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1 The use of isolated blood vessels to investigate the physiological and pharmacological control of the
vasculature is limited by the requirement to use freshly isolated vessels. Hence, the aim of this study was
to determine whether vascular smooth muscle and endothelial cell function could be preserved in
resistance arteries by storing them in physiological salt solution (PSS) at 48C.
2 Third order mesenteric resistance arteries (mean internal diameter 237+6 mm) were dissected from
the mesenteric bed of male Cob-Wistar rats. The vessel segments were mounted in a small vessel
myograph for measurement of isometric tension, and equilibrated at their optimum resting force.
Contractile responses to noradrenaline (NA; 161079 ± 361075

M), phenylephrine (PE, 161079 ±
361075

M), potassium chloride (KCl; 2.5 ± 140 mM) and endothelin (ET-1, 1610711 ± 361077
M) and

relaxant responses to acetylcholine (ACh; 161079 ± 361075
M) and 3-morpholinosydnonimine (SIN-1;

161079 ± 161074
M) were obtained in arteries, immediately after dissection (day 0) and following one to

four days storage (day 1 ± day 4).

3 All arteries produced concentration-dependent contractions in response to each of the
vasoconstrictors. There were no signi®cant di�erences in the magnitude or sensitivity (pD2) of the
vasoconstrictor responses between fresh and stored vessels.

4 Arteries precontracted with NA to approximately 80% of the maximum response, relaxed in a
concentration-dependent manner in response to ACh and SIN-1. Vessel storage for up to three days
resulted in no change in response to ACh or SIN-1.

5 Vessels analysed after four days of storage demonstrated a signi®cant increase in sensitivity to ACh
and SIN-1 (7logIC50 (M) values; ACh; day 0, 7.46+0.13 vs day 4, 7.97+0.11, P50.01 and SIN-1; day
0, 4.87+0.10 vs day 4, 5.52+0.08, P50.01). There was also a signi®cant increase in the maximum
relaxant response to ACh after four days of storage (% relaxation; day 0, 92.65+2.84 vs day 4,
100.36+0.36, P50.05).

6 These results demonstrate that small resistance arteries remain viable if stored in PSS at 48C for up to
four days, with no loss in endothelial cell function. The altered sensitivity to the vasodilators on day 4
suggests that vessels should only be stored for up to three days following dissection for analysis of
functional responses.

Keywords: Mesenteric resistance arteries; endothelium; vascular smooth muscle; cold storage

Introduction

Isolated blood vessel segments are used extensively to

investigate in vitro the physiological and pharmacological
control of the vasculature and the mechanisms responsible for
deranged vascular function in disease states. One of the major

limitations of this type of investigation is the perceived need to
use freshly isolated blood vessels. This is mainly due to the
well-documented fragility of the vascular endothelium, which

may be damaged both during isolation and storage (Kristek et
al., 1993; Torok et al., 1993), in contrast to smooth muscle
which can remain viable for up to eight days when stored at 2 ±
68C (Kristek et al., 1993). The requirement that blood vessels

must be freshly isolated restricts the number of investigations
which can be performed on vessel segments from a single
animal and is even more problematic when human blood

vessels are studied, since the availability of such vessels can be
both irregular and unpredictable. Consequently, a straightfor-
ward and reliable method for storing vessels before experi-

mentation is desirable and this idea has stimulated
investigations into both refrigeration (2 ± 68C; Shibata, 1969;
Carrier et al., 1973; Kristek et al., 1993; Torok et al., 1993) and

low temperature (770 or 71908C) cryopreservation of blood

vessel samples (Muller-Schwienitzer et al., 1986; Ku et al.,
1990).

Most studies carried out to date on the e�ects of storage of

blood vessels on vascular reactivity have been performed with
large conduit vessels (Shibata, 1969; Carrier 1973; Kristek et
al., 1993; Torok et al., 1993) rather than small vessels.

However, following the introduction of small vessel myo-
graphy (Mulvany & Halpern, 1977), it has become desirable to
preserve vascular function in small resistance arteries for a
prolonged period of time. The aim of the experiments

described in this study was, therefore, to determine whether
vascular smooth muscle and endothelial cell function could be
preserved in resistance arteries by storing them in physiological

salt solution (PSS) at 48C.

Methods

Experimental set-up

Male Cob-Wistar rats (150 ± 250 g) were killed by asphyxiation
with CO2 followed by cervical dislocation. The mesenteric bed
was removed and placed in cold (48C) PSS of the following
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composition (mM): NaCl 119, KCl 4.7, CaCl2 2.5, MgSO4 1.17,
NaHCO3 25, KH2PO4 1.18, ethylenediaminetetra-acetic acid
di-potassium salt (K2EDTA) 0.026 and D-glucose 5.5. Third

order branches of the mesenteric artery (mean internal
diameter; 237+6 mm, 107 vessels from 32 rats) were dissected
from the mesenteric bed and cleaned of connective tissues

under a light microscope. One was used immediately after
dissection (day 0) whilst the others were stored separately (at
48C, in vials containing 1 ml PSS) for up to four days (day 1 ±
day 4).

The mesenteric arterial vessel segments were mounted in a
small vessel, dual chamber, myograph (chamber volume
12.5 ml) for measurement of isometric tension. Two myo-

graphs were used in parallel, allowing investigation of four
vessels each day. Each vessel segment, approximately 2 mm in
length, was mounted on two 40 mm stainless steel wires, one of

which was attached to a force transducer and the other to a
micrometer. The length of each vessel segment was measured
by a light microscope, with the vessel segment bathed in PSS at
378C, bubbled with 95% O2 and 5% CO2.

Following equilibration for 30 min, stepwise radial stretch-
ing was performed to determine the lumen diameter necessary
for optimal force generation. This was achieved by applying

the LaPlace relationship as described by Mulvany & Halpern
(1977). The vessel segment was then stretched to achieve 90%
of the diameter expected if it had been relaxed and exposed to

a transmural pressure of 13.3 kPa (100 mmHg). This resting
tension has been previously shown to produce maximal force
generation in the rat mesenteric artery (Buus et al., 1994;

Falloon et al., 1995).
The vessel segment was allowed to equilibrate for a further

30 min before the viability was assessed by use of a standard
start procedure. This consisted of stimulating twice with KPSS

(125 mM, made by equimolar substitution of KCl for NaCl in
PSS) containing 1075

M noradrenaline (NA), then once with
KPSS alone and once with 1075

M NA alone. Finally the vessel

segment was stimulated for a third time with NA-KPSS. The
vessel segment was activated for 2 min with each solution
followed by a 5 min washout period in PSS to allow full

relaxation. The measurement of viability is performed in these
vessels to determine whether the isolation and mounting of the
vessel damaged the arterial wall. This is achieved by
calculating the e�ective pressure induced by the contractile

agonist from the LaPlace relation (e�ective pressure=wall
tension/(internal circumference/ (2p)), which corrects the small
di�erences in the length and diameter of the vessel segments

(Mulvany & Halpern, 1977). Exposure of rat mesenteric
arteries usually produces a response 420 kPa and, by
convention, arteries are considered unviable (damaged) if the

e�ective pressure is less than 13.3 kPa.

Protocols

The ability of the vessel to respond to contractile and dilator
agents was investigated by producing cumulative concentra-
tion-response curves (CCRCs). CCRCs were obtained for

noradrenaline (NA; 161079 ± 361075
M), acetylcholine

(ACh; 161079 ± 361075
M), 3-morpholinosydnonimine

(SIN-1; 161079 ± 161074
M), phenylephrine (PE; 161079 ±

361075 M), potassium chloride (KCl; 2.5 ± 140 mM) and
endothelin-1 (ET-1; 1610711 ± 361077

M). After each CCRC
the vessel was washed four times with PSS and allowed a

15 min equilibration period in PSS before exposure to the next
agent. Responses to vasodilator agents were determined
following production of a stable contraction with 3 mM NA
(which induced approximately 80% maximum contraction).

Drugs

All salts were obtained from BDH Laboratory Supplies

(Poole, Dorset). Acetylcholine chloride, noradrenaline bitar-
trate, phenylephrine hydrochloride were from Sigma (Poole,
Dorset). SIN-1 was a gift from Dr K. Schona®nger (Cassella,

Germany) and endothelin-1 was obtained from Calbiochem-
Novabiochem (U.K.) Ltd, (Beeston, Nottingham).

All drugs were dissolved in distilled water with the
exception of ET-1. Endothelin stock was dissolved in 5%

ethanol. Further dilutions were made in 50% methanol/50%
distilled water, divided into aliquots and stored as 1075

M

stock solutions at 7208C. On the day of use a stock solution

was thawed and subsequent dilutions were made in distilled
water. These solutions were added directly to the PSS in the
myograph chamber to give the ®nal dilutions.

Statistics

All values presented are mean+s.e.mean for n experiments.

NA, PE, KCl and ET-1-induced tension is expressed as a
percentage of the maximum contractile response to that agent.
The relaxation to ACh and SIN-1 is expressed as a percentage

of the NA-induced precontraction.
Sensitivity to the agent is expressed as the negative log of

the e�ective concentration (M) of the drug required to produce

50% of the maximum e�ect (pD2 for vasoconstrictors and
7log IC50 for vasodilators). The sensitivity was calculated
from each concentration-response curve by ®tting the Hill

equation by use of a curve ®tting programme (Fig.P; Biosoft,
Cambridge, U.K.).

Student's independent samples t test was employed in the
statistical comparison between the sensitivity and maximum

responses (relaxation or contraction) of CCRCs in fresh and
stored vessels. Signi®cance was assumed if P50.05.

Results

The standard start procedure demonstrated that the vessels
analysed immediately following dissection were viable and that
this viability was una�ected by storage over a four day period
(Table 1). Indeed, all the arteries used in this investigation were

shown to be viable. The arteries produced strong, concentra-
tion-dependent, contractions in response to each of the
vasoconstrictors, NA, PE, KCl and ET-1. The magnitude and

sensitivity of these responses were una�ected by storage (Table
2a).

The concentration of noradrenaline required to produce

approximately 80% of the maximum contractile response in
freshly isolated vessels was 3 mM. This concentration was used
to precontract the tissues in order to assess the relaxant

properties of the vasodilator agents. The contraction produced
by this concentration of NA was unchanged by storage for two
days but was signi®cantly reduced on day 3 (Table 3).
However, the reduction observed on day 3 was not sustained

on day 4.
Following precontraction with 3 mM NA, ACh and SIN-1

both induced concentration-dependent relaxations which were

still evident after four days of storage. Storage of the vessels
for up to three days resulted in no change in the responses
induced by these agents (Table 2b). The magnitude and

sensitivity of the relaxations was unchanged until the fourth
day of storage, when the arteries demonstrated a signi®cant
increase in the maximum response to ACh (P50.05) and a
signi®cant increase in sensitivity (P50.01) to both ACh and
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SIN-1 (Table 2b). A trend towards an increased maximum
response to SIN-1 was also observed, but this was not

signi®cant.

Discussion

The results of this study indicate that rat mesenteric resistance

arteries remain viable if stored in PSS at 48C for up to four
days. The sensitivity of the arteries to the vasodilators, ACh
and SIN-1, remained stable following the ®rst three days of
cold storage and thereafter increased on day 4, whereas

responses to vasoconstrictor agonists were unaltered.

Vasodilator function

Previous investigations have shown that cells in the vascular
wall undergo time-dependent alterations when stored at 48C.
The severity and speed of these changes vary between di�erent
cell types with the earliest alterations occurring in nerve ®bres
and endothelial cells (Kristek et al., 1993). These morpholo-
gical alterations are accompanied by functional abnormalities,

with endothelium-dependent relaxation reduced after as little
as 24 h storage (Flanders et al., 1996). Similarly, cryopreserva-
tion, which involves storing the tissues in dimethylsulphoxide

(DMSO) at either 770 or 71908C, produces endothelial cell
dysfunction (Ku et al., 1990). In addition to the problems this
poses for pharmacological investigation, such endothelial cell

dysfunction is a cause for concern for bypass grafting and
organ transplantation. Consequently the preservative e�ects of
a variety of solutions have been investigated. Whilst this has

produced evidence that some preservation solutions (Uni-
versity of Wisconsin, St Thomas' Hospital) are better for
preserving endothelial function in rabbit aorta (Eberl et al.,
1993) and porcine hepatic artery (Flanders et al., 1996), the

reasons for these di�erences are unclear. Indications into the
protective action of these solutions are not provided by
comparison of their contents. University of Wisconsin

(Flanders et al., 1996) solution is a calcium-free, high
potassium solution which contains agents which inhibit free
radical generation (adenosine, allopurinol, glutathione) and

platelet aggregation (adenosine). In contrast, St. Thomas'

Table 1 The e�ect of prolonged cold storage on the
viability of rat mesenteric resistance arteries

Viability (kPa)

Day 0
Day 1
Day 2
Day 3
Day 4

26.33+1.78 (24)
29.14+2.56 (22)
27.87+2.08 (24)
29.66+2.76 (20)
31.42+2.55 (17)

Values are mean+s.e.mean, n numbers in parentheses. The
viability value is an indication of the e�ective pressure
developed by the artery in response to a solution containing
high concentrations of potassium (125 mM) and NA
(10±5 M), which produces a maximal contraction. It is
calculated from the LaPlace relation (e�ective pressure=wall
tension/ (internal circumference/ (2p)) and is used routinely
to determine whether a vessel has been damaged during
isolation. In the present investigation measurement of
viability also provided an indication of whether prolonged
storage had caused a loss of viability. Rat mesenteric arteries
usually produce an e�ective pressure >20 kPa and are
considered unviable if the e�ective active pressure developed
in response to NA-KPSS is less than 13.3 kPa (100 mmHg).
All the vessels mounted in the organ bath for the present
study were shown to be viable.
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solution is a simple salt solution containing moderately high

concentrations of potassium and magnesium but not glucose
(Eberl et al., 1993).

In contrast to previous investigations with large conduit

arteries, our results demonstrated that the rat mesenteric
resistance artery retains endothelium-dependent vasodilator
function throughout the period of preservation. This suggests
that the endothelium in these vessels does not become

damaged as rapidly as the endothelium of rabbit aortae.
Indeed, the sensitivity to both endothelium-dependent and
-independent dilators was increased signi®cantly after storage

for four days. The vasodilators used in this investigation both
act by the production of nitric oxide (Furchgott et al., 1987;
Feelisch & Noack, 1987); ACh induces vasodilatation by

stimulation of constitutive nitric oxide synthase (eNOS;
Fostermann et al., 1991) in the endothelium, whilst SIN-1
(the active metabolite of molsidomine) spontaneously releases

NO by a free radical process following base-catalyzed
hydrolysis to produce endothelium-independent relaxation
(Feelisch, 1991). NO production causes vasodilatation by
stimulation of soluble guanylate cyclase with the subsequent

elevation of cyclic guanosine 3':5' monophosphate (cyclic
GMP; Waldman & Murad, 1987), which lowers intracellular
Ca2+ concentrations in the smooth muscle cells. The observed

increase in sensitivity on day 4 to both ACh and SIN-1 in our
studies, with no accompanying change in sensitivity to
vasoconstrictors, suggests that the enzyme guanylate cyclase

could have become upregulated (Moncada et al., 1991).
It has been demonstrated that the basal release of NO from

the endothelium in vivo acts to reduce the sensitivity of the
vascular wall to agonist-induced dilatation (Busse et al., 1989).

This basal release is stimulated by shear stress activation of
eNOS (Nishida et al., 1992) and, therefore, is unlikely to occur
in the stored arteries. Consequently, it is possible that a

reduced basal release of endothelium-derived NO results in an
upregulation of guanylate cyclase. However, it should be noted
that endothelial cell dysfunction in stored rabbit aorta was not

accompanied by an increased sensitivity to sodium nitroprus-
side (Torok et al., 1993). Alternatively, the increased sensitivity
we observed to ACh and SIN-1 could be due to an increase in

permeability of the vascular smooth muscle cells to nitric
oxide. Previous investigations have suggested that increased
smooth muscle cell permeability may develop (Torok et al.,
1993) and this may allow more e�cient access of NO to soluble

guanylate cyclase in the vascular smooth muscle cells.
It is unclear why endothelial cell function is preserved in the

rat mesenteric arteries but not in larger vessels stored at a

similar temperature (Kristek et al., 1993; Torok et al., 1993;
Flanders et al., 1996). The size and origin of the vessels may be
important as endothelial cell function appears to vary

according to the diameter of the vessel (Hae¯iger et al.,

1993), and upon its anatomical origin (Vanhoutte & Miller,
1985). Alternatively, the di�erent storage conditions may be
signi®cant as some preservative solutions appear to more

e�ective than others in maintaining the function of the
endothelium (Eberl et al., 1993; Vohra et al., 1997). Further
work is required to clarify the cause of these variations.

Vasoconstrictor function

The measurement of vessel viability is usually performed to

ensure that vessel preparation does not damage the vessel wall.
As an experienced myographer will rarely cause such damage,
the inclusion of this measurement in the present study further

demonstrated that prolonged storage did not impair viability.
Indeed, the e�ective pressure (viability) measurements were
remarkably consistent throughout the study (Table 1).

It has been suggested that the changes in contractile
function detected in stored vessels represent a balance between
the e�ects of endothelial cell and smooth muscle cell
dysfunction (Kristek et al., 1993). Consequently, the observed

increase in sensitivity of the rabbit aorta to NA after
preservation for three to four days (Shibata, 1969; Carrier et
al., 1973; Vohra et al., 1997) may be the result of early

endothelial cell dysfunction, as the vascular endothelium can
modulate the constrictor response to many agonists. This
would be similar to the increased reactivity to NA (Dohi et al.,

1990) documented following removal of the endothelium in
mesenteric resistance arteries from normal rats. Alternatively,
Kristek et al. (1993) suggested that storage leads to altered

calcium homeostasis, as a result of increased permeability and
membrane depolarization. As the time of preservation length-
ens, the increased response to NA is probably balanced by an
attenuation resulting from gradual impairment of contractile

function.
Our investigation demonstrated that NA and PE-induced

contractions in the rat mesenteric artery were una�ected by

storage. It is possible that the conservation of endothelium-
dependent relaxation prevented the increased responsiveness to
these agonists observed by other investigators (Shibata, 1969;

Carrier et al., 1973; Kristek et al., 1993). Furthermore, the
maintenance of these responses indicated that a-adrenoceptor-
mediated vasoconstriction was not altered by storage.

Despite the maintained response to NA and PE throughout

storage, the precontracting concentration of NA (361076
M)

produced responses that were reduced on days 3 and 4. Despite
the similarity of these measurements, the reduction was only

signi®cant (when compared with fresh vessels) on day 3. It is
considered necessary to use a submaximal concentration of the
precontracting agent for investigation of responses to

vasodilators to prevent over-estimation of the sensitivity of
the tissue to these agents. However, at submaximal concentra-
tions NA often produced a biphasic response with a slight loss

of tone after the initial contraction, after which the contraction
stabilized. This loss of tone appeared to be more marked on
days 3 and 4, accounting for the reduced contractile response,
but was highly variable. The lack of signi®cance on day 4 was a

consequence of the variability of this biphasic response.
In contrast to NA, it has previously been shown that KCl-

mediated vasoconstriction is signi®cantly reduced following

preservation for four days, but this reduction could be partially
attenuated if preservation was performed in a high potassium
Ringer solution (Shibata, 1969). This may be due to storage-

induced alterations in the smooth muscle cell polarization
state, as preservation has been shown to reduce signi®cantly
intracellular potassium but increase intracellular sodium and
calcium (Carrier et al., 1973). Our results demonstrated that

Table 3 The e�ect of cold storage on the magnitude of
noradrenaline (3 mM)-induced precontraction in rat mesen-
teric resistance artery

Precontraction (mN mm±1)
ACh SIN-1

Day 0
Day 1
Day 2
Day 3
Day 4

1.91+0.15
2.47+0.23
2.07+0.20
1.45+0.15*
1.92+0.42

2.24+0.19
2.47+0.17
2.31+0.16
1.63+0.21{
1.72+0.45

Values are mean+s.e.mean, n=10. P<0.05 when compared
with precontraction value for day 0, *ACh and {SIN-1, by
use of Student's independent samples t test.
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such changes were not signi®cant in the rat mesenteric artery,
as responses to KCl were unaltered.

Contractile responses to endothelin-1 following prolonged

storage of the vessels have not been investigated previously.
However, various insults, including hypoxia, can lead to the
release of this potent vasoconstrictor by endothelial cells

(reviewed in Haynes & Webb, 1993), resulting in receptor
down-regulation and reduced sensitivity to this agonist (Clozel
et al., 1993). Consequently, it is possible that the endothelial
damage described in larger vessels following storage (Kristek

et al., 1993; Torok et al., 1993; Flanders et al., 1996), would
have caused reduced sensitivity to endothelin-1. The unaltered
response in the rat mesenteric artery to ET-1 in our studies

suggests that prolonged storage of this tissue does not lead to
signi®cant release of ET-1 from the vascular endothelium. This
supports the argument that there is no signi®cant endothelial

cell damage in these vessels after storage, which is consistent
with the results of our experiments with the vasodilator ACh.

Finally, the maintenance of the responsiveness to the
vasoconstrictors studied suggests that the contractile activity

of the smooth muscle was not attenuated during preservation.
This is consistent with previous investigations carried out in
rabbit conduit arteries, in which contractile function to

exogenously applied vasoconstrictors was not reduced after
preservation for up to eight days (Shibata, 1969; Kristek et al.,
1993). Indeed, Shibata (1969) demonstrated that contractile

responses to NA in those vessels were only reduced
signi®cantly after 10 ± 12 days preservation and detectable
contractions were still present after twenty days storage in

Ringer solution.
In summary, no comprehensive studies have previously

been published in relation to the preservation of resistance

artery function after prolonged storage in physiological media.
We have clearly demonstrated that rat mesenteric artery
segments maintain stable responsiveness to vasoconstrictors

and the endothelium-dependent and endothelium-independent
vasodilators, ACh and SIN-1, respectively, for up to four days
when stored in a simple PSS medium at 48C. The increase in
sensitivity observed with both ACh (endothelium-dependent)
and SIN-1 (endothelium-independent) on day four suggests an
increase in smooth muscle sensitivity to NO after this storage
period. Preservation of the contractile responses implies that

receptor function and smooth muscle cell polarization state are
not adversely a�ected by preservation. Consequently, rat
resistance artery segments can be stored for subsequent

investigation and do not develop the signi®cant endothelial
cell damage previously observed in larger arteries. This should
allow more e�cient use of animals tissues in the future, with

stored arteries being used for the purpose of training personnel
in the myography procedure, or demonstrating functional
responses of isolated vessels to students. Further work will be
necessary in order to determine whether vascular function in

human resistance artery segments, obtained from gluteal fat
biopsies, can be preserved under similar conditions of cold
storage.
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