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Abstract

We have shown previously that chronic intrahippocampal, intraperitoneal and subcuta-
neous administrations of non-peptide opioid receptor agonists induced depressor responses
in the spontaneously hypertensive rat (SHR). However, it is not clear whether the
hypotensive effect of systemic administration involves k receptors behind the blood±brain
barrier. In this study, the relative roles of central vs peripheral k-opioid receptors in the
hypotensive effect of k-agonists was examined in conscious SHRs following chronic
subcutaneous administration of two selective k-agonists, BRL 52656 which freely
penetrates the blood±brain barrier, and BRL 52974 which has only limited ability to do so.

Initial studies determined the dose±response relationship for each of the two drugs given
intraperitoneally twice a day, while monitoring systolic arterial pressure (SAP), mean
arterial pressure (MAP) and heart rate (HR) measured by the tail-cuff method. Both drugs
caused biphasic arterial pressure responses, with lower doses of BRL 52656 causing
depressor effects and higher doses resulting in pressor effects. By contrast, lower doses of
BRL 52974 caused pressor effects and higher doses depressor effects. The biphasic effects
occurred with BRL 52656 from 0�01 to 3�0 mg kgÿ1 and that for BRL 52974 from 0�1 to
30 mg kgÿ1. In subsequent studies the drugs were infused chronically, subcutaneously via
osmotic minipumps over a 14-day period, BRL 52656 at 0�2 or 0�5 mg kgÿ1=day and BRL
52974 at 0�2 mg kgÿ1=day. At lower doses, BRL 52656 decreased SAP, MAP and HR but
at higher doses only bradycardia was observed. BRL 52974 given chronically subcuta-
neously over 14 days had no signi®cant effects on arterial pressure and decreased heart rate
only after seven days of treatment.

Collectively, the results established that only the k-agonist, which gained access to the
central nervous system, lowered arterial pressure and heart rate, whereas the compound
with limited ability to cross the blood±brain barrier was ineffective at equivalent doses.
The complex dose±response pattern found with both drugs suggests that k-agonists have
central hypotensive and bradycardic actions at low doses but at higher doses a mixture of
both central and peripheral actions leads to hypertension and tachycardia.

Among central neuropeptides, k-opioids have a
remarkably broad distribution in brain regions
(Holaday 1985). Activation of k receptors that lay
in neuron populations whose locations are related
to cardiovascular regulation, lead to reductions of
mean arterial pressure (MAP) and heart rate (HR)
(Feuerstein & Faden 1982; Carter & Lightman
1985; Hassen & Broudy 1988; Verberne & Louis
1989; Keay et al 1997). However, peripheral

administration of k-opioid agonists has led to
complex and variable cardiovascular effects (Ran-
dich et al 1993; Szeto et al 1996; Ur et al 1997).
When non-peptide k-agonists are injected as single
intravenous doses into rats, they elicit hypotension
and bradycardia (Gulati & Bhargava 1988; Wu &
Martin 1989), the mechanisms of which may
represent both central and peripheral effects. In the
dog, when U-62,066E, a non-peptide k-opioid
agonist, was injected in single intravenous doses, it
caused hypotension and bradycardia, which was
said to be of peripheral k-receptor origin (Hall et al
1988). The exact central and=or peripheral effects
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depend on the site of administration and other
physiological factors in the animals (Feuerstein &
Faden 1982; Holaday 1983). Our own studies have
established that when non-peptide k-agonists are
given chronically subcutaneously and intraper-
itoneally to conscious rats they lower arterial
pressure in the spontaneously hypertensive rat
(SHR) (Zhai & Ingenito 1997; Shen & Ingenito
1999). The sites and mechanisms involved in the
depressor response, however, are unclear.

In this study we have therefore determined the
involvement of the CNS as a site of action of k-
receptor agonists by comparing the cardiovascular
effectsof twok-agonists,BRL52656andBRL52974,
the latter of which, has dif®culty crossing the blood±
brain barrier (Brooks et al 1993). The data indicated
that thek-agonist thatgainedaccess totheCNScaused
centrally-mediated hypotension in SHR, while
equivalent doses of the agent which did not cross the
blood±brain barrier did not affect arterial pressure.

Materials and Methods

Animals
The experiments were performed using 10- to 11-
week-old male SHRs. The animals were obtained
from Harlan Sprague Dawley Co. (Indianapolis,
IN), and were housed three to a cage in a colony
room maintained on a 12-h light±dark cycle in a
controlled environment (constant temperature
23�C; humidity 50� 10%). The animals were
allowed free access to food and water. The animals
were kept in our animal facility for at least four
days before being used.

Arterial pressure measurement
Basal cardiovascular response was measured by the
tail-cuff method using an IITC Co. computerized
Model 31 system. Analogue recordings of tail-cuff
pressures were converted to digital readouts by a
computer software program that gave systolic
arterial pressure (SAP), MAP and HR for each
animal. All rats whose tail-cuff pressures were to
be determined were ®rst trained to accept brief
con®nement to a cylindrical Plexiglas holder and
tail insertion into the pressure cuff. This was done
over a four-day period before any actual arterial
pressure determinations. The rats were kept in a
temperature-controlled chamber at 28�5�C for
15 min before these determinations. The cardio-
vascular parameter value for each rat was calcu-
lated as the average of three separate measurements
at each session.

Protocol 1: intraperitoneal injection of BRL 52656
and BRL 52974
Rats were randomly divided into three groups. They
were injected with either BRL 52656 (3mg kgÿ1±
3 mg kgÿ1, i.p.), BRL 52974 (30mg kgÿ1±
30 mg kgÿ1, i.p.) or an equivalent volume
(1 mL kgÿ1, i.p.) of sterile saline vehicle twice a
day, morning and afternoon, the two identical doses
being separated by a 6-h interval. SAP, MAP and
HR were then determined on each rat 1 h after drug
or vehicle administration. The average of the two
daily SAP, MAP and HR determinations were
tabulated as the response to each different dose.

Protocol 2: chronic subcutaneous infusion of BRL
52656 and BRL 52974
Rats were randomly divided into four groups. They
were subcutaneously infused with saline, BRL
52656 0�5 or 0�2 mg kgÿ1=day, or BRL 52974
0�2 mg kgÿ1=day by use of a pre-®lled osmotic
minipump (Alzet model 2001, Alza). To implant
the pre-®lled osmotic minipump the animals were
anaesthetized with methohexital sodium
(50 mg kgÿ1, i.p.), and then a minipump was
implanted subcutaneously under the skin on the
back of the rats. Sterile technique was used, and the
rats were given ketorolac (2 mg kgÿ1) to relieve
pain and benzathine penicillin G (50 000 units
kgÿ1) to prevent infection after the surgical
procedure.

SAP, MAP and HR were measured daily under
conscious conditions, beginning three days before the
placement of the minipumps, and continuing daily for
the next 14 days, between 0800 and 1000 h.

Average daily water intake and weight gain were
recorded following intraperitoneal injection and
subcutaneous infusion of the two agents.

Drugs
BRL 52656 (S-(ÿ)-2-(1-pyrrolidinylmethyl)-1-(4-
tri¯uoromethylphenyl) acetyl piperidine hydro-
chloride) and BRL 52974 (4-(1-pyrrolidinyl-
methyl)-5-(3,4-dichlorophenyl acetyl-4,5,6,7-tetra-
hydroimidazo [4,5-c] pyridine) were gifts from
SmithKline Beecham.

Statistics
The results are presented as mean� s.e.m. Data
were analysed by a two-way analysis of variance
followed by an a posteriori Student±Newman±
Keuls test in order to study the differences among
means, or by Student's paired or unpaired t-tests, as
appropriate. The criterion for statistical signi®cance
used was P< 0�05.
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Results

Dose±response relationships of intraperitoneal
administration of BRL 52656 and BRL 52974
Doses in the range 3 mg kgÿ1±3 mg kgÿ1 BRL
52656 and 30mg kgÿ1±30 mg kgÿ1 BRL 52974
were administered intraperitoneally to SHRs twice
a day, one day for each increasing dose, and cardio-
vascular responses were measured 1 h after each
injection using the tail-cuff method (Figure 1). The
lowest doses, 3 mg kgÿ1 BRL 52656 and 30mg kgÿ1

BRL 52974, did not produce signi®cant changes in
SAP, MAP and HR. The relationship between dose
and cardiovascular response was complex, dis-
playing biphasic responses. An S-shaped dose±
response relationship in the BRL 52656 group was
obtained with lower doses of the drug, causing
depressor responses from 3 mg kgÿ1 to 100mg kgÿ1

and pressor responses at higher doses. However,
only the 1-mg kgÿ1 dose produced a statistically
signi®cant increase in SAP with BRL 52656. By
contrast, the lower doses of BRL 52974 caused
pressor responses while the higher doses elicited
depressor responses. Doses of BRL 52656 greater
than 3 mg kgÿ1 and BRL 52974 greater than
30 mg kgÿ1 were not used.

Changes in HR with each drug seemed to follow the
arterial pressure patterns, with the lower doses of
BRL 52656 tending to produce bradycardia but only
the high doses of BRL 52974 causing a similar effect.

Effects of chronic subcutaneous infusion of BRL
52656 and BRL 52974 on SAP, MAP and HR
After determining the dose±response relationships,
four groups of SHRs received chronic subcutaneous
infusion of either BRL 52656 0�2 (n� 6) or
0�5 mg kgÿ1=day (n� 5), BRL 52974 0�2 mg kgÿ1=
day (n� 6) or saline (n� 5) for 14 days via osmotic
minipumps. The doses were selected on the basis of
the outcome of the dose±response relationships for
the single doses. SAP (Figure 2), MAP (Figure 3) and
HR (Figure 4) were monitored each day three days
before and 14 days after the infusions. There were no
differences in SAP and MAP of the SHRs treated with
BRL 52656 (0�5 mg kgÿ1=day) compared with the
saline-treated groups. However, at the lower dose of
0�2 mg kgÿ1=day BRL 52656, SHRs had signi®cantly
lower SAP and MAP values throughout the 14-day
treatment period, all times considered (P< 0�001,
analysis of variance). In contrast, SAP and MAP
responses to BRL 52974 (0�2 mg kgÿ1=day) were no
different from the saline-treated groups. The patterns
with SAP (Figure 2) and MAP (Figure 3) were very
similar. Both doses of BRL 52656 caused a sig-
ni®cant bradycardia throughout the infusion period
whereas BRL 52974 did so only after seven days of

drug infusion (Figure 4). Analysis of variance results
indicated statistically signi®cant bradycardia for both
doses of BRL 52656 from days 1 through 14 com-
pared with saline controls, but with BRL 52974 the
analysis indicated signi®cant bradycardia only from
days 7±14.

Effects of intraperitoneal injection and
subcutaneous infusion of BRL 52656 and BRL
52974 on body weight gain and water intake
After the intraperitoneal injections of different
doses of either BRL 52656 or BRL 52974, no

Figure 1. Dose±response relationships in SHRs during intra-
peritoneal administration of BRL 52656 and BRL 52974 twice
a day for each dose (n� 4). *P< 0�05 and **P< 0�01 com-
pared with the pre-drug value (Student's t-test).
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signi®cant differences in daily weight gain were
noted compared with those of saline-treated controls
(data not shown). Higher doses of both BRL 52656
(0�3±3 mg kgÿ1) and BRL 52974 (1±30 mg kgÿ1)
resulted in dose-dependent increases in water intake
(Figure 5). However, BRL 52974 was approximately
30-times less potent than BRL 52656.

With the chronic subcutaneous infusion of BRL
52656 (0�2 and 0�5 mg kgÿ1=day) and BRL 52974
(0�2 mg kgÿ1=day) for 14 days, none of the k-ago-

nists resulted in signi®cant weight gain change
differences compared with those of saline-treated
controls. Average daily weights gained were
15� 1�6, 17� 0�9, 18� 0�6 and 16� 1�3 g respec-
tively for saline, BRL 52656 (0�2 and
0�5 mg kgÿ1=day), and BRL 52974 (0�2 mg kgÿ1=
day)-treated SHRs. Daily water intake measured
throughout the 14-day observation period was
slightly increased in the k-agonist-treated groups.
However, none of the group differences were sig-
ni®cant compared with saline-treated control at the
doses used, averaging 119� 9, 118� 15, 128� 21
and 125� 12 mL kgÿ1=day for saline, BRL 52656
(0�2 and 0�5 mg kgÿ1=day), and BRL 52974
(0�2 mg kgÿ1=day)-treated SHRs, respectively.

Discussion

BRL 52656, a compound with established selective
k-agonist activity and the ability to cross the
blood±brain barrier, produced a clear-cut hypo-
tensive response when given systemically at an
equivalent dose to BRL 52974, which has only
limited ability to cross the blood±brain barrier
(Brooks et al 1993), and which did not cause
hypotension. This ®nding suggests that low doses
of selective k-agonists which gain access to the
brain when given systemically produce their
hypotensive effects by CNS mechanisms. Accord-
ingly, a central mechanism of action would appear
to account for the hypotensive and bradycardic

Figure 4. Heart rate in SHRs during chronic subcutaneous
administration of BRL 52656 and BRL 52974 for 14 days by
minipump. n� number of animals. ***P< 0�001 for all values
beginning on day 1 of drug infusions compared with the values
of the saline group (analysis of variance). For both doses of
BRL 52656 all values from day 1 through day 14 were
considered but for BRL 52974 only days 7 through 14 were
considered.

Figure 3. Mean arterial pressure in SHRs during chronic
subcutaneous administration of BRL 52656 and BRL 52974
for 14 days by osmotic minipump. n� number of animals.
***P< 0�001 for all values beginning on day 1 of drug
infusions compared with the values of the saline group (ana-
lysis of variance), all days (1 through 14) considered.

Figure 2. Systolic arterial pressure in SHRs during chronic
subcutaneous administration of BRL 52656 and BRL 52974
for 14 days by osmotic minipump. n� number of animals.
**P< 0�01 for all values beginning on day 1 of drug infusions
compared with the values of the saline group (analysis of
variance), all days (1 through 14) considered.
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effects of the non-peptide k-agonists U-62,066E
and U-50,488H which we observed previously in
conscious rats with chronic systemic administration
of these drugs given subcutaneously by minipump
(Zhai & Ingenito 1997). Both U-50,488H and U-
62,066E are known to gain access to the brain and
to produce centrally-mediated analgesic effects
(Vonvoightlander et al 1983; Vonvoightlander &
Lewis 1988).

The establishment of dose thresholds for this
central depressor mechanism is important for sev-
eral reasons if, as we have previously proposed,
non-peptide k-agonists may have potential for use
as anti-hypertensive drugs. Firstly, it is always
prudent to use only the lowest doses consistent with
the desired effect (hypotension). Higher doses are
likely to induce other undesirable CNS effects such
as observed with single acute doses of k-agonists in
man, i.e. sedation, dysphoria and psychotomimesis
(Pfeiffer et al 1986; Reece et al 1994). Secondly,
the use of higher doses is likely to result in opposite
effects, i.e. hypertension and tachycardia. These
latter responses have, in fact, been observed in this
study with the higher doses of BRL 52656 and the
lower doses of BRL 52974, which we assume were
unable to enter the CNS but were above threshold
for producing peripherally-mediated hypertension
and tachycardia. A number of published studies in
rats have demonstrated peripherally-mediated
actions of k-agonists which result in hypertension
(Thornhill et al 1990; Szeto et al 1996). We have
recently discovered that subthreshold doses of k-
agonists, administered to the hippocampus, will
produce a synergistic hypotensive effect with a

subthreshold dose of an a2-adrenergic agonist,
similarly administered (unpublished observations).

A mixture of both central and peripheral
mechanisms of action is likely to account for the
biphasic cardiovascular effects observed after
intraperitoneal injections of both drugs (Figure 1).
It is likely that low doses of BRL 52656, which has
good penetration into the CNS, might account for a
centrally-mediated hypotension and bradycardia.
Higher intraperitoneal doses of this compound,
above that necessary for the hypotensive effect, i.e.
above 300 mg kgÿ1, might produce hypertension
because competing peripheral pressor actions may
compete with the centrally-mediated hypotensive
action. Similarly, we might assume that the low
doses of BRL 52974 were unable to gain access to
the CNS but were able to activate the peripherally-
mediated pressor mechanisms (top panel, Figure 1),
while the larger doses, above 3 mg kgÿ1, were able
to penetrate the CNS to a suf®cient degree to cause
centrally-mediated hypotension and bradycardia
(Figure 3). However, without having established
actual drug levels of either compound in brain, the
above explanations of the biphasic effects of the
drugs are only conjectural. The most likely expla-
nation to account for the surprising lack of a
hypotensive effect of 0�5 mg kgÿ1=day BRL 52656
is that we had somehow managed to select a dose in
which central hypotensive and peripheral hyper-
tensive effects cancelled each other out. To estab-
lish whether this idea has merit would require an
additional study with nor-binaltorphimine, a
selective k-opioid antagonist, administered per-
ipherally, in an attempt to block the peripheral k-
agonist hypertensive effects of BRL 52974. This
would determine whether the centrally-mediated
hypotensive effect remained.

The nature of the apparent centrally-mediated
hypotensive effect of the k-agonists observed here
deserves some comment. Microinjections of k-
agonists under acute conditions into a number of
brain areas related to cardiovascular control have
led to decreases in MAP and HR in several animal
species. These areas include the ventrolateral
periaqueductal gray, the anterior and periven-
tricular hypothalamus, the nucleus ambiguus and
the nucleus tractus solitarius (Feuerstein & Faden
1982; Carter & Lightman 1985; Hassen & Broudy
1988; Verberne & Louis 1989; Keay et al 1997).
Our own studies have established that both dorsal
and ventral hippocampus represent important sites
for the hypotensive and bradycardic effects of these
compounds and that the effects are k-receptor
mediated (Wang & Ingenito 1992, 1994). Since we
found the effects to be more pronounced in SHRs
than Wistar Kyoto rats and other non-hypertensive

Figure 5. Water intake in SHRs during intraperitoneal
administration of BRL 52656 and BRL 52974 twice a day
for each dose (n� 4). *P< 0�05 and **P> 0�01 compared with
the pre-drug value (Student's t-test).

k-OPIOID RECEPTORS AND THE ANTI-HYPERTENSIVE EFFECTS OF k-AGONISTS 1255



rat strains (Wang & Ingenito 1992, 1994), we used
SHRs in this study. k-Receptors are present in the
brain at a greater density than in normotensive rats
(Bhargava & Gulati 1988), which might account
for the stronger response to k-agonists in SHRs.
The rapidity with which the response occurs on
intrahippocampal administration, within 10 min
(Wang & Ingenito 1992, 1994), suggests a neural
response rather than through endocrine mechan-
isms such as through the well-established diuretic
effect of k-agonists mediated possibly via inhibi-
tion of vasopressin release by k-agonists (Yamada
et al 1988; Brooks et al 1993). Previously, we
suggested (Wang & Ingenito 1992) that the neural
effect is due partly to central inhibition of sym-
pathoadrenal discharge and partly to a vagotonic
effect on the brain. There was no signi®cant effect
of the drugs on water consumption in this study,
suggesting that a water diuresis did not account for
the hypotensive effect of the drugs observed here.
Our previous study with U-50,488H and U-62,066E
administered chronically over a 14-day period
arrived at a similar conclusion as to the lack of
correlation between diuresis and hypotensive effect
(Zhai & Ingenito 1997).

In conclusion, we believe that this study provides
de®nitive evidence that the systemic administration
of non-peptide k-opioid agonist drugs lowers
arterial pressure and heart rate by an action on k
receptors behind the blood±brain barrier.
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