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1 The mechanisms and the subtypes of muscarinic receptors implicated in the cardiovascular e�ects
of physostigmine were investigated in conscious normotensive and spontaneously hypertensive rats.

2 Intravenous (i.v.) physostigmine (50 mg kg71) induced in both strains a long pressor response,
accompanied by a bradycardia. This pressor response was larger in spontaneously hypertensive
(+41+6 mmHg) than in Wistar-Kyoto (+25+2 mmHg) rats (P50.05).

3 Pretreatment with atropine sulphate (0.4 mg kg71 i.v.), completely abolished the physostigmine-
induced pressor response in both normotensive and hypertensive rats. In both strains, the
physostigmine pressor response was signi®cantly reduced by the systemic administration of either an
a1-adrenoceptor antagonist (prazosin, 1 mg kg71) or a V1A-vasopressin receptor antagonist (AVPX,
20 mg kg71). This physostigmine pressor e�ect was completely abolished in both strains when both
antagonists were administered concomitantly.

4 In WKY rats, the pressor response to physostigmine (50 mg kg71 i.v.) was inhibited in a dose-
dependent manner by i.c.v. administration of atropine (ID50=3.70 nmoles), the M1 receptor
antagonist pirenzepine (ID50=10.71 nmoles), the M2 receptor antagonist methoctramine
(ID50=4.31 nmoles), the M3 receptor antagonist p-F-HHSiD (ID50=60.52 nmoles) and the M4

receptor antagonist tropicamide (ID50=214.20 nmoles). In the hypertensive strain, the ID50 were
found to be signi®cantly higher for atropine (7.34 nmoles), pirenzepine (21.60 nmoles) and p-F-
HHSiD (139.50 nmoles) (P50.05).

5 The present results indicate that physostigmine acts in normotensive and spontaneously
hypertensive rats, through stimulation of both central M2 and M1 cholinoceptors to induce a rise in
blood pressure mediated by an increase in plasma vasopressin and sympathetic out¯ow. Moreover,
our results suggest that some modi®cations of the M1 receptor subtypes in terms of expression or
a�nity could be responsible for the hyper-responsiveness of the hypertensive strain to
cholinomimetic agents.
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Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; AVP, arginin-vasopressin; AVPX, [b-mercapto-b,b-cyclopenta-
methylenepropionyl1, O-Me-Tyr2, Arg8]-vasopressin; BP, blood pressure; DI50, dose inhibiting 50% of the e�ect;
HR, heart rate; MAP, mean arterial pressure; mRNA, messager ribonucleic acid; p-F-HHSiD, para-¯uoro-
hexahydro siladifenidol; RVLM, rostral ventrolateral medulla; SHR, spontaneously hypertensive rat; WKY,
Wistar-Kyoto

Introduction

The spontaneously hypertensive rat (SHR) is the most widely

used animal model of hypertension implicating the sympa-
thetic nervous system. Although an exaggerated sympathetic
activity seems to be implicated, the pathophysiological

mechanisms inducing hypertension remains unknown. As with
human hypertension, this rat strain is normotensive at birth
and gradually develops hypertension with adulthood (see
Birkenhager & Reid, 1984). In order to understand the origin

of hypertension, a wide variety of peripheral as well as central
neuromediators has been studied in this model and in
normotensive Wistar-Kyoto (WKY) controls (see Birkenhager

& Reid, 1984).
It has been known for many years that central cholinergic

systems are involved in the central regulation of blood pressure

(BP) in several species including man (see Brezeno� &
Giuliano, 1982; Buccafusco, 1996). In humans, several
individual case reports have described pressor responses with

clinical applications of acetylcholinesterase (AChE) inhibitors

(Cain, 1986; Allain et al., 1996). AChE inhibitors, by blocking

the rapid inactivation of acetylcholine (ACh), prolong and
enhance the action of the neurotransmitter released from
cholinergic terminals. This pressor response is selectively

antagonized by atropine but not by methylatropine, indicating
that this is mediated by central muscarinic receptors (see
Brezeno� & Giuliano, 1982). Moreover, studies performed in
various species described choline acetyl-transferase-positive

neurons and muscarinic receptors (Schwartz, 1986; Watson et
al., 1986) within or nearby the brainstem area involved in the
control of BP and heart rate (HR) (see Wainer et al., 1984).

Central administration of ACh and cholinomimetic drugs
induce a rise in BP (see Brezeno� & Giuliano, 1982) mediated
by an increase in sympathetic tone (Krstic & Djurkovic, 1978;

Buccafusco & Brezeno�, 1979) and the release of vasopressin
(AVP) (Rascol et al., 1990). In the last decade, ®ve muscarinic
receptor genes (m1 ± 5) encoding distinct muscarinic cholino-

ceptors have been cloned. Some authors have suggested the
involvement of M1 (Hori et al., 1995), M2 (OÈ zkutlu et al., 1993;
Ally et al., 1995) or M3 (Martin, 1992) receptors in the central
pressor response to cholinomimetics.*Author for correspondence; E-mail: rascol@cict.fr
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However, the relative importance of the di�erent muscarinic
cholinoceptor subtypes remains unclear. Several experiments
have demonstrated that the pressor response induced by

cholinomimetic drugs is potentiated in SHR (see Buccafusco,
1996). A recent study reported a change in the expression of
genes encoding for muscarinic receptor subtypes in this strain
(Wei et al., 1995). However, to our best knowledge, no

functional pharmacological experiment has yet studied the
respective involvement of the di�erent muscarinic receptor
subtypes involved in the cholinergic hyper-responsiveness of

SHR. The aims of the present study were (1) to investigate and
compare the cardiovascular changes induced by the intrave-
nous (i.v.) injection of physostigmine in both normotensive

and hypertensive rats, (2) to characterize which mechanisms
are involved at the peripheral level and (3) to determine the
subtype(s) of central muscarinic cholinoceptors involved in the

cardiovascular e�ects induced by the physostigmine.

Methods

General procedure

Experiments were performed on 12-week-old males WKY and
SH rats weighing 250 ± 300 g. These animals were obtained
from Harlan (Gannat, France) and were maintained at 20 ±

248C with a 12 h light-dark cycle (light on 0800 h to 2000 h) at
least 1 week before the experiment. Food pellets and tap water
were available ad libitum. All animals procedure were

conducted in strict compliance with approved French
Agriculture Department for Animal Use for Research and
Education groups.

Surgical preparation for intravenous drug administration

The rats were anaesthetized with sodium pentobarbitone

(60 mg kg71 i.p.). Animals were then placed on a blanket to
avoid heat loss, body temperature was sensed by a rectal probe
and maintained at 388C (Harvard Apparatus, England). The

right external jugular vein and the left carotid artery were
cannulated with a polyethylene catheter (Plastimed, Denucath
3F, France), ®lled with heparinized saline (50 IU ml71), to
allow intravenous injections of drugs and direct BP recording.

Intracerebroventricular (i.c.v.) cannulation

Following anaesthesia, the rats were placed in a stereotaxic
frame (Unimecanique, Paris, France) and a cannula was
implanted into the right lateral cerebroventricle using the

following coordinates relative to bregma: posterior 1.0 mm,
lateral 1.5 mm, ventral 3.7 mm from the surface of the skull,
on the basis of the atlas of Paxinos & Watson (1982). The

guide cannula was anchored to the skull using mounting
screws and dental caulk. Each animal was allowed at least 1
week recovery before being used for the ®rst experiment.
Between subsequent experiments, a 2 day recovery period was

allowed for each animal. The rats were used for no more than
four experiments. The arterial catheters were kept patent by
¯ushing with 0.2 ml of heparinized saline (50 IU ml71) daily.

The i.c.v. cannula was connected to a 25 ml Hamilton
syringe with polyethylene (PE-50) tubing. The injection
cannula was ®lled by back®lling with 10 ml of injectate. The
syringe itself was ®lled with distilled water and an air bubble
was left between the water and injection solution. The animals
were not allowed access to food or water during the
experiments. Methylene blue was injected i.c.v. after the fourth

experiment for veri®cation of the cannula placement and only
proper i.c.v. placements were included in the study. The day of
the experiment, the rat was placed in a rodent sampling cage

and BP was continuously recorded via a pressure transducer
(Abbott, Transpac IV, Ireland) and ampli®er (Bionic Instru-
ments, Qazap 94104, France) coupled to a MacLab hardware
unit (ADInstruments, MacLab/4S, Australia) connected to a

microcomputer (PowerMacintosh 6200, Apple, U.S.A.). HR
was triggered by the BP signal and expressed in beat per min
(b.p.m.). Respiratory rate was counted from the chest

movements. An equilibration period of 30 min was allowed
before the beginning of each experiment.

Experimental protocols

Intravenous administration In the ®rst part of this study, we

assessed the e�ects of a bolus i.v. injection of physostigmine
(50 mg kg71, n=6) in freely moving rats of both strains (WKY
and SHR). This physostigmine injection was preceded, 5 min
before by an i.v. saline injection (0.3 ml) in order to test non-

speci®c cardiovascular e�ects (Saline group). The e�ects of i.v.
physostigmine were assessed on BP, HR and respiratory rate at
three di�erent times: 5, 10 and 15 min after administration

according to the kinetic of the physostigmine induced
cardiovascular changes (Brezeno�, 1973).

Four additional treatment protocols were designed in freely

moving animals of both strains, in order to explain the
mechanisms underlying the e�ects of i.v. physostigmine
administration: (1) atropine+physostigmine (atropine group,

n=6), (2) prazosin+physostigmine (prazosin group, n=6), (3)
AVP antagonist+physostigmine (AVPX group, n=6), (4)
prazosin+AVP antagonist+physostigmine (prazosin+AVPX
group, n=6). Each antagonist was injected by i.v. route 5 min

before the systemic administration of physostigmine. In the
prazosin+AVPX group, prazosin was the ®rst drug injected,
followed by AVP antagonist and, 5 min later, physostigmine.

BP, HR and respiratory rate were measured 1 min before and
3 min after the i.v. injection of the antagonists to assess their
own e�ects on the measured parameters. All i.v. injections

were administered in a volume of 0.25 ± 0.30 ml.

Central administration In order to determine the subtype of
muscarinic cholinoceptor involved in the physostigmine-

induced pressor response, saline and various muscarinic
antagonists were administered by i.c.v. route, 10 min prior a
physostigmine i.v. injection. At least three doses of each

antagonist (atropine, pirenzepine, methoctramine, para-¯uoro-
HHSiD and tropicamide) were tested in at least six di�erent
freely moving rats. In order to con®rm the involvement of

muscarinic M2 receptors in the pressor response to physo-
stigmine, a linear regression was calculated by plotting the Log
ID50s calculated in this study, from the dose-response curves

with each antagonist versus the Log Kis published in the
literature (Martin, 1992; Lazareno & Birdsall, 1993; Caul®eld
& Birdsall, 1998). In order to con®rm the involvement of
muscarinic M1 receptors in the SHR hyper-responsiveness to

cholinergic agents, thiopilocarpine, a muscarinic M1 receptor
agonist (Eglen & Watson, 1996), was also injected by i.c.v.
route.

Drugs

The following drugs were used: sodium pentobarbitone
(Pentobarbital sodique1: Sano®, Libourne, France), physo-
stigmine salicylate salt, atropine sulphate, prazosin hydro-
chloride, [b-mercapto-b,b-cyclopenta-methylenepropionyl1,
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O-Me-Tyr2, Arg8]-vasopressin (Sigma-Aldrich, St. Quentin
Fallavier, France). Pirenzepine, methoctramine, p-F-HHSiD
(para-¯uoro-hexahydro-sila-difenidol), tropicamide and 2-

hydroxypropyl-b-cyclodextrin (Research Biochemicals Inc.,
Natick, U.S.A.). Thiopilocarpine was a gift from Novartis
Pharma. The doses of atropine (0.4 mg kg71), [b-mercapto-
b,b-cyclopenta-methylenepropionyl1, O-Me-Tyr2, Arg8]-vaso-

pressin (20 mg kg71) and prazosin (1 mg kg71) were chosen
according to their ability to block in our experimental model
the peripheral e�ects of ACh (2.5 mg kg71), AVP

(100 ng×kg71) and phenylephrine (5 mg kg71), respectively
(data not shown). Such doses of ACh, AVP and
phenylephrine induced BP changes in the range of the

vascular e�ects induced by physostigmine (+50 mmHg).
Prazosin was ®rst dissolved in methanol and secondly added
to physiological saline. Methanol represented 10% of the

®nal volume. Tropicamide and p-F-HHSiD were dissolved in
2-hydroxypropyl-b-cyclodextrin (45% w v71 solution in
H2O). All vehicles were tested to make sure that they did
not induce, by themselves, any e�ect on BP and HR. All

other drugs were dissolved in physiological saline. All given
doses of drugs refer to the free base.

Statistical analysis

The experimental data were obtained from six experiments for

each treatment group, each experiment being performed in a
di�erent animal.

A one-way analysis of variance (ANOVA) was performed

to compare the baseline means of the di�erent parameters (BP,
HR and respiratory rate) in each protocol in order to assess if
there was any signi®cant intergroup di�erence on baseline
5 min before any injection. The paired-sample Student's t-test

was used to compare the means of the di�erent parameters
1 min before and 2 min after i.v. antagonists in order to assess
if these drugs induced any e�ects by themselves. According to

the homogeneity of variances, a two-way multivariate
ANOVA was used to compare the mean's variations of the
di�erent parameters in the di�erent groups at di�erent times in

order to assess if there was any signi®cant di�erent e�ect of i.v.
physostigmine in these groups. The Sche�e's test and the
Dunnett's test were used as post hoc tests for intergroup and
intragroup comparisons, respectively. Student's t-test was used

to compare, for a given dose, the mean pressor response
following treatment by muscarinic receptor antagonist or
agonist, between normotensive and spontaneously hyperten-

sive rats. Values are expressed as means+s.e.mean. The level
of signi®cance was accepted for P50.05.

Results

Baseline cardiovascular and respiratory parameters were not

signi®cantly di�erent, in each strain, before i.v. injections. BP
and HR were signi®cantly higher in SHR than in WKY (Table
1). Saline induced no signi®cant change in any parameters after

i.v. (Table 1) or i.c.v. injection at any time.

Physostigmine cardiovascular responses (saline groups)

Physostigmine i.v. injections induced yawning, motor agita-
tion, micturition, defecation and licking in most of the

normotensive and hypertensive rats.
In both strains, physostigmine (50 mg kg71) i.v. injection

induced, within 1 min, a signi®cant increase in mean arterial
pressure (MAP) (Table 1). The e�ect was maximal after 5 min

(Table 2) and the magnitude of this BP increase was
signi®cantly greater in SH than in WKY rats (P50.05)
(Figure 1). In each strain, the pressor response remained

signi®cant over 15 min and then slowly returned to basal value
within 30 min. For both normotensive and hypertensive rats, a
short lasting but signi®cant bradycardia accompanied the

pressor e�ect (WKY: 716+2 b.p.m., P50.05 ± SHR:
718+2 b.p.m., P50.05) (Table 1).

Table 1 Cardiovascular parameters before and 5 min after
injection of saline and physostigmine (50 mg kg71 i.v.) in
WKY and SH rats

Mean arterial
pressure (mmHg)

Heart
rate (b.p.m.)

WKY Baseline
After saline
After physostigmine

111+5
107+4
133+3*

332+5
336+5
320+2*

SHR Baseline
After saline
After physostigmine

168+8{
163+3{
205+8*

394+5{
397+3{
379+2*

Values are expressed as means+s.e.mean. Statistical sig-
ni®cance was accepted for P50.05. *Signi®cantly di�erent
versus baseline value (Student's t-test, P50.05). {Signi®-
cantly di�erent versus the normotensive group (Student's t-
test, P50.05).

Table 2 Mean arterial pressure values 5, 10 and 15 min following physostigmine (50 mg kg71 i.v.) administered in Wistar Kyoto
(WKY) and spontaneously hypertensive rats (SHR)

Pretreatment Baseline T+5 min T+10 min T+15 min

WKY Saline
Atropine
Prazosin
AVPX
Prazosin+AVPX

107+4
99+3
77+4**
104+4
77+3**

132+2
95+3{
88+2{
120+2{
79+2{

122+1
98+4**
80+2*
113+2*
70+6**

114+2
101+3
101+3
106+6
76+3

SHR Saline
Atropine
Prazosin
AVPX
Prazosin+AVPX

163+3
169+3
88+4{
154+6
94+7{

204+6
171+1{
102+3{
166+5{
91+4{

187+6
173+3{
93+5**
161+5*
93+3{

174+4
172+1**
84+2**

150+5**
88+5{

The rats were pretreated by i.v.: saline 0.3 ml (saline group, n=6), atropine 0.4 mg kg71 (atropine group, n=6), prazosin 1 mg kg71

(prazosin group, n=6), V1A-antagonist: [b-mercapto-b,b-cyclopenta-methylenepropionyl1, O-Me-Tyr2, Arg8]-vasopressin antagonist
20 mg kg71 (AVPX group, n=6) and prazosin+V1A-antagonist 1 mg kg71 and 20 mg kg71 respectively (prazosin+AVPX group,
n=6). Values are expressed as means+s.e.mean. An ANOVA followed by a Sche�e's test was used to compare the four treatment
groups versus the saline one (P50.05 was considered signi®cant). *P50.05, **P50.01 and {P50.001.
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E�ects of antagonists pretreatment

Atropine (1.5 ± 15 nmoles i.c.v.), AVPX (20 mg kg71 i.v.),

pirenzepine (6 ± 50 nmoles i.c.v.), methoctramine (1.4 ±
14 nmoles i.c.v.), p-F-HHSiD (10 ± 100 nmoles i.c.v.) and
tropicamide (26 ± 260 nmoles i.c.v.) induced no signi®cant
changes in any measured parameters. Although the behaviour-

al parameters were not precisely assessed, the central
administration of muscarinic receptor antagonists did not
in¯uence signi®cant behavioural changes versus the physo-

stigmine group. Atropine (0.4 mg kg71 i.v.) did not modify the
pressure values in WKY and SHR, however, it induced a slight
increase of HR in normotensive rats (+9+4 b.p.m., P50.05)

which did not reach a signi®cant level in hypertensive rats
(+3+7 b.p.m.). Prazosin (1 mg kg71 i.v.) induced a signi®-
cant decrease in MAP (730+3 and 775+3 mmHg, P50.01)

in WKY and SHR, respectively. In both strains, this BP
decrease was not accompanied by a signi®cant increase in HR
(WKY: +6+4 b.p.m. ± SHR: +14+9 b.p.m.).

Cardiovascular changes in the di�erent i.v. protocols:
peripheral mechanisms involved in the pressor response
(Table 2 and Figure 1)

The two-way ANOVA showed that there was a signi®cant
time by group interaction (P51073). Five minutes after

physostigmine administration (T+5), the post hoc analysis
showed that the mean physostigmine-induced increases of
BP were signi®cantly di�erent among the ®ve groups

(P51073) in both normotensive and hypertensive rats. The
physostigmine-induced increase in MAP was abolished in

the `atropine' and `prazosin+AVPX' groups (P51073 vs
`saline' group). When compared with the `saline' group,
the pressor e�ect was signi®cantly and similarly reduced in

the `prazosin' and `AVPX' groups (P51073). At
T+10 min, MAP in the `saline' groups of both strains
was signi®cantly higher than in the `atropine', `prazosin',
`AVPX' and `prazosin+AVPX' groups (P50.05). At

T+15 min, in normotensive rats, there were no signi®cant
di�erences between the ®ve treatment groups. Conversely,
in hypertensive rats, MAP in the `saline' group remained

signi®cantly increased compared with the four other
groups (P50.05).

Despite a slight bradycardia following systemic injection of

physostigmine, HR was not signi®cantly di�erent, at any time,
between the various groups.

Cardiovascular changes in the di�erent i.c.v. protocols:
central muscarinic receptors subtypes involved in the
pressor response to physostigmine (Table 3 and Figures
2 and 3)

Pretreatment of the rats by an i.c.v. injection of 1.5 ± 15 nmoles
of atropine resulted in a dose-dependent inhibition of the peak

physostigmine e�ects on BP in both normotensive and SH rats.
Dose-response curves analysis showed that atropine had
signi®cantly di�erent ID50 values between the two strains

(normotensive: 3.70 and SH rats: 7.34 nmoles, P50.05)
(Figure 2A).

Pretreatment with pirenzepine (6 ± 50 nmoles i.c.v.) also

inhibited in a dose-dependent way the BP response to
50 mg kg71 i.v. of physostigmine in both strains. The ID50

calculated from the dose-response curves was equal to
10.71 nmoles in WKY and 21.60 nmoles in hypertensive rats

(P50.05) (Figure 2B).
Methoctramine pretreatment (1.4 ± 14 nmoles i.c.v.) inhib-

ited in a dose-dependent way the increase in BP evoked by

physostigmine with the same ID50 in both strains (4.31 nmoles
in WKY and 4.63 nmoles in SHR) (Figure 2C).

The physostigmine-induced pressor response was also dose-

dependently inhibited by p-F-HHSiD (10 ± 100 nmoles i.c.v.)
in both strains. The ID50 was smaller in WKY (60.52 nmoles)
than in SH rats (139.50 nmoles) (P50.05) (Figure 2D).

Pretreatment with tropicamide (26 ± 260 nmoles i.c.v.) also

inhibited in a dose-dependent way the BP response to
50 mg kg71 i.v. of physostigmine in both strains. The ID50

Figure 1 Changes in mean arterial pressure elicited by intravenous
(i.v.) injection of physostigmine (50 mg kg71) 5 min after i.v.
pretreatment with saline (0.3 ml, n=6), atropine (0.4 mg kg71,
n=6), prazosin (1 mg kg71, n=6), V1A-vasopressin receptor antago-
nist: [b-mercapto-b,b-cyclopenta-methylenepropionyl1, O-Me-Tyr2,
Arg8]-vasopressin (AVPX, 20 mg kg71, n=6) and prazosin+V1A-
vasopressin receptor antagonist (prazosin+AVPX, 1 mg kg71 and
20 mg kg71 respectively, n=6) in freely moving Wistar-Kyoto
(hatched columns) and spontaneously hypertensive rats (shaded
columns). Values are expressed as variation of the means+s.e.mean.
Statistical signi®cance (ANOVA) versus the saline group: *P50.05
and versus the normotensive group: {P50.05.

Table 3 ID50 (or ED50) obtained in WKY and SHR on the
physostigmine-induced pressor response with various mus-
carinic receptor antagonists

WKY SHR

Atropine
Pirenzepine
Methoctramine
p-F-HHSiD
Tropicamide
Thiopilocarpine

3.70+0.52
10.71+0.87
4.31+0.55
60.52+2.38
214.2+2.83
116.7+3.87

7.33+0.69*
21.60+0.99*
4.63+0.62

139.50+2.82*
102.7+2.95*
72.93+2.38*

The values obtained with the following muscarinic receptor
antagonists: atropine (non-selective), pirenzepine (partially
M1-selective), methoctramine (partially M2-selective), p-F-
HHSiD (partially M3-selective) and tropicamide (partially
M4-selective) are ID50 calculated from the dose response
curves. The value obtained with thiopilocarpine (M1-
selective muscarinic receptor agonist) refers to the ED50

calculated from the dose response curve. Values are
expressed as means+s.e.mean. *Signi®cantly di�erent versus
the normotensive group (Student's t-test, P50.05).
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calculated from the dose-response curves was larger in WKY
(214.20 nmoles) than in hypertensive rats (102.70 nmoles)
(P50.05) (Figure 2E).

The correlations between these Log ID50s and the
published Log Kis were: r2=0.205 and 0.148, respectively
in WKY and SHR for the M1 receptor subtype; r2=0.336
and 0.527, respectively in WKY and SHR for the M2

receptor subtype; r2=0.000 and 0.032, respectively in WKY
and SHR for the M3 receptor subtype and r2=0.050 and
0.014, respectively in WKY and SHR for the M4 receptor

subtype.
The potency order for the participation of muscarinic

receptors in the pressor response to i.v. physostigmine in
normotensive as well as in hypertensive rats was thus:

Figure 2 Inhibition of the physostigmine-induced pressor response in normotensive Wistar-Kyoto (open circles) and spontaneously
hypertensive (closed circles) rats by various doses of the non-selective muscarinic receptor antagonist atropine (2A, 1.5 ± 15 nmoles
i.c.v., n=6) and the selective muscarinic receptor antagonists: pirenzepine (2B, 6 ± 50 nmoles i.c.v., n=6), methoctramine (2C, 1.4 ±
14 nmoles i.c.v., n=6), p-F-HHSiD (2D, 10 ± 100 nmoles i.c.v., n=6) and tropicamide (2E, 1.5 ± 15 nmoles i.c.v., n=6). Values are
expressed as means+s.e.mean. Statistical signi®cance versus the normotensive group: *P50.05; **P50.01; ***P50.001 (Student's
t-test).
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M24M144M344M4. This potency order was also
con®rmed by the Log ID50s vs Log Kis correlations
(Figure 3).

The physostigmine-induced bradycardia, observed after
saline pretreatment (WKY: 718+2 b.p.m. ± SHR:
716+2 b.p.m., P50.05) was not signi®cantly altered by the
highest doses of atropine (WKY: 715+6 b.p.m. ± SHR:

721+7 b.p.m., P50.05), pirenzepine (WKY:717+2 b.p.m.
± SHR: 729+8 b.p.m., P50.05), methoctramine (WKY:
720+2 b.p.m. ± SHR: 725+10 b.p.m., P50.05), p-F-

HHSiD (WKY: 716+4 b.p.m. ± SHR: 719+3 b.p.m.,
P50.05) and tropicamide (WKY: 728+10 b.p.m. ± SHR:
721+7 b.p.m., P50.05).

Thiopilocarpine cardiovascular responses (Figure 4)

Injections i.c.v. of the M1 receptor agonist thiopilocar-
pine induced, like physostigmine, yawning, motor agita-
tion and defecation. In both WKY and SHR,
thiopilocarpine (31 ± 310 nmoles) induced a dose-dependent

increase in MAP which reached its maximal e�ect
between 5 ± 10 min after administration. Like physostig-
mine, the thiopilocarpine-induced increase in BP remained

signi®cant over 15 min and then slowly returned to basal
value within 30 min. The magnitude of this increase in
BP was signi®cantly greater in SHR than in WKY

following thiopilocarpine administration (Student's t-test,
P50.05).

Discussion

The SHR is an animal model of human essential hypertension

which exhibits cholinergic abnormalities when compared with
its normotensive control, namely the WKY rat. Indeed, several

Figure 3 Correlation of the Log of the ID50s calculated from the dose-response curves shown in Figure 2 with the Log of the Kis
published for the muscarinic M1, M2, M3 and M4 receptor subtypes for the muscarinic receptor antagonists used in this study. The
Log Kis were obtained from Martin, 1992; Lazareno & Birdsall, 1993; Caul®eld & Birdsall, 1998. The full lines refer to the linear
regressions obtained for the hypertensive rats and the dotted lines refer to the linear regressions obtained for the normotensive rats.
The drugs are: atropine (*), pirenzepine (&), methoctramine (~), p-F-HHSiD (!) and tropicamide (^). The symbols are open for
normotensive rats and closed for hypertensive rats.

Figure 4 Changes in mean arterial pressure following i.c.v.
thiopilocarpine (31 ± 310 nmoles, n=6) in freely moving Wistar-
Kyoto (open circles) and spontaneously hypertensive (closed circles)
rats. Values are expressed as variation of the means+s.e.mean.
Statistical signi®cance versus the normotensive group: *P50.05;
***P50.001 (Student's t-test).
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authors reported that SHR develop an exaggerated pressor
response following central (or peripheral) administration of
cholinergic agonists (see Buccafusco, 1996). Moreover, in this

strain, choline acetyltransferase levels were reported to be
signi®cantly increased in the locus coeruleus (Helke et al.,
1980) and in the rostral ventrolateral medulla (RVLM) (Kubo
et al., 1995) while others reported decreased values in the

hypothalamus (Helke et al., 1980; Yamada et al., 1984). An
increase in central muscarinic binding sites has also been
reported in SHR (Hershkowitz et al., 1983; Yamada et al.,

1984; Wei et al., 1995; Gattu et al., 1997a,b). Finally, Vargas et
al. (1988) reported that the chronic reduction of brain
acetylcholine with hemicholinium-3 was able to suppress

hypertension in SHR.
The present study is, to our best knowledge, the ®rst

functional study investigating, in freely moving rats, the

involvement of four di�erent central muscarinic cholinoceptor
subtypes (M1, M2, M3 and M4) in the central pressor response
induced by cholinergic agents. Our results demonstrate that
physostigmine (50 mg kg71), injected by i.v. route, in freely

moving WKY and SHR, induced a signi®cant increase in BP.
Our data also show that (1) this pressor response was
signi®cantly greater in SHR versus WKY rats, (2) this pressor

response is mediated in both strains by central muscarinic M2

and M1 cholinoceptors which lead to an increase in
sympathetic out¯ow and vasopressin release, (3) the hyper-

responsiveness to cholinomimetic agents in the SHR strain
seems to be due to changes in the expression or a�nity of the
M1 receptor subtypes.

Peripheral mechanisms implicated in the physostigmine-
induced blood pressure increase

The present study shows that physostigmine systemic
administration induced a signi®cant increase in MAP, which
was larger in SH than in WKY rats, with a magnitude

comparable to what has already been published with other
cholinergic drugs (Ho�man et al., 1978; Buccafusco & Magri,
1990; Lee et al., 1991; Kubo et al., 1997). In both normotensive

and hypertensive rats, the pressor response to physostigmine
was associated with a slight but signi®cant bradycardia. It is
noteworthy that the bradycardia induced by physostigmine
was not modi®ed after central pretreatment by atropine or the

di�erent selective muscarinic receptor antagonists, con®rming
the peripheral origin of this phenomenon (Lazartigues et al.,
1998). Pretreatment with i.v. atropine induced a slight but

signi®cant increase in HR only in WKY rats (+9+4 mmHg).
This could be explained by a low vagal tone in freely moving
rats. Moreover, some authors suggested a depressed para-

sympathetic nervous activity in hypertensives explaining the
lack of tachycardia following atropine administration in SHR
(see Van Zwieten et al., 1995).

The physostigmine-induced pressor response was abolished
in both strains by the peripheral administration of both a1-
adrenergic receptor and V1A-vasopressin receptor blockers.
This has already been reported previously in normotensive rats

(Lazartigues et al., 1998). The fact that a pretreatment with
both a1-adrenoceptor and vasopressin receptor antagonists
also completely suppressed the pressor response to physo-

stigmine in SHR eliminates other peripheral mechanisms
generating the cholinergic pressor response in this strain. Both
adrenergic and vasopressinergic mechanisms appeared to have

the same relative contribution in SH as well as in WKY rats.
Such a comparable contribution was unexpected because an
increase in the SHR sympathetic tone has usually been
emphasized in the literature (Arnolda et al., 1997). However,

some authors also reported previously indices of excessive
vasopressin tone in SHR: urinary excretion, plasma concentra-
tions and pituitary contents of vasopressin being greater in SH

than in WKY rat (Crofton et al., 1978). These data agree with
the hypothesis that V1A-vasopressin receptors may contribute
to the pathogenesis of SHR hypertension, as suggested by the
reduced hypertension following treatment with a V1A-

vasopressin receptor antagonist in pre-hypertensive SHR
(Naitoh et al., 1997). Moreover, it has also been suggested
that the potentiated pressor response in SHR may result from

an increased vascular responsiveness to vasopressin (Ho�man
et al., 1978).

Central muscarinic mechanisms implicated in the
physostigmine-induced blood pressure increase

In agreement with previous experiments, the present study
showed that the physostigmine-induced pressor response was
completely blocked in both strains by a peripheral or a central
pretreatment with the non-selective antagonist atropine,

con®rming the involvement of central muscarinic receptors.
Moreover, the ID50 value obtained with atropine was larger in
SH (7.33+0.69 nmoles) than WKY rats (3.70+0.52 nmoles)

providing further evidence to the cholinergic hyper-respon-
siveness in this strain, as previously suggested by Buccafusco
(1996).

We failed to observe any modi®cation in the baseline BP
following pretreatment with atropine, suggesting that mus-
carinic receptors are not tonically involved in maintaining BP

in both strains. According to the site speci®city and to the
limitations of the i.c.v. injection technique, another explana-
tion for this lack of resting BP modi®cations could be that
atropine injected by i.c.v. route did not reach the areas

responsible of the BP maintain. Indeed, experiments per-
formed with bilateral microinjections of atropine, scopolamine
or hemicholinium-3 into the RVLM have been shown to lower

BP in normotensive rats almost to spinal transection levels (see
Buccafusco, 1996; Kubo, 1998). The physostigmine-induced
pressor response, following i.v. injection, is known to involve

caudal as well as more rostral brain areas (see Brezeno� &
Giuliano, 1982). Although the response obtained after i.c.v.
injection of muscarinic receptor antagonists represents the
contribution of subtypes accessed by the varying distributing

amounts of the antagonist, there is no doubt that these
subtypes are important in mediating the physostigmine
induced pressor response. According to this assumption, in

both strains, all `selective' muscarinic antagonists (pirenzepine,
methoctramine, p-F-HHSiD and tropicamide), when adminis-
tered centrally, inhibited in a dose-dependent way the

physostigmine-induced pressor response. Moreover, for these
antagonists, the potency orders were similar
(M24M144M344M4) in normotensive and hypertensive

rats, suggesting the same relative involvement of the four
receptor subtypes in the physostigmine-induced pressor
response.

The M2 receptor antagonist, methoctramine, had the lowest

ID50, being the most potent agent to prevent the increase in BP
induced by physostigmine in both strains. These ®ndings
suggest that the M2 receptor subtype is the central

cholinoceptor subtype which is predominantly involved in the
central cholinergic pressor response in both strains. We agree
that it is di�cult to determine the subtype of receptor which is

involved in the cardiovascular e�ects of physostigmine from
only ID50 values of muscarinic receptor antagonists because
ID50 of an antagonist is dependent on the magnitude of a�nity
of the antagonist for receptors. The involvement of a
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muscarinic M2 receptor subtype in the cardiovascular e�ects of
physostigmine is however con®rmed by the linear regression
between the Log ID50s calculated from the dose-response

curves and the Log Kis published in the literature (Martin,
1992; Lazareno & Birdsall, 1993; Caul®eld & Birdsall, 1998).
Indeed, although the correlations performed with this method
are not very signi®cant, the best linear regressions, in both

normotensive and hypertensive rats, were obtained with the
muscarinic M2 receptor subtype (r2=0.53 for SHR and 0.34
for WKY) (Figure 3). Methoctramine had the same ID50 in

WKY and SHR (4.31+0.55 and 4.63+0.62, respectively). This
result suggests that the M2 receptors are not involved in the
central mechanisms of the SHR hyper-responsiveness.

The intermediate ID50 values obtained with the M1 receptor
antagonist pirenzepine in normotensive and hypertensive rats
(10.71+0.87 and 21.60+0.99, respectively) suggest that it is

not possible to rule out the mediation of M1 muscarinic
cholinoceptors in the central cholinergic pressor response. This
has already been suggested in some recent studies performed in
normotensive rats (Hori et al., 1995; Lazartigues et al., 1998).

However, the dose required to inhibit the pressor response in
hypertensive rats was 2 fold higher than in normotensive
animals. This increased ID50 value for pirenzepine in the

hypertensive strain suggest some putative modi®cations of the
M1 receptors in terms of a�nity or expression. On the whole,
these functional in vivo data are in agreement with in vitro

studies suggesting an increase (a) in cerebral muscarinic
receptor binding sites in SHR and in SHR stroke prone
(Yamada et al., 1984) and (b) in the mRNA and binding sites

of the M1 receptor subtype in various SHR brain areas
involved in the physostigmine-induced pressor response (Wei
et al., 1994; 1995; Gattu et al., 1997b). The involvement of
central M1 receptors in SHR cholinergic hyper-responsiveness

is con®rmed by the fact that the M1 receptor selective agonist,
thiopilocarpine induced a greater increase in BP in hyperten-
sive than in normotensive rats.

The ID50 value obtained with the M3 receptor antagonist
was also increased in the hypertensive strain, but according to
the high doses of p-F-HHSiD necessary to inhibit the

physostigmine-induced pressor response in both strains (ID50

for WKY: 60.52+2.38; ID50 for SHR: 139.5+2.82) and to the
relative selectivity of this antagonist, it is di�cult to suggest
that the M3 receptor subtype is indeed involved in the

physostigmine-induced pressor response. In spite of con¯icting
opinions (Brezeno� et al., 1988; Xiao & Brezeno�, 1988;
Martin, 1992; Flores et al., 1996), our results are in agreement
with previously published reports in the rat (Sundaram et al.,

1988; 1989; OÈ zkutlu et al., 1993; Lazartigues et al., 1998) or the
cat (Ally et al., 1993; 1995) excluding the involvement of M3

muscarinic cholinoceptors in this pressor response.

To our best knowledge, the involvement of M4 muscarinic
cholinoceptors in the pressor response to cholinergic drugs has
never been assessed. Our results suggest that these receptors do

not mediate the physostigmine-induced pressor e�ect because
of the high ID50 values (WKY: 214.2+2.83 and SHR:
102.7+2.95). This is in agreement with the observation that

the M4 receptor, or its corresponding mRNA, was the less
abundant subtype in the areas implicated in the physostigmine-
induced pressor response like brainstem (see Caul®eld, 1993;
Levey, 1993).

In conclusion, the present study demonstrates that
physostigmine induces a pressor response in freely moving
rats mediated by both sympathetic tone and vasopressin

release, associated with a bradycardia. This pressor response is
mediated by both central M2 and M1 muscarinic receptors. The
physostigmine-induced pressor response is greater in the

hypertensive strain and both sympathetic and vasopressinergic
activities are likely to be increased in SHR. Moreover, to our
best knowledge, our study is the ®rst in vivo study showing in

the hypertensive rat, a putative modi®cation of the M1 receptor
subtypes in terms of a�nity or expression. These modi®cations
could be at the origin of the hyper-responsiveness of the SHR
to cholinergic drugs and may play a role as a predisposing or

initiating factor for the development of hypertension in this
hypertensive strain.

The authors wish to thank Dr Jean Galitzky for his help in the data
analysis and in the conception of the manuscript.
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