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1 The aim of this study was to determine whether the hyperglycaemic action of the novel
imidazoline compound FT005 could be mediated by activation of a2-adrenoceptors, using a variety
of in vivo and in vitro methods including radioligand binding.

2 FT005 produced a dose-dependent increase in blood glucose levels of CBA/Ca mice (0.125 ±
25 mg kg71, i.p.). The time course of this hyperglycaemic e�ect matched that of adrenaline
(1 mg kg71) more closely than glucagon (1 mg kg71) or the KATP channel opener diazoxide
(25 mg kg71). The hyperglycaemic e�ect of FT005 (1 mg kg71) was signi®cantly reduced by the a2-
adrenoceptor antagonist rauwolscine (0.5 mg kg71).

3 FT005 produced a signi®cant reduction in plasma insulin levels of mice 30 min after
administration. The hyperglycaemic e�ect of FT005 (25 mg kg71), although still present, was
signi®cantly less in fasted mice in which insulin levels are lower, suggesting that a reduction of
insulin secretion contributes to the action of FT005.

4 When studied in the mouse isolated vas deferens preparation, FT005 produced a complete
inhibition of neurogenic contractions, which was blocked by rauwolscine. This is consistent with
activation of pre-synaptic a2-adrenoceptors.
5 In radioligand binding studies FT005 completely displaced the a2-adrenoceptor antagonist [3H]-
RX821002 from mouse whole brain homogenates. The displacement was best described by a two-site
model of interaction comprising high and low a�nity components.

6 The results indicate that FT005 is an agonist at a2-adrenoceptors. A reduction in insulin
secretion contributes to the hyperglycaemic action of FT005, although an additional mechanism can
not be excluded.
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Introduction

Early evidence that a2-adrenoceptor agonists inhibit the
release of insulin from the pancreas (Nakadate et al., 1980;
Langer et al., 1983) led to the suggestion that a2-
adrenoceptor antagonists might be useful in the treatment
of non-insulin-dependent diabetes mellitus (NIDDM). The
a2-adrenoceptor antagonist phentolamine was subsequently

shown to improve glucose homeostasis in patients with
NIDDM (Broadstone et al., 1987). However, when examined
in isolated mouse islets, in the absence of adrenoceptor

activation, phentolamine, but not rauwolscine, increased
insulin secretion, demonstrating a more direct e�ect on
insulin secretion (Schulz & Hasselblatt, 1988). This was later

shown to be due to the presence of an imidazoline moiety,
absent from rauwolscine, and unrelated to antagonism of a2-
adrenoceptors (Schulz & Hasselblatt, 1989). Imidazoline
compounds now represent a novel class of pharmacological

agents with the potential for treating type II diabetes, and a
number of them increase glucose-stimulated insulin secretion

from the pancreatic b-cell (Schulz & Hasselblatt, 1988; Chan
& Morgan, 1989; Le Brigand et al., 1997).
Around this time the concept of a putative imidazoline

receptor was developing, leading to the identi®cation of three
subtypes with distinct pharmacology: the I1 binding site,
which appears to be involved in cardiovascular regulation;

the I2 binding site which is involved in monoamine
regulation; and a third distinct imidazoline binding site, the
I3 site, which was proposed to exist in the pancreatic b-cells,
and is responsible for the insulin secretory e�ect of
imidazolines (for review see Eglen et al., 1998). I1 receptors
are not thought to be expressed by b-cells (Brown et al.,

1993a), whilst I2 binding sites have been shown to be present
(Olmos et al., 1994); however, the pharmacology of these
receptors is not consistent with the pharmacology of the
imidazoline binding site involved in regulating insulin

secretion (Morgan et al., 1995). Compounds such as efaroxan
act at the putative I3 site in b-cells, where they modulate the
open state of the adenosine 5'-triphosphate (ATP)-sensitive

potassium channel (KATP). Efaroxan induces closure of the
KATP channel (Chan et al., 1991), leading to membrane
depolarization and the opening of voltage-sensitive Ca2+
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channels to initiate insulin exocytosis. Interestingly, efaroxan
only stimulates insulin secretion at a stimulatory glucose
concentration (54 mM, Chan et al., 1991). Sulphonylurea

compounds such as glibenclamide also increase insulin
secretion by modulating KATP channels but, in contrast with
efaroxan, increase insulin secretion at non-stimulatory
glucose concentrations, and as such are intrinsically hypogly-

caemic. Thus, the I3 binding site may represent a target for
new oral antihyperglycaemic agents which lack the risk of
hypoglycaemia seen with sulphonylurea compounds.

The exact nature of the I3 binding site remains unclear. The
site displays a degree of stereoselectivity; the (7)-enantiomer
of efaroxan reverses the inhibition of insulin secretion caused

by diazoxide, while the (+)-enantiomer is an a2-adrenoceptor
antagonist (Chan et al., 1993). The binding site is also subject
to down-regulation following prolonged agonist exposure

(Chan et al., 1993). The location of the I3 binding site on the
KATP channel appears to be the pore-forming Kir6.2 subunit
rather than the regulatory SUR subunit. Radioligand binding
studies have con®rmed that the I3 site is distinct from the

sulphonylurea binding site, since efaroxan failed to displace
[3H]-glibenclamide (Brown et al., 1993b).
Two compounds have been identi®ed as antagonists at the

putative I3 binding site. Both RX801080 (Brown et al., 1993b)
and the efaroxan derivative KU14R (Chan et al., 1997) prevent
the ability of efaroxan to promote glucose-induced insulin

secretion whilst having no direct e�ect on insulin secretion
themselves. However, RX801080 has been shown to inhibit
glibenclamide-induced insulin secretion, suggesting that the

antagonism may also occur at sulphonylurea receptors (Brown
et al., 1993b). In patch-clamp studies KU14R has been shown
to produce a slight reduction in the KATP channel opening,
consistent with the action of agonists such as efaroxan (Chan et

al., 1998). In contrast, in BRIN-BD11 cells, KU14R and
RX801080 have been shown to promote glucose-induced
insulin secretion, and neither compound inhibited the ability

of efaroxan to increase insulin secretion; KU14R and
RX801080 both enhanced the secretion seen in the presence
of efaroxan (Ball et al., 2000). Consequently, the antagonist

action of KU14R and RX801080 at the I3 site is not clear cut.
We have recently shown that the novel imidazoline

compound FT005 (S22954, 4-methyl-2-(4,5-dihydro-1H-imi-
dazol-2-yl) benzo(b)morpholine) increases blood glucose

levels in mice in vivo (Slough & Taberner, 1999), and have
suggested that it might represent a novel I3 antagonist.
Alternatively, given that the imidazoline moiety is present in

many a2-adrenoceptor ligands it is possible that FT005 may
be a novel a2-adrenoceptor agonist (see Figure 1). Here we
present results from further experiments designed to establish

whether FT005 acts as an a2-adrenoceptor agonist by testing
the ability of known a2-adrenoceptor antagonists to block the
hyperglycaemic e�ect of FT005, by examining the hypother-

mic e�ect of FT005, and by measuring competition binding
with [3H]-RX821002 in mouse brain tissue.

Methods

Animals and treatment

Male CBA/Ca mice (26 ± 36 g) aged 16 ± 24 weeks were
housed at 19 ± 238C, relative humidity 40 ± 60%, on a 12 h

light/dark cycle of 07 : 00 h to 19 : 00 h and were provided

with standard rat and mouse pelleted chow (Beekay Standard
Rat and Mouse Diet, BK Universal) and water ad libitum.
All animals were bred in-house at Bristol University. Drugs

were administered intra-peritoneally (i.p.) or orally by gavage
(p.o.), at a dose volume of 10 ml kg71; control mice received
an equivalent volume of physiological saline or 0.1 M NaOH.
Food was withdrawn at the start of each experiment unless

stated otherwise. Experiments were begun between 09 : 00 and
10 : 00 h.

Drugs

Diazoxide and adrenaline were purchased from Sigma (Poole,

U.K.). Glucagon was purchased from Lilly (Basingstoke,
U.K.). FT005 (4-methyl-2-(4,5-dihydro-1H-imidazol-2-yl)
benzo(b)morpholine) was a gift from Servier (Paris, France).

All other reagents were of analytical reagent grade.

Blood glucose measurement

Blood (10 ml) was obtained by venesection of the tail tip
under ether anaesthesia. Blood glucose levels were determined
using a Boehringer Mannheim Glucochek II, and BM 1-44

glucocheck strips. Blood glucose levels were determined
immediately before drug administration (time 0) and at 30
or 60 min intervals thereafter for up to 6 h.

Plasma insulin assays

Blood (200 ± 250 ml) was collected from mice following
venesection of the tail, immediately prior to administration
of FT005 (1 mg kg71, i.p.) or saline (time t=0 min). A
second sample was taken at 30 min, by cardiac puncture

under ether anaesthesia. A ®nal sample was collected at
60 min from the jugular vein under ether anaesthesia and the
mice were killed. Due to the blood volume required for each

sample, mean results for di�erent time points were combined
from di�erent animals randomized between experiments. The
blood was centrifuged for 10 min at 30006g, at 48C to

Figure 1 Structures of imidazoline compounds.
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obtain plasma. Plasma insulin was then determined using a
radioimmunoassay kit (Amersham, RPA 547).

Isolated vas deferens experiments

Mouse vasa deferentia were rapidly removed and placed in
Krebs solution of the following composition (mM): NaCl

118.0, KCl 4.75, CaCl2 2.54, KH2PO4 0.93, NaHCO3 25,
glucose 11. Magnesium was excluded as more consistent
responses are obtained in its absence in mouse tissue (Hughes

et al., 1975). The vasa deferentia were mounted singly in a
3.5 ml organ bath containing Krebs solution at 378C,
bubbled with 95% O2 and 5% CO2, under 0.5 g resting

tension, and allowed to equilibrate for 30 min prior to
beginning experiments.
The intramural nerves of the tissue were excited using

electrical ®eld stimulation; the vas deferens was mounted
between two platinum wire electrodes and stimulated every
10 s by a train of three pulses at 80 ± 100 V, 1 ms duration at
10 Hz, using a Grass S88 stimulator. A pulse width of 1 ms

was used so as to avoid stimulating the muscle, which can
occur at pulse width greater than 5 ms. Contractions of the
vas deferens were recorded on a chart recorder (Graphtec

Linearcorder). A cumulative concentration response curve
was constructed for FT005 (1 nM ± 100 mM), and for the a2-
adrenoceptor agonist UK14304 (1 ± 30 nM), by adding the

relevant drug to the organ bath using a 2 min application
period. The e�ect of the a2-adrenoceptor antagonist
rauwolscine (1 ± 10 mM) on the response to FT005 was also

studied; in these experiments the rauwolscine was applied
10 min prior to FT005.

Membrane preparation

Mice were killed by cervical dislocation and whole brains
were removed rapidly over ice. Brains were homogenized in

10 volumes of ice-cold sucrose bu�er (0.32 M sucrose, 50 mM

Tris HCl, pH 7.4 at 48C) using 10 passes of a Te¯on-glass
homogenizer at 3000 r.p.m. Homogenates were then centri-

fuged for 10 min at 10006g at 48C. The resultant super-
natants were then centrifuged at 32 0006g for 20 min at 48C.
The resultant pellets (P2) were resuspended in assay bu�er
(50 mM Tris HCl, 1 mM MgCl2, pH 7.4) at 48C and pooled

in pairs before being washed twice in assay bu�er by further
centrifugation at 32 0006g for 20 min at 48C. Final pellets
were stored at 7208C until use.

Saturation binding studies

When used for binding studies pellets were thawed at room
temperature and washed twice by resuspension in assay
bu�er, and centrifugation at 32 0006g for 20 min at 48C.
After washing, pellets were suspended in assay bu�er at a

concentration of 0.75 ± 1.0 mg ml71, such that a 400 ml
aliquot contained 300 ± 400 mg protein. Binding studies were
carried out in a ®nal volume of 500 ml. Aliquots of membrane

were incubated for 30 min at room temperature with 10
concentrations of [3H]-RX821002 (0.03 ± 30 nM) in triplicate.
Non-speci®c binding was determined in triplicate at each free

ligand concentration using 10 mM rauwolscine. Following
incubation, free radioligand was separated from bound
radioligand by rapid ®ltration through Whatman GF/B ®lter

paper (pre-soaked in 0.1% (w v71) polyethyleneimine in
deionized water) using a Brandel M-30 cell harvester; ®lter
papers were then washed twice with 3 ml ice-cold assay

bu�er. Radioactivity bound to the ®lter papers was
determined by liquid scintillation counting.

Competition binding studies

Washed pellets were suspended in assay bu�er at a
concentration of 0.75 ± 1.0 mg ml71. Aliquots of 400 ml were
incubated for 30 min at room temperature with 1 nM [3H]-
RX821002 and increasing concentrations of competing
ligands over the range 0.1 pM± 1 mM in triplicate, in a ®nal

volume of 0.5 ml. Non-speci®c binding was determined using
10 mM rauwolscine. Incubation was terminated by rapid
®ltration through Whatman GF/B ®lter paper using a

Brandel M-30 cell harvester; ®lters were then washed twice
using 3 ml of ice-cold assay bu�er. Radioactivity was
measured using liquid scintillation counting.

Analysis of binding data

Saturation and competition binding data were analysed by

iterative non-linear regression using GraphPAD Prism
(Graphpad Software, version 2.00). Ki values for competing
drugs were calculated using the Cheng ±Pruso� equation:

Ki=IC50/(1+L/KD). When analysing binding data, the F-test
was used to determine whether the data were best ®t by one-
or two-site models.

Statistics

Data are expressed as mean+s.e.mean. The level of

signi®cance of di�erences between groups was determined
using two-tailed Student's t-test; a P value of less than 0.05
was considered as statistically signi®cant.

Results

Effect of FT005 in vivo

The dose-dependent e�ect of acute FT005 on the blood

glucose level is shown in Figure 2. The maximal blood
glucose level (19.13+0.35 mM, n=6) was reached 90 min
after a dose of 25 mg kg71, but a highly signi®cant increase

was already seen after 30 min (17.2 mM, P50.001, relative to
saline treated mice n=13). Blood glucose levels remained
elevated relative to those in saline treated mice for over 4 h

following administration. The minimal e�ective dose was
0.50 mg kg71, which signi®cantly increased blood glucose
levels for 2 h following administration. A dose of

0.125 mg kg71 produced a slight but not statistically
signi®cant increase in blood glucose.
Orally administered FT005 (1 mg kg71) also produced

hyperglycaemia (data not shown), although the peak blood

glucose level (12.22+0.63 mM, n=6) was lower than that
observed following i.p. administration (14.32+0.52 mM,
n=6).

The potency and time course of action of FT005 were
compared to those of adrenaline, diazoxide and glucagon
(Figure 3). The increase in blood glucose levels following
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adrenaline administration (1 mg kg71) was very similar to
that produced by FT005, with a peak (14.18+1.21 mM, n=5)
observed 60 min after administration, and with both drugs

blood glucose had returned to normal levels after 180 min.
Glucagon (1 mg kg71) was found to have a shorter duration
of action than FT005, and blood glucose was thus
determined at 20 min intervals. The peak blood glucose level

(12.33+0.77 mM, n=4) was lower than that following
FT005, and was observed at 40 min; blood glucose levels

had returned to basal levels 80 min after administration.
Diazoxide (25 mg kg71) produced a similar peak blood
glucose level (14.76+0.90 mM, n=9) to FT005 (1 mg kg71),

but the onset of action was much slower than that of FT005,
the peak e�ect occurring 120 min after administration. Blood
glucose levels had returned to basal levels by 240 min.

Effect of FT005 on plasma insulin

Since the time course study suggested similarities between the

action of FT005 and adrenaline we examined the e�ect of
FT005 on plasma insulin levels. Plasma insulin levels were
determined immediately prior to administration of FT005 or

saline, and 30 and 60 min thereafter (see Figure 4). In saline-
treated mice there was a smaller decrease in plasma insulin
after 30 min but this was not statistically signi®cant. In

FT005 treated animals, plasma insulin was signi®cantly
reduced from 1.31+0.20 ng ml71 (n=14) at t=0 min to
0.33+0.07 ng ml71 (n=11) 30 min after administration
(P50.001). After 60 min plasma insulin was lower, although

not signi®cantly di�erent from basal levels. Comparing these
results with the blood glucose changes observed in Figure 3,
it is apparent that the hyperglycaemia following FT005

persists beyond the transient fall in insulin levels, which may
re¯ect a secondary action of FT 005.

Effect of FT005 in fasted animals

The e�ect of 25 mg kg71 FT005 on blood glucose following

overnight fasting was compared to that seen in fed mice. This
higher dose was selected in order to produce a larger
response to help distinguish between the responses in fed
and fasted animals. Figure 5 shows the rise in blood glucose

from the same arbitrary starting point (at t=0) rather than
the absolute blood glucose levels. The basal levels of blood
glucose were 6.57+0.65 mM (n=6) and 2.62+0.27 mM

(n=6) in fed and fasted animals respectively. Administration

Figure 2 Blood glucose levels in mice following administration of
FT005 (0.125 ± 25.0 mg.kg71, i.p., n=6) or saline (i.p., n=13) at
time=0 min. Data represent mean+s.e.mean blood glucose levels in
mM. Symbols indicating levels of statistical signi®cance have been
omitted for clarity.

Figure 3 Blood glucose levels in mice following administration of
adrenaline (1 mg.kg71, i.p., n=5), diazoxide (25 mg.kg71, i.p., n=9)
glucagon (1 mg.kg71, i.p., n=4) and FT005 (1 mg.kg71, i.p., n=6) at
time=0 min. Data represent mean+s.e mean blood glucose levels in
mM. Symbols indicating levels of statistical signi®cance have been
omitted for clarity.

Figure 4 Plasma insulin levels in mice following administration of
FT005 (1 mg.kg71, i.p.) or saline (i.p.). Plasma insulin was
determined in blood samples taken prior to, and 30 and 60 min
after drug administration. ***Represents a level of statistical
signi®cance of P50.001 relative to the plasma insulin concentration
at time 0 in the same treatment group.

British Journal of Pharmacology vol 136 (7)

Novel a2-agonistS. Slough et al1052



of FT005 to fasted mice produced a signi®cant increase in
blood glucose concentration of 3.90+0.56 mM (n=6) after
30 min, and this rose gradually to a maximal increase of

6.9 mM at 270 min before returning to basal levels after
390 min. This hyperglycaemic response to FT005 was less
than that observed in fed animals. The mean plasma insulin
level in fasted control mice was 0.38+0.09 ng ml71 (n=8).

Since this level was very similar to the minimum insulin level
observed following FT005 and was close to the limit of
detection of the assay, we did not measure the plasma insulin

levels in fasted mice following FT005.

Antagonism of the hyperglycaemic response by
rauwolscine

We examined the possibility that FT005 might be acting as

an a2-adrenoceptor agonist by determining whether the
hyperglycaemia could be blocked using a non-imidazoline
a2-adrenoceptor antagonist. The hyperglycaemic e�ect of
FT005 (1 mg kg71) was signi®cantly reduced but not

prevented by a dose of rauwolscine (0.5 mg kg71) shown to
reduce the area under the glucose curve produced by
1 mg kg71 adrenaline from 2203+111 mM.min in saline

pre-treated mice to 1676+76 mM.min (n=4, P50.01, data
not shown). The same dose of rauwolscine also signi®cantly
reduced the area under the glucose curve produced by

1 mg kg71 FT005 (Figure 6), from 2391+41 mM.min (n=8)
to 2104+63 mM.min (n=6), and reduced the peak blood
glucose level following FT005 from 14.32+0.52 mM to

12.65+0.97 mM.
In saline-treated control mice rauwolscine produced no

overall change in blood glucose levels, indicating that its
antagonism of the hyperglycaemic e�ect of FT005 was

pharmacological and not physiological. A consistent initial
rise in blood glucose was observed 15 min after rauwolscine.
This is due in part to the short-term stress of the initial

handling and is seen also after saline or sham injection

(Slough, 2000). The e�ect is no longer evident by 30 min (see
Figure 6).

Effect of FT005 on body temperature

A dose of FT005 (1 mg kg71 i.p.) which had previously been
shown to produce hyperglycaemia was also found to

signi®cantly reduce core body temperature (see Figure 7).
The peak reduction in body temperature from 38.4+0.28C to
32.3+0.38C (n=8) was observed 30 min after administration;

body temperature returned to normal levels 3 h after
administration. No signi®cant changes in body temperature
were observed in saline treated mice over the same time

period.

Effect of FT005 on isolated vas deferens

The mouse isolated vas deferens was used to examine the
possible action of FT005 at pre-synaptic a2-adrenoceptors,
since a2-adrenoceptor agonists are known to reduce the

magnitude of electrically-induced twitches of this tissue as a
result of reduced neurotransmitter release. FT005 produced a
concentration-dependent reduction in the magnitude of the

electrically-induced contraction of the isolated vas deferens.
Complete inhibition was seen at approximately 1 mM, with an
estimated IC50 of 128+50 nM (Figure 8). The a2-adrenocep-
tor agonist UK14304 also completely inhibited neurogenic
twitches, with an IC50 of 2.44+0.41 nM, n=4). In the
presence of rauwolscine (1 and 10 mM) the inhibition curve

for FT005 showed a parallel shift to the right; the IC50 values
were 1.04+0.09 mM and 4.52+1.13 mM respectively.

Radioligand binding studies

In saturation binding studies the binding of [3H]-RX821002
to mouse whole brain homogenates was saturable and of high

a�nity (data not shown). Iterative non-linear regression and

Figure 5 Change in blood glucose concentration following admin-
istration of FT005 (25 mg.kg71, i.p.) to fed (n=6) and fasted (n=6)
mice. Data represent the mean+s.e. mean increase in blood glucose
levels from those observed at time=0 min, prior to drug adminis-
tration.

Figure 6 E�ect of rauwolscine on the hyperglycaemic response to
FT005. Rauwolscine (0.5 mg.kg71, i.p.) was administered to mice at
time=715 min, followed by FT005 (1 mg.kg71, i.p., n=8) or saline
(i.p., n=6) at time=0 min. Control mice received either FT005
(1 mg.kg71, i.p., n=6) or saline (n=13) or saline without rauwolscine
pretreatment.
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Scatchard analysis suggested the binding was to two
populations. The higher a�nity site had an equilibrium
dissociation constant (KD) of 0.68+0.10 nM, and a Bmax of

152.9+21.9 fmol mg71 protein (data from four independent
experiments). The lower a�nity site had an equilibrium
dissociation constant (KD) of 13.5+4.2 nM, and a Bmax of
86.1+16.8 fmol mg71 protein. Non-speci®c binding, as

determined using 10 mM rauwolscine, was less than 2% for
[3H]-RX821002 at 1 nM. Competition binding studies were
performed using 1 nM [3H]-RX821002. Both RX821002 and

rauwolscine produced concentration-dependent inhibition of
speci®c [3H]-RX821002 binding (Figure 9). Displacement
curves were monophasic, with Hill coe�cients close to unity;

RX821002 and rauwolscine had Ki values of 1.12+0.21 nM
and 23.06+2.35 nM respectively. Both competing ligands
were capable of completely displacing [3H]-RX821002.

Competition experiments performed using FT005 demon-
strated that this novel compound was also capable of
completely inhibiting speci®c [3H]-RX821002 binding to a2-
adrenoceptors in whole mouse brain homogenates (Figure 9).

The competition appeared to be biphasic, with the two
populations approximately equal in size, and with high and
low a�nity sites (Ki=3.3+0.6 nM and 152.6+18.4 nM

respectively, n=4). To determine whether FT005 was binding
to di�erent a�nity states of the receptor, the competition
experiment was repeated in the presence of the non-

hydrolysable GTP analogue Gpp(NH)P (100 mM). Under
these conditions the fraction of the high a�nity site was
reduced from 46.3+0.02% to 18.6+5.3% (data not shown).

Discussion

Whilst there is growing evidence of the ability of certain
imidazoline compounds to increase insulin secretion from
pancreatic b-cells via interaction with a putative I3 imidazo-

line binding site, reports of antagonists have been confused
by the recent ®nding that KU14R and RX801080 enhanced
rather than inhibited the ability of efaroxan to promote

insulin secretion from BRIN-BD11 cells (Ball et al., 2000). It
is noteworthy, however, that similar results have yet to be
reported from di�erent insulin-secreting cell-lines and isolated

b-cells. A speci®c I3 antagonist might be expected to elevate
blood glucose levels in vivo and have a potential therapeutic
role in treating the hypoglycaemia occurring acutely as a
result of excessive insulin administration, or chronically in

cases of islet cell tumour or islet cell hyperplasia. An I3
selective drug would also have the advantage of avoiding the
central cardiovascular e�ects associated with a2-adrenoceptor
activation. We have previously reported the dramatic increase
in blood glucose levels seen with the novel imidazoline

Figure 7 E�ect of FT005 on body temperature. FT005 (1 mg.kg71,
i.p., n=8) or saline (i.p., n=6) was administered to mice at
time=0 min. Temperature was determined at 30 and 60 min
intervals. Data represent mean+s.e.mean. ***Represents a level of
statistical signi®cance of P50.001 relative to saline treated mice.

Figure 8 Concentration-dependent inhibition of neurogenic twitches
of the mouse isolated vas deferens by FT005. FT005 was applied to
the bath alone (n=7) or in the presence of 1 mM or 10 mM
rauwolscine (n=3).

Figure 9 Concentration-dependent inhibition of speci®c [3H]-
RX821002 (1 nM) binding in mouse whole brain homogenates by
FT005 (n=4), unlabelled RX821002 (n=4) and rauwolscine (n=3).
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compound FT005, which may have been due to an
antagonistic action at the novel I3 site (Slough & Taberner,
1999). The further examination of the properties of FT005

presented here suggest that this hyperglycaemic e�ect is more
likely to be a result of a2-adrenoceptor stimulation.
FT005 was found to produce a very rapid dose-dependent

increase in blood glucose levels, which is the opposite of the

e�ect previously observed in vivo with imidazoline com-
pounds such as efaroxan (Berridge et al., 1992; Berdeu et al.,
1994), S21663 (Wang et al., 1996) and S22068 (Pele-Tounian

et al., 1998), where an elevation of plasma insulin, or an
improvement of glucose tolerance is observed, presumably as
a result of I3 activation. This suggested the possibility that

FT005 may have an antagonistic action at I3 sites.
A variety of compounds produce hyperglycaemia in vivo,

including: adrenaline which reduces insulin secretion from the

pancreas via a2-adrenoceptor stimulation (Angel & Langer,
1988), and increases glycogenolysis by stimulating hepatic b2-
adrenoceptors (Kuo et al., 1977); glucagon, which reduces the
e�ects of insulin secretion and increases glycogenolysis and

gluconeogenesis in the liver; and diazoxide, a KATP channel
opener which inhibits pancreatic insulin secretion (Trube et
al., 1986) and reduces plasma insulin levels (Quast & Cook,

1989; Pratz et al., 1991). In the present study, the
hyperglycaemic response observed following diazoxide was
very di�erent from that observed after FT005, with both the

time of onset and the time taken to reach a maximum e�ect
being much slower after diazoxide. Glucagon on the other
hand was found to have a much shorter duration of action

than the same dose of FT005. Adrenaline was found to be
equipotent with FT005 at producing hyperglycaemia at
1 mg kg71, and had a similar time course of action.
a2-Adrenoceptor agonists produce hyperglycaemia by

inhibiting insulin secretion. When plasma insulin levels were
measured following FT005 administration they were indeed
found to be signi®cantly reduced, consistent with a2-
adrenoceptor stimulation. In addition, the hyperglycaemic
e�ect of FT005 was signi®cantly reduced by prior adminis-
tration of the non-imidazoline a2-adrenoceptor antagonist

rauwolscine, suggesting the involvement of a2-adrenoceptors.
Rauwolscine itself was found to have no signi®cant e�ect on
blood glucose levels, suggesting low basal sympathetic tone.
In the presence of an irreversible a2-adrenoceptor antagonist,
e.g. phenoxybenzamine, any hyperglycaemic response to
FT005 could be attributed to antagonism at I3 receptors.
Studies using isolated islets incubated with phenoxybenza-

mine have shown that whilst racemic efaroxan retained its
ability to evoke a transient increase in insulin output in
response to glucose, the a2-adrenoceptor-mediated action of

the (+) enantiomer was blocked (Mourtada et al., 1997).
However, in the intact animal, in vivo interactions with
di�erent receptors can not be excluded. Ideally, radioligand

binding studies would be performed at I3 receptors; however,
due to the practical di�culties in obtaining su�cient b-cell
protein for binding, and the lack of an adequately selective
radioligand such studies were not performed.

Since food was withdrawn at the start of all in vivo
experiments, the hyperglycaemia observed following FT005
administration cannot be due to increased food consumption

as a result of an appetite e�ect. To examine whether the
hyperglycaemia could be explained solely by a reduction of
plasma insulin levels, FT005 was administered to mice under

fasting conditions when insulin secretion is suppressed. Under
these conditions FT005 still produced a sustained increase in
blood glucose, although the response was attenuated relative

to that in fed animals. This suggests that whilst suppression
of insulin release contributes to the hyperglycaemic response,
it is likely that other mechanisms, such as inhibition of
glucose disposal may also play a signi®cant role.

Central post-synaptic a2-adrenoceptors are involved in
regulating body temperature (Bill et al., 1989). Activation
of a2-adrenoceptors located in the pre-optic area of the

hypothalamus has been demonstrated to induce hypothermia
in rats (Quan et al., 1992). FT005 produced a rapid
hypothermic response which lasted approximately 2 h,

providing further evidence of FT005 being an a2-adrenocep-
tor agonist. This hypothermia may contribute to the
hyperglycaemic response by reducing metabolic rate and

hence glucose demand by the tissues.
In the periphery, stimulation of prejunctional a2-adreno-

ceptors causes inhibition of neurogenic contractions of
isolated vas deferens by reducing neurotransmitter release

(Marshall et al., 1978). We demonstrated that FT005 was
also capable of causing complete inhibition of these
contractions. Although there are reports suggesting the

presence of imidazoline receptors in the vas deferens (Carratu
et al., 1992) they remain to be demonstrated conclusively and
there are reports questioning their existence in this tissue

(Avellar & Markus, 1996). The competitive antagonism of the
inhibitory response of FT005 by rauwolscine strongly
suggests that the e�ect is mediated by a2-adrenoceptors.
To con®rm that FT005 is an a2-adrenoceptor ligand we

used radioligand binding to demonstrate the a�nity of
FT005 for a2-adrenoceptors. The methoxy analogue of
idazoxan, [3H]-RX821002, was used to label a2-adrenoceptors
in mouse whole brain homogenates. Prior binding studies
with this compound have shown binding to a single
population of high a�nity sites in rat whole brain

homogenates (Hudson et al., 1992; Mallard et al., 1992),
and demonstrated a low a�nity for non-adrenoceptor
imidazoline binding sites, since it is completely displaced by

(7)-adrenaline. In the present study rauwolscine caused
100% inhibition of speci®c [3H]-RX821002 binding in
competition studies, suggesting that at 1 nM [3H]-RX821002
binds exclusively to a2-adrenoceptors. Interestingly the

saturation data was best ®t by a two-site model. This is in
contrast with numerous studies performed in rat brain where
[3H]-RX821002 binding ®ts a one-site saturation curve

(Hudson et al., 1992; Mallard et al., 1992; Renouard et al.,
1994). Species di�erences between the rat and the mouse
could explain the unexpected two-site binding observed with

[3H]-RX821002 in the mouse. The most likely explanation for
the two-site saturation would appear to be binding to a2-
adrenoceptor subtypes. In a study using a variety of cell lines

and tissues [3H]-RX821002 has been shown to bind with
approximately equal a�nity to the four a2-adrenoceptor
subtypes (O'Rourke et al., 1994). In native receptors in one
species, however, this might not necessarily be the case.

In competition studies speci®c [3H]-RX821002 binding was
completely displaced by FT005, rauwolscine and unlabelled
RX821002. Given that rauwolscine has no a�nity for

imidazoline binding sites (Lachaud-Pettiti et al., 1991) these
data support the argument that the two binding sites
observed in the saturation binding assay did not include an
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imidazoline binding site. Both rauwolscine and unlabelled
RX821002 appeared to bind to a single population of binding
sites, whilst FT005 competition appeared to be biphasic, with

the two populations approximately equal in size. Since FT005
appears to be an a2-adrenoceptor agonist it is possible that
the two di�erent populations could represent high- and low-
a�nity states of the G-protein coupled a2-adrenoceptor. In

order to determine whether this was indeed the case
competition experiments were repeated in the presence of
the GTP analogue Gpp(NH)P (100 mM). Under these

conditions, the G-protein coupled receptors are more likely
to exist in the low a�nity state, with the fraction of high
a�nity binding decreasing. The reduction of the high a�nity

fraction of the population suggests that FT005 does displace
[3H]-RX821002 from two di�erent a�nity states of the a2-
adrenoceptor consistent with agonist binding.

The data presented here demonstrate that the hypergly-
caemia observed in mice following administration of FT005
can be explained largely in terms of activation of a2-
adrenoceptors, with a fall in insulin secretion responsible in
part for the elevation of blood glucose. The interaction of
FT005 with a2-adrenoceptors has been veri®ed in radioligand
binding studies. However, reduction of insulin secretion is not

solely responsible for the hyperglycaemia; a second mechan-
ism producing hyperglycaemia in fasted mice remains
unexplained.

We are grateful to Servier for providing the FT005. We also thank
the University of Bristol for providing a scholarship for Scott
Slough.

References

ANGEL, I. & LANGER, S.Z. (1988). Adrenergic-induced hyperglycae-
mia in anaesthetized rats: involvement of a2-adrenoceptors. Eur.
J. Pharmacol., 154, 191 ± 196.

AVELLAR, M.C.W. & MARKUS, R.P. (1996). Are imidazoline
receptors involved in sympathetic neurotransmission in rat vas
deferens? Gen. Pharmacol., 27, 1273 ± 1278.

BALL, A.J., FLATT, P.R. &MCCLENAGHAN, N.H. (2000). Stimulation
of insulin secretion in clonal BRIN-BD11 cells by the imidazoline
derivatives KU14R and RX801080. Pharmacol. Res., 42, 575 ±
579.

BERDEU, D., BERTRAND, G., PUECH, R., LOUBATIERES-MARIANI,

M.M. & RIBES, G. (1994). The imidazoline efaroxan stimulates
insulin secretion and improves glucose tolerance in conscious
dogs. Diabetologia, 37, A110.

BERRIDGE, T.L., DOXEY, J.C. & ROACH, A.G. (1992). Comparison of
the e�ects of efaroxan and glibenclamide on plasma glucose and
insulin levels in rats. Eur. J. Pharmacol, 213, 213 ± 218.

BILL, D.J., HUGHES, I.E. & STEPHENS, R.J. (1989). The thermogenic
actions of a2-adrenoceptor agonists in reserpinized mice are
mediated via a central postsynaptic a2-adrenoceptor mechanism.
Br. J. Pharmacol., 96, 133 ± 143.

BROADSTONE, V.L., PFEIFER, M.A., BAJAJ, V., STAGNER, J.I. &

SAMOLS, E. (1987). a-Adrenergic blockade improves glucose-
potentiated insulin secretion in non-insulin-dependent diabetes
mellitus. Diabetes, 36, 932 ± 937.

BROWN, C.A., CHAN, S.L.F., STILLINGS M.R., SMITH, S.A. &

MORGAN, N.G. (1993b). Antagonism of the stimulatory e�ects
of efaroxan and glibenclamide in rat pancreatic islets by the
imidazoline, RX801080. Br. J. Pharmacol., 110, 1017 ± 1022.

BROWN, C.A., LOWETH, A.C., SMITH, S.A. & MORGAN, N.G.

(1993a). Stimulation by imidazoline compounds is not due to
interaction with non-adrenoceptor idazoxan binding sites. Br. J.
Pharmacol., 108, 312 ± 317.

CARRATU, M.R., NAVARRA, P., De SERIO, A., SERIO, M., PREZIOSI,

P. & MITOLO-CHIEPPA. (1992). The e�ects of (+)-idazoxan and
its stereoisomers on vas deferens motility in vitro. A comparison
with yohimibine. Fundam. Clin. Pharmacol., 6, 301 ± 307.

CHAN, S.L.F., BROWN, C.A. & MORGAN, N.G. (1993). Stimulation of
insulin secretion by the imidazoline a2-adrenoceptor antagonist
efaroxan is mediated by a novel, stereoselective, binding site. Eur.
J. Pharmacol., 230, 375 ± 378.

CHAN, S.L.F., DUNNE, M.J., STILLINGS, M.R. & MORGAN, N.G.

(1991). The a2-adrenoceptor antagonist efaroxan modulates
K+

ATP channels in insulin secreting cells. Eur. J. Pharmacol.,
204, 41 ± 48.

CHAN, S.L.F. & MORGAN, N.G. (1989). E�ects of phenoxybenzamine
on insulin secretion from isolated rat islets of langerhans. Biosci.
Reports., 9, 223 ± 230.

CHAN, S.L.F., PALLETT, A.L., CLEWS, J., RAMSDEN, C.A., CHAP-

MAN, J.C., KANE, C., DUNNE, M.J. & MORGAN, N.G. (1998).
Characterisation of new efaroxan derivatives for use in
puri®cation of imidazoline-binding sites. Eur. J. Pharmacol.,
355, 67 ± 76.

CHAN, S.L.F., PALLETT, A.L., CLEWS, J., RAMSDEN, C.A. &

MORGAN, N.G. (1997). Evidence that the ability of imidazoline
compounds to stimulate insulin secretion is not due to interaction
with s receptors. Eur. J. Pharmacol., 323, 241 ± 244.

EGLEN, R.M., HUDSON, A.L., KENDALL, D.A., NUTT, D.J., MOR-

GAN, N.G., WILSON, V.G. & DILLON, M.P. (1998). `Seeing
through a glass darkly': casting light on imidazoline `I' sites.
Trends Pharmacol. Sci., 19, 381 ± 390.

HUDSON, A.L., MALLARD, N.J., TYACKE, R., & NUTT, D.J. (1992).
[3H]-RX821002: a highly selective ligand for the identi®cation of
a2-adrenoceptors in the rat brain.Mol. Neuropharmacol., 1, 219 ±
229.

HUGHES, J., KOSTERLITZ, H.W. & LESLIE, F.M. (1975). E�ect of
morphine on adrenergic transmission in the mouse vas deferens.
Assessment of agonist and antagonist potencies of narcotic
analgesics. Br. J. Pharmacol., 53, 371 ± 381.

KUO, S.-H., KAMAKA, J.K. & LUM, B.K.B. (1977). Adrenergic
receptor mechanisms involved in the hyperglycaemia and
hyperlacticacidaemia produced by sympathomimetic amines in
the cat. J. Pharmacol. Exp. Ther., 202, 301 ± 309.

LACHAUD-PETTITI, V., PODEVIN, R.-A., CHRETIEN, Y. & PARINI,

A. (1991). Imidazoline-guanidinium and a2-adrenergic binding
sites in basolateral membranes from human kidney. Eur. J.
Pharmacol., 206, 23 ± 31.

LANGER, J., PANTEN, U. & ZIELMANN, S. (1983). E�ects of a-
adrenoceptor antagonists on clonidine-induced inhibition of
insulin secretion by isolated pancreatic islets. Br. J. Pharmacol.,
79, 415 ± 420.

LE BRIGAND, L., VIRSOLVY, A., PEYROLLIER, K., MANECHEZ, D.,

GODFROID, J.J., GUARDIOLA-LEMAITRE, B. & BATAILLE, D.

(1997). Stimulation of insulin release from the MIN6 cell line by a
new imidazoline compound, S-21663: evidence for the existence
of a novel imidazoline site in b cells. Br. J. Pharmacol., 122, 786 ±
791.

MALLARD, N.J., HUDSON, A.L. & NUTT, D.J. (1992). Characteriza-
tion and autoradiographical localization of non-adrenoceptor
idazoxan binding sites in the rat brain. Br. J. Pharmacol., 106,
1019 ± 1027.

MARSHALL, I., NASMYTH, P.A., NICHOLL, C.G. & SHEPPERSON,

N.B. (1978). a-Adrenoceptors in the mouse vas deferens and their
e�ects on its response to electrical stimulation. Br. J. Pharmacol.,
62, 147 ± 151.

British Journal of Pharmacology vol 136 (7)

Novel a2-agonistS. Slough et al1056



MORGAN, N.G., CHAN, S.L.F., BROWN, C.A. & TSOLI, E. (1995).
Characterisation of the imidazoline binding site involved in
regulation of insulin secretion. Ann. N.Y. Acad. Sci., 763, 361 ±
373.

MOURTADA, M., BROWN, C.A., SMITH, S.A., PIERCY, V., CHAN,

S.L.F. & MORGAN, N.G. (1997). Interactions between imidazoline
compounds and sulphonylureas in the regulation of insulin
secretion. Br. J. Pharmacol., 121, 799 ± 805.

NAKADATE, T., NAKAKI, T., MURAKI, T. & KATO, R. (1980).
Adrenergic regulation of blood glucose levels: possible involve-
ment of postsynaptic alpha-2 type adrenergic receptors regulat-
ing insulin release. J. Pharmacol Exp. Ther., 215, 226 ± 230.

O'ROURKE, M.F., BLAXALL, H.S., IVERSEN, L.J. & BYLUND, D.B.

(1994). Characterization of [3H]RX821002 binding to alpha-2
adrenergic receptor subtypes. J. Pharmacol. Exp. Ther., 268,
1362 ± 1367.

OLMOS, G., KULKARNI, R.N., HAQUE, M. & MACDERMOT, J.

(1994). Imidazolines stimulate release of insulin from RIN-
5AH cells independently from imidazoline I1 and I2 receptors.
Eur. J. Pharmacol., 262, 41 ± 48.

PELE-TOUNIAN, A., WANG, X., RONDU, F., LAMOURI, A., TOU-

BOUL, E., MARC, S., DOKHAN, R., PFEIFFER, B., MANECHEZ,

D., RENARD, P., GUARDIOLA-LEMAITRE, B., GODFROID, J.-J.,

PENICAUD, L. & KTORZA, A. (1998). Potent antihyperglycaemic
property of a new imidazoline derivative S-22068 (PMS 847) in a
rat model of NIDDM. Br. J. Pharmacol., 124, 1591 ± 1596.

PRATZ, J., MONDOT, S., MONTIER, F., & CAVERO, I. (1991). E�ects
of the K+ channel activators, RP 52891, cromakalim and
diazoxide, on the plasma insulin level, plasma renin activity
and blood pressure in rats. J. Pharmacol. Exp. Ther., 258, 216 ±
222.

QUAN, N., XIN, L., UNGAR, A.L. & BLATTEIS, C.M. (1992). Preoptic
norepinephrine-induced hypothermia is mediated by a2-adreno-
ceptors. Am. J. Physiol., 262, R407 ±R411.

QUAST, U. & COOK, N.S. (1989). In vitro and in vivo comparison of
two K+ channel openers, diazoxide and cromakalim, and their
inhibition by glibenclamide. J. Pharm. Exp. Ther., 250, 261 ± 271.

RENOUARD, A., WIDDOWSON, P.S. &MILLAN,M.J. (1994). Multiple
alpha2 adrenergic receptor subtypes. I. Comparison of
[3H]RX821002-labelled rat Ralpha-2A adrenergic receptors in
cerebral cortex to human Halpha-2A adrenergic receptor and other
populations of alpha-2 adrenergic subtypes. J. Pharmacol. Exp.
Ther., 270, 946 ± 957.

SCHULZ, A. & HASSELBLATT, A. (1988). Phentolamine, a deceptive
tool to investigate sympathetic nervous control of insulin release.
Naunyn Schmiederberg's Arch. Pharmacol., 337, 637 ± 643.

SCHULZ, A. & HASSELBLATT, A. (1989). An insulin-releasing
property of imidazoline derivatives is not limited to compounds
that block a-adrenoceptors. Naunyn Schmiedeberg's Arch.
Pharmacol., 340, 321 ± 327.

SLOUGH, S. (2000). The e�ects of a novel series of imidazoline
compounds on glucose homeostasis in the mouse. Ph.D. Thesis,
University of Bristol.

SLOUGH, S. & TABERNER, P.V. (1999). An imidazoline compound
(S22954) produces hyperglycaemia in CBA/Ca mice. Br. J.
Pharmacol., 127, 38P.

TRUBE, G., RORSMAN, P. & OHNO-SHOSAKU, T. (1986). Opposite
e�ects of tolbutamide and diazoxide on the ATP-dependent K+

channel in mouse pancreatic b-cells. P¯ugers Arch., 407, 493 ±
499.

WANG, X., RONDU, F., LAMOURI, A., DOKHAN, R., MARC, S.,

TOUBOUL, E., PFEIFFER, B., MANECHEZ, D., RENARD, P.,

GUARDIOLA-LEMAITRE, B., GODFROID, J., KTORZA, A. &

PENICAUD, L. (1996). E�ect of S-21663 (PMS 812), an imidazo-
line derivative, on glucose tolerance and insulin secretion in a rat
model of type II diabetes. J. Pharmacol. Exp. Ther., 278, 82 ± 89.

(Received December 27, 2001
Revised May 17, 2002

Accepted May 21, 2002)

British Journal of Pharmacology vol 136 (7)

Novel a2-agonistS. Slough et al 1057


	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	fig_xref6
	fig_xref7
	fig_xref8
	fig_xref9
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xref
	fig_xref
	bib_xrefR25
	bib_xrefR26
	bib_xrefR27
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xrefR34
	bib_xrefR35
	bib_xrefR36
	bib_xrefR37
	bib_xrefR38
	bib_xrefR39
	bib_xrefR40

