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Abstract

Vascular function of Donryu rats fed on a normal or cholesterol-supplemented diet was examined in the isolated perfused mesenteric
arterial bed and portally perfused liver. In mesenteric preparations, frequency-dependent vasoconstriction to electrical field stimulation
(4-32 Hz, 1 ms, 90 V, 30 s) and dose-dependent vasoconstriction to noradrenaline (0.15-1500 nmol) was similar in both groups.
Dose-dependent vasoconstriction to a,8-methylene ATP (0.05-500 nmol) via P,y purinoceptors was significantly impaired in Donryu
rats fed on a cholesterol-supplemented diet. In preparations with raised tone (methoxamine 5-35 wM), there was no significant difference
in endothelium-dependent relaxation to acetylcholine and ATP, or endothelium-independent relaxation to sodium nitroprusside. In liver
preparations, there was no difference in frequency-dependent vasoconstriction to electrical field stimulation (2-32 Hz, 1 ms, 90 V, 30 s),
or dose-dependent vasoconstriction to noradrenaline (0.05-500 nmol) and «.B-methylene ATP (0.05-500 nmol) between the groups. In
conclusion, in mesenteric arteries, but not in the hepatic portal vasculature of Donryu rats fed on cholesterol P,y purinoceptor function is

impaired, but sympathetic neurotransmission is unaffected. Mesenteric endothelial and smooth muscle function is unimpaired.
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1. Introduction

The Pittsburgh Yoshida rat has recently been presented
as a novel model of endogenous hyperlipidemia (Fantappie
et al,, 1992; Chinellato et al., 1994a,b). This inbred rat
model is characterised by high serum lipids as well as by
decreased endothelium-dependent relaxation and morpho-
logical alteration of thoracic aortic endothelial cells, partic-
ularly after feeding on a cholesterol-supplemented diet
(Chinellato et al., 1994a,b). Notably, there is an absence of
atheromatous lesions or functional and morphological
damage of smooth muscle cells in the aorta (Chinellato et
al., 1994a,b). This animal model has been developed by
innoculation of the Donryu rat with Yoshida sarcoma cells
{Omura et al., 1995). Vascular function of the Donryu rat,
in the absence or presence of a high cholesterol diet has
not been studied.

In experimental animals and in humans, impaired en-
dothelial function in hyperlipidemia and atherosclerosis
has been shown, particularly in the aorta and in coronary
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arteries (Verbeuren et al., 1986; Cohen et al., 1988;
Forstermann et al., 1988; Shimokawa et al., 1988; Osborne
et al., 1989; Shimokawa and Vanhoutte, 1989; Kang et al.,
1995). Selectively augmented and decreased responses to
vasoconstrictor agents in hypercholesterolemia and athero-
sclerosis have also been described (Al-Jubouri and Al-
Bayati, 1981; Verbeuren et al., 1986; Heistad et al., 1984,
Ibengwe and Suzuki, 1986; Lopez et al., 1989; Trzeciak et
al., 1993; Lamping et al., 1994). Perivascular nerves may
also be affected; exposure to a high cholesterol diet
throughout development and maturation leads to impair-
ment of sympathetic function of the rat tail artery due to
impaired storage and release of transmitter (Panek et al.,
1985). In 12-month-old Watanabe heritable hyperlipidemic
rabbits, a model of familial hypercholesterolemia, there is
a reduction in nerve-mediated constrictor responses of the
mesenteric artery (Stewart-Lee et al., 1991, 1992).

The aim of this study was to further characterize vascu-
lar function in the Donryu rat before and after dietary
supplementation with cholesterol. Specifically, we exam-
ined sympathetic constrictor function in the hepatic portal
vasculature, and sympathetic constriction and endo-
thelium-dependent and -independent relaxation in the
mesenteric arterial vasculature.
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2. Materials and methods
2.1. Animals

Male Donryu rats (2-month-old) were obtained from
Charles River Japan. One group of rats was fed on a
standard control diet and water ad libitum. The other group
received the same diet enriched with 4% cholesterol, 1%
cholic acid, 0.5% thiouracil (CCT diet) for 2 months (Joris
et al., 1983; Chinellato et al., 1994a,b).

2.2. Isolated mesenteric arterial bed preparation

Rats were killed by asphyxiation with CO,. Mesenteric
beds were isolated and set up for perfusion as described
previously (Ralevic et al., 1993). The abdomen was opened
and the superior mesenteric artery exposed and cannulated
with a hypodermic needle. The superior mesenteric vein
was severed, the gut dissected away and the preparation
mounted on a stainless steel grid (7 X 5 cm) in a humid
chamber (custom made at University College London,
London, UK). The preparation was perfused at a constant
flow rate of 5 ml min~' using a peristaltic pump (model
7554-30; Cole-Parmer Instrument, Chicago, IL, USA). The
perfusate was Krebs solution of the following composition
(mM): NaCl 133, KCl 4.7, NaH, PO, 1.35, NaHCO, 16.3,
MgSO, 0.61, CaCl, 2.52 and glucose 7.8, gassed with
95% 0O,-5% CO, and maintained at 37°C. Responses were
measured as changes in perfusion pressure (mm Hg) with a
pressure transducer (model P23XL; Viggo-Spectramed,
Oxnard, CA, USA) on a side arm of the perfusion cannula,
and recorded on a polygraph (model 7D; Grass Instrument,
Quincy, MA, USA). Preparations were allowed to equili-
brate for 30 min prior to experimentation.

Frequency-response curves were produced by passing a
current (2-32 Hz, 90 V, 1 ms, 30 s) across each prepara-
tion between the metal needle and the wire grid (acting as
two electrodes) on which the preparation rested. After a
recovery period of 10 min, vasoconstrictor responses of
preparations to a range of increasing doses (50-ul bolus
injections) of noradrenaline and «,B-methylene ATP were
assessed. Preparations from each of a Donryu rat fed a
normal and a CCT diet were studied simultaneously, and
for each particular dose of a substance preparations were
injected one immediately after the other. For noradrena-

Table |
Serum lipid spectrum of Donryu rats with and without a cholesterol-sup-
plemented diet (mg ml™")

Control diet High-cholesterol diet

Total serum cholesterol ~ 2.57 +£0.32 7.05+2.04 ¢
High-density lipoprotein  1.78 £0.24 1.35£029 ¢
Low-density lipoprotein ~ 0.52+0.15 6.83+2.0°
Triglyceride 0.61+0.14 0.45+0.1

Cholesterol levels were determined from n=7 rats in each group.
* Significant difference from control ( P < 0.05).
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Fig. 1. (a) Frequency-response curves to electrical field stimulation (4-32
Hz, 1 ms, 90 V, 30 s) showing constrictor responses of mesenteric arterial
preparations from Donryu rats fed on a control diet (@, n=7) or on a
cholesterol-supplemented diet (O, n=7). Data are presented as means
with vertical bars indicating S.E.M. (b) Dose-response curves showing
constrictor responses to noradrenaline (NA) of mesenteric arterial prepa-
rations from Donryu rats fed on a control diet (@, n = 7) and Donryu rats
fed on a cholesterol-supplemented diet (O, n= 7). Data are presented as
means with vertical bars indicating S.E.M.

line, individual doses were applied at intervals of at least 2
min at low doses, but as much as 10 min at high doses,
depending on the time it took for the tone to return to
baseline. Because of desensitization doses of «, 3-methyl-
ene ATP were applied at 10 min intervals. Approximately
10 min was allowed between consecutive dose-response
curves to agonists.

Tone was raised by the addition of methoxamine (5-35
wM) to the perfusate and vasodilator responses to acetyl-
choline, ATP and sodium nitroprusside examined.

2.3. Isolated liver preparation

Livers were isolated and perfused via the portal vein as
described previously (Mathie et al. 1996). The portal vein
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was cannulated with a 1-mm bore metal cannula and the
liver flushed with approximately 2 mil of Krebs solution.
The liver was carefully cut away from surrounding tissues
and placed on a metal grid in a humid chamber as de-
scribed above for the mesenteric arterial bed preparation.
The portal vascular bed was perfused at a constant flow
rate of 5 ml min~' with Krebs solution at 37°C, gassed
with 95% O, /5% CO,. Electrical field stimulation (2-32
Hz, 1 ms, 90 V, 30 s) and exogenous application of drugs
was as described for the isolated mesenteric arterial bed.

2.4. Cholesterol and triglyceride determinations

Total and high-density lipoprotein (HDL) serum choles-
terol levels were determined by the cholesterol oxi-
dase /peroxidase method (Allain et al., 1974) and the
low-density lipoprotein (LDL) levels determined by calcu-
lation. HDL was determined by this method on serum
samples after removal of LDL and very low-density
lipoprotein (VLDL) fractions with phosphotungstic acid
and MgCl,. Serum triglyceride content was determined
enzymatically (Megraw et al., 1979).

2.5. Drugs used

All drugs were applied as 50-ul bolus injections into a
rubber septum proximal to the preparations. Drug dilutions
were made up daily in distilled water, except for nor-
adrenaline and 5-hydroxytryptamine, which were made up
daily as stock solutions in 0.1 mM ascorbic acid and
diluted in distilled water. The following drugs were ob-
tained from Sigma: acetylcholine chloride, adenosine 5'-
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triphosphate (disodium salt), alpha beta methylene ATP
(lithium salt), methoxamine hydrochloride, noradrenaline
bitartrate and sodium nitroprusside.

2.6. Data analysis

Responses were measured as changes in perfusion pres-
sure (mm Hg) and presented as mean 4+ S.E.M. Response
curves were compared by analysis of variance with re-
peated measures and differences considered statistically
significant when P < 0.05. Post-hoc analysis was by Stu-
dent’s r-test.

3. Results
3.1. Animals

Donryu rats fed a normal diet weighed 470+ 1.3 g
(n="7); those on a CCT diet weighed 2592+ 1.6 g
(n = 7). The serum lipid spectrum is summarised in Table
1.

3.2. Mesenteric arterial bed

Basal perfusion pressure of the beds was similar in the
two groups: 26.71 £+ 4.86 mm Hg (n =7) in controls and
26.17 + 5.26 mm Hg (n = 7) in Donryu rats.

3.2.1. Vasoconstrictor responses to electrical field stimula-
tion

Electrical field stimulation (4-32 Hz, 1 ms, 90 V, 30 s)
elicited frequency-dependent vasoconstriction which was

2 min
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Fig. 2. Representative traces showing vasoconstrictor responses of mesenteric arterial beds from a Donryu rat fed on a control diet (upper trace) and a
Donryu rat fed on a cholesterol-supplemented diet (lower trace) to doses (—log mol) of noradrenaline (NA; 0.15-1500 nmol) and «,S-methylene ATP
(a, 8-meATP; 0.05-500 nmol). For clarity, only alternate doses of NA are labelled at the far left of the trace. Perfusion pressure scale change applies to
responses to noradrenaline only for the top dose in the control diet and the top three doses in the high-cholesterol diet. The scale for &, 8-methylene ATP is

as for the lower doses of noradrenaline.
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Fig. 3. Dose-response curves showing constrictor responses to «, 8-meth-
ylene ATP (a,B-meATP) of mesenteric arterial preparations from Don-
ryu rats fed on a control diet (@, n=7) and Donryu rats fed on a
cholesterol-supplemented diet (O, n=7) rats. Data are presented as
means with vertical bars indicating S.EM. * P < 0.05; " P <0.01.

similar in Donryu rats fed on a control and CCT diet (Fig.
la). These responses are due to activation of perivascular
sympathetic nerves since they are abolished by guanethi-
dine (Ralevic et al., 1993).

3.2.2. Vasoconstrictor responses to exogenous noradrena-
line

Dose-dependent vasoconstrictor responses to noradrena-
line (0.05-1500 nmol) were similar in both groups of
Donryu rats (Fig. 1b and Fig. 2).

3.2.3. Vasoconstrictor responses to exogenous «,[3-meth-
vlene ATP

Dose-dependent vasoconstrictor responses to «, -
methylene ATP (0.05-500 nmol) were significantly atten-
uated in Donryu rats fed on a CCT diet compared to those
fed on a control diet (P = 0.01) (Figs. 2 and 3).

3.2.4. Vasodilator responses to acetylcholine, ATP and
sodium nitroprusside

Methoxamine (5-35 M) was used to raise the tone of
the preparations. There was no difference between the
preparations in the degree of tone achieved or in the
concentration of methoxamine used to elicit the increase in
tone: control diet, 77.84 + 8.47 mm Hg with 12.5+3.9
uM methoxamine (n=7); CCT diet, 69.09 + 6.41 mm
Hg with 15.0 + 3.9 M methoxamine (n = 7).

There was no significant difference in dose-dependent

Fig. 4. Dose-response curves showing vasodilatation of mesenteric arte-
rial preparations from Donryu rats fed on a control diet (@, n=7) and
Donryu rats fed on a cholesterol-supplemented diet (O, n=7) to: (a)
acetyicholine (ACh), (b) ATP and (c) sodium nitroprusside (SNP). Data
are presented as means with vertical bars indicating S.E.M.

relaxation to acetylcholine (0.0005-50 nmol), ATP
(0.005-50 nmol) or sodium nitroprusside (0.005-50 nmol)
between the groups (Fig. 4).
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3.3. Hepatic portal vascular bed

Basal perfusion pressure was similar in livers from
Donryu rats fed on a control diet (2.80 £+ 0.89 mm Hg,
n==6) and CCT diet (2.33+0.92, n="7).
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3.3.1. Vasoconstrictor responses to electrical field stimula-
tion

Electrical field stimulation (2-32 Hz, 1 ms, 90 V, 30 s)
elicited frequency-dependent vasoconstriction which was
similar in both groups (Fig. 5a).

3.3.2. Vasoconstrictor responses to exogenous noradrena-
line and a,B-methylene ATP

Exogenous noradrenaline (0.05~1500 nmol) and «,3-
methylene ATP (0.05-500 nmol) elicited similar dose-de-
pendent vasoconstriction in both groups (Fig. 5b).

4. Discussion

The rat is not generally favoured as a model to study
atherosclerosis because of its resistance to develop athero-
sclerotic lesions. However, the characterization of elevated
serum lipid levels in the Yoshida heritable hyperlipidemic
rat, together with reports of impaired aortic endothelial
vasodilator function and aberrant aortic endothelial mor-
phology raise this as a potential model for the study of
hyperlipidemia (Fantappié et al., 1992; Chinellato et al.,
1994a,b). This animal model is derived from the Donryu
rat by innoculation with Yoshida sarcoma cells (Omura et
al., 1995). The present study characterizes, for the first
time, responses of the mesenteric arterial and hepatic
portal vasculature in the Donryu rat with and without a
cholesterol-supplemented diet.

The increase in total serum cholesterol levels in choles-
terol-fed Donryu rats was not uniform for the different
lipid fractions; HDL was significantly decreased and LDL
was significantly increased. HDL particles are antiathero-
genic due to their participation in reverse cholesterol trans-
port from peripheral tissues to the liver where it is
catabolised. An increase in LDL is typically associated
with the development of atherosclerotic lesions and it is
possible that prolonged feeding of the rats with the high
cholesterol diet may eventually result in such lesions.
Changes in the endothelial content of endothelin-1 and
different isoforms of nitric oxide synthase have been ob-
served in the aorta from this model (unpublished observa-
tions). The decrease in HDL is in contrast to the choles-
terol-fed Yoshida rat where HDL was increased (Chinel-
lato et al., 1994b). A decrease in plasma HDL has also
been noted in diet-induced atherosclerosis in rabbits (Thiery
and Seidel, 1987) and the genetic model Watanabe herita-
ble hyperlipidemic rabbits (Saku et al., 1989; Cirillo et al.,
1992).

Fig. 5. Responses of the portally perfused hepatic vasculature from
Donryu rats fed on either a control (@) or a cholesterol-supplemented
(O) diet: (a) frequency-response curves showing constriction to electrical
field stimulation (2—32 Hz, 1 ms, 90 V, 30 s); (b) dose-response curves to
noradrenaline (NA); and (c) dose-response curves to «,8-methylene ATP
(a,B-meATP). Data are presented as means with vertical bars indicating
SEM.
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The present study shows that endothelial function of the
mesenteric arterial bed of the Donryu rat is unimpaired
after dietary cholesterol supplementation. A relative resis-
tance of mesenteric arteries to malfunction has previously
been reported; hypercholesterolemia in rabbits was associ-
ated with atherosclerotic lesions and impaired endothe-
lium-dependent relaxation in the aorta, whereas mesenteric
and cerebral small arteries were largely unaffected (Simon-
sen et al., 1991). Impaired aortic endothelial function has
also been observed in the Yoshida rat (Chinellato et al.,
1994b). Freiman and coworkers noted that impaired en-
dothelial function of the iliac artery of hypercholes-
terolemic dogs required the development of atherosclerosis
(Freiman et al., 1986). It is possible that this could explain
the different susceptibilities of mesenteric and other arter-
ies to endothelial malfunction. Augmented constrictor re-
sponses to 5-hydroxytryptamine have been described in the
mesenteric circulation of atherosclerotic monkeys, how-
ever, since this was selective for 5-hydroxytryptamine it is
not likely to involve the endothelium (Toda et al., 1988;
Lopez et al., 1989).

Although attention has focused on the effects of hyper-
lipidemia and atherosclerosis on endothelial function, there
is increasing evidence that these conditions may also affect
perivascular neurotransmission (for references, see Section
1). Hyperresponsiveness to electrical field stimulation and
to exogenous noradrenaline of the mesenteric arterial bed
was observed in rats fed an atherogenic diet (Al-Jubouri
and Al-Bayati, 1981). However, in the present study, there
was no evidence for enhancement of sympathetic neuro-
transmission, either in the mesenteric arterial or hepatic
portal vasculature.

The main finding of the present study was that re-
sponses to the P,, purinoceptor agonist «,(3-methylene
ATP were impaired in mesenteric arteries. This receptor
mediates constrictor responses to ATP, which may be
released as a cotransmitter from sympathetic nerves
(Burnstock, 1990; Sjoblom-Widfeldt et al., 1990). The
mechanism for this impairment is not clear and may
involve changes in purine receptors or post-receptor mech-
anisms. The vascular P,y purinoceptor rapidly desensitizes
(Burnstock and Kennedy, 1985) and it is possible that
prolonged cholesterol-feeding causes changes which facili-
tate this. Cholesterol-feeding had a profound effect on the
body weight of the rats which may have been due to the
combined effects of the mild hypothyroidism (thiouracil
causes suppression of thyroid gland function) and hyperc-
holesterolemia. Since contractile responses were not uni-
formly affected for all agents, it is unlikely that the smaller
body weight and mesenteric bed size of the cholesterol-fed
Donryu rats is the cause of the altered P,y purinoceptor
responsiveness. On the other hand, we cannot definitively
exclude the possibility that the decrease in P, purinocep-
tor responsiveness occurs due to changes secondary to the
increase in cholesterol. While it is intriguing and so far not
clear why selective changes should occur in this particular

receptor population in hyperlipidemia, this is not the first
study to report such changes. Selectivity of effects of
hyperlipidemia on purinoceptors has been suggested for
endothelium-dependent relaxant responses in the Watanabe
heritable hyperlipidemic rabbit, where responses to P,
receptors were retained at a stage when those to Py,
receptors were abolished (Chinellato and Ragazzi, 1995).
In the mesenteric arterial bed of cirrhotic rats, there are
selective changes in P, purinoceptors (Mathie et al., 1996).

Vascular reactivity of the hepatic portal vascular bed of
hyperlipidemic rats has not been extensively examined.
Changes in contractile function and in endothelium-depen-
dent relaxation have been observed in the hepatic artery of
the Watanabe heritable hyperlipidemic rabbit (Brizzolara
et al., 1992). The present study suggests that constrictor
function of the portal vasculature is unchanged in Donryu
rats. Unlike those in mesenteric arteries, responses to
«, B-methylene ATP were unimpaired. Despite the fact
that the liver is a primary site for lipid metabolism mor-
phological changes related to hyperlipidemia did not ap-
pear to take place in either the hepatic vasculature or
mesenteric arteries (unpublished observations).

In conclusion, this study shows a reduction of responses
to the P,y purinoceptor agonist «, B-methylene ATP in the
isolated perfused mesenteric arterial bed of cholesterol-fed
Donryu rats. In contrast, there was no change in sympa-
thetic constriction in the same preparation, or in Py
purinoceptor-mediated responses in the perfused hepatic
portal bed. It is suggested that high cholesterol in the
Donryu rat induces hyperlipidemia and organ-specific
changes in vasculature function.
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