonary hypertension is characterized by elevated pulmon-
ary blood pressure, abnormally thickened pulmonary arteries,
and right ventricular hypertrophy. Because single subcutaneous
injection of monocrotaline (MCT), a plant toxin pyrolizine
alkaloid, induces pulmonary hypertension and right ventricular
hypertrophy (Hayashi et al., 1967; Meyrick et al., 1980; Ghodsi
& Will, 1981), the MCT-treated rat (MCT rat) has been widely
used as an experimental model of pulmonary hypertension.
Nitric oxide (NO) is produced from L-arginine by
endothelial NO synthase (eNOS) and causes smooth muscle
relaxation by the activation of soluble guanylate cyclase
followed by cyclic GMP accumulation (Moncada et al.,
1991). eNOS is stimulated by the increase in endothelial Ca?*
concentration (Luckhoff & Busse, 1990; Busse & Mulsche,
1990). It has been reported that endothelium-dependent
vasodilators fail to relax the pulmonary arterial strips isolated
from the MCT rat (Altiere et al., 1985; Ito et al., 1988; Mathew
et al., 1995), suggesting the possibility of a reduction in
endothelial NO release. The decrease in endothelium-
dependent relaxation has also been reported in chronic
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hypoxia-induced pulmonary hypertensive rats (Adnot et al.,
1991) and in patients with pulmonary hypertension in chronic
obstructive lung disease (Dinh-Xuan et al, 1991; 1993).
Although the loss of endothelium-dependent relaxation has
been considered to be a pathogenesis of pulmonary hyperten-
sion (Dinh-Xuan, 1992), eNOS mRNA and/or protein
expression in pulmonary arteries have been shown to be up-
regulated in pulmonary hypertensive rats, suggesting the
possibility of an increase in endothelial NO release (Le Cras
et al., 1996; Resta et al., 1997). These reports suggest a low
availability of bioactive NO in pulmonary hypertensive rats.
To clarify the mechanisms responsible for the impaired
endothelium-dependent relaxation in pulmonary hypertension,
we examined the changes in endothelial NO synthesis in
pulmonary artery isolated from the MCT rat.

Methods

Monocrotaline (MCT)-induced pulmonary hypertensive
rats

MCT (Sigma, U.S.A.) (300 mg) was dissolved in 1.8 ml 1 M
HCI, and 3—4 ml of distilled water was added. This solution
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was adjusted to pH 7.4 with | M NaOH and filled up to 15 ml
by distilled water (Hayashi et al., 1967). MCT (60 mg kg~!),
or its vehicle was administered to 6-week-old male Sprague
Dawley rats (180—210 g) as a single subcutaneous injection.
Rats were housed with a 12:12-light-dark cycle and given
water and standard rat chow ad libitum. All experiments were
carried out 21 days after the administration. Animal care and
treatment were conducted in conformity with institutional
guidelines of The University of Tokyo.

Tissue preparations

Rats were killed by a sharp blow on the neck and
exsanguination. Heart and lungs were removed en bloc, and
right and left extrapulmonary arteries were dissected. After
removal of the arteries, the right ventricle (RV) and left
ventricle plus septum (LV + S) were separated and weighed.

Solutions

Physiological salt solution (PSS) contained (in mMm): NaCl
136.9, KCl 5.4, CaCl, 1.5, MgCl, 1.0, glucose 5.5, and HEPES
5.0, and was saturated with 100% O, at 37°C. The pH was
adjusted to 7.3-7.4 with 1M NaOH at 37°C. The
endothelium-dependent relaxation was not changed in PSS
buffered by NaHCOj; aerated with 95% O, and 5% CO,. High
K™* solution (72.7 mM) was prepared by replacing NaCl with
equimolar KCl. Ca?*-free solution was made by omitting
CaCl, and adding 0.5 mM O, O'-bis (2-aminoethyl) ethylene-
glycol-N, N, N, N'-tetraacetic acid (EGTA). Ethylenediamine-
tetraacetic acid (EDTA, 0.1 mM) was added to all the solutions
to remove contaminating heavy metal ions.

Measurements of muscle force

The pulmonary arteries were cut into rings approximately
2 mm wide. In some experiments, the intimal surface of the
ring was gently rubbed with a glass rod moistened with PSS to
remove the endothelium. Muscle tension was recorded
isometrically under a resting tension of 10 mN. At the end of
each experiment, 100 uM papaverine was added to determine
the basal tone.

Measurement of endothelial Ca’”" level

Measurement of intracellular Ca®* levels ([Ca**]) in
endothelial cells in situ was performed according to the method
described by Sato er al. (1990). Briefly, endothelium-intact
pulmonary arterial tissue (1 mm wide) was incubated in PSS
with 5 uM of the acetoxymethyl ester of fura-PE3 and 0.02%
cremophor EL for 30 min at room temperature. The
fluorescence was measured with a fluorimeter (CAF 110,
Japan Spectroscopic, Japan). When fura-PE3 fluorescence was
detected from the endothelial surface, carbachol, but not high
K™, induced an increase in [Ca®*].. Since smooth muscle cells
but not endothelial cells have voltage-dependent Ca®*
channels (Hallam & Pearson, 1986; Colden-Stanfield et al.,
1987; Johns et al., 1987), this result suggests that the
fluorescence was derived only from endothelial cells. Absolute
[Ca®"]; was calculated using the equation of Grynkiewicz et al.
(1985). After observation of the [Ca®*]; response to carbachol
at the 1.5 mM of Ca®* concentration in PSS ([Ca®>*],) (normal
PSS), ionomycin (1 uM), which induced a maximum increase in
[Ca?"]; was added at 6.5 mMm [Ca?'], to obtain maximum
[Ca?"]; levels (Ry.y), and the external Ca?* was then removed
(with 4 mM EGTA) to obtain a minimum [Ca®"]; level (R;,)

2+

(Figure 3A). At the end of each experiment, Mn*" (5 mM) was
added to quench fura-PE3 fluorescence and to determine the
background fluorescence of the tissue. The fluorescence excited
at 340 nm (F340) and at 380 nm (F380) was calculated after
subtracting the background fluorescence. The dissociation
constant of the fura-PE3-Ca®>" complex, K, was assumed to
be 290 nM (Vorndran et al., 1995).

Measurement of cyclic GMP content

Subsequent to the incubation with or without test agent,
vascular rings (approximately 5 mm wide) were immediately
frozen in liquid nitrogen and homogenized in 6%
trichloroacetic acid solution. After centrifugation at
2000 x g for 15 min at 4°C, supernatant was applied to the
cyclic GMP enzyme-immunoassay system (Amersham, U.K.)
whereas pellet was used to determine the protein content by
the method of Bradford (1976). Because weighting the tissue
prior to incubation damaged endothelial functions, and
because the rings were quickly frozen after incubation, it
was not possible to measure the wet weight of the tissue
before or after incubation. For these reasons, we determined
the ratio of protein content to wet weight of the tissue in
separate experiments. Using this ratio, the cyclic GMP
contents were expressed as fmol mg~! cell water. The tissue
cell water content was determined as described previously
(Urakawa et al., 1970). It has been reported that
extracellular matrix proteins, such as collagen and elastin,
are increased in the MCT rat artery (Todorovich-Hunter et
al., 1988). Our preliminary experiment showed that the
MCT rat artery had appriximately 2 fold higher protein
content than control rat artery (unpublished observation).
Therefore, we expressed cyclic GMP levels relative to cell
water content rather than protein content, properly to reflect
the cell volume.

Quantitative RT—PCR

Total RNA was extracted from endothelium-intact
pulmonary artery by the acid-guanidinium isothiocynate
phenol chloroform (AGPC) method (Chomczynski & Sacci,
1987), and the concentration of RNA was adjusted to
1 pg/ul with RNase-free distilled water. RT—PCR was
performed using the Takara RNA PCR Kit Ver.2 (Takara
Biomedicals, Japan). First-strand ¢cDNA was synthesized
using a random 9-mer primer and AMV Reverse
Transcriptase XL at 30°C for 10 min, 55°C for 30 min,
99°C for 5 min, and 5°C for 2 min. PCR amplification
was performed using Takara Taq polymerase. The
oligonucleotide primers for eNOS designed from bovine
eNOS (Sessa et al., 1992) were TAC CAG CCG GGG
GAC CAC (forward) and CGA GCT GAC AGA GTA
GTA (reverse). The oligonucleotide primers for inducible
NO synthase (iNOS) and the rat glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) used have been
described previously by Niwa et al. (1996). After initial
denaturation at 94°C for 2 min, 28-43 cycles (5 cycle
interval) of amplifications at 94°C for 0.5 min, 60°C for
0.5 min, and 72°C for 1.5 min were carried out using a
thermal cycler (Takara PCR Thermal Cycler PERSONAL
TP240, Takara Biomedicals, Japan). PCR-products in each
of the cycles were electrophoresed on 2% agarose gel
containing 0.1% ethidium bromide. The possible contam-
ination of DNA was excluded by a PCR with total RNA
without the reverse transcription step. Detectable fluor-
escent bands were visualized by a u.v.-transilluminator.
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Statistical analysis

The results of the experiments are expressed as mean+
s.e.mean. Student’s #-test was used for the statistical analysis.
P values of less than 0.05 were considered to be significant.

Chemicals

The chemicals used were carbachol hydrochloride, pheny-
lephrine hydrochloride, ionomycin calcium salt, verapamil
hydrochloride, papaverine hydrochloride (Sigma, U.S.A.),
sodium nitroprusside (Wako Pure Chemicals, Japan), and
fura-PE3 (Teflabs, U.S.A.). Ionomycin calcium salt was
dissolved in ethanol. Fura-PE3 was dissolved in dimethyl
sulphoxide. Other chemicals were dissolved in distilled
water.

Results

Effects of monocrotaline treatment on rat body weight
and cardiac weight

As shown in Table 1, body weight measured after 21 days of
administration was lower in the MCT rat than in the vehicle-
treated rat (control rat). The ratios of RV weight to body
weight and RV weight to LV + S weight were also increased in
MCT rat, suggesting the occurrence of right ventricular
hypertrophy. Right ventricular hypertrophy was shown to be
a reliable index of pulmonary hypertension in this model
(Wanstall & D’onnell, 1990).

Endothelium-dependent relaxation

In the artery with endothelium, carbachol (3 nM—30 uMm)
inhibited the muscle contraction elicited by I uM phenylephrine
in a concentration-dependent manner (Figure 1A). The
carbachol-induced endothelium-dependent relaxation was
significantly attenuated in the MCT rat. The maximum
relaxation due to carbachol was 80.2+5.1% (n=7) in the
control rat and 23.7+6.3% (n=6) in the MCT rat (P<0.01).

In the artery with endothelium, ionomycin (1 nM—1 uM)
inhibited the muscle contraction elicited by 1 uM phenylephr-
ine in a concentration-dependent manner (Figure 1B). The
effect of ionomycin was significantly attenuated in the MCT
rat; the maximum relaxation due to ionomycin was
67.3+6.5% (n=4) in the control rat and 20.7+8.0% (n=4)
in the MCT rat (P<0.01).

Table 1 Effects of MCT-treatment on rat body weight and
cardiac weight

Control (n=754) MCT (n=50)
BW (0 day, g) 183.9+1.8 186.8+1.9
BW (21 day, g) 359.5+4.2 307.6+5.6%
LV+S/BW (g kg™ ") 2.28+0.02 2.3440.04
RV/BW g kg™ 0.6440.01 1.05+0.03*
RV/LV+S (gg™ 1) 0.28+0.01 0.4540.01*

Results are expressed as mean+s.e.mean. *; Significantly
different from control rat at P<0.01. Number of animals is
indicated in parentheses. BW (0 days), body weight before
injection; BW (21 day), body weight at 21 days after
injection; LV +S, wet weight of left ventricle plus septum;
RV, wet weight of right ventricle; RV/LV +S, ratio of RVto
LV+S.

Cyclic GMP content in pulmonary artery

In the artery without endothelium (Figure 2A), the resting
cyclic GMP content in the MCT rat did not differ from that
in the control rat. SNP increased the cyclic GMP content in
a time-dependent manner. MCT-treatment did not affect the
SNP-induced increase in cyclic GMP content. In the artery
with endothelium (Figure 2B), the resting cyclic GMP
content was greater in the control rat than in the MCT
rat (P<0.05). In the control rat artery, 2 min treatment of
both carbachol and ionomycin increased the cyclic GMP
content. In the MCT rat artery, however, carbachol but not
ionomycin increased the cyclic GMP content. The increase
in cyclic GMP due to carbachol was smaller in the MCT rat
artery than in the control rat artery (P<0.01).

Cytosolic Ca®* levels in endothelial cells

Endothelial [Ca®*]; at resting condition was 66.2+11.5 nM
(n=6) in the control rat artery; this concentration was not
significantly different from that in the MCT rat artery
(82.1+11.0 nM, n=6). As shown in Figure 3A, carbachol
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Figure 1 (A) Effects of carbachol on phenylephrine (1 um)-induced
contraction in the endothelium-intact pulmonary artery. (B) Effects
of ionomycin on phenylephrine (1 um)-induced contraction in the
endothelium-intact pulmonary artery. Carbachol or ionomycin was
added after the phenylephrine-induced contraction had reached a
steady-state level. Results are expressed as mean+s.e.mean. (n=4—
7). * and **; significantly different from the control rat with P<0.05
and P<0.01, respectively.
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Figure 2 Changes in cyclic GMP content in the pulmonary artery of
control and MCT rats. (A) shows the effect of SNP (1 um) in the
endothelium-denuded artery of control and MCT rats. (B) shows the
effects of carbachol and ionomycin in the endothelium-intact
pulmonary artery of control and MCT rats. Results are expressed
as mean+s.e.mean. (n=6-21). * and **; significantly different
between the control rat and MCT rat with P<0.05 and P<0.01,
respectively. NS, not significant.

(10 um) induced a transient increase in [Ca®*]; followed by a

sustained increase. The peak amplitude of the increase in
[Ca?"]; was lower in the MCT rat (238.94+27.5 nM in the
control rat and 101.4+12.3 nM in the MCT rat, n=06 each,
P<0.01). The carbachol-induced increase in [Ca’’]; at
sustained phase was also lower in the MCT rat
(11394152 nM in the control rat and 60.3+11.0 nM in
the MCT rat, n=6 each, P<0.01) (Figure 3B).

Quantitative RT—PCR for NO synthase mRNA

As shown in Figure 4, the expression of RT-PCR
products encoding GAPDH (308 basepairs) and iNOS
(442 basepairs) were identical in the MCT and the control
rats. In the quantitative analysis for eNOS, in contrast,
the detectable RT—-PCR product encoding eNOS (459
basepairs) could be observed from 33 cycles of PCR
amplification in the MCT rat but not in the control rat.
Similar results were obtained in five out of seven
experiments. In the other two experiments, however,
expression of eNOS mRNA in the MCT rat artery was
not different from that in the control rat artery.
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Figure 3 Effect of carbachol on endothelial [Ca’*],. (A) shows a
typical recording of the change in [Ca® " J; in endothelial cell measured in
situ. After observation of [Ca®"]; response to carbachol at 1.5 mm
[Ca®"],, ionomycin (1 uM) was added at 6.5 mm [Ca®*], to obtain a
maximum [Ca®"J; level (Riax), and external Ca®* was removed (with
4 mM EGTA) to obtain a minimum [Ca® " J; level (Ryy;n). (B) shows the
effect of carbachol on endothelial [Ca®"]; in control and MCT rats.
Results are expressed as mean+s.e.mean. (n=06). **; significantly
different between the control rat and MCT rat with P<0.01.

Discussion

In the present results, endothelium-dependent relaxation
induced by carbachol or ionomycin was attenuated in the
pulmonary artery of the MCT rat. These results are consistent
with previous reports in which endothelium-dependent
relaxation caused by receptor agonists (Altiere et al., 1985;
Ito et al., 1988; Adnot et al., 1991; Mathew et al., 1995) or by
calcium ionophore (Mathew et al., 1995) was shown to be
impaired in the pulmonary artery of pulmonary hypertensive
rats. In the light microscopic observation, endothelial
excoriation was not observed in the MCT rat artery (n=06)
(data not shown). Therefore, we hypothesized and examined
the possibility that the MCT-induced impairment of endothe-
lium-dependent relaxation might result from (1) decreased
endothelial NO production and/or (2) decreased cyclic GMP
production ability in smooth muscle cells.

Endothelial NO production was examined by measuring the
cyclic GMP content, an indicator of endothelial NO
production. Resting cyclic GMP content was greater in the
presence of endothelium in both control and MCT rat arteries.
In the presence of endothelium, however, the resting cyclic
GMP content in the MCT rat artery was significantly smaller
than that in the control rat artery. Furthermore, the increase in
cyclic GMP content elicited by carbachol or ionomycin was
again significantly smaller in the MCT rat artery. On the other
hand, SNP elicited a similar increase in cyclic GMP in control
and MCT rat arteries. These results suggest that the guanylate
cyclase/cyclic GMP pathway in smooth muscle cells is not
changed by MCT and that decreased cyclic GMP levels in the
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Figure 4 Quantitative RT—-PCR for determination of mRNA of
eNOS and iNOS in pulmonary artery with endothelium. Agarose-gel
electrophoresis of RT—PCR products for eNOS, iNOS, and GAPDH
after 28, 33, 38, and 43 cycles of amplification. Total RNA was
isolated from the endothelium-intact artery of control and MCT rats.
Agarose-gel electrophoresis demonstrated RT—-PCR products of
expected size corresponding to mRNA encoding the iNOS (442 base
pairs), eNOS (459 base pairs), and GAPDH (308 base pairs).

MCT rat artery might be due to decreased NO production. It
has been reported that endothelin is involved in the MCT-
induced pulmonary hypertension (Takahashi er al., 1998;
Frasch et al., 1999). Furthermore, when rats were chronically
treated with an endothelin ET-A receptor antagonist,
LU135252, during the application of MCT, MCT-induced
impairment of NO-dependent vasodilations were partly
inhibited, suggesting that impairment of NO-dependent
vasodilation is at least partly mediated by endothelin system
(Prie et al., 1998). Further investigations are necessary to
evaluate the contribution of the endothelin system to the
reduced NO production and/or impairment of endothelium-
dependent relaxation.

An increase in endothelial [Ca®"]; activates NO synthesis in
endothelial cells (Luckhoff & Busse, 1990; Busse & Mulsche,
1990). We found that an increase in endothelial [Ca®"];
stimulated by the maximally effective concentration of
carbachol is significantly smaller in the MCT rat than in the
control rat at both transient and tonic phases. This result
suggests that abnormalities in Ca>" handling may at least in
part be responsible for the decreased activity of carbachol in
producing NO in the MCT rat artery. Consistently, in cultured
vascular endothelial cells of the aldosterone-salt hypertensive
rat, it has been shown that [Ca®" ], response to acetylcholine was
attenuated (Liu et al., 1995). In addition, in cultured aortic
endothelial cells of the spontaneously hypertensive rat,
bradykinin-induced increases in [Ca®*]; have been shown to
be impaired (Wang et al., 1995).

Tonomycin causes endothelium-dependent relaxation with-
out any direct activation of receptor-mediated signal

transduction. Ionomycin-induced relaxation was also weaker
in the MCT rat artery than in the control rat artery.
Moreover, although the resting endothelial [Ca’*]; was not
changed by MCT-treatment, resting cyclic GMP level in
artery with endothelium was significantly lower in the MCT
rat than in the control rat. These results suggest that MCT
rat endothelial cells synthesize less NO at a given [Ca’'];.
The apparent decrease in Ca®" sensitivity may be due to the
changes in eNOS protein in such a manner to inhibit the
interaction with Ca?*-calmodulin-caveolin. Since caveolin
has been reported to inhibit eNOS activity, whereas Ca>"-
calmodulin complex attenuates its inhibitory effect (Shaul et
al., 1996; Michel et al., 1997a, b), it is also possible that the
interaction between eNOS and caveolin may be changed.
Another possibility is that, in the MCT rat endothelium,
Ca’" may be localized in a compartment apart from eNOS.
The existence of Ca®>" compartments has been discussed in
smooth muscle cell (Karaki et al,, 1997). However, Ca*"*
localization may not explain the attenuated effect of
ionomycin, which is believed to elicit a global increase in
cellular Ca®". Further experiments are necessary to evaluate
these possibilities.

The change in the amount of eNOS was examined by
RT—-PCR analysis, which revealed that eNOS mRNA
expression in endothelium was increased in the MCT rat
artery. These results suggest that impairment of NO
production may not be due to decreased eNOS expression.
Others have also reported that eNOS mRNA and/or
protein expression was rather increased in pulmonary
vessels prepared from hypoxia- and MCT-induced, and
fawn-hooded pulmonary hypertensive rats (Le Cras et al.,
1996; Resta et al., 1997, Tyler et al., 1999). In this study,
eNOS expression was up-regulated, although NO produc-
tion was decreased in the MCT rat endothelium.
Endothelial cells may up-regulate eNOS expression to
compensate for the endothelial dysfunction. In contrast,
Resta et al. (1997) reported that eNOS expression was
upregulated and that the arginine vasopressin-induced
endothelium-dependent  vasodilation was enhanced in
isolated perfused rat lung isolated from the MCT-treated
rat compared to that of the control rat. The difference
between these results might be due to the difference in the
preparations used; i.e. conduit artery in our study versus
resistance artery in Resta er al. (1997).

We also found that there was no difference in the iNOS
mRNA expression between the control and MCT rat
arteries. However, others have reported that iNOS mRNA
and protein expression were up-regulated in lung homo-
genate and small intrapulmonary vessels from chronic
hypoxic rats (Xue & Johns, 1996; Le Cras et al., 1996).
These differences may be due to the difference in arteries
and/or animal models.

It has been reported that impaired endothelium-depen-
dent relaxation in isolated MCT rat pulmonary artery was
not restored by the addition of a NO precursor, L-arginine,
or a superoxide scavenger, superoxide dimustase (Mathew et
al., 1995), and we confirmed this (unpublished observation).
Thus, the change in the availability of L-arginine and the
elimination of NO by superoxide might not be involved in
the impaired endothelium-dependent relaxation in the MCT
rat artery.

In summary, our study has demonstrated that, in the
MCT rat pulmonary artery, eNOS is up-regulated, although
the total NO production is reduced at resting condition and
also at carbachol- or ionomycin-stimulated conditions,
resulting in an impairment of endothelium-dependent
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relaxation. This dissociation may be explained by the
abnormality in intracellular Ca®>" metabolism linked to the
receptor activation and apparent decrease in Ca®"-
sensitivity of eNOS. However, MCT-treatment does not
seem to down-regulate the guanylate cyclase/cyclic GMP
pathway.
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