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Circulating [Met]enkephalin and catecholamine
responses to acute hypotension and hypertension in
anaesthetized greyhounds
'D.F.J. Mason, S. Medbak & Lesley H. Rees

Departments of Pharmacology and Chemical Endocrinology, The Medical College of St. Bartholomew's
Hospital and St. Bartholomew's Centre for Research, London ECI

1 The effects of either hypotension induced by sodium nitroprusside or hexamethonium or
hypertension produced by angiotensin II or noradrenaline on the circulating levels of methionine
enkephalin ([Met]enkephalin)-like immunoreactivity (MLI), adrenaline and noradrenaline in anaesth-
etized greyhounds were examined.
2 Nitroprusside infusions (200 and 400 lg min- )induced a fall in blood pressure accompanied by
significant rises in plasma MLI and catecholamine concentrations.
3 Concomitant administration of a high dose of naloxone did not alter the fall in blood pressure
produced by nitroprusside but was associated with greater rises in circulating MLI and catecholamines
when compared to nitroprusside alone, suggesting that [Met]enkephalin is not involved in the
hypotensive action of nitroprusside.
4 Intravenous hexamethonium (2.5 mg kg-') provoked a fall in blood pressure which was not
associated with any changes in plasma MLI. However, it produced a fall in plasma noradrenaline and a
rise in plasma adrenaline. Thus it appears that neural mechanisms are required, at least in part, for the
release of MLI.
5 Angiotensin 11 (1.25 jig kg-' min ') and noradrenaline (8 pg kg-' min ') infusions produced an
elevation in blood pressure without altering the circulating MLI levels.
6 Study of the molecular forms ofcirculating MLI, before and during hypotension, revealed that the
large molecular weight enkephalin-containing peptides with approximate molecular sizes of 1 8kD and
8kD were the predominant forms both in the basal and stimulated states.
7 It is concluded that circulating [Metlenkephalin is not involved in the tonic control of blood
pressure but it may modulate catecholamine release following hypotension as part of the stress
response.

Introduction

There is considerable evidence at present for the
involvement of the endogenous opioid peptides in the
control of cardiovascular function. The administra-
tion ofopiates and opioid peptides provokes profound
cardiovascular changes including marked hypoten-
sion in animals and man (Fennessy & Rattray, 1971;
Laubie et al., 1977; Florez & Mediavilla, 1977;
Lemaire et al., 1978). Moreover areas in the brain
known to play a role in the autonomic control of
cardiovascular function are rich in opioid receptors
and opioid peptides (Atweh & Kumar, 1977; Wamsley
et al., 1982). The cardiovascular role of opioids has
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further been suggested by the efficacy of naloxone in
reversing the fall in blood pressure and improving
cardiac indices and survival in various forms of
circulatory shock demonstrated both in animals
(Holaday & Faden, 1978) and man (Peters et al., 1981;
Hughes, 1984). In addition it has been shown that
plasma concentrations of immunoreactive methion-
ine-enkephalin ([Met]enkephalin)-like peptides rise
during either endotoxin (Evans et al., 1984) or
haemorrhagic (Lang et al., 1982) shock in dogs.
However the mechanisms of action of opioids in
inducing cardiovascular changes are not yet fully
elucidated. In general the effects of administered Met-
enkephalin and analogues on the cardiovascular sys-
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tem, especially blood pressure, depend on the animal
species studied, route of administration and anaesth-
esia used thus causing an increase in blood pressure in
conscious animals (Schaz et al., 1980; Yukimura et al:,
1981; Sander & Giles, 1982) or a decrease in blood
pressure in anaesthetized animals (Wei et al., 1980;
Eulie & Rhee, 1984). When tested, these effects are
blocked by naloxone suggesting the involvement of
opioid receptors. The site(s) of action of circulating
enkephalins on the cardiovascular system is currently
under extensive study. The heart contains opioid
receptors (Burnie, 1981) and the enkephalins have
been shown to have a direct positive inotropic effect on
cultured cardiac myocytes (Laurent et al., 1985).
However, Saunders & Thornhill (1985) showed no
inotropic action of the enkephalins on rat isolated
atria. Other peripheral sites of action of the enke-
phalins include the sympathetic nerves (Gaddis &
Dixon, 1982), peripheral vasculature (Sander et al.,
1981), adrenal chromaffin cells (Kumakura et al.,
1980), baroreceptor reflex activity (Rubin, 1984) or
through pulmonary 'JF chemoreceptors (Sapru et al.,
1981). Centrally, circulating enkephalins could act on
the brain opioid receptors adjacent to the circumven-
tricular regions, areas known to have an incomplete
blood-brain barrier (Holaday, 1983; Eulie & Rhee,
1984). Therefore it was of interest to us to study the
circulating levels of [Metlenkephalin-like immun-
oreactivity (MLI) in response to cardiovascular chan-
ges. In the present series of experiments we studied, in
anaesthetized greyhounds, the responses of plasma
MLI, adrenaline and noradrenaline to: (a) acute
hypotension induced by an infusion of nitroprusside;
with and without concomitant naloxone infusion, (b)
acute hypotension induced by intravenous hexameth-
onium and (c) hypertension induced by angiotensin II
and noradrenaline infusions. In addition, we charac-
terized the molecular forms of circulating MLI by
means of gel-filtration chromatography.

Methods

Animals and surgicalprocedures

Anaesthetized greyhounds with an average body
weight of 30 kg were used in these experiments which
allowed us to withdraw sufficient blood for the
required assays without interfering with the circulat-
ing levels of MLI (Medbak et al., 1983). After an
overnight fast, anaesthesia was induced by intraven-
ous methohexitone sodium (12.5 mg kg') through a
forelimb vein with the overlying skin locally anaesth-
etized. This vein was subsequently used for the
administration of various drugs. Anaesthesia was
maintained by a chloralose-urethane mixture (50 and
500mg kg-' respectively) followed by regular sup-

plements. The trachea was then cannulated and volun-
tary (spontaneous) respiration continued using room
air throughout the experiment. The right jugular vein
was cannulated for blood sampling and the left carotid
artery was catheterized for the continuous
measurements of blood pressure and heart rate.
A control period of at least 30 min was allowed

before each drug administration.

Blood sampling

Venous blood was withdrawn for the measurements of
plasma MLI, adrenaline and noradrenaline before,
during and, at regular intervals after each drug
administration. The first 2 ml of blood of each sample
was discarded. Previous experiments had shown that
the concentrations of MLI in venous and arterial
blood were not significantly different.

Protocol

In a group of five dogs, sodium nitroprusside
(200 pg min-') was infused for 10 min.

In another group of greyhounds, a randomised
within subject comparison of sodium nitroprusside
(400I1gmin-') infused for 10min with and without
concomitant naloxone infusion was carried out with
an interval of at least 1 h between the two treatments.
Naloxone (2.4 mg intravenously as a bolus dose
followed by a constant infusion at a rate of
0.05mgmin-') was started 10min before nitroprus-
side and continued for another 10 min after cessation
of nitroprusside infusion (n = 4).

In three of these animals and after a 60 min rest
period the effect of hypertension on plasma MLI and
adrenaline was studied using noradrenaline (8 fig kg-'
min') infused for 10 min.

In a further group of four dogs angiotensin II
(1.25 Iyg kg-' min-') was infused for 10 min followed
by sodium nitroprusside (400 fgmin ') for 10min
followed by intravenous hexamethonium
(2.5 mg kg- '). Each animal received all three drugs and
in that order with a 90 min rest period in between the
drug administrations.

Drugs

Sodium nitroprusside was obtained from Roche,
naloxone from Du Pont Pharmaceuticals, angiotensin
II from Ciba, hexamethonium from Sigma, and
noradrenaline from Winthrop Laboratories.

Radioimmunoassayforplasma MLI

Blood samples (10 ml) were withdrawn from the right
jugular vein and transferred into lithium-heparin
tubes containing 500 pl (10,000 kallikrein inactivator
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units) of aprotinin proteinase inhibitor (Trasylol,
Bayer). These were spun at 2 g for 0 min and the
supernatant plasma was pipetted into plastic tubes
containing 750 pi of 20 mmol 1- ' glycine in I mol 1'
HCO and immediately frozen by contact with solid CO2
pellets. All samples were stored at - 20'C until
assayed. MLI was measured using an extracted and
highly sensitive C-terminally directed radioimmun-
oassay which will detect Met-enkephalin and some of
its larger molecular forms (Clement-Jones et al., 1980).

Measurement ofplasma catecholamines

Plasma adrenaline and noradrenaline were measured
by the method described by Bouloux et al. (1985).
Briefly, 10 ml blood was collected and transferred into
lithium-heparin tubes containing sodium metabisul-
phite (I mmol 1'- final concentration). The tubes were
centrifuged at 2g for 10min and plasma was trans-
ferred into plastic tubes and flash-frozen using solid
CO2 pellets. Samples were stored at -70'C until
assayed. Catecholamines were extracted from plasma
using alumina acid type WA-4 (Sigma) and assayed by
high performance liquid chromatography and electro-
chemical detection.

Gelfiltration chromatography

Gel filtration chromatography of plasma samples to
characterize the molecular forms of circulating MLI
was carried out on a Sephadex G75 column run in acid
dissociating conditions (1% formic acid). Column
fractions were dried down, reconstituted and assayed
following treatment with trypsin and carboxypep-
tidase B, a procedure used to detect internal enke-
phalin sequences (Medbak et al., 1983).

All results are expressed as mean ± s.e.mean and
statistical analysis was done using Student's t test. Part
of this work was communicated to the British Phar-
macological Society Meeting at the University of
Southampton, 17-19 July, 1985.

Results

Following the infusion of sodium nitroprusside
(200pgmin-') the blood pressure fell significantly
with the systolic falling from a basal of
183 ± 17 mmHg to 116 ± 14mmHg and the diastolic
from 140± 16mmHg to 87± 13mmHg at IOmin.
This was associated with significant rises in plasma
MLI from a basal of 36±6pgml-' to a peak of
79 ± 11 pg ml-' after 10 min (P <0.005), plasma
adrenaline from a basal of 2.80 ± 0.43 nmol 1-' to a

peak of 4.74 ± 0.45 nmo 1`' after 5 min (P< 0.0l1)
and plasma noradrenaline from a basal of
2.34 ± 0.54 nmol 1' to a peak of 4.35 ± 0.34 nmol '
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Figure 1 Plasma [Metlenkephalin-like immunoreac-
tivity (MLI) (0), adrenaline (Ad) (U) and noradrenaline
(NA) (x) levels in five anaesthetized greyhounds in
response to sodium nitroprusside infusion (200 jig min ')
(I). Mean values are shown with s.e.mean indicated by
vertical bars.

after 10min (P<0.001; Figure 1). The peak rises in
plasma MLI and catecholamines coincided with the
fall in blood pressure. When sodium nitroprusside
administration was stopped the blood pressure,
plasma MLI and catecholamine levels returned to
their baseline values within 10-20min. In the next
group of greyhounds the effects of naloxone on the
blood pressure, plasma MLI and catecholamine res-

ponses to sodium nitroprusside infusion were studied.
Naloxone did not alter the basal blood pressure
readings and had no effect on the basal levels of
plasma MLI, adrenaline and noradrenaline. Follow-
ing sodium nitroprusside infusion (400 jig min-') there
were significant decreases in both the systolic
(216± 13mmHg falling to 148 ± 17mmHg after
10min) and diastolic (189± 11 to 123± 17mmHg)
blood pressures which were unchanged in the presence
of naloxone (systolic 220 ± 8 to 158 ± 5; diastolic
181 ± 8 to 133 ± 6 mmHg). However, as shown in
Figure 2 the rises in plasma MLI (after 10 min),
adrenaline (after 5 and 10min) and noradrenaline
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Figure 2 Plasma [Met]enkephalin-like immunoreac-
tivity (MLI) (0), adrenaline (U) and noradrenaline (x)
responses to sodium nitroprusside infusion
(400 pg min-') (*-#) in the presence (solid lines) and
absence (interrupted lines) of naloxone (0) administered
as a bolus dose (+,) followed by an infusion (see text) in
four anaesthetized greyhounds; mean values are shown
with s.e.mean indicated by vertical bars.

(after 5, 10 and 15 min) after sodium nitroprusside
infusion were greater in the presence of naloxone
(P< 0.05; paired t test).

Figure 3 shows the blood pressure, plasma MLI and
catecholamine changes in response to the administra-
tion of angiotensin II, sodium nitroprusside and
hexamethonium. The systolic and diastolic blood
pressures rose significantly following angiotensin II

infusion and decreased after both sodium nitroprus-
side infusion and intravenous hexamethonium. There
were opposite changes in heart rate in each case.

However, plasma MLI changed significantly only
after sodium nitroprusside rising from a basal level of
55± IOpgml-' to a peak of 179±63pgml-' after
15min (P<0.001). This MLI rise was associated
with significant rises in plasma adrenaline from a

basal level of 2.27± 1.12nmollI' to a peak of
8.54 ± 2.70nmoll-' after 5min (P<0.001) and
noradrenaline from a basal level of
3.71 ± 0.36 nmol l ' to a peak of 6.45 ± 1.50 nmol l'

after 5 min (P <0.001). Furthermore, as shown in
Figure 3, plasma adrenaline, unlike plasma MLI, rose
slightly though significantly following both angioten-
sin infusion (from a basal of 0.49 ± 0.05 nmol V' to
2.05 ± 0.41 nmol I` after 5 min) and intravenous hex-
amethonium (from a basal of 0.50 ± 0.10 nmol I' to
1.02 ± 0.29 nmol I` after 5 min). Plasma noradren-
aline however did not change following angiotensin
but fell significantly after hexamethonium (from a
basal of 2.93 ± 0.14nmollI' to 2.05 ± 0.32nmoll'
after 5 min; P< 0.05).

In addition to angiotensin II administration, the
effect of hypertension on plasma MLI and adrenaline
was further studied using noradrenaline infusion.
Figure 4 shows that following noradrenaline infusion
the rise in blood pressure did not provoke changes in
either circulating MLI or adrenaline levels.

In an attempt to characterize the molecular forms of
circulating MLI, gel filtration chromatography ofneat
plasma was carried out on a sephadex G75 column.
Chromatography of plasma obtained in the basal and
stimulated states showed that the larger molecular
forms of [Met]enkephalin with approximate
molecular sizes of l8kD and 8kD were the predomin-
ant forms. However there were no marked differences
in the chromatographic profiles between the basal and
stimulated states (Figure 5).

Discussion

In this study we have shown that nitroprusside
infusion in anaesthetized greyhounds led to hypoten-
sion which was associated with significant rises in
plasma MLI, adrenaline and noradrenaline concen-
trations (Figure 1). The hormonal and blood pressure
changes returned to baseline values shortly after the
cessation ofnitroprusside infusion. These results are in
agreement with previous reports that during hypoten-
sion, induced by circulatory shock the circulating
levels of MLI are elevated (Lang et al., 1982; Evans et
al., 1984). We employed two different doses of
nitroprusside (200 and 400 jg min-') in our
experiments. The fall in blood pressure was the same
with both doses. The basal plasma MLI concentra-
tions were marginally different in the 2 groups;
however, in both the levels were within the normal
range (found in a series of studies in our laboratories)
and both returned to baseline concentrations follow-
ing stimulation. However, the peak rises in plasma
MLI and adrenaline but not noradrenaline following
the high dose were greater compared to the lower dose
(120% rise in MLI after lower dose versus 225%
following higher dose; 69% versus 276% for adren-
aline and 86% versus 74% for noradrenaline, Figures
1 and 3). The reason for the apparent dissociation
between the falls in blood pressure and the rises in the
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Figure 3 Blood pressure (A), plasma [Metienkephalin-like immunoreactivity (MLI) (0), adrenaline (U) and
noradrenaline (x) responses to angiotensin II (1.25pgkg-' min-'), sodium nitroprusside (400 gmin-') and
hexamethonium (2.5 mg kg-') administration in the same group of anaesthetized greyhounds; mean values are shown
with s.e.mean indicated by vertical bars (n = 4).

circulating hormone levels is not clear at present.
[Met]-enkephalin has been shown to produce

hypotension in animals (Moore & Dowling, 1980) and
Hanbauer et al. (1982) have demonstrated that in
reserpine-treated dogs with catecholamine depletion,
splanchnic nerve stimulation produced an increase in
the release of adrenal enkephalins with a fall in blood
pressure rather than the usual rise. Moreover Eulie &
Rhee (1984) showed that in anaesthetized rabbits,
[Met]enkephalin potentiated the hypotension induced
by nitroprusside. The possibility then arises that
endogenously produced [Metlenkephalin could con-
tribute to the hypotensive effect of nitroprusside.
However our data, using naloxone, do not support this
hypothesis. A within subject comparison using
nitroprusside with and without concomitant high dose
naloxone infusion showed that the fall in blood
pressure was similar in the two experiments. This
argues against opioid mechanisms being a major
contributory factor in the hypotensive action of
nitroprusside. Moreover these results differ from
those in shock (Holaday & Faden, 1978) and haemorr-

hagic hypotension (Schadt & Gaddis, 1985) where
naloxone was shown to be effective in reversing the fall
in blood pressure. The rises in plasma adrenaline and
noradrenaline following nitroprusside-induced
hypotension were greater with naloxone than in the
control experiment (Figure 2) suggesting that nalox-
one removes the opioid receptor-mediated inhibitory
effect of [Met]enkephalin on the sympathoadren-
omedullary activity (Kumakura et al., 1980). However
the function of the greater rise in plasma MLI in the
presence of naloxone is not clear at present. It could
represent a consequence of the greater rise in plasma
catecholamines thus acting as a neuromodulator at
adrenomedullary or neural sites to control the release
of catecholamines (Costa et al., 1983).
The source(s) of plasma MLI and the mechanisms

involved in its release are not fully clear at present.
[Metlenkephalin-containing peptides exist in high con-
centrations in the adrenal medualla (Kilpatrick et al.,
1982) co-stored with catecholamines (Viveros et al.,
1979) from where they can be released into the
circulation. Other possible sources of circulating MLI
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Figure 4 Blood pressure (BP) (A), plasma [Met]enke-
phalin-like immunoreactivity (MLI) (-) and adrenaline
(Ad) (U) responses to noradrenaline infusion (8 gg kg-'
min-') (-*) in anaesthetized greyhounds; mean values
are shown with s.e.mean indicated by vertical bars,
(n = 3).

include autonomic ganglia and sympathetic nerves (Di
Giulio et al., 1978) and gut (Polak et al., 1977).

Little is known about the physiological, patho-
physiological and/or pharmacological mechanisms
that are associated with the release of MLI into the
circulation. However, recently we have shown that
circulating MLI levels rise following oral ethanol in
chlorpropamide pretreated human subjects (Medbak
et al., 1981) and dogs (Medbak et al., 1983). Moreover
plasma MLI levels rise in greyhounds during insulin-
induced hypoglycaemia (Medbak et al., 1985) and
artificial hyperventilation (Mason & Medbak, 1986).
To investigate whether neural mechanisms are

important in the control and release of MLI, we

compared the responses to nitroprusside followed,
after a rest period, by a high dose of the ganglion
blocker, hexamethonium. In those animals nitroprus-
side led to the expected fall in blood pressure together
with elevation of plasma MLI and catecholamines.

However, although hexamethonium produced sig-
nificant hypotension it was not associated with any
changes in plasma MLI (Figure 3). Moreover there
was a fall in plasma noradrenaline and a rise in plasma
adrenaline. These findings suggest that neural
mechanisms are required, at least in part, for the
release of MLI into the circulation during hypoten-
sion, and this was prevented by ganglion blockade by
hexamethonium. The fall in plasma noradrenaline was
probably due to the fact that the major part of
circulating noradrenaline originates from the sym-
pathetic nervous system whose activity would be
inhibited by ganglion blockade. These results are in
agreement with the report of Schadt & Gaddis (1985)
who suggested that endogenous opioid peptides con-
tained in the sympathetic nervous system share similar
release mechanisms with noradrenaline. The rise in
plasma adrenaline following hexamethonium was very
much smaller than after nitroprusside although it was
significant. The reason for this rise is not clear at
present.
The next question we attempted to answer was the

effect of hypertension on the circulating levels ofMLI
and catecholamines. We induced hypertension using
two different drugs. The first was an angiotensin II
infusion which produced a significant elevation in
blood pressure (Figure 3). However, there was very
little change in plasma MLI and noradrenaline whilst
the plasma adrenaline levels rose significantly (Figure
3). As most (over 90%) of the catecholamine secreted
by the adrenal medulla is adrenaline (Schadt &
Gaddis, 1985) and most of the plasma noradrenaline
originates from the sympathetic nervous system, it
appears that rises in plasma adrenaline without
associated changes in plasma noradrenaline are due to
enhanced adrenomedullary activity. Angiotensin II is
known to stimulate the adrenal medulla (Douglas,
1980) which explains our findings of elevated plasma
adrenaline but not noradrenaline. However plasma
MLI did not change, suggesting that the release of
MLI from the adrenal medulla is less sensitive to
angiotensin II. This is the second piece of evidence
which suggests that the release of adrenaline and MLI
from the adrenal medulla may be independent.
The second hypertensive agent we used was

noradrenaline. Again it produced a significant eleva-
tion of blood pressure but it did not provoke any
alterations in plasma MLI or adrenaline except at
20 min (for the latter) which is probably a response to
the rebound hypotension that occurred 5-10 min after
cessation of the noradrenaline infusion (Figure 4).
These findings suggest that [Met]enkephalin is not
involved in the tonic control of blood pressure.

[Metfenkephalin, like many peptides and hormones
exists in the circulation in different molecular forms
(Medbak et al., 1983). In this study the molecular
forms of circulating MLI have been characterized by

1
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Figure 5 Sephadex G75 chromatography ofplasma obtained before (a) and during (b) hypotension. v denote elution
positions of calibrating peptides. Vo, void volume; B-LPH, B-lipotrophic hormone; ACTH, adrenocorticotrophic
hormone; [Met]enkephalin, methionine enkephalin.

gel filtration chromatography. This revealed that in
both the basal and stimulated states the larger
molecular forms of MLI with approximate molecular
weights of 18 kD and 8 kD were the predominant
forms compared to the smaller molecular forms
(Figure 5). These forms are presumably derived from a
large precursor molecule, proenkephalin, whose
sequence has been predicted from the nucleotide
sequence of its cDNA (Noda et al., 1982). However, it

is still not clear what is the function of these large
molecular weight enkephalin-containing peptides.
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