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5-Hydroxyindole slows desensitization of the 5-HT;
receptor-mediated ion current in N1E-115 neuroblastoma cells

André R. Kooyman, Johannes A. van Hooft & 'Henk P.M. Vijverberg

Research Institute of Toxicology, Utrecht University, P.O. Box 80.176, NL-3508 TD Utrecht, The Netherlands

Effects of S-hydroxyindole (5-OHi) on 5-HT; receptor-operated ion current were investigated in voltage-
clamped NI1E-115 neuroblastoma cells. In the presence of 1 mM 5-OHi, the amplitudes of inward
currents induced by the agonists 5-hydroxytryptamine (5-HT), 2-methyl-5-HT and dopamine were
enhanced and desensitization of the responses was markedly slowed down. The results indicate that
5-OHi selectively modifies the desensitization of the 5-HT; receptor-mediated ion current.
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Introduction Cells of the murine neuroblastoma clone N1E-
115 express 5-hydroxytryptamine 5-HT; receptors (Hoyer &
Neijt, 1988). The fundamental physiological and pharmaco-
logical properties of the 5-HT; receptor-operated ion current
in whole-cell voltage-clamped neuroblastoma cells have been
described in detail (Neijt ez al., 1986, 1988; 1989; Yakel &
Jackson, 1988; Lambert ef al., 1989; Yang, 1990). The 5-HT,
receptor appears to be a member of the ligand-gated ion
channel family (Maricq et al., 1991). Receptor occupation by
5-HT leads to a rapid increase of membrane inward current,
followed by a decrease. The latter has been demonstrated to
depend on agonist concentration and is caused by densen-
sitization, which persists in the presence of the agonist.
Desensitization is completely reversed after removal of the
agonist (Neijt et al, 1989). In NI1E-115 cells, responses
similar to those to 5-HT are evoked by the selective 5-HT;
receptor agonist, 2-methyl-5-HT (2-Me-5-HT) and dopamine
(Neijt et al., 1988). Dopamine acts as a partial 5-HT; agonist.
The response to dopamine in N1E-115 cells is completely
blocked by the selective 5-HT; receptor antagonist, ICS
205-930 (Neijt et al., 1986), and the agonists 5-HT and
dopamine show full cross-desensitization (Neijt et al., 1988).
This demonstrates that the response to dopamine in N1E-115
cells is solely due to 5-HT; receptor activation.

We have investigated the effects of extracellular 5-hydroxy-
indole (5-OHi) in N1E-115 cells and show that this 5-HT
moiety slows agonist-induced desensitization of the 5-HT,
receptor-mediated inward current.

Methods Cell culture and electrophysiological techniques
were identical to those previously described (Neijt et al.,
1989). Experiments were performed on dibutyryladenosine
3":5'-cyclic monophosphate (db-cyclic AMP) differentiated
cells of passages 31-42 of the murine neuroblastoma clone
N1E-115 (Amano et al, 1972) under whole-cell voltage
clamp, using the suction pipette technique (Lee et al., 1978;
Neijt et al., 1989). Cells were voltage-clamped at a holding
potential of — 70 mV. Cells were continuously superfused
with external solution and ion currents were evoked by
changing to agonist- and, optionally, 5-OHi-containing exter-
nal solution (Neijt et al., 1989). 5-OHi was dissolved in
dimethylsulphoxide as a 1 M stock solution, stored frozen at
— 20°C, and freshly thawed prior to the experiments. The
composition of external and pipette solutions was the same
as previously described (Neijt et al, 1989). Cells were re-
peatedly exposed to agonist after an interval of at least 100 s

1 Author for correspondence.

in order to allow complete recovery from desensitization. All
experiments were performed at room temperature (20-24°C).
Values are presented as mean * s.d.

Results The superfusion of N1E-115 cells under whole-cell
voltage clamp (V, = — 70 mV) with external solution con-
taining a maximally effective concentration of 10 um 5-HT
evoked a characteristic, transient 5-HT; receptor-mediated
inward current (Figure 1a(i)). Superfusion with external solu-
tion containing 1 mM 5-OHi evoked no detectable electro-
physiological response (not shown). However, the response
evoked by superfusion with 10 uM 5-HT in the presence of
1 mM $5-OHi was greatly modified. The peak amplitude was
enhanced and the desensitization was slowed down as com-
pared to those of the control 5-HT response (Figure la(ii)).
The same effects were observed irrespective of whether cells
were already pre-exposed to 5-OHi or not, suggesting a rapid
action. The effects of 5-OHi were rapidly reversed on
washing with external solution (Figure la(iii)). Amplitude
and desensitization of the 5-HT-induced inward current were
hardly affected at a concentration of 10uM 5-OHi (not
shown). Similar reversible effects of 5-OHi were observed on
inward currents evoked by superfusion with 50 uM of the
selective 5-HT; agonist, 2-Me-5-HT (Figure 1b) or with 1 mM
of the partial 5-HT; agonist, dopamine (Figure 1c). Res-
ponses in Figures 1b and 1c have been scaled to Figure la
for matching control response amplitudes in order to demon-
strate clearly the effects of 5-OHi. Average peak amplitudes
of the 50 uM 2-Me-5-HT- and the 1 mM dopamine-induced
control inward currents were 75+ 7% (n=4) and 35 7%
(n=17) of that of the 10 uM 5-HT control responses in the
same cells. To quantify the effects, the peak inward currents
in the presence of 5-OHi and the fitted exponential time
constants of desensitization have been normalized to those of
control responses obtained from the same cells. The data
presented in Table 1 show that 5-OHi enhanced the peak
amplitude of inward currents induced by superfusion with
the various 5-HT; receptor agonists by 30-94% and slowed
desensitization 2.5-5 fold.

Discussion The mechanism of desensitization of the S-HT,
receptor-mediated ion current is still unresolved. The rate of
desensitization has been shown to increase with agonist con-
centration in a sigmoid manner and it has been suggested
that at saturating agonist concentration, desensitization is
rate-limited by some intrinsic conformational change of the
agonist receptor-ion channel complex (Neijt et al., 1989). The
present results show that 5-OHi, a moiety of the 5-HT
molecule, dramatically slows the desensitization of inward
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Figure 1 Effects of 5-hydroxyindole (5-OHi) on 5-HT; receptor-mediated inward current in N1E-115 cells voltage clamped at
— 70 mV. (a) Superfusion with external solution containing 10 um 5-HT evokes a transient inward current, which rapidly
desensitizes in the continued presence of 5-HT (a(i)). In external solution containing 1 mM 5-OHi the peak inward current induced
by the same concentration of 5-HT is enhanced and the desensitization is markedly slowed (a(ii)). These effects of 5-OHi are
rapidly reversed within 100 s of washing with external solution (a(iii)). (b), (c) Desensitization of inward currents induced by the
selective 5-HT; receptor agonist 2-methyl-5-HT (b(ii)) and the partial 5-HT; receptor agonist dopamine (c(ii)) is also slowed and the
peak amplitude of the inward currents is also enhanced in the presence of 5-OHi (b(iii) and c(iii)). Responses in (a), (b) and (c) are
from three different cells. The responses of the different cells have been scaled for matching peak amplitudes of control inward

currents evoked with 10 um S5-HT.

Table 1 Effects of 1 mm 5-hydroxyindole on 5-hydroxy-
tryptamine 5-HT; receptor-mediated inward currents in
NI1E-115 cells

Relative peak Relative time

Agonist amplitude constant n
5-HT 1.30+0.10 3.27%0.76 19
2-Me-5-HT 1.35+0.10 475+ 0.39 3
Dopamine 1.94 £0.15 2.73+£0.23 3

Peak amplitudes and time constants of desensitization are
relative to the values obtained from control responses with
the respective agonists in the same cell. Values represent
mean * s.d. obtained from n different cells.

currents induced by 5-HT,; receptor agonists in NI1E-115
cells. No effect of 5-OHi on the activation of inward current
was observed. Simultaneously with the slowing of desensitiza-
tion the amplitude of the inward current was enhanced.
From the results in Table 1 there does not appear to be any
relationship between the effects of 5-OHi on the amplitude

and desensitization of currents evoked by 5-HT, 2-Me-5-HT
and dopamine. Since all three agonists mediate their effects
by 5-HT; receptors in N1E-115 cells, the independence of the
effects of 5-OHi on amplitude and desensitization is most
likely due to agonist-dependent differences in the coupling
between receptor activation and desensitization.

The availability of a tool to modulate selectively the desen-
sitization of the 5-HT; receptor-operated ion channel opens
new perspectives for investigation of the mechanism of a
functional process that is shared with other ligand-gated ion
channels. In addition, the potential existence of endogenous
modulators of desensitization becomes highly interesting
from a pharmacological viewpoint. Although it is conceivable
from the structural analogy between 5-HT and 5-OHi that
the latter is able to interact with the agonist recognition site
of the 5-HT; receptor, the precise nature of the interaction of
5-OHi remains to be established and is currently being inves-
tigated.

We are grateful to Paula Martens for maintaining cell culture and
Aart de Groot for electronics and computer support. This investiga-
tion has been supported by the NWO-foundation for Medical and
Health Research (grant no. 900-553-021).
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Induction of a calcium-independent NO synthase by
hypercholesterolaemia in the rabbit

D. Lang, J.A. Smith & 'M.J. Lewis

Departments of Pharmacology & Therapeutics and Cardiology, University of Wales College of Medicine, Heath Park, Cardiff,
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Endothelium-dependent and -independent relaxation of aortic ring preparations was assessed and nitric
oxide (NO) synthase activity measured in the lung, and cerebellum of cholesterol-fed and normal
rabbits. Endothelium-dependent relaxation of acetylcholine and ATP was depressed while that to the
calcium ionophore, A23187, was unaltered in the cholesterol-fed group. Relaxation to sodium nitroprus-
side was however greater in aortae from the cholesterol-fed animals. Neither Ca’*-dependent nor
Ca?*-independent NO synthase activity could be detected in aortae or hearts taken from either group of
animals. Activity of both enzymes was unaltered in cerebellae from both groups of animals. Activity of
the Ca’*-independent enzyme was however significantly greater (ca. 2fold) in lungs from the
cholesterol-fed rabbits though the activity of the Ca?*-dependent NO synthase was not significantly
altered. This finding may account for the increased production of nitrogen oxides previously observed in

this model of hypercholesterolaemia.

Keywords: Hypercholesterolaemia; vascular relaxation; NO synthase activity; Ca?*-dependence

Introduction Reduced activity of endothelium-derived relax-
ing factor (EDRF), recently identified as nitric oxide (NO,
Palmer et al., 1987), has been demonstrated in both large and
small arteries in various models of hypercholesterolaemia (for
review see Henderson, 1991). The mechanism underlying this
inhibition is unclear (for review see Flavahan, 1992). A recent
study by Minor and colleagues (1990) showed in bioassay
experiments a decreased dilator activity of aortic effluent
from cholesterol-fed rabbits which was associated with in-
creased production of nitrogen oxides as measured by
chemiluminescence. This study therefore suggests that while
there is increased NO production as a result of hyper-
cholesterolaemia, the reduced EDRF activity results either
from increased inactivation of NO, or an increased release of
vasoconstrictors. In an attempt to account for increased NO
production, we have compared the constitutive (Ca?*-
dependent) and non-constitutive (Ca2*-independent) NO syn-
thase enzyme activities in various tissues from rabbits fed on
a normal or a high-cholesterol diet.

Methods Cholesterol feeding Male New Zealand white rab-
bits (2—2.5 kg) were randomly assigned to two groups. One
group received a standard diet and the other a diet uniformly
enriched with 1% cholesterol for 8 weeks.

Tissue preparation Animals were killed by cervical dis-
location. Blood samples were taken via cardiac punture into
heparinised tubes, and plasma cholesterol levels assessed by a
standard cholesterol oxidase method.

The thoracic aorta was removed into Krebs solution
gassed with 95% 0,/5% CO, at room temperature and
divided in half. One half of the cleaned aorta, the heart, one
lung and cerebellum were removed into liquid nitrogen, and
stored at —70°C for the measurements of NO synthase
activity.

The remaining aortic tissue was cut into 3 mm wide rings
for isometric tension recording.

! Author for correspondence at: Department of Pharmacology &
Therapeutics.

Measurement of relaxation responses The 3 mm wide
endothelium-intact aortic rings were mounted in tissue baths
as described previously (Chappell er al., 1987) and precon-
stricted to 50—-70% of maximum with phenylephrine. Relaxa-
tion responses to cumulative addition of acetylcholine, ATP
or sodium nitroprusside (SNP), or a single concentration of
3 x 10-"M A23187 were measured and expressed as percen-
tage relaxation of the phenylephrine-induced tone.

NO synthase assay The Ca?*-dependent and -independent
NO synthase activities present in the heart, lung, cerebellum
and aorta were measured as previously described (Salter et
al., 1991). Briefly, tissues were homogenized in ice-cold lysis
buffer containing protease inhibitors and centrifuged (4°C,
30,000 g, 10 min). An aliquot of the supernatant was added
to the assay buffer containing L-[U-'*C]-arginine, NO-
synthase co-factors with or without EGTA and an NO-
synthase inhibitor. The reaction was terminated by addition
of AG 50 W-X8 exchange resin (sodium form). The [*C]-
citrulline content of the supernatant was measured by stand-
ard liquid scintillation counting techniques.

Materials Phenylephrine hydrochloride, acetylcholine
chloride, ATP, sodium nitroprusside and A23187 were
obtained from Sigma Chemical Co, Dorset, UK. All other
chemicals were Analar grade.

Statistics Results are expressed as mean * s.e.mean. The
concentration-response curves were fitted to log-logistic
curves by a least squares numerical minimization procedure.
By comparing two curves simultaneously with first separate
and then combined curve parameters, variance ratio tests
were performed to detect differences in the asymptotes,
intercepts and slopes. Other comparisons were made by use
of Student’s ¢ test for unpaired data and considered
significantly different when P<<0.05.

Results Cholesterol feeding Blood cholesterol levels were
significantly increased in the cholesterol-fed rabbits
(56.19 £ 3.81 mmol 1-!; n=10) compared to the normals
(1.32£0.13 mmol 1°}; n=12, P<0.01).



Relaxation responses Phenylephrine-induced tone was not
significantly different in rings from control or cholesterol-fed
animals for each drug studied (ACh: 49+ 0.28 g and 5.3 &
0.4g; ATP: 55%£0.28 g and 5.3+ 0.45g; SNP: 401 0.13¢g
and 4.6%X031g A23187: 4510.23g and 4.81+034g
respectively; n=12 for ACh, ATP and SNP and 6 for
A23187). The concentration-response curve for acetylcholine-
induced relaxation in aortae from the cholesterol-fed rabbits
(EDs, = 5.1 X 10~" M) was significantly shifted to the right
when compared to that of aortae from normal-fed rabbits
(EDs, = 4.7 x 10~ M, P<0.001) (Figure 1a). Also, the peak
relaxation to -acetylcholine in aortae from cholesterol-fed rab-
bits (39.4 + 7.0%) was significantly lower than those fed a
normal diet (54.9 £ 2.9%; P<<0.01). The ATP concentration-
response curve (Figure 1b) was similarly significantly shifted
to the right in tissues from cholesterol-fed animals compared
to normal animals ECsy,=5.1Xx10">M and 1.7 x107°M
respectively (P<0.001). The peak relaxation achieved with
ATP was not however significantly different between the two
groups. Figure 1c by contrast shows that the concentration-
response curve to SNP was significantly shifted to the left in
aortae from the cholesterol-fed animals (ECs, 2.3 X 1075 M)
compared with control animals (ECs 6 X 10~¢ M; P<<0.001).
Peak relaxation to nitroprusside was not however signi-
ficantly altered by cholesterol feeding. Relaxation to A23187
(3 x 1077 M) was similar in aortae from both groups of rab-
bits (58.0t 1% (n=6) in normals; 51.1£59% (n=26) in
cholesterol-fed animals).

NO synthase activity Neither Ca?*-dependent nor Ca?*-
independent NO synthase activity, could be detected in either
the heart or aortic samples from either group of rabbits.
Both enzymes were detectable in the cerebellar samples, but
there was no significant differences between either the Ca?*-
dependent or -independent enzyme in the normal-
(1.68 £0.16 and 0.02 + 0.01 fmol min~' pg~! protein respec-
tively) or the cholesterol-fed rabbits (1.72+0.08 and
0.02 * 0.01 fmol min~' pug~' protein respectively). As can be
seen from Figure 2 however, the Ca?*-independent NO syn-
thase activity expressed in the lung of the cholesterol-fed
rabbits was significantly greater than in the lungs of control
rabbits. The Ca?*-dependent NO synthase was slightly (but
not statistically significantly) lower in the lungs from the
cholesterol-fed animals compared to normal animals.

Discussion The data confirm previous studies in aortae from
cholesterol-fed rabbits showing impaired endothelium-
dependent responses to acetylcholine and ATP, whereas re-
sponses to the calcium ionophore, A23187, and sodium nit-
roprusside are unaltered or enhanced. The observation that
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Figure 1 Concentration-responses to relaxation induced by acetyl-
choline (a), ATP (b) and sodium nitroprusside (c) in aortic rings
from rabbits fed a normal diet (O) and a diet containing 1%
cholesterol (@). Each point is the mean and vertical bars indicate the
s.e.mean of 12 observations.
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Figure 2 Diagram showing mean (% s.e.mean) Ca’*-dependent
(open columns) and -independent (hatched columns) NO synthase
activity in lungs from rabbits fed a normal diet and a diet containing
1% cholesterol. (*P <<0.05 cf. control group; n=8-11 observa-
tions).

the Ca?*-independent NO synthase activity in the lungs of
the cholesterol-treated animals was increased is a novel find-
ing and if the findings can be extrapolated to the systemic
vasculature may explain the observations by Minor and col-
leagues (1990) of an increased production of nitrogen oxides
as a result of hypercholesterolaemia. The origin of the in-
creased NO synthase in the lungs cannot be established with
certainty however as lung tissue comprises many cell types.
Blood vessels are one possible source, but other cell types like
macrophages cannot be excluded.

The observation of reduced endothelium-dependent relaxa-
tion to ACh and ATP but unaltered relaxation to A23187
has been discussed elsewhere (Flavahan, 1992) and is unlikely
to be due to altered receptor coupling between agonists and
the endothelial cell. The fact that both NO synthase activity
and nitrogen oxide production are increased in hyperchol-
estrolaemia while endothelium-dependent relaxation is de-
creased, probably reflects increased destruction of NO,
possible by free radicals. We were unable to detect any
increase in activity of the Ca*-independent NO synthase in
the heart or aortic tissue. The reason for this cannot be
established with certainty though it is likely to be related to
the sensitivity of the assay and also, at least in the case of the
aorta, to the relatively small amount of tissue assayed. The
source of Ca’*-independent NO synthase activity in the lungs
from control animals is not known.

The mechanism underlying the increase in inducible NO
synthase activity is unknown. There is good evidence that
cytokines are involved in the atherogenic process (Schwartz
et al., 1991) and are also known to induce the Ca?*-
independent NO synthase in endothelium and vascular
smooth muscle (Busse & Miilsch, 1990; Lamas et al., 1991).
Evidence is also accumulating that oxidised low density
lipoprotein may behave in a way similar to cytokines (for
review see Rosenfeld, 1991), activating inflammatory and
immune responses in cells in blood vessel walls and athero-
sclerotic plaques.

Interestingly no increase in the cerebellar activity of indu-
cible NO synthase in the hypercholesterolaemia animals was
found in the present study.

In conclusion, this study shows for the first time that
hypercholesterolaemia in the rabbit increases expression of
the Ca’*-independent NO synthase enzyme in the lung and
may account for increased production of nitrogen oxides
observed previously in this model of hypercholesterolaemia.

The authors wish to thank Mr L.K. Chang for helpful technical
assistance and to the Department of Medical Biochemistry, UWCM,
for the measurement of plasma cholesterol levels.
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Ramiprilat increases bradykinin outflow from isolated hearts of

rat

Claus R. Baumgarten, *Wolfgang Linz, Gert Kunkel, *Bernward A. Schélkens &

1*Gabriele Wiemer

Department of Clinical Immunology, Freie Universitdt Berlin, D-1000 Berlin, 65 and *Hoechst AG, D-6230 Frankfurt/Main,

SBU Cardiovascular Agents, Germany

To establish that bradykinin is formed in the heart we measured bradykinin in the venous effluent from
rat isolated hearts perfused with Krebs-Henseleit buffer. In addition, we examined the effect on
bradykinin outflow of the angiotensin converting enzyme (ACE) inhibitor, ramiprilat. From rat isolated
normoxic hearts a bradykinin outflow of 0.85% 0.1 ngml~! perfusate g~' wet weight was measured.
Perfusion with ramiprilat increased the bradykinin concentration to 2.8 * 0.3 ng ml~! perfusate g=' wet
weight. During ischaemia bradykinin outflow maximally increased 8.2 fold to 7.0 £ 0.5 ng ml~! perfusate
g~!, and in ramiprilat-perfused hearts 5.8 fold to 16.0 £ 1.8 ng ml~' perfusate g~!. In the reperfusion
period bradykinin outflow normalized to values measured in the respective pre-ischaemic period.
The presents data show that bradykinin is continuously formed in the rat isolated heart. Ischaemia
increases bradykinin outflow from the heart. Presumably by inhibiting degradation of kinins, ACE
inhibition significantly increased the bradykinin concentration during normoxia, ischaemia and reper-

fusion.

Keywords: Bradykinin-formation; rat isolated hearts; ischaemia; angiotensin converting enzyme (ACE)-inhibition; ramiprilat

Introduction Angiotensin  converting enzyme (ACE)
inhibitors like ramiprilat act not only through inhibition of
formation of angiotensin (AII) but also through inhibition of
bradykinin degradation. Recent data from rat isolated work-
ing hearts showed that both ramiprilat and bradykinin im-
prove myocardial metabolism during ischaemia and this was
accompanied by a reduction in reperfusion injuries (Linz et
al., 1990). ACE inhibition and bradykinin perfusion evoked
identical beneficial changes in cardiodynamics and meta-
bolism in these hearts. The protective effects were abolished
by the specific BK, bradykinin receptor antagonist Hoe 140
suggesting that bradykinin might be beneficial in myocardial
ischaemia (Linz er al., 1990). In the present study, we were
interested in whether bradykinin is formed locally in rat
isolated hearts. Therefore we measured bradykinin release in
the venous effluent of rat isolated ischaemic hearts perfused
with Krebs-Henseleit buffer, with and without the ACE
inhibitor, ramiprilat.

Methods Male Wistar rats (weighing 280-300g)
Mollegaard, Skensved, Denmark) were given sodium heparin
(500 ukg~!) intraperitoneally (i.p.) 1h before the animals
were anaesthetized. Anaesthesia was induced by i.p. injection
of 200 mg kg~! hexobarbitone (Evipan). The hearts were
excised and placed in ice-cold perfusion medium until con-
traction had ceased after approximately 5s. Isolated hearts
were perfused via the aorta at a constant perfusion pressure
equivalent to 65 mmHg with Krebs-Henseleit solution gassed
with 95% O, plus 5% CO, at 37°C and pH 7.4. The per-
fusate did not recirculate. Hearts were perfused with and
without ramiprilat 1 X 107 moll-! for an initial 15-min
control perfusion period. Then, acute regional myocardial
ischaemia was produced by occlusion of the left coronary
artery close to its origin. Arterial occlusion was maintained
for 15min after which the occlusion was removed and
arterial reperfusion commenced.

! Author for correspondence: c/o Hoechst AG, SBU Cardiovascular
Agents, H 821, P.0.B. 800320, D-6230 Frankfurt am Main 80,
Germany.

One ml of the venous effluent was directly collected into
EDTA-solution (10~*mol 1-!) after 5 and 10 min in the con-
trol perfusion period (pre-ischaemic period), after 5, 7.5, 10
and 15min in the ischaemic period, and 1, 2, 3 and 4 min
after reperfusion period. Subsequently the samples were
lyophilized and resuspended in 0.2M Tris/0.01 M EDTA/
0.1% lysozyme, pH 6.4. Bradykinin concentrations were
measured by use of a specific radioimmunoassay capable of
detecting 20 pg ml~! of kinin (Proud et al., 1983). Bradykinin
concentrations were expressed in ng ml~! perfusate related to
g wet weight of the whole heart (792 £ 160 mg) in the control
and reperfusion period and of the right ventricle (132
15mg) in the ischaemic period. This procedure is valid
because the rat heart has been shown to have few collaterals
(Schaper et al., 1988).

Statistical analysis was performed with ANOVA followed
by the Bonferroni test when appropriate. Differences were
considered significant if P<<0.05. Results are given as
mean * s.e.mean.

Results In the control period, basal coronary flow in Krebs-
Henseleit buffer perfused hearts was 13.9 £ 0.7 ml min~".
During ischaemia, coronary flow was reduced by about 50%
(7.6 £ 0.9 ml min~') and recovered in the reperfusion period
(153t 1.1 mimin~!). In Krebs-Henseleit buffer perfused
hearts, basal bradykinin outflow in the control period was
0.85+ 0.1 ng ml~! perfusate g~! wet weight after 10 min per-
fusion, increased during the ischaemic period to 7.0 £ 0.5 ng
ml-! perfusate g~' wet weight after 7.5 min perfusion, and
immediately returned to initial values in the reperfusion
period (Figure 1).

In the presence of the ACE inhibitor, ramiprilat, coronary
flow was not significantly changed when compared to Krebs-
Henseleit buffer-perfused hearts. The respective values weie
13.7 £ 0.6 ml min~! (control period), 7.8 1.0 ml min~" (isc-
haemic period) and 14.1 + 1.1 ml min~! (reperfusion period).
However, addition of the ACE inhibitor, ramiprilat,
significantly enhanced the bradykinin concentrations in all
three perfusion periods. In the control period the concentra-
tion of bradykinin in the venous effluent increased to
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Figure 1 Bradykinin release from rat isolated hearts: (O) Krebs-
Henseleit buffer-perfused hearts; (@) ramiprilat (1 X 10-" mol 1-')-
perfused hearts. Each value represents mean * s.e.mean (vertical
bars) of 12 control hearts and 12 hearts perfused with ramiprilat.
*P<0.05 vs Krebs-Henseleit buffer-perfused hearts (controls).

2.8+ 0.3 ng ml~! perfusate g~! wet weight after 10 min per-
fusion. This was a 3.2 fold increase when compared with the
Krebs-Henseleit buffer-perfused control group. In the
ischaemic period, local ACE inhibition with ramiprilat
induced a maximum increase of the bradykinin concentration
in the venous effluent of 16.0 * 1.8 ng ml~! perfusate g=! wet
weight after 7.5 min perfusion, being back to initial values in
the reperfusion period (Figure 1).

Discussion The present data show that bradykinin is
released from rat isolated hearts perfused with Krebs-
Henseleit buffer. This basal bradykinin release was increased
3.2fold when the hearts were perfused with the ACE
inhibitor ramiprilat, dissolved in Krebs-Henseleit solution. In
comparison with normoxic controls, ischaemia increased
bradykinin release 8.2 fold and 5.8 fold in the absence and
presence of ramiprilat, respectively whereas in the reperfusion
period in both groups, bradykinin release reached the values
of the respective control perfusion period within 1 min. The
missed overshoot of kinin release in the early reperfusion
phase could be explained by the fact that the stimulus of
ischaemia had been removed. Furthermore oxygen free
radicals which occur in the early reperfusion phase might be
responsible for an accelerated breakdown of kinins.
Increased bradykinin levels during ischaemia were ob-
served by Wilkens et al. (1970) who reported that a small fall
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in cardiac tissue pH, which follows an ischaemic insult,
induces an activation of the local kinin system. Hashimoto et
al. (1977) found an increased concentration of bradykinin in
coronary sinus blood after coronary occlusion in the dog.
Also in the dog, myocardial ischaemia induced by coronary
artery stenosis and sympathetic stimulation caused the heart
to release kinins (Matsuki et al., 1987). And lastly in man,
kinin levels in peripheral blood were found to increase soon
after myocardial infarction, which led Hashimoto et al.
(1978) to suggest that kinins released in patients with infarc-
tion may have a compensatory cardioprotective effect.

Our own experiments on rat isolated hearts with post-
ischaemic reperfusion injuries (Linz et al., 1990) and dog
experiments with myocardial infarction (Martorana et al.,
1991) support this hypothesis. With the BK,-bradykinin
receptor antagonist, Hoe 140, all observed bradykinin- or
ramiprilat-mediated effects on the heart could be abolished
(Linz et al., 1990; Martorana et al., 1991). Even in rats with
aortic banding developing hypertension and left ventricular
hypertrophy, the antihypertrophic effect of ramiprilat could
be reversed by Hoe 140 (Linz & Schélkens, 1992).

A further argument for bradykinin-mediated actions of
ACE inhibitors is the fact that ACE activity but also gene
expression is increased during myocardial ischaemia as well
as left ventricular hypertrophy (Schunkert et al., 1990; John-
ston et al., 1991). Inhibition of local ACE (kininase II)-
activity by ACE inhibitors reduces AIl formation and brady-
kinin metabolism. In this way the difference in bradykinin
release of Krebs-Henseleit buffer versus ramiprilat-perfused
hearts is explained by the inhibition of the local ACE activity
in the heart when the ACE inhibitor is perfused.

Preliminary studies where endothelium was destroyed by
H,0 perfusion showed that bradykinin release in Krebs-
Henseleit buffer and ramiprilat-perfused hearts was almost
abolished indicating that bradykinin released from the heart
mainly comes from endothelial cells (data not shown). This
agrees with the results of Wiemer et al. (1991) showing that
ramiprilat was capable of inhibiting the breakdown of
endothelium-derived bradykinin in human cultured and
bovine aortic endothelial cells.

Based on earlier findings with bradykinin and ACE
inhibitors and on the present results with direct measurement
of bradykinin in the venous effluent from rat isolated hearts
perfused with Krebs-Henseleit buffer with or without ramip-
rilat, we suggest that ischaemia activates proteases in the
heart resulting in continuous bradykinin generation. Further-
more local ACE inhibition in these isolated hearts reduces
bradykinin breakdown with subsequent increased bradykinin
outflow which is accompanied by an amelioration of ischae-
mia-reperfusion-induced injuries, including suppression of
reperfusion arrhythmias (Linz et al., 1990).
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7-Nitro indazole, an inhibitor of nitric oxide synthase, exhibits
anti-nociceptive activity in the mouse without increasing blood

pressure

'P.K. Moore, R.C. Babbedge, P. Wallace, Z.A. Gaffen & S.L. Hart

Pharmacology Group, Biomedical Sciences Division, King’s College, University of London, Manresa Road, London SW3 6LX

7-Nitro indazole (7-NI) inhibits mouse cerebellar nitric oxide synthase (NOS) in vitro with an ICs, of
0.47 uM. Following i.p. administration in mice, 7-NI (10-50 mg kg~') produces dose-related anti-
nociception as evidenced by an inhibition of late phase (15-30 min) but not early phase (0—5 min)
hindpaw licking time following subplantar injection of formalin (10 pl, 5% v/v). The EDy, for this effect
was 26 mg kg~' (equivalent to 159.5 pmol kg~"). Similar i.p. administration of 7-NI (20 and 80 mg kg™")
in urethane-anaesthetized mice failed to increase MAP. Thus, 7-NI is a novel inhibitor of NOS which
exhibits selectivity for the brain enzyme. Accordingly, 7-NI may be a useful starting point for the
development of selective, centrally acting NOS inhibitors devoid of cardiovascular side effects and as a
tool to study the central pharmacological effects of nitric oxide (NO).

Keywords: 7-Nitro indazole; L-NCnitro arginine methylester (L-NAME); nitric oxide synthase; anti-nociception; formalin; blood

pressure

Introduction L-NC-nitro arginine methyl ester (L-NAME), a
selective inhibitor of nitric oxide synthase (NOS), produces
an opioid-independent anti-nociception in the mouse which is
partially reversed by L-arginine (Moore et al., 1991). That
L-NAME is anti-nociceptive following i.c.v. administration in
this species suggests a central mechanism of action. This
conclusion is supported by electrophysiological studies in the
rat which indicate a predominantly spinal site of action for
L-NAME (Haley et al., 1992).

L-NAME also inhibits vascular endothelial NOS resulting
in a prolonged increase in blood pressure (e.g. Rees et al.,
1991). This action effectively precludes the use of L-NAME
as an analgesic in man. In an attempt to identify selective
inhibitors of brain NOS we have assessed the ability of a
wide range of compounds to inhibit brain NOS in vitro and
to increase mouse blood pressure. We describe here the
results obtained using one such compound, 7-nitro indazole
(7-NI).

Methods NOS activity was determined in vitro by the
method of Dwyer et al. (1991). Mice (male, LACA, 28-32 g)
were killed by cervical dislocation. Cerebella were removed,
homogenized (1:10 v/v in 20 mM Tris buffer containing 2 mM
EDTA, pH 7.4) and aliquots (25 pl) incubated (37°C) with
L-arginine (120 nM) containing 0.5 pCi [*H]-arginine (Amer-
sham, sp. activity 66 Ci mmol~!), NADPH (0.5 mM) and
CaCl, (0.75 mM). Incubations also contained 7-NI (MIM,
Research Chemicals Ltd.), L-NAME or L-N®-monomethyl
arginine (L-NMMA, Sigma) or an equal volume (5pl) of
0.5% (w/v) sodium carbonate or distilled water as control.
Final incubation volume was 105 pl. After 15 min, the reac-
tion was stopped by addition of 3 ml HEPES buffer (20 mm
containing 2 mM EDTA, pH 5.5) and the [H]-citrulline pro-
duced was separated by cation exchange chromatography on
0.5 ml columns of Dowex AG50-W8 Na* form (Sigma). [*H]-
citrulline was quantitated by liquid scintillation spectroscopy
of duplicate 1 ml aliquots of the flow-through. In some
experiments, mice were injected i.p. with 7-NI (25 mgkg™")

! Author for correspondence.

or L-NAME (50 mgkg™') and killed 15min thereafter.
Cerebella were removed, homogenized and NOS activity
determined as described above.

Anti-nociceptive activity of i.p. 7-NI was determined in
mice by the formalin-induced hindpaw licking assay. Results
show hindpaw licking time (s) in the early (0—5 min) and late
phases (15-30 min) after subplantar injection of 10 ul for-
malin (5% v/v). In separate experiments, blood pressure of
urethane (10 g kg~')-anaesthetized mice was monitored for
45 min after i.p. administration of 7-NI. Full details of these
methods have been published elsewhere (Moore et al., 1991).

For in vitro experiments, 7-NI was dissolved in hot (80°C)
sodium carbonate solution (0.5% w/v). 7-NI did not come
out of solution on cooling. For in vivo experiments, 7-NI was
suspended in arachis oil by sonication. Control animals
received 10 ml kg~! arachis oil or saline (0.9% NaCl, w/v).
Results show mean X s.e.mean. Statistical analysis was by
Student’s unpaired ¢ test.

Results 7-NI potently inhibited mouse cerebellar NOS in
vitro (ICs, 0.47 £ 0.01 uM). For comparison, 7-NI was 1.8
times more potent than L-NAME (ICs,, 0.87 £ 0.02 uM) and
5 times more potent than L-NMMA (ICs, 2.37 £ 0.03 uM)
(Figure 1a). In separate experiments, administration of 7-NI
(25mgkg™!, i.p.) decreased mouse cerebellar NOS activity
measured 15 min thereafter by over 55% (3.9 = 0.06 pmol
citrulline mg~! protein 15min~!, cf. 9.1 £ 0.26, arachis oil-
injected controls, n =6, P<0.01). For comparison, a higher
dose of L-NAME (50 mg kg~') produced only 46.2 * 1.6%
inhibition of this enzyme wunder identical conditions
(4.46 £0.012 pmol citrulline mg~' protein 15min~!, cf.
8.33 + 0.15, saline-injected controls, n =6, P<<0.01).

7-NI (10-50 mg kg~!) also produced a dose-related inhibi-
tion of late phase formalin-induced hindpaw licking without
influencing the early phase response (Figure 1b). The EDs,
for 7-NI was 26.0 mgkg~' (equivalent to 159.5 pumol kg~?).
In contrast, i.p. administration of 7-NI (25 and 80 mgkg™!)
did not increase MAP over the 45 min experimental period
(e.g. 25mgkg!, 474+ 51 mmHg, cf 51.6+4.4mmHg,
n=4, before 7-NI administration; 80 mgkg~!, 439
5.3mmHg, cf. 49.5 £ 2.9 mmHg, n = 4, before 7-NI admini-
stration). In control experiments, i.p. administration of
arachis oil failed to alter MAP.
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Figure 1 (a) Inhibition of mouse cerebellar nitric oxide synthase (NOS) by 7-nitro indazole (7-NI, @), L-NC-nitroarginine methyl
ester (A) and L-N®-monomethyl arginine (H). Results show % inhibition of NOS and are mean + s.e.mean, n = 6. Where no error
bar is indicated error lies within dimensions of symbol. (b) Anti-nociceptive effect of 7-NI administered i.p. to mice 15 min before
subplantar formalin injection. Open columns indicate early phase (0-15min) whilst hatched columns indicate late phase
(15—-30 min) hindpaw licking times. Results show mean % s.e.mean, n = 6-12, *P<<0.05, **P <0.01. Control animals (labelled C)
received 10 ml kg~' arachis oil which, by itself, did not influence hindpaw licking time. (cf. saline-injected mice: early phase,

89.8 £ 7.0 s: late phase, 150.7 % 11.5 s, n=15).

Discussion We report here that 7-NI inhibits mouse cerebel-
lar NOS. To the best of our knowledge 7-NI is the first
potent inhibitor of this enzyme which is not a guanidino-
substituted derivative of L-arginine. The chemical characteris-
tics of 7-NI which confer NOS inhibitory activity remain to
be determined although the presence of two adjacent nitro-
gen atoms in the pyrazole ring does bear some similarity to
the arrangement of the guanidino terminus of L-arginine.
However, pyrazole itself is inactive (Babbedge & Moore,
unpublished) suggesting that the fused ring structure of the
indazole nucleus is necessary for activity. We therefore pro-
pose that 7-NI may be useful as a tool to study the phar-
macological actions of NO.

The finding that 7-NI, like L-NAME (Moore et al., 1991),
causes anti-nociception in the mouse provides further support
for our hypothesis that NO plays a role in pain appreciation.
In this context, it is of interest that 7-NI and L-NAME
exhibit (a) similar anti-nociceptive potency in the mouse

" (EDs, for L-NAME, 186 umol kg~'; see Morgan et al., 1992)
and (b) similar ability to inhibit mouse cerebellar NOS.
Interestingly, administration of 7-NI (25mgkg™') to intact
mice results in a greater inhibition of cerebellar NOS than
does similar injection of a higher (50 mgkg~') dose of L-
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NAME. Further research to investigate the relative phar-
macokinetic profiles of 7-NI and L-NAME following i.p.
injection in mice are required.

Unlike, L-NAME, 7-NI does not cause an increase in
MAP indicating a lack of effect on endothelial cell NOS
activity in this species. These results show that 7-NI exhibits
selectivity for the brain NOS enzyme thereby highlighting at
least one difference between the brain and endothelial cell
isoforms of this enzyme. It will clearly be of interest to
determine the effect of 7-NI on other constitutive and indu-
cible isoforms of NOS. The lack of cardiovascular side effects
of 7-NI reported in this study, if confirmed in other species,
is potentially of clinical interest. For example, the develop-
ment of a selective inhibitor of brain NOS may be of
therapeutic use not only for analgesia but for other central
nervous system disorders in which over-production of NO is
believed to play a causative role e.g. neurodegenerative
disease (see Garthwaite, 1991).
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Enteral absorption of octreotide: absorption enhancement by
polyoxyethylene-24-cholesterol ether

Jirgen Drewe, "*Gert Fricker, *Jacky Vonderscher & tChristoph Beglinger

Departments of Anaesthesia and Research, University of Basel/Kantonsspital, Hebelstr. 20, CH-4031 Basel, Switzerland; *Drug
Delivery Systems, Sandoz Pharma Ltd., Lichtstr., CH-4002 Basel, Switzerland and tDivision of Gastroenterology and
Department of Research, University of Basel/Kantonsspital, Hebelstr. 20, CH-4031 Basel, Switzerland

1 The somatostatin octapeptide-analogue octreotide was absorbed as an intact peptide from the
gastro-intestinal tract with an absolute bioavailability of about 0.3% in rats. Administration of octreo-
tide in the presence of polyoxyethylene (24)-cholesterol-ether (POECE) resulted in an about 23 fold
increase of bioavailability.

2 In vitro studies with Caco-2 cells showed a dose-dependent increase in octreotide permeation with
increasing doses of coadministered POECE. The use of [PH]-polyethyleneglycol (PEG) 4000 as an
extracellular marker also indicated that higher doses of POECE may partly enhance paracellular
transport of macromolecules.

3 By means of fluorescence microscopy it was shown that transepithelial transport of the fluorescent
octreotide analogue (4-nitrobenzo-2-oxa-1,3-diazol [NBD] labelled octreotide) was enhanced by the
addition of POECE. Besides an increased enterocyte uptake, there was evidence of enhanced partition of
NBD-octreotide into the intercellular space between enterocytes after co-administration of POECE. In
addition, there appeared to be changes in the hepatic topographic disposition of NBD-octreotide when it
was given together with POECE compared with its administration alone.

4 In a study in healthy volunteers, 16 mg POECE significantly enhanced by 8 fold the absorption of

octreotide after oral administration.

Keywords: Octreotide; intestinal; membrane transport; brush border membrane; polyoxyethylene-24-cholesterol ether

Introduction

Octreotide is a somatostatin analogue that is used for a
variety of indications such as acromegaly, gastro-intestinal
disorders and psoriasis (Battershill & Clissold, 1989; Katz &
Erstad, 1989). However, its clinical use has been limited
because up to now only subcutaneous or intravenous routes
of administration are available (Lancet Editorial, 1990). Pre-
liminary studies in healthy volunteers have demonstrated that
oral administration of octreotide is possible with effective
suppression of plasma insulin levels (Kohler et al., 1987;
Fuessl et al., 1987); however, the overall bioavailability was
poor (ca. 0.3%). In one study there was evidence that
absorption preferentially takes place in the jejunal part of the
small intestine, whereas it was much lower in the ileal part
(Kohler et al., 1987). These findings were confirmed in a
recent study using in situ absorption experiments in rats and
vesicles derived from rat small intestinal brush border memb-
ranes (Fricker et al., 1992).

In the present study, the absorption enhancing effect of
polyoxyethylene (24)-cholesterol-ether (POECE) on the
absorption of octreotide and its fluorescent analogue (4-
nitrobenzo-2-oxa-1,3-diazol-[NBD]-octreotide) was evaluated
in an intestinal cell culture model (Caco-2), in animals and in
man. Earlier studies showed an absorption enhancing effect
of the nonionic detergent POECE on poorly absorbed drugs
such as ergot alkaloids (Franz & Vonderscher, 1981) or
antibiotics such as streptomycin or cephaloridine (Davis et
al., 1970). NBD-octreotide has been demonstrated to have
comparable affinity to somatostatin-receptors and similar
pharmacodynamic effects after oral administration to the
parent peptide (Fricker et al., 1991). In addition, the effect of
POECE on the topographical distribution of NBD-octreotide
in intestinal mucosal and liver tissue was investigated by
fluorescence microscopy.

! Author for correspondence.

Methods

Determinination of partition coefficients

One milligram of octreotide or NBD-octreotide was dissolved
in 5ml buffer (300 mM mannitol, 20 mM HEPES-Tris,
pH 7.5). To this solution, Sml of octanol was added and
rigorously shaken for 6 h at 37°C. Octanol and buffer phases
were separated by centrifugation and drug content was deter-
mined in each phase by reversed-phase high performance
liquid chromatography (h.p.l.c.) analysis.

In vitro study in Caco-2 cells

Caco-2 cells were maintained in Dubecco’s modified Eagle
medium (DMEM) containing 10% (w/v) foetal calf serum
(Gibco) and 1% (w/v) non-essential amino acids. Cell
medium was changed every third day and cells were used
between passages 70 and 100. The cells were grown in 250 ml
tissue culture flasks and detached from the flasks by treat-
ment with 0.05% (w/v) trypsin/EDTA for 10 min at 37°C.
Suspended cells were transferred onto collagen coated
polycarbonate membrane filters (Nucleopore; pore size 3 pm;
Cambridge, MA, U.S.A.). One milliliter cell suspension con-
taining approximately 1.5 x 10° cells was placed on top of
each filter positioned into tissue culture wells of 2.5cm
diameter. Each suspension was supplemented with 2 ml of
DMEM. The integrity of the monolayers and the confluency
of the cells were determined by measurement of the trans-
epithelial resistance and the transmembrane transport of *H-
labelled polyethyleneglycol (PEG) 4000 (NEN, Bad Hom-
burg, Germany) as a macromolecular marker after placement
of the filters into side-by-side diffusion chambers (Crown
Glas, Sommerville, NJ, U.S.A.). Macromolecular PEG has
been recently demonstrated to penetrate Caco-2 cell mono-
layers only to a neglible extent (<<0.01% of the dose per
hour [Hidalgo et al., 1989; Artusson, 1990; Donovan et al.,
1990]). Microscopic control of monolayer integrity was per-
formed after haematoxylin staining of the cells.



In vitro transport assay

The filters with the cell monolayers were placed into a side-
by-side diffusion chamber and preincubated for 10 min with
3ml DMEM on each side. The cell monolayers were then
incubated with 10 uM '*C-labelled octreotide in the absence
or presence of 0.1, 0.5, or 1.0% (w/v) POECE on the apical
side. After addition of the peptide, aliquots of the medium
were taken at 15 min intervals for up to 120 min from the
basolateral side of the monolayer and the peptide concentra-
tion was determined by liquid scintillation counting. The
apparent permeability coefficient (P,,,) was calculated by the
following equation:

dQ 1
Pw= 3t X axG

where C, is the concentration of the administered peptide at
the apical cell surface, A is the surface area of the cell layer,
and dQ/dt is the permeability rate (ugh~'). When NBD-
octreotide was used as substrate, the cell monolayer was
incubated with 100 uM peptide. After 30 min of incubation,
the cells were washed with supplemented DMEM and sub-
jected to fluorescence microscopic examination.

(cmh™),

In situ absorption study in rats

Studies in rats were performed with both octreotide and its
NBD analogue. This analogue binds to the somatostatin
receptors, inhibits growth hormone secretion in cultured
pituitary cells and shows a high proteolytic stability during
incubation with mucosal scrapings (Fricker er al., 1991).

All animal studies were approved by the Committee of the
Swiss Cantonal Agency for Animal Protection. Male Wistar
rats (BRL, Fiillinsdorf, CH), weighing approximately 300 g
were kept without food, but with free access to water, for
one day prior to the experiment. The animals were anaes-
thetized by intra-peritoneal injection of urethane (1 gkg™").
The peritoneum was opened by a midline incision and 5 cm
segments of the desired intestinal area were ligated in order
to prevent transit of the administered peptide down the gut
maintaining normal blood supply. The beginning of the je-
junum was localised 5 cm distal to the ligamentum of Treitz.
Octreotide (100 pg) or its NBD derivative dissolved with or
without 1% (w/v) POECE in 0.5 ml 0.9% saline was injected
into the jejunal segment. For a reference for absorption, 2 ug
octreotide or its NBD derivative was dissolved with or with-
out 1% (w/v) POECE in 100ul ml 0.9% saline prior to
injection into the portal vein. Blood samples were taken by
puncture of the jugular vein 10 min before and 20, 30, 60,
120, 180 and 300 min after drug administration and imme-
diately centrifuged at 10000 g for 5 min at 4°C. The plasma
was kept frozen until the concentration of octreotide was
determined by a radioimmunoassay (Marbach et al., 1985).
The rabbit antiserum was found to recognise only intact
peptide with a very low cross-reactivity to peptide fragments,
somatostatin-14 or somatostatin-28. The area under the
plasma curve (AUC) was estimated by the trapezoidal rule.
The absorption efficiency F,,, was calculated following the
equation:

Fap(%) =
[(AUCipraintesiina X dose;)/(AUC;,. X dos€inaintestina)] X 100

Fluorescence microscopy

One milligram of NBD-labelled octreotide was dissolved in
50 pl ethanol and diluted to a final concentration of 100 pmol
1-! with 0.9% saline in the absence or in the presence of 1%
(w/v) POECE. One milliter of this solution was injected into
a jejunal loop, which was ligated at both ends, thereby
maintaining normal blood supply. Subsequently, tissue biop-
sies from the ligated intestine and from different lobes of the
liver were performed 30 min after the injection. Snips of liver
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(3 X 3 X 3 mm) and jejunal tissue were placed on small pieces
of cork, fixed by addition of cryomedium (Reichert-Jung,
Nussloch, Germany) and deep frozen in liquid nitrogen.
Tissues were cut into 5pum sections with a microtome-cryo-
stat (model 2700 Frigocut; Reichert-Jung) at —20°C. The
slices were directly examined by fluorescence microscopy
after embedding with tissue medium (Entellan; Merck,
Darmstadt, Germany).

A polyvar microscope (Reichert-Jung) with incident fluore-
scence (exciting wavelength between 450 and 490 nm, emitted
light > 520 nm) was used to visualize the tissue distribution
of fluorescent peptide. Ektachrome-400 films were used for
photographic documentation. The films were exposed and
developed from 400—1600 ASA to demonstrate the rapidly
bleaching fluorescence in its original brightness.

In vivo absorption study in man

The study was carried out in 10 healthy male volunteers
(mean age 25 years, range 22 to 36 years) in accordance with
the guidelines of the declaration of Helsinki as revised in
Tokyo (1975) and in Venice (1983), approved by the Ethics
Committee of the University of Basel/Kantonsspital. Written
informed consent was obtained from all subjects. Fasted
healthy human volunteers swallowed four different oral cap-
sules or received an intravenous. infusion according to an
open randomized five-period latin-square design. The wash-
gut period between consecutive administrations was at least 3
ays.

Octreotide preparations were prepared by Sandoz Ltd.,
Basel, Switzerland: (Form A) capsule containing 8 mg oct-
reotide, 16 mg POECE, and 100 mg microcrystalline cellulose
(MC; used as inert additive for galenical optimisation);
(Form B) capsule containing 8 mg octreotide and 100 mg
MC; (Form C) capsule containing only 8 mg octreotide;
(Form D) capsule containing 8 mg octreotide and 16 mg
POECE; (Form E) ampoule containing 100 pug 1 ml~! for i.v.
infusion.

Administrations of capsules was after an overnight fast of
at least 10 h. Capsules were swallowed with 50 ml of water.
The solution for the intravenous infusion was prepared as
follows: two ampoules containing 100 pug octreotide ml~!
each were added to 98 ml 0.9% NaCl solution; 50 ml of this
solution was then infused over 30 min into each subject
through a catheter placed into an arm vein amounting to
100 ug octreotide per subject. Blood samples for octreotide
determination were drawn up to 8h (infusion) and 12h
(capsules).

Subjects abstained from eating until lunch (4 h) and were
not allowed to consume more than 50 ml of water per hour.
A standardised liquid lunch (500 ml Ensure, Abbott Lab.)
was taken 4 h after drug administration. This lunch had a
caloric content of 2090 kJ (500 kcal). It was swallowed by the
subjects in less than 5min. During'the 12h after drug
administration, there were no xanthine or alcohol containing
beverages allowed. Subjects abstained from smoking during
the study.

Materials

[“Cl-octreotide with a specific activity of 40.99 Cimg~!,
unlabelled peptide and NBD-labelled octreotide were syn-
thesized in the Preclinical Research Department, Sandoz
Pharma Ltd., Basel, Switzerland. POECE was produced by
Chemical Development, Sandoz Pharma Ltd., Basel. The
radiochemical purity of labelled peptide was checked by high-
performance thin-layer chromatography (h.p.t.l.c.) analysis
before the experiments and was found to be greater than
98%. Caco-2 cells, originally derived from a human colorec-
tal carcinoma, were obtained from the American Type Cul-
ture Collection, Rockville, Maryland, U.S.A. All other
chemicals were purchased in reagent grade from commercial
sources.
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Statistical analysis

All results are reported as mean (s.d.). For comparison of
parameters, samples were tested by two-way analysis of vari-
ance (ANOVA) using the GLM procedure of the SAS soft-
ware package (SAS software package, 1988). In case of
significant differences, ANOVA was followed by the New-
man-Keuls multi-comparison test for pairwise comparisons
(SAS software package, 1988).

Results

Characterization of the cell monolayers

Transport experiments were performed between days 11 and
14 after placement of the cells onto the filters. By this time, a
transepithelial resistance of 280 + 20 Q cm? was maintained,
indicating confluency of the monolayer. The amount of [*H}-
PEG 4000 permeating the cell monolayers at the same time
varied between 0.01 and 0.15% per hour of an administered
tracer dose. The functional integrity of the cells was moni-
tored by the determination of taurocholate or phenylalanine
transport as recently described (Hidalgo & Borchardt,
1990a,b). Both model compounds were taken up by the cells
in a saturable process from the apical surface. A significantly
lower permeation rate of taurocholate was observed when the
bile acid was presented from the basolateral cell surface,
indicating the formation of polar-organised cells, which
exhibit active transport of bile salts predominantly from the
apical to the basolateral side. This corresponds to directed
transport mechanisms occurring in intestinal cells (Osiecka ez
al., 1985; Marcus et al., 1991). In the presence of octreotide,
no significant alteration of the morphological features of the
cells or the transepithelial resistance was observed.

Transport of octreotide through the monolayers

The permeability coefficient of octreotide varied in single
experiments between 0.005 and 0.012cm h~!. As shown in
Figure 1, the addition of POECE in concentrations between
0.1 and 1% (w/v) at the apical surface resulted in a signi-
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Figure 1 Dose-dependent octreotide permeation through Caco-2 cell
monolayers as a function of polyoxyethylene-24-cholesterol ether
(POECE) content: (O) control; (A) 0.1% (w/v) POECE; (A) 0.5%
(w/v) POECE; (@) 1.0% (w/v) POECE
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Figure 2 Mean ( % s.e.mean, vertical bars) octreotide (a) and NBD-
octreotide (b) plasma concentrations after intra-jejunal injection of
100 pg octreotide or NBD-octreotide with and without co-admini-
stration of 1% (w/v) polyoxyethylene-24-cholesterol ether (POECE)
in 6 rats: (O) without POECE, (@) with POECE

ficant dose-dependent increase of the monolayer permeability
for octreotide. In the presence of 1% (w/v) POECE, the
octreotide permeation rate increased 4 fold. Control experi-
ments using [*H}-PEG 4000 as an extracellular marker dem-
onstrated that 1% (w/v) POECE enhanced both transcellular
and to some extent paracellular permeation as indicated by a
2 to 3 fold increased extent of permeation of [*H}-PEG 4000.
This hypothesis was also supported by the observation of a
drop in transepithelial resistance in the presence of POECE.
It decreased within 2h from 280 £ 20 to 200+ 15Q cm?

In situ absorption study in rats

In situ experiments with rats were performed to evaluate the
effect of POECE on the absorption rate and absorption
efficiency of octreotide and NBD-octreotide as well as the
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Table 1 Pharmacokinetic parameters after in situ i.p. or i.j. administration of octreotide and NBD-octreotide with and without
co-administration of 1% (w/v) POECE in 0.9% saline solution in rats

Octreotide
(2pg ip. + (100 pg ij. +
(2pg i.p.) POECE) (100 pg ij.) POECE)
AUC (0-5h) 6.5%+3.0 13.6+4.0 09+0.2 223+143
(ngh~'ml-")
Faps (%) 100 210.5 0.3 6.9
Crax (ngml-") 59+1.0 8.1%03 04102 6626
Tmax (h) 0.17£0.0 0.17%0.0 1.92+24 1.6+1.7
NBD-octreotide
(Qpg ip. + (100 pg ij. +
(2pg i.p.) POECE (100 pg ij.) POECE
AUC (0-5h) 32107 44+%13 21%038 7.6 5.1
(ngh-'ml-Y)
Faps (%)! 100 138.1 1.3 49
Cpax (ngml-Y) 3210 6.1+1.0 0704 2617
Tmax (h) 0.1720.0 0.1720.0 23+138 23%15

Data are mean values + s.d.; n=6; POECE = polyoxyethylene-24-cholesterol ether; i.p. = intra-portal injection; i.j. = intra-jejunal

injection; !calculated on basis of mean values

tissue distribution of NBD-octreotide. One-hundred micro-
gram of octreotide or NBD-octreotide was administered into
the jejunum in the absence or presence of 1% (w/v) POECE.
As reference, 2 pg of each peptide was administered by i.p.
injection to control animals. As shown in Table 1, lower
plasma concentrations were observed after the administration
of NBD-octreotide than after administration of the same
dose of octreotide (this may reflect the higher lipid solubility
of NBD-octreotide [octanol/water coefficient 27.0) compared
with octreotide [octanol/water coefficient 0.6] and the result-

Figure 3 Fluorescence microscopy of jejunal mucosa 10 min after
local injection of 100 umol 1-! NBD-octreotide without (a) or with
(b) co-administration of 1% (w/v) polyoxyethylene-24-cholesterol
ether (magnification: 253 fold, bar = 0.5 mm). G = goblet cells

ing differences in tissue binding and disposition). On average,
intra-jejunal co-administration of POECE resulted in an app-
roximately 24 fold increase of octreotide absorption (Table 1
and Figure 2a). The maximum plasma concentrations of
octreotide were 6.6 ng ml~! compared with 0.4 ng ml~! in the
control animals, resulting in an AUC (0-5h) of 22.3ng
h~'ml~! and 0.9 ng h~! ml~!, respectively. Interestingly, after
intra-portal administration, the plasma levels of octreotide
were also increased when POECE was co-administered (AUC
(0-5h) of 13.6 ng h~! ml~! versus 6.5 ng h~! ml~") indicating

Figure 4 Fluorescence microscopy of hepatic tissue 15min after
local injection of 100 umol 1-! NBD-octreotide without (a) or with
(b) co-administration of 1% (w/v) polyoxyethylene-24-cholesterol
ether (magnification: 253 fold, bar = 0.5 mm). P = portal vein, F =
focal fluorescence
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Table 2 Pharmacokinetic parameters after peroral administration of 8 mg octreotide or 100 ug octreotide intravenous infusion to

healthy male human volunteers

Octreotide
(8 mg + 16 mg
POECE + 8 mg+ (8 mg + 16 mg (100 pg i.v.

100 mg MC) 100 mg MC) (8 mg) POECE) over 30 min)

AUC (0-12h) 24.5+28.6 34%3.0 47%29 16.5+23.3 9.7+23
(ngh~'ml-")

F (%) 33+37 04103 0.6+04 24%33 100
Crax (ngml~?) 8.8+ 10 0.8+0.8 1521 5171 9.5+2.0
Tmax (h) .11 27%15 23%1.6 1.7+14 0.5%0.1

Data are mean values*s.d., n=10; POECE = polyoxyethylene-24-cholesterol ether; MC = microcrystalline cellulose; i.v.=

intravenous infusion

that POECE influences not only absorption but also the
systemic distribution and/or elimination of octreotide. The
pharmacokinetic data obtained with NBD-octreotide were
qualitatively similar but quantitatively lower than those
expressed by octreotide. Co-administration of 1% (w/v)
POECE with NBD-octreotide led to a 3.6 fold increase in
absorption (Table 1, Figure 2b).

Fluorescence microscopy

Within 10 min after intra-intestinal application of 100 pmol
1-! NBD-octreotide with and without co-administration of
1.0% (w/v) POECE, fluorescence was observed at the surface
of the intestinal villi and within the enterocytes (Figure 3a).
After 30 min incubation, intensive fluorescence could be
detected at the basolateral side of the enterocyte and in the
microvessels of the intestinal villi. There was evidently no
fluorescence in the goblet cells. Co-administration of POECE
enhanced the extent of absorption as indicated by a bright
intracellular fluorescence already after 10 min of incubation
(Figure 3b). In the liver, a significantly different tissue distri-
bution of NBD-octreotide was observed after administration
of NBD-octreotide alone or in the presence of 1% (w/v)
POECE: in the absence of POECE most of the fluorescence
occurred in the precanalicular region of the hepatocytes

Conc. (ng mi~")

Figure 5 Mean octreotide plasma concentrations after oral adminis-
tration of different formulations of octreotide (8 mg) in comparison
with an intravenous infusion of 100 pg to 10 healthy male volunteers:
(O) 8 mg octreotide capsule containing 16 mg polyoxyethylene-24-
cholesterol ether (POECE) and 100 mg microcrystalline cellulose
(MC); (O) 8 mg octreotide capsule containing 100 mg MC; () 8 mg
octreotide capsule; (A) 8 mg octreotide capsule containing 16 mg
POECE,; (@) intravenous infusion of 100 pg octreotide over 30 min

within 10 to 15 min after administration. But, after coadmini-
stration of 1% (w/v) POECE, additional focal fluorescence
was found in the cells lining the sinusoidal space such as the
Kupffer cells and/or the endothelial cells. This indicates a
different intra-hepatic disposition of NBD-octreotide in the
presence of POECE (Figures 4a and b).

When Caco-2 cells were incubated with NBD-octreotide,
almost no fluorescence could be observed inside the cells.
However, in the presence of 1% (w/v) POECE a bright
intracellular fluorescence could be observed, indicating not
only paracellular but also transcellular transport.

In vivo absorption study in man

The enhancement of octreotide absorption by POECE
observed in the in situ experiments were confirmed in healthy
human volunteers. As shown in Table 2 and depicted in
Figure 5, after all oral administrations of octreotide, plasma
concentrations of the peptide were observed that are known
to suppress prolactin secretion (Kohler et al., 1987; Fuessl et
al., 1987). Addition of POECE enhanced octreotide absorp-
tion 4 to 8 fold. This resulted in maximum plasma concentra-
tions comparable to that of the 100 pg intravenous infusion.

Discussion

Therapeutic application of the octapeptide somatostatin ana-
logue octreotide by the oral route is feasible (Fuessl et al.,
1987). However, its low overall bioavailability (less than
0.3%) after oral administration as well as the observations of
preferential absorption sites in the gastro-intestinal tract
(Kohler et al., 1987; Fricker et al., 1991; 1992) suggest the
use of enhancers to promote enteral absorption.

In the present study, POECE was evaluated as an absorp-
tion enhancing agent for octreotide. Furthermore, the underly-
ing mechanisms were investigated. Both, in vitro experiments
using the filter grown enterocyte-like colon carcinoma cell
line Caco-2 as well as in vivo studies in rats and man demon-
strated the potential capacity of POECE to enhance enteral
absorption of octreotide. In all systems used, co-adminis-
tration of POECE resulted in at least a 4-fold increased
absorption of octreotide or its fluorescence labelled analogue
NBD-octreotide.

Recently, the absorption enhancing properties of anionic
polyoxyethylene ethers have been reported (Touitou et al.,
1980; Brookes & Marshall, 1981; Morimoto et al., 1985).
However, the mechanisms by which POECE exerts its effect
are not completely defined. Results with the fluorescence-
labelled NBD-octreotide showed an increased intracellular
fluorescence which indicates that POECE enhanced the trans-
cellular route of peptide absorption in both Caco-2 cells and
enterocytes. These findings confirm recent studies that dem-
onstrate the uptake of octreotide and its NBD analogue by a
membrane-mediated mechanism (Fricker et al., 1991; 1992).



The present in vitro results also indicated that, in addition
to this pathway, POECE has an effect upon the tightness of
the junctions between the enterocytes, thereby opening the
paracellular route for octreotide absorption. This hypothesis
is supported by three observations: Firstly, permeation of the
extracellular marker [PH]}-PEG 4000 through the Caco-2 cells
was increased after incubation of the cells with POECE.
Secondly, the transepithelial resistance significantly decreased
in presence of POECE, and thirdly, NBD-octreotide showed
an altered hepatic disposition after intra-jejunal co-admini-
stration of POECE in rats, which indicates the formation of
mixed micelles in the systemic circulation. These results may
be interpreted as absorption of intact mixed POECE/NBD-
octreotide micelles from intestinal lumen through paracellular
spaces or the reconstitution of the separately absorbed con-
stituents. Micelle formation between the highly lipophilic
POECE and octreotide has been shown in vitro by laser light
scattering measurements (unpublished observations).

As demonstrated in Table 1, both octreotide and NBD-
octreotide showed an increased systemic availability after
intraportal injection together with POECE. This may also be
explained by the formation of mixed micelles and subse-
quently altered hepatic extraction. Some of these micelles
may be recognized by macrophage type cells (e.g. Kupffer
cells) in the sinusoidal space, while the remaining micelles
may enter the systemic circulation, thus preventing the en-
closed octreotide from rapid hepatic extraction. In this con-
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octreotide compared with the bioavailability of octreotide
itself may be caused by a decreased micelle stability resulting
from the higher lipophilicity and therefore greater tissue
affinity. Alternatively, POECE might inhibit octreotide
elimination or have a positive influence on hepatic blood
flow. However, based on plasma profiles of octreotide or
NBD-octreotide the present data do not allow an answer to
the question whether co-administration of POECE results in
an increased half-life of octreotide in rats. A possible effect
of POECE on hepatic circulation has not yet been rigorously
studied. First experiments with isolated perfused liver
preparations do not support this hypothesis.
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be obtained in man after oral administration.
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Localization and characterization of neuropeptide Y binding

sites in porcine and human colon
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*Department of Histochemistry, Royal Postgraduate Medical School, Du Cane Road, London, W12 ONN and 'The Inflammation
Group, Arthritis and Rheumatism Council Building, The London Hospital, Whitechapel, London E1 1AD

1 We have used quantitative receptor autoradiography to investigate the localization and characteris-
tics of binding sites for '*Iodine-Bolton Hunter-labelled human neuropeptide Y (['*I-BH-NPY) in
porcine and human colon, and compared the binding characteristics with those found in porcine spleen.
2 Saturable, specific, high affinity ['*I]-BH-NPY binding was localized to myenteric ganglia in porcine
and human colons, and to submucosal ganglia in porcine colon.

3 Specific ['*I]-BH-NPY binding to porcine myenteric ganglia was reversible in the presence of
guanosine 5'-O-(3-thiotriphosphate) and was inhibited by related peptides with the rank order of
potency; porcine NPY = human NPY = peptide tyrosine tyrosine (PYY)> > pancreatic polypeptide.

4 The Y, selective analogue, NPY(13-36), competed for ['*I]-BH-NPY binding to porcine myenteric
ganglia with greater potency than the Y, selective analogue, [Leu®, Pro*|NPY, the difference being
small, but significant.

5 The characteristics of ['*I]-BH-NPY binding to porcine myenteric ganglia were similar to those
observed concurrently to porcine splenic red pulp.

6 The small difference in inhibitory potencies between NPY(13-36) and [Leu®, Pro*]NPY observed in
this study in comparison with previous studies was not explained by differential ligand depletion during
incubations, but may be due to differences in methodology between binding studies performed on tissue
sections and on membranes.

7 We conclude that specific [*I]-BH-NPY binding sites are present in the myenteric and submucosal
ganglia of the colon and that these sites may act as functional receptors by which NPY and PYY
modulate colonic motility and electrolyte transport.

Keywords: Neuropeptide Y; myenteric plexus; colon; receptors; peptide YY; autoradiography; spleen

Introduction

Neuropeptide Y (NPY) is a 36 amino acid regulatory peptide
initially isolated from brain as a consequence of its C-
terminal amide residue (Tatemoto et al., 1982). NPY-like
immunoreactivity (NPY-LI) is widely distributed in
peripheral tissues. In human and porcine colon, NPY-LI is
present in sympathetic nerves, particularly around blood
vessels, and also in a proportion of intrinsic nerves in the
myenteric and submucosal plexi (Ferri ez al., 1984). In the
spleen, NPY-LI has similarly been demonstrated in peri-
vascular sympathetic nerves (Lundberg et al., 1988a).

NPY is a member of a family of regulatory peptides which
includes the structurally related pancreatic polypeptide (PP)
and peptide tyrosine tyrosine (PYY). The peptides NPY and
PYY share many biological actions (Sheikh, 1991), but have
markedly different distributions in peripheral tissues. PYY-
like immunoreactivity (PYY-LI) has been demonstrated in
endocrine cells in both human and porcine colon, but not in
sympathetic or intrinsic neurones (Lundberg er al., 1982),
whereas NPY-LI has not been demonstrated in intestinal
endocrine cells.

PYY-LI is released into the systemic circulation in mam-
mals following feeding (Adrian ez al., 1985; Taylor, 198S5),
and may therefore act as a circulating hormone. In addition,
local release of NPY and PYY may serve paracrine, auto-
crine or neurotransmitter functions. NPY and PYY each
affect intestinal smooth muscle motility, probably by modify-

! Author for correspondence at: Department of Histochemistry,
Royal Postgraduate Medical School, Du Cane Road, London, W12
ONN.

ing neurotransmitter release from myenteric neurones rather
than by a direct effect on intestinal smooth muscle (Lundberg
et al., 1982; Hellstrom et al., 1985; 1989; Hellstrom, 1987
Cadieux et al., 1990). NPY and PYY inhibit secretion in
both the small and large intestines (Okuno et al., 1992).

NPY and PYY act through specific cell surface, G-protein-
linked receptors. Pharmacological and molecular biological
techniques have indicated the existence of at least 3 sub-
classes of NPY receptor, referred to as Y,, Y, and Y,
(Wabhlestedt et al., 1990; Rimland et al., 1991). The analogue
[Leu®, Pro*]NPY has been proposed as a specific ligand and
agonist at the Y, receptor (Fuhlendorff ez al., 1990), while Y,
receptors bind and can be activated by long C-terminal
fragments of NPY, including the fragment NPY(13-36). The
recently cloned Y; receptor demonstrates a higher affinity for
NPY than PYY, by contrast to the Y, and Y, receptors
which exhibit equal affinities for these two endogenous pep-
tides, or a slightly higher affinity for PYY (Rimland et al.,
1991).

Quantitative in vitro receptor autoradiography allows the
pharmacological characterization of anatomically localized
binding sites (Palacios & Dietl, 1989). We have now used this
technique to investigate the localization and characterization
of binding sites for '*Iodine-Bolton Hunter-labelled human
NPY(['*1}-BH-NPY) in human and porcine colon in an
attempt to characterize NPY receptors involved in the mod-
ulation of colonic motility and secretion. We have, further-
more, compared the characteristics of ['*I}-BH-NPY binding
in porcine colon with that in porcine spleen, the latter having
been extensively characterized previously in membrane
preparations as a Y, subclass of receptor (Lundberg et al.,
1988a,b; Modin et al., 1991).



Methods

Tissues

Porcine spleens (n = 12) and colons (n = 12) were obtained
fresh from a local abattoir within 15 min postmortem. Nor-
mal human colonic tissues (7 =7) were obtained from the
resection edge of colonic carcinomata and human spleens
(n=6) were obtained post-mortem or at operative splen-
ectomy. Rat spleens (n = 6) were obtained from adult Wistar
rats immediately after they had been killed by an overdose of
phenobarbitone. All tissues were snap frozen in melting
dichlorodifluoromethane (Arcton-12, ICI), and stored at
—70°C until cut to 10 um sections and thaw-mounted on
Vectabond treated slides (Vector Laboratories, Peterborough,
UK). Mounted sections were dried at 4°C for 2 h then used
immediately or stored with desiccant at —20°C until use.

Binding conditions

For binding experiments, sections were preincubated twice
for 15min in buffer A (10mM HEPES, 130 mM NaCl,
47mM KCl, 5mM M7, 1mM EGTA, pH 7.4). Excess
buffer was removed and consecutive sections incubated for
2 h in 45 pl (colons) or 70 pl (spleens) buffer B (buffer A plus
1% bovine serum albumin) containing 0.2 mM ['*I}-BH-NPY
alone (total binding), or with an excess (1 puM) of unlabelled
human NPY (hNPY) (non-specific binding). Sections were
washed twice for 5min in buffer A then rinsed in distilled
water and dried in a stream of cold air. Incubations, were
performed in humid chambers at room temperature, which
was 22°C except for the duration of analogue rebinding
experiments, when the ambient room temperature was 27 to
29°C. In addition, association time course experiments were
also undertaken at 37°C.

Binding conditions were optimised by comparing different
buffers, incubation and wash times and ligand concen-
trations. Association time courses were obtained with 0.2 nM
['*1)-BH-NPY and dissociation time course experiments were
performed following 2 h incubation with 0.2nM ['*I]-BH-
NPY, by the addition of unlabelled hNPY to a final concen-
tration of 1pM, or by transfer of sections to a bath
containing 300 ml of buffer A without NPY. Saturation
studies were performed with 0.05nM to 0.8nM ['ZI}-BH-
NPY, and also by incubation with 0.2 nM ['*I]-BH-NPY plus
increasing concentrations of unlabelled human NPY in the
range 31 pM to 4000 pM. Binding inhibition studies used 2 h
incubations with 0.2 nM ['*I]-BH-NPY plus various concen-
trations of unlabelled ligand. Binding inhibition with [Leu®',
Pro*INPY was performed on 2 groups of 6 cases for each of
porcine spleen and colon, using [Leu®, Pro*|NPY from 2
different sources (see below). The inhibitory potencies of the
2 batches of [Leu®, Pro*]NPY were directly compared on
paired samples from 6 porcine spleens.

Tissue and ligand stability

The stability of ['*I]-BH-NPY binding sites in tissue sections,
and of ['**I}-BH-NPY and competing ligands in supernatants,
during the incubations, were assessed in order to help
validate calculated kinetic, equilibrium and inhibition con-
stants.

Possible loss of specific ['*I]-BH-NPY binding in tissue
sections during incubations was assessed with extended prein-
cubations. Sections of porcine colon were preincubated in
buffer A for 0.5 to 5h before incubation with 0.2 nM ['**I]-
BH-NPY for a further 2 h.

Ligand stability was initially assessed by rebinding
experiments. ['*’I]-BH-NPY (100 pl, 0.2 nM) in buffer B, with
or without the addition of peptidase inhibitors, was
incubated for 0, 2 or 4 h on 10 pm sections of porcine colon.
Supernatant (70 pl) was then transferred to fresh, pre-
incubated consecutive sections of porcine colon and incu-
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bated for a further 2h, before washing and exposure of
sections to film. Separate experiments demonstrated that in-
creasing incubation volumes from 70 pl to 100 ul did not
significantly affect binding.

Possible causes of depletion of ['*I}-BH-NPY binding
activity in supernatants during incubation with porcine colon
were further investigated. Sections of porcine colon (10 um)
were incubated with 100 ul 0.2 nM ['*I}-BH-NPY and 25 pl
aliquots of supernatant were collected before and after 2 and
4h incubation. Aliquots were then diluted 1:19 (v/v) in
incubation buffer (B).

To assess possible adherence of ligand to tissue sections or
slides, 200 ul of each sample (7 =6 paired samples before
and after incubation) was further diluted to 2 ml in acetic
acid:water (5:95 v/v), and counted for radioactivity in a
NE1600 multiwell counter (Nuclear Enterprises, Edinburgh).

Reverse-phase, high performance liquid chromatography -
(h.p.L.c.) was used to assess possible degradation of ligand;
h.p.l.c. was performed on 200 pl aliquots of 6 samples (3
following preincubation with porcine colon, and 3 control
samples of ['*I]-BH-NPY in buffer B, without preincubation)
obtained as above, using a Waters dual pump system with a
puBondapack C;g column (30 X 0.8 cm, Waters Ass., Chester,
U.K.). Elution was carried out isocratically at 2 ml min~! in
acetic acid:water (5:95 v/v) followed by a 15min linear
gradient to propan-l-ol:acetic acid:water (40:3:57 v/v/v).
One minute fractions were counted for radioactivity. Percen-
tage yields of radioactivity are expressed as means of 3
samples. The albumin peak was identified by difference in
ultraviolet absorption at 280 nm between eluates from
incubation buffer (B) and preincubation buffer (A).

The major peak of radioactivity in each of 4 samples (2
before and 2 following 2 h incubation with porcine colon)
were reanalysed by h.p..c. Solvent was removed under
vacuum and each sample dissolved in acetonitrile:
water: HFBA (20:100:0.08 v/v/v) and subjected to h.p.l.c. on
a pBondapak C;5 column (30 X 0.8 cm). Elution was carried
out isocratically at 2 mlmin~! in acetonitrile:water: HFBA
(20:100:0.08 v/v/v) followed by a 15 min linear gradient to
acetonitrile:water: HFBA (70:100:0.08 v/v/v). One minute
fractions were again counted for radioactivity.

Attempts were made to reduce ligand depletion by adding
the following peptidase inhibitors to the incubation buffer;
captopril (1 pM), phosphoramidon (1 pM), bestatin (20 uM), a
combination of leupeptin (10 pM), bacitracin (1.5 mM) and
chymostatin (5mgl-'), or all 6 antipeptidases.

Depletion of inhibitory potency of the analogues NPY
(13-36) and [Leu®, Pro*]NPY by porcine colon and spleen,
and of unlabelled hNPY by porcine colon was assessed by a
modification of the method used in rebinding experiments.
Buffer B (70 ul) containing unlabelled analogue (0.1 uM for
colon, 0.2 uM for spleen) or hNPY (2 nM) was incubated with
each tissue section for 2 h at room temperature. Supernatant
from each section was then mixed with an equal volume of
0.4nM ['*I}-BH-NPY and transferred to fresh, consecutive
10 um sections of the corresponding tissue and further
incubated for 2 h at room temperature. In parallel, further
consecutive sections were incubated with 0.4 nM ['*I]-BH-
NPY mixed with an equal volume of buffer B, 1uMm
unlabelled hNPY, either of the analogues without prior
incubation with tissue sections (final concentrations 0.5 uM
and 0.1 uM for colons and spleens respectively), or unlabelled
NPY (final concentration 1 nM). Sections were then washed
and apposed to film as described below. The concentrations
of hNPY and analogues were selected to give approximately
50% inhibition of ['*I}-BH-NPY binding.

Quantitation

Unfixed sections were apposed to Hyperfilm-’H (Amersham,
UK) and exposed for 3 days at 4°C. Films were subsequently
developed in D-19 developer (Kodak) for 3 min at 20°C and
fixed in Amfix (Amersham, UK). Autoradiograms were
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quantified on an IBAS 2000 image analysis system' (Kontron,
Watford, UK). Standard curves relating grey values to log
concentration of bound ['*I-BH-NPY (amolmm~?) were
obtained for each film using sections of radiolabelled polymer
standards (American Radiolabelled Chemicals Inc., St. Louis,
U.S.A)). Specific binding was calculated as total minus non-
specific binding. Each experiment was performed on tissue
from 5 to 12 cases. :

The kinetic constants for association (k) and dissociation
(k_,) were derived from association and dissociation time
course experiments. The rate of loss of specific ['*I]-BH-NPY
bind-ings in tissue sections was estimated as a monoexponen-
tial decay constant from specific binding data following
extended preincubations.

Equilibrium dissociation constants (Kp) and maximal bind-
ing to myenteric ganglia (B,,,) for each of S porcine colons
were derived from saturation experiments by non-linear
regression. In addition, values were also calculated from data
from kinetic experiments, Kp being k_,/k,), and Bp., = By
(Kp + L)/L, where B is the equilibrium binding with 0.2 nM
[*1}-BH-NPY, and L is the free concentration of ['*I]-BH-
NPY (=0.2 nM).

The concentrations of unlabelled ligands producing 50%
inhibition of binding of 0.2 nM ['*I}-BH-NPY to myenteric
ganglia (ICs) were calculated for each case from binding
inhibition experiments. Inhibition constant (K;) values were
derived from IC,, values according to the formula; K; = ICs/
(1 + L/Kp). For porcine colon, the K value used was that
derived from saturation experiments. For porcine spleen, K,
was estimated from binding inhibition experiments using
unlabelled NPY and the formula K, =1ICs— L.

Curve fitting and experimental derivation of constants
were performed by iterative non-linear regression using
GraphPAD Inplot 3.1 (GraphPAD, San Diego). Single-site
models were used for saturation and kinetic data, and a
multisite model for fitting sigmoid curves to binding inhibi-
tion data. Values are expressed as arithmetic or geometric
means as appropriate with 95% confidence intervals. Between
groups comparisons were made on the original geometric
data by paired or unpaired Student’s 7 test or by ANOVA, as
appropriate. Values of P<<0.05 were taken as significant.

Histochemistry and microautoradiography

For microscopic localization of binding, sections with bound
['*1)-BH-NPY were fixed in Bouin’s fixative for 60 min at
22°C, washed in distilled water and dried in cold air, then
dipped in photographic emulsion (IIford K5) and exposed for
7 days at 4°C. Dipped sections were then developed as for
films (above) and counterstained with haematoxylin and
eosin. In addition, for each case of porcine colon, consecutive
sections to those used for the production of autoradiographic
images on film were fixed in formol saline and stained for
acetylcholinesterase according to the method of El-Badawi &
Schenk (1967). Autoradiograms were then compared with
acetylcholinesterase stained sections to establish the locali-
zation of binding of ['*I]-BH-NPY to cholinesterase positive
ganglia.

Chemicals

['*1}-BH-NPY was obtained from Amersham International
plc, UK, with a specific activity of 2000 Ci mmol~'. ['*I]-
PYY (porcine) was obtained from Du Pont (UK) Ltd.,
Stevenage, specific activity 2200 Ci mmol~'. NPY (13-36)
(porcine) and [Leu®, Pro*]NPY (porcine) were obtained
from Peninsula Laboratories plc, U.K. A further supply of
[Leu®, Pro*]NPY was obtained from Sigma Chemical Co.,
Poole, UK. Human and porcine NPY, porcine peptide YY,
human pancreatic polypeptide, B-cyclic calcitonin gene-
related peptide, substance P, neurokinin A, guanosine 5'-O-
(3-thiotriphosphate) (GTP-y-S), bacitracin, bestatin, captop-
ril, chymostatin, leupeptin and phosphoramidon, and

enzyme-free bovine serum albumin were each obtained from
Sigma Chemical Co., Poole, UK. H.p.lc. solvents were
obtained from Rathburn Chemicals, Peebleshire, Scotland.

Results

Specific ['*I]-BH-NPY binding sites were detected in porcine
colon, localized on autoradiography films to the region of the
myenteric plexus and on similar structures in the submucosal
region (Figure 1a,b). [*I}-PYY gave an identical distribution
of specific binding. Low density non-specific binding was
demonstrated in other regions of smooth muscle, submucosa
and mucosa, and high density, non-specific binding at the
luminal surface. Light microscopic examination of counters-
tained, emulsion-dipped sections of porcine colon confirmed
specific binding of ['*I]-BH-NPY to ganglia in the myenteric
and submucosal plexuses (Figure 2). Silver grains were
densely distributed over a majority of ganglion cells. Com-
parison of autoradiography films with light microscopy of
corresponding sections histochemically stained for acetyl-
cholinesterase confirmed that specific ['*’I]-BH-NPY binding
corresponded to acetylcholinesterase-positive ganglia in both
the myenteric and submucosal plexi. Specific binding of ['*]]-
BH-NPY was not identified on vascular smooth muscle
under these conditions. In 5 of 7 cases of normal human

Figure 1 Film autoradiographs of ['**I]-Bolton Hunter-labelled
human neuropeptide Y binding to porcine (a,b) and human (c,d)
colon: total binding (a,c); non-specific binding (b,d); closed arrow-
heads myenteric ganglia; open arrow-heads submucosal ganglia; (1)
muscle ((1a) longitudinal muscle, (1b) circular muscle); (2) sub-
mucosa; (3) mucosa. Bars = 2 mm.



Figure 2 Photomicrographs of emulsion-dipped sections of porcine
colon: myenteric ganglion (a); submucosal ganglion (b); (1Im) lon-
gitudinal muscle, (cm) circular muscle, (sm) submucosa, (m) mucosa.
Haematoxylin and eosin counterstained. Bars = 100 um.

colon similar specific binding of ['*I-BH-NPY was localized
to ganglia in the myenteric plexus (Figure lc,d).

Equilibrium studies indicated that binding of ['*I]-BH-
NPY to porcine colonic myenteric ganglia was saturable, and
of high affinity (Table 1, Figure 3). High affinity binding was
confirmed in kinetic studies (Table 1), which revealed that
specific binding of 0.2 nM ['*I]-BH-NPY to myenteric ganglia
reached a maximum within 2 h at room temperature (Figure
4). At 37°C specific binding reached a maximum by 30 min
but rapidly declined with increasing incubation times beyond
50 min. All subsequent experiments were therefore performed
at room temperature.

Dissociation of ligand from the myenteric plexus following
the addition of 1 uM unlabelled pNPY was slow, with > 50%
of equilibrium binding remaining after 5 h (Figure 4). Similar
results were obtained by transferring labelled sections to a
bath containing 300 ml buffer A without NPY. The addition
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Figure 3 Saturation of specific ['*I]-Bolton Hunter-labelled
neuropeptide Y binding to porcine colonic myenteric ganglia. Each
point represents the mean (s.e.mean, vertical bars) of 5 cases.

of the non-hydrolysable GTP analogue, GTP-y-S to the dis-
sociation buffer greatly increased dissociation of specific ['*’I]-
BH-NPY binding from the myenteric plexus. After 2 h in the
presence of GTP-y-S (2 uM) specific binding was reduced to
9% (7-12%) of equilibrium binding, as compared with 77%
(69-85%) in the absence of GTP-y-S.

There was a gradual decline in specific binding of ['**I}-BH-
NPY to myenteric ganglia with increasing preincubation
times. The rate of decline in specific binding was similar to
that observed following the addition of unlabelled NPY in
the absence of GTP-y-S (decay constant=5.5 (2.5-12.0)
% 10~% s~!). Furthermore, a similar decline in specific bind-
ing to myenteric ganglia was observed with prolonged
incubations with ['*I]-BH-NPY beyond 2 h.

The binding activity of 0.2 nM ['*I]-BH-NPY was reduced
following a 2h incubation with sections of porcine colon
when compared with that of fresh ligand. Specific binding
to porcine colon myenteric ganglia was reduced from
104 (83-130)amolmm~2 to 54 (48 to 61)amol mm~?
(P<0.0005). Addition of phosphoramidon, captopril,
bestatin, leupeptin, chymostatin or bacitracin, alone or in
combination, to the incubation buffer did not significantly
increase specific binding to porcine myenteric ganglia, nor
did it prevent the decline in NPY binding activity in the
supernatants.

Radioactivity counts in supernatants from this experiment,
representing total 'I not bound to the solid phase, did not
reveal any significant decline during the 2 h incubation, from
1740 (1588 to 1892) c.p.m. to 1588 (1524 to 1654) c.p.m.
(P>0.05).

H.p.l.c. on a propan-1l-ol:acetic acid gradient of control,
standard samples not preincubated with tissue sections
(Figure 5a) resulted in a single peak of radioactivity with a
retention time of 12 min (h.p.l.c. fractions 15 and 16) appear-
ing shortly after the albumin peak (retention time 11 min,
fraction 14). Radioactivity in this peak accounted for 91% of
that injected.

Table 1 Kinetic and equilibrium constants for ['*I}-Bolton Hunter-labelled neuropeptide Y binding to porcine colon myenteric

ganglia

Experimental design k4 k_,
M-'s7) ()

Saturation - -
Kinetic 9 (4-20) x 10°

Values are expressed as geometric means (95% CI), n=S.

3.2 (1.9-5.5) x 10~3

KD Bmax

(pM) (amol mm~?)
409 (220-760) 81 (70-93)
60 (20-230) 128 (60-279)
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Following 2 h incubation with porcine colon, h.p.l.c. again
produced a major peak of radioactivity with a retention time
of 12 min, accounting for 83% of that injected, as well a
minor peak with a retention time of 9 min, (h.p.l.c. fractions
12 and 13) accounting for a further 6% of injected radio-
activity (Figure 5b). Further h.p.l.c. of the major peaks from
2 samples with and 2 without incubation with porcine colon
using an acetonitrile gradient revealed a single peak of
radioactivity in all cases with a retention time of 10 min
(fractions 13 and 14) and no minor peaks, with a yield of
88%.

Binding inhibition analysis on 6 porcine colons demon-
strated relative affinities for the ['*I}-BH-NPY binding sites
in myenteric ganglia of pNPY = hNPY =pYY >>NPY
(13-36) = [Leu®, Pro*] NPY >>PP (Table 2, Figure 6).
The unrelated peptides substance P (1 pM), neurokinin A
(1 uM) and calcitonin gene-related peptide (1 uMm) did not
significantly inhibit ['*I]-BH-NPY binding to myenteric
ganglia.

To investigate further the relative potencies of the selective
Y, and Y, ligands, [Leu®, Pro**]NPY and NPY (13-36) in
inhibiting binding of ['*I}-HB-NPY to porcine colon, binding
inhibition studies were performed on samples from an addi-
tional 6 pigs using [Leu®, Pro*]NPY obtained from Sigma
Chemical Co., Poole, UK, as well as NPY (13-36). Results
from this experiment were closely similar to those obtained
previously, and combining the results from colons of all 12
pigs revealed NPY (13-36) to be slightly, but significantly,
more potent at inhibiting specific ['*I}-BH-NPY binding to
porcine colonic myenteric ganglia (Table 2) with a mean
difference in log ICs = 0.4 (0.04 to 0.75, P =0.032). None
the less, NPY (13-36) and [Leu®, Pro*]NPY were each able
to inhibit completely specific [*I]-BH-NPY binding to por-
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Figure 4 Association (@) and dissociation (O) time courses of
specific binding of 0.2 nM ['*I}-Bolton Hunter-labelled neuropeptide
Y to myenteric ganglia in porcine colon at room temperature.
Arrow; addition of 1pm unlabelled NPY for dissociation time
course. Each point represents the mean ( £ s.e.mean, vertical bars) of
5 cases.

cine myenteric ganglia, with Hill coefficients near unity.

To assess whether the closely similar inhibitory potencies
of both NPY (13-36) and [Leu®, Pro*]NPY was due to
differential analogue depletion during the incubation period,
rebinding experiments were performed. No significant reduc-
tion in inhibition of ['*I}-BH-NPY binding was found fol-
lowing preincubation of either analogue with sections of
porcine colon.

Specific ['*I]-BH-NPY binding sites” were also demon-
strated on porcine spleen, located over red pulp. Only non-
specific binding could be demonstrated either to white pulp
arterioles, or to splenic arteries. As with porcine colon,
equilibrium binding of 0.2 nM ['*I]-BH-NPY to red pulp was
achieved within 2 h. There was no significant dissociation of
specific ["*I]-BH-NPY binding in red pulp following 2h
incubation in buffer containing neither ['*I}-BH-NPY nor
GTP-y-S (specific binding 103% (85-123%) of equilibrium
binding). Addition of 2uM GTP-y-S to the dissociation
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Figure 5 High performance liquid chromatography of ['**I)-Bolton
Hunter-labelled neuropeptide Y on a propanol/acetic acid gradient
(a) before, and (b) after 2h incubation with sections of porcine
colon. One minute samples of eluent were counted for 30s and
background subtracted. Arrow; second peak of radioactivity appear-
ing after incubation.

Table 2 Inhibition of binding of 0.2 nm ['%I)-Bolton Hunter-labelled neuropeptide Y (['*I]-BH-NPY) to porcine colon by unlabelled

peptides

Ligand IC;9 (nM) K; (nM) Hill coefficient
pNPY 0.29 (0.19-0.44) 0.19 (0.12-0.30) 1.29 (0.75-2.22)
hNPY 0.35 (0.21-0.60) 0.24 (0.14-0.40) 1.56 (1.16—2.08)
PYY 0.44 (0.27-0.74) 0.30 (0.18-0.50) 1.65 (1.29-2.10)
[Leu®, Pro¥NPY 27* (18-42) 18 (12-28) 1.14 (1.03-1.26)
NPY (13-36) 11*  (6-21) 7 4-14) 1.13  (0.88-1.46)
PP 670 (410-1060) 450 (275-712)

Values are expressed as geometric means (95% CI). *NPY (13-36) more potent than [Leu®, Pro*]NPY, P =0.032, paired ¢ test,
n=12. p = porcine; h = human; PYY = peptide tyrosine tyrosine; PP = pancreatic polypeptide
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Figure 6 Competitive inhibition of 0.2nM ['*I}-Bolton Hunter-
labelled neuropeptide Y (['*I)-BH-NPY) binding to porcine colon
myenteric plexus by unlabelled peptides: (@) porcine NPY; (O)
human NPY; (0O) porcine peptide tyrosine tyrosine; (A) [Leu®,
Pro*] NPY; (A) NPY (13-36); (M) pancreatic polypeptide. Each
point represents the mean (% s.e. mean, vertical bars) of 6 cases.

buffer significantly decreased specific binding to 15%
(10-24%) of equilibrium binding after 2 h.

Binding inhibition studies on 12 porcine spleens indicated
that, as with porcine colon, NPY (13-36) was slightly but
significantly, more potent than [Leu’, Pro*]NPY at
inhibiting specific ['*’I}-BH-NPY binding to porcine splenic
red pulp (Table 3, mean difference in log ICs, values = 0.53
(0.09-0.96), P=0.02). Two separate batches of [Leu’!,
Pro*|NPY were tested on consecutive sections of 6 porcine
spleens. Only small differences in inhibitory potencies were
observed between batches with ICs, values of 1.0 (0.8—1.4)
x 10~7M and 3.5 (1.6-7.4) X 10~" M respectively.

Rebinding experiments were performed on sections of por-
cine spleen to assess possible differential analogue depletion
during incubations. No significant diminution in inhibitory
potency was observed for either [Leu’!, Pro*INPY or NPY
(13-36) following 2 h incubation with porcine spleen.

In contrast to the porcine spleen, specific [*I]-BH-NPY
binding was not demonstrable in human spleens, nor in
normal rat spleen under the conditions tested.

Discussion

We have demonstrated specific, saturable, high affinity bind-
ing sites for ['*I}-BH-NPY in ganglia of the myenteric and
submucosal plexuses of normal porcine colon. Specific bind-
ing showed similar high affinity for both NPY and PYY
suggesting that these sites may represent shared NPY/PYY
receptors. NPY-like immunoreactivity (NPY-LI) is present in
nerve fibres and occasional ganglion cells of both myenteric
and submucosal plexi in the colon of most mammalian
species so far studied, including pig and man (Furness et al.,
1983; Ferri et al., 1984). PYY-LI is localized to mucosal
endocrine cells in mammalian colon (Lundberg et al., 1982)

NEUROPEPTIDE Y BINDING SITES IN COLON 309

and is released into the circulation following the ingestion of
a meal (Taylor, 1985; Greeley et al., 1989).

Both NPY and PYY have pharmacological actions in
mammalian colon. Both were shown in the cat and guinea-
pig to reduce colonic motility, induce colonic relaxation, and
also to reduce tone in precontracted colon (Lundberg et al.,
1982; Hellstrom et al., 1985; Hellstrom, 1987; Wiley &
Owyang 1987). Subsequent studies have shown that NPY
and PYY increase rectal tone in the cat and, similarly, in-
crease basal tone in the rat distal colon (Hellstrom et al.,
1989; Cadieux et al., 1990). Each of these effects of NPY may
be mediated by actions on myenteric neurones, rather than
by a direct action on colonic smooth muscle (Hellstrom,
1987; Wiley & Owyang, 1987; Cadieux et al., 1990). NPY
inhibits calcium currents in rat cultured myenteric plexus
neurones, providing further evidence of functional NPY
receptors in the myenteric plexus (Hirning ez al., 1990). The
specific binding sites for ['*I}-BH-NPY and ['*I-PYY
observed in this study in myenteric ganglia may represent
functional receptors through which locally released NPY and
PYY may regulate colonic motility.

NPY and PYY inhibit electrolyte secretion by colonic
mucosa (Cox et al., 1988; Okuno et al., 1991). In contrast to
binding studies in small intestinal mucosal membranes in rats
(Nguyen et al., 1990), we were unable to demonstrate specific
binding of either ['*I}-BH-NPY or ['*I}-PYY to porcine
colonic mucosa. However, specific binding of both ligands
was observed to ganglia in the colonic submucosal plexus,
suggesting that effects of NPY on colonic secretion may, at
least in part, be indirectly mediated through submucosal
nerves.

In addition to effects on intestinal motility and secretion,
NPY induces mesenteric vasoconstriction and potentiates
noradrenaline-induced vasoconstriction, both probably post-
junctional effects on vascular smooth musle (Hellstrom et al.,
1985; Andriantsitohaina & Stoclet, 1990) as well as reducing
noradrenaline release by a prejunctional action (Westfall et
al., 1987). Despite these known pharmacological effects of
NPY on mesenteric vasculature, we were unable to detect
specific binding to blood vessels in any of our tissues. Specific
binding of ['*I)]-BH-NPY to colonic vessels may be present,
but at a low density by comparison with non-specific bin-
ding. Modin et al. (1991) found that specific binding of
iodinated NPY to splenic arteries represented only 10% of
total binding, despite demonstrating splenic vasoconstriction
by NPY. Such low specific to non-specific ratios are not
amenable to detailed study by quantitative in vitro receptor
autoradiography. Other possibilities include blocking of bind-
ing by endogenous ligand, perhaps released when the animals
were killed, or differences in affinity for Bolton Hunter-
labelled NPY of vascular smooth muscle as compared with
myenteric ganglia and splenic red pulp.

H.p.l.c. revealed only a small degree of ligand degradation
following 2h incubation of [*I}-BH-NPY with porcine
colon. The significant loss of ['*I]-BH-NPY binding ability
during the 2h incubation period therefore appears to be
multifactorial, and only partially explained by ligand de-
gradation. Other possibilities include the release of inhibitory
factors such as GTP or endogenous NPY from tissue sec-
tions, or the inactivation of components of buffer B required

-

Table 3 Binding inhibition of 0.2 nM ['*I]-Bolton Hunter-labelled neuropeptide Y (['*I]-BH-NPY) to porcine spleen by uslabelled

peptides
Ligand ICsy (nM)
pNPY 1.5 (0.6-3.5)
[Leu®, Pro*|NPY 112* (42-291)
NPY (13-36) 34* (27-42)

K; (nm) Hill coefficient
1.9 (1.5-2.4)

97 (37-252) 1.1 (0.8-1.5)

29 (23-36) 1.7 (1.3-2.0)

Values are expressed as geometric means (95% CI). *NPY (13-36) more potent than [Leu®, Pro*]NPY at inhibiting binding of
[**1}-BH-NPY to porcine splenic red pulp (P =0.02, paired ¢ test, n=12)
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for binding, such as the albumin.

Nonetheless, even a 50% depletion of binding activity
during the incubation, would not be expected to affect sub-
stantially calculated K, and K; values. It is apparent,
therefore, that, in the absence of GTP, ['*I}-BH-NPY binds
to myenteric ganglia with high affinity. The markedly in-
creased dissociation observed in the presence of GTP-y-S
indicates the presence of a second (low) affinity state for
these binding sites which is characteristic of G protein-linked
receptors.

Kinetic studies and competition with unlabelled ligands
indicate that, under identical conditions, porcine myenteric
ganglion and splenic red pulp binding sites for ['*I}-BH-NPY
share many characteristics. In particular, both are sensitive to
GTP-y-S, and both [Leu®, Pro*]JNPY and NPY (13-36)
completely inhibited specific binding with similar potencies,
NPY (13-36) being slightly, but significantly more potent
than [Leu®, Pro*|NPY. These findings suggest that porcine
colonic myenteric ganglia and splenic red pulp each bear the
same subclass of NPY receptor. The closely similar potencies
of the two analogues observed in this study contrast, how-
ever, with results from membrane preparations of porcine
spleen described by Modin er al. (1991), who found NPY
(13-36) to be approximately 100 times more potent than
[Leu®, Pro*INPY in inhibiting specific binding of iodinated
NPY. However, the same authors also found that in vivo,
both analogues were approximately equipotent at increasing
porcine splenic vascular resistance, each being one tenth as
potent as intact NPY. The relative potencies of NPY and
NPY (13-36) at inhibiting ["*I-BH-NPY binding to
myenteric ganglia observed in our study are consistent with
studies in vitro on intestinal muscle strips which indicate that
long C-terminal fragments of NPY inhibit muscle tone, but
are less active than the intact peptide (Allen ez al., 1987).

We considered whether a differential depletion of the two
analogues could explain their apparently similar inhibitory
potencies in porcine colon and spleen, but no significant loss
of inhibitory potency was observed for either NPY (13-36),
or [Leu®, Pro*]NPY following preincubation with porcine
spleen or colon.

It remains possible that the process of membrane prepara-
tion can affect binding characteristics of membrane G
protein-receptor complexes, or that specificity may be in-
fluenced by the use of different incubation conditions. Such
factors may be particularly important in studies using recep-
tor agonists, the binding of which to receptors is dependent
on the integrity of receptor-G protein interactions. We have
demonstrated two affinity states of ['*I]-BH-NPY binding
sites in porcine colon and spleen, depending on the presence
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Stimulation of insulin secretion by imidazoline compounds is
not due to interaction with non-adrenoceptor idazoxan binding

sites
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1 The potency of interaction of several imidazoline compounds with non-adrenoceptor idazoxan
binding sites (NAIBS) in rat liver membranes was compared with their ability to alter insulin secretion
from rat pancreatic islets.

2 NAIBS could be labelled specifically with [’H}-idazoxan in both rat liver membranes and in rat islet
homogenates. Liver binding sites exhibited a Kp, for [’H]-idazoxan of 24 nM and a B, of 264 fmol mg~!
protein.

3 Binding of [*H]-idazoxan to NAIBS in rat liver membranes was displaced effectively by unlabelled
idazoxan (ICs 0.1 pM) and by UK14304 (ICs, 0.5 pM). However, two other imidazoline compounds
efaroxan and RX821002, which are related in structure to idazoxan, were much less effective as
displacers.

4 In insulin secretion experiments, the ATP-sensitive potassium channel agonist diazoxide (250 uM)
was able to suppress the rise in insulin secretion induced by 20 mM glucose. Both efaroxan and
RX821002 (100 uM) antagonized the inhibitory effect of diazoxide on glucose-induced insulin secretion.
By contrast, neither idazoxan (100 uM) nor UK 14304 (50 um), was able to overcome significantly the
inhibitory effect of diazoxide.

5 The ability of 100 uM efaroxan to antagonize the suppression of insulin secretion mediated by
diazoxide, was not prevented by idazoxan (up to 100 uM) or by UK14304 (up to 50 uM).

6 The results indicate that the stimulatory effects of imidazoline compounds on insulin secretion are

not due to interaction with NAIBS similar to those present in rat liver.
Keywords: Islets of Langerhans; a,-adrenoceptors; insulin secretion; idazoxan; efaroxan; RX821001

Introduction

Recent studies have shown that certain a,-adrenoceptor
antagonists, including phentolamine (Chan et al., 1988; Smith
& Furman, 1988; Schulz & Hasselblatt, 1988) DG-5128
(Kameda er al., 1981; 1982; Kawazu et al., 1987; Chan et al.,
1991b) and efaroxan (Berridge et al., 1989; Chan et al., 1990;
1991a) are able to enhance the rate of insulin secretion when
administered to experimental animals or human volunteers in
vivo, or when added to isolated islets of Langerhans
incubated in vitro. These effects have been attributed to
blockade of islet a,-adrenoceptors (Kameda et al., 1982;
Broadstone et al., 1987) leading to an increase in insulin
secretion by virtue of the relief of a tonic inhibitory tone
mediated by endogenous catecholamines (Robertson et al.,
1976). However, this mechanism does not offer a satisfactory
explanation for the stimulatory response, since some -
antagonists (such as yohimbine) are very effective blockers of
sympathetic inhibition of insulin secretion (Langer et al.,
1983; Morgan & Montague, 1985) but do not elicit any direct
increase in secretion in the absence of added agonist (Chan et
al., 1988; Garrino & Henquin, 1990).

One common feature which is shared by the a,-antagonists
capable of stimulating insulin secretion, is the possession of
an imidazoline ring within their structure. Indeed certain
imidazolines which do not bind to a,-adrenoceptors are also
able to stimulate insulin secretion (Schulz & Hasselblatt,
1989) suggesting that possession of an imidazoline ring may
be an important determinant of secretogogue activity. The
reasons for this are not clear at present, but it is noteworthy
that binding sites have recently been identified on cells, that
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are able to bind some a,-selective imidazoline compounds
(e.g. [H)-idazoxan) with high affinity, but do not bind non-
imidazoline a,-selective ligands such as yohimbine and
rauwolscine (Coupry et al., 1987; Hamilton et al., 1988;
Langin & Lafontan, 1989). These sites appear, therefore, to
be distinct from a,-adrenoceptors and, in support of this, the
two can be separated by affinity chromatography (Parini et
al., 1989). Because of their pharmacological characteristics,
the imidazoline binding sites have been termed ‘non-adren-
ergic (non-adrenoceptor) idazoxan binding sites’ (NAIBS)
and have now been identified in a wide range of tissues
(reviewed by Atlas, 1991; Kilpatrick et al., 1992).

At present there is considerable interest in defining a func-
tional role for imidazoline binding sites, and it has been
postulated that they may be involved in control of neuro-
transmitter secretion (Gothert & Molderings, 1991) and in
regulation of membrane K* permeability (Zonnenschein et
al., 1990). This is significant since we (Chan et al., 1990;
1991a,b) and others (Plant & Henquin, 1990; Dunne, 1991;
Plant et al, 1991) have presented evidence suggesting that
those imidazolines which stimulate insulin secretion, may do
so by inducing closure of ATP-sensitive K* channels in the
B-cell membrane. This response has been seen in both normal
rat islets and in the rat insulinoma cell line, RINm5F (Chan
et al., 1991a) which has recently been shown to express
non-adrenoceptor binding sites labelled by [*H]-idazoxan
(Remaury & Paris, 1992).

In view of this evidence, the present study was undertaken
to examine whether the stimulatory effects of imidazoline
compounds on insulin secretion can be attributed to interac-
tion with NAIBS. To address this question, we have com-
pared the ability of certain imidazoline compounds to bind to
NAIBS present on rat liver membranes with their capacity to



modulate insulin secretory responses in rat islets of Langer-
hans.

Methods

Isolation of islets of Langerhans

Islets of Langerhans were isolated from the pancreata of
male Wistar rats (180—250 g body weight) allowed free access
to food and water, by collagenase digestion (Montague &
Taylor, 1968). The isolation medium was a bicarbonate-
buffered physiological saline solution (Gey & Gey, 1936)
equilibrated to pH 7.4 by gassing with O,:CO, (95:5). The
buffer was supplemented with 4 mM glucose and 1 mM CaCl,.
Islets were selected individually under a binocular dissecting
microscope and were used within 2 h of isolation.

Preparation of islet homogenates

Approximately 1000 isolated islets were hand picked as des-
cribed above. Islets were then re-selected individually to
optimize purity, and placed in 100 pl of Tris (50 mM)/EDTA
(1 mM)/MgCl, (10 mM) buffer (TEM) pH 7.5. The islets were
disrupted with ultrasound (low power for 5s) and the result-
ing suspension was briefly centrifuged (5000g; 5s) in a
microfuge to pellet any remaining intact islets. The super-
natant containing the membranes was then used directly in
radioligand binding assays.

Insulin secretion experiments

For insulin secretion studies, islets were either incubated
under static conditions or in a perfusion system, as described
previously (Morgan & Montague, 1984). Briefly, for static
experiments, groups of three isolated islets were incubated in
bicarbonate buffered medium, supplemented with 1 mg ml~!
bovine serum albumin. Islets were incubated for 1 h at 37°C
in the presence of appropriate test reagents, and samples of
the medium were then removed for measurement of insulin
by radioimmunoassay. In perifusion studies, islets were per-
fused at a flow rate of 1 ml min~' for 30 min before the start
of the experiment. Thereafter, samples of perifusion medium
were collected at 1 min intervals and their insulin content
measured.

Preparation of rat liver membranes

Membranes were prepared from the livers of male Wistar
rats allowed free access to food and water. The tissue was
excised, finely minced with scissors, and homogenized in a
power-driven Teflon/glass Potter Elvjhem homogenizer (6
passes) in TEM buffer (10ml buffer per g tissue). The
homogenate was centrifuged at 1000 g for 10 min (4°C) and
the resulting supernatant then centrifuged at 40000g for
20 min (4°C). The pellet was washed by resuspension in 40 ml
TEM buffer and re-centrifuged at 40000 g for 20 min (4°C).
The final pellet was resuspended in TEM buffer, and stored
at —80°C until required.

Radioligand binding experiments

PPH]-idazoxan (specific activity 40 Ci mmol~!) was used to
label NAIBS. Membranes (approx. 300 ug protein), [*H]-
idazoxan and competing drugs were incubated in a final
volume of 0.25ml TEM buffer, pH 7.5, for 1 h at 25°C. In
saturation studies [’H]-idazoxan was used over the concentra-
tion range 0.1-100 nM. In all experiments 100 uM yohimbine
was used to block a,-adrenoceptors, and non-specific binding
was determined in the presence of 100uM unlabelled
idazoxan. In competition studies, inhibition curves were
obtained by incubating membranes with 20 nM [*H]-ida-
zoxan, and a range of concentrations of competing com-

EFFECTS OF IMIDAZOLINES IN RAT ISLETS 313

pounds (1 nM—10 pM). Incubations were terminated by rapid
vacuum filtration through Whatman GF/B filters. Filters
were washed with 10 ml of ice cold Tris (50 mM)/EDTA
(5 mMm) buffer, pH 7.4, and their radioactivity measured after
addition of 4 ml of scintillant.

Protein assays

The protein content of liver membrane and islet homogenate
preparations was measured by the bicinchoninic acid method
of Smith er al. (1985).

Statistical analysis

Data were analysed by Student’s ¢ test and differences were
considered significant if the ¢ value corresponded to a pro-
bability of 1:20 or less (P<<0.05).

Materials

[PH}-idazoxan (specific activity 40 Ci mmol~') was purchased
from Amersham International, and ['*I]-insulin (specific
activity 2000 Cimmol-') was purchased from ICN-Flow.
UK14304 (5-bromo-6-[2-imidazolin-2-ylamino]-quinoxaline)
was a gift from Pfizer Research, Sandwich, Kent. Idazoxan,
efaroxan and RX821002 (2-(2-methoxy-1,4-benzodioxan-2-
yl)-2-imidazoline) were provided by Reckitt and Colman
Products, Hull. Diazoxide was obtained from Glaxo Phar-
maceuticals. All other reagents were of analytical reagent
grade.

Results

In order to compare the receptor binding profiles of
imidazoline compounds with their ability to stimulate insulin
secretion, both radioligand binding studies and insulin secre-
tion experiments were performed. Radioligand binding
studies were carried out by use of [*H}-idazoxan to label sites
in rat liver membranes and in rat islet homogenates. Insulin
secretion experiments were performed with rat isolated islets
of Langerhans.

Binding of [*H ]-idazoxan to rat liver membranes

In the presence of 100 uM yohimbine (to prevent binding of
ligand to a,-adrenoceptors) [*H]-idazoxan still labelled a bin-
ding site in rat liver membranes, consistent with the presence
of NAIBS in this tissue. Binding of [*H}-idazoxan was
saturable (Figure 1a) and Scatchard analysis revealed a single
class of high affinity sites (Figure 1b). In three experiments,
the K, varied between 19-33 nM (mean 24 nM), and the B,,,,
value averaged 264 * 52 fmol mg~! protein.

Competition studies were performed to determine the
order of binding potency of various compounds at rat liver
NAIBS, by assessing their ability to displace [*HJ-idazoxan.
These experiments revealed that both idazoxan itself and the
a,-agonist UK14304 were effective in displacing [*HJ-
idazoxan binding (Figure 2). The ICs, values were approx-
imately 0.1 uM for idazoxan and 0.5 uM for UK 14304 (Figure
2). By contrast, two other imidazolines, efaroxan and
RX821002 (Stillings et al., 1985) were only weakly effective
as displacers of [*H]-idazoxan binding (Figure 2). Indeed, at a
concentration of 10 uM, RX821002 only displaced the bin-
ding of 20 nM [*H]-idazoxan by approximately 10%. These
results suggest that idazoxan and UK 14304 interact strongly
with NAIBS, whereas efaroxan and RX821002 show only
very weak interaction at this site. This is consistent with
previous data (Langin & Lafontan, 1989; Atlas, 1991;
Remaury & Paris, 1992).
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Figure 1 Binding of [°H}-idazoxan to rat liver membranes. Liver
membranes were incubated with [*H]-idazoxan, over the concentra-
tion range 0.1 to 100 nM, for 1 h at 25°C. Non-specific binding was
determined in the presence 100 puM unlabelled idazoxan. In all
experiments 100 uM yohimbine was included to block binding of
[PH]-idazoxan to a,-adrenoceptors. Data represent triplicate deter-
minations from an experiment that is representative of three: (a)
shows the saturation binding curve and (b) the data obtained after
transformation of the results to generate a Scatchard plot. The line
was fitted by linear regression analysis (r = — 0.79).

Insulin secretion studies

In the light of the above results we next proceeded to study
the ability of these same imidazoline compounds to interact
with rat islets of Langerhans. Initially, a limited number of
ligand binding experiments were performed to determine
whether rat islets express [*H]-idazoxan binding sites. These
experiments were very difficult to perform due to the small
amounts of tissues obtained from a preparation of rat islets
and to the low specific activity of the ligand. Nevertheless, in
the presence of 100 uM yohimbine, [*H]-idazoxan specifically
labelled sites present in homogenates of rat islets. In three
separate experiments the extent of binding was found to be
139, 70 and 86.5 fmol mg~! protein (mean = 98.5 fmol mg~!
protein).

In order to assess the effect of imidazoline compounds on
islet function, their ability to reverse the inhibitory effect of
250 uM diazoxide on insulin secretion was studied. Diazoxide
is an agonist of ATP-sensitive potassium (K*-ATP) channels
(Dunne & Petersen, 1991) and inhibits glucose-induced
insulin secretion by opening K*-ATP channels. This leads to
hyperpolarization of the cell, closure of voltage-sensitive cal-
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Figure 2 Effects of imidazoline compounds on the binding of [*H]-
idazoxan to NAIBS in rat liver membranes. Competition binding
asays were performed on rat liver membranes with a single concen-
tration (20 nM) of [*H}-idazoxan. Competing agents were added over
the concentration-range 1nM to 10puM. Competing agents were
idazoxan (M), UK14304 (A), efaroxan (¢) and RX821002 (@).
Tubes were incubated for 1h at 25°C, then bound and free ligand
were separated by rapid vacuum filtration. Non-specific binding was
determined in the presence of 100 uM idazoxan. Yohimbine (100 uM)
was included in all tubes to prevent binding of [*H}-idazoxan to
ay-adrenoceptors. Results are expressed as percentage of total specific
binding measured in the absence of competing agent.

cium channels and a decrease in the rate of insulin release.
We have previously reported that imidazoline compounds
which can stimulate insulin secretion directly, are also able to
overcome the inhibitory effects of diazoxide (Chan et al.,
1990; 1991a,b). Thus the use of diazoxide provides a con-
venient assay system for determining the effectiveness of
imidazolines in interacting functionally with islet cells.

In support of previous evidence (Chan et al., 1990; 1991a)
efaroxan (100 uM) significantly reversed the inhibitory effect
of diazoxide on glucose-induced insulin secretion in rat islets
(Table 1). Similar effects were obtained with 100 pumMm
RX821002 (Table 1). Lower concentrations of each com-
pound were also effective, although at least 10 uM was
required to elicit a response (not presented; Chan et al.,
1990). By contrast idazoxan (100 uM) did not produce any
significant reversal of diazoxide-induced inhibition of glu-
cose-induced insulin secretion (Table 1). Furthermore, in
perifusion experiments, carried out under conditions of a,-
blockade, the effects of diazoxide were not reversed by 25 uM
UK14304 (Figure 3).

One potential complication in these latter studies, is that
UK 14304 is an a,-agonist (Cambridge, 1981) and can, thus,
directly inhibit glucose-induced insulin secretion in its own
right (Morgan et al., 1989). However, the possibility that any
tendency of UK14304 to antagonize the effect of diazoxide
had been masked by its a,-agonist properties, was excluded in
control experiments (Figure 3). These confirmed that the
regime of a,-blockade employed (continuous infusion of the
non-competitive antagonist phenoxybenzamine) was effective
in preventing the interaction of UK14304 with islet o-
receptors (Figure 3). These experiments also demonstrated
that glucose stimulation of secretion was maintained
throughout the perifusion period when diazoxide was not
introduced (Figure 3).

Thus, it appears that those compounds which bind with
high affinity to NAIBS in rat liver, are ineffective in reversing
the inhibitory effects of diazoxide when used in insulin secre-



Table 1 Effects of imidazoline compounds on the
inhibitory response to diazoxide in rat islets

Incubation conditions

[Glucose] Diazoxide Insulin secretion

(mm) (250 pm) Test reagents (ng per isleth-')
20 - - 2.1%0.15

20 + - 0.5+ 0.09

20 + Idazoxan 100 uM 1.1£0.20

20 + Efaroxan 100 pM 2.0 0.21*

20 + RX821002 100 pMm 1.7 £0.30*

Groups of three isolated islets were incubated for 1h at
37°C, in the presence of test reagents as shown. After this
time, samples of medium were removed for measurement of
insulin levels by radioimmunoassay. Data are presented as
mean values + s.e.mean for 12-18 observations.
*P<0.001 relative to 20 mM glucose plus diazoxide

Glucose Diazoxide UK 14304
20 mm 250 pum 25 um

o } |

Insulin secretion (pg per islet min~')

Time (min)

Figure 3 Effects of UK 14304 on the inhibition of glucose-induced
insulin secretion mediated by diazoxide. Groups of 100 isolated islets
from rat were perifused with medium containing 4 mM glucose and
5 uM phenyoxybenzamine for 30 min. After this time (¢ =0) 20 mM
glucose was introduced. Diazoxide (250 uM) was added after a fur-
ther 20 min (solid line) and UK 14304 (25 um) infused during the
final 15 min of perifusion. Phenoxybenzamine infusion was main-
tained throughout the experiment. Control experiments in which
diazoxide was omitted are shown by the dotted line. Samples of the
perifusion medium were collected and their insulin content measured
by radioimmunoassay. Data are presented as mean rates of insulin
secretion (* s.e.mean, vertical bars) from three separate islet
preparations.
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Table 3 Effects of UK14304 on the ability of efaroxan to
antagonize the inhibition of glucose-induced insulin
secretion due to diazoxide

Incubation conditions
[Glucose] Diazoxide Efaroxan [UKI14304] Insulin secretion

(mMm) (250 uM) (100 M) (M) (ng per isleth~")
4 - - - 0.61£0.10

20 - - - 4291053

20 + - - 099 £0.12

20 + + - 2.74 £ 0.53

20 + + 0.1 2.81 £0.35N

20 + + 1 2.51 £0.218

20 + + 10 2.74 £ 0.24N

20 + + 50 2.25 £ 0.30N8

Groups of three isolated islets from rats were incubated for
1h at 37°C under the conditions shown, insulin levels were
measured by radioimmunoassay and 100 uM yohimbine was
also included in all tubes to provide more effective
a-adrenoceptor blockade. Data are presented as mean
values t s.e.mean from 12 observations.

NS: Not significantly different from efaroxan in the absence
of UK 14304

tion experiments. Conversely, compounds which antagonize
the inhibitory effect of diazoxide in insulin secretion
experiments, bind only very weakly to NAIBS.

To examine these relationships further, we investigated
whether UK 14304 or idazoxan was able to antagonize the
effects of efaroxan on insulin secretion. The differences in
affinity displayed by these three compounds at NAIBS is
such that efaroxan should be readily displaced by either
idazoxan or UK 14304 if NAIBS represent its site of action in
the endocrine pancreas. In initial studies we made the
assumption that the presence of 100 uM efaroxan (a potent
a,-antagonist; Chapleo et al., 1984) would be sufficient to
block any effects mediated by a,-receptors. Under these con-
ditions 50 pM UK14304 was able to reduce the level of
insulin secretion measured in the combined presence of
efaroxan and diazoxide (Table 2) giving the impression that
antagonism of the response mediated by efaroxan had occur-
red. However, further addition of 100 uM yohimbine com-
pletely abolished this effect (Table 3) demonstrating that the
antagonistic effect of UK14304 was mediated by a,-
adrenoceptors and not by direct competition with efaroxan at
NAIBS.

In support of this evidence, 100 uM idazoxan was also
unable to antagonize the effect of efaroxan in insulin secre-
tion experiments (Table 2).

Table 2 Effects of UK14304 and idazoxan (Idz) on the ability of efaroxan to antagonize the inhibition of glucose-induced insulin

secretion mediated by diazoxide

Incubation conditions

[Glucose] Diazoxide Efaroxan

(mMm) (250 pm) (100 p™m)
4 - -

20 - -

20 + -

20 + +

20 + +

20 + +

20 + +

[UK] Idz
(nm) (100 pm)

Insulin secretion
(ng per isleth~")

1.16 £ 0.16
3371032
1.19+0.14
3.79t0.67
2.46 £0.39
0.69 + 0.08*
3.50 £ 0.30™S

w
S -
+ 1000

Groups of three isolated islets from rats were incubated for 1 h at 37°C in the presence of test reagents as shown. Samples of medium
were removed at the end of the incubation period and their insulin levels measured by radioimmunoassay. Data are presented as mean

values * s.e.mean for 12 observations.
*P<0.001 relative to efaroxan in the absence of UK14304

NS: Not significantly different from efaroxan in the absence of idazoxan
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Discussion

The major aim of this study was to establish whether a
correlation exists between the binding profile of imidazoline
compounds at NAIBS, and the ability of these same com-
pounds to modulate insulin secretion from rat isolated islets
of Langerhans. NAIBS have been described in a range of
tissues (reviewed by Atlas, 1991; Kilpatrick ez al., 1992) but
seem to have variable pharmacology suggesting that they
may not represent a single molecular entity (Wikberg et al.,
1991; Kilpatrick et al., 1992). Despite this, all sites defined to
date exhibit a high affinity for idazoxan, and we chose to use
this ligand in order to compare the pharmacology of rat liver
NAIB_S with effects of imidazoline compounds on insulin
secretion.

The data from binding experiments showed that, in rat
liver membranes, [*H]-idazoxan labelled NAIBS in a
saturable manner, with a K, of 24nM and B, of
264 fmol mg=! protein. This correlates well with previous
findings (Zonnenschien ez al., 1990). With rat islets, the
limited amount of tissue available prohibited the construction
of a full saturation curve, but we were able to demonstrate
that [*H}-idazoxan bound to non-adrenoceptor sites. Thus, at
least some of the cells present in rat islets appear to express
NAIBS, although the data do not permit the conclusion that
these sites are necessarily present on insulin secreting p-cells.
However the demonstration that membranes derived from
two cultured B-cell lines, RINmSF (Remaury & Paris, 1992)
and HIT-T15 (N.G. Morgan, unpublished observations) also
express NAIBS, is consistent with this possibility.

In competition binding studies, idazoxan and UK14304
each displaced 20 nM [’H]-idazoxan from rat liver membranes
very effectively. By contrast, efaroxan and RX821002 were
only very weakly effective even at concentrations up to
10 uM. Thus for NAIBS present in rat liver, the rank order of
potency is idazoxan>UK14304>> efaroxan> RX821002.
This is in good agreement with previous data (Langin
& Lafontan, 1989; Atlas, 1991; Remaury & Paris,
1992).

Our previous work on the effects of efaroxan in the endo-
crine pancreas revealed that high concentrations of the agent
(> 10 uM) are required to elicit insulin secretion directly or to
antagonize the inhibitory effect of diazoxide on secretion
(Chan et al., 1990; 1991a). The present results show that this
is also true for RX821002. Since neither efaroxan nor
RX821002 bind to NAIBS with high affinity, the observation
that high concentrations of each compound are required to
elicit responses in insulin secretion experiments, could be
consistent with the possible involvement of NAIBS. Further-
more the evidence that control of insulin secretion by
imidazolines may relate to alterations in the K* permeability
of the B-cell membrane (Chan ez al., 1990; 1991a,b; Plant &
Henquin, 1990; Dunne, 1991; Plant er al., 1991) is also
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