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1 The adaptive changes in the functional parameters of the presynaptic a2A-adrenoceptors in rat vas
deferens were examined after treatments with the monoamine depleter reserpine or with the direct/
indirect cholinomimetic agents pilocarpine and neostigmine.

2 For this purpose, we studied the inhibition induced by the a2-adrenoceptor agonist clonidine on the
twitch contraction of the vas deferens elicited by electrical ®eld stimulation, in animals that had been
treated with acute (single dose), short-term (for 4 days) and chronic (for 11 days) regimens of reserpine
(0.25 mg kg71, s.c., every 48 h), pilocarpine (10 mg kg71, i.p., every 12 h) or neostigmine (0.1 mg kg71,
i.p., every 12 h). The irreversible receptor alkylating agent N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquino-
line (EEDQ, 300 nM) was used to block partially the a2A-adrenoceptor-mediated e�ect of clonidine.

3 In control (untreated) animals, clonidine inhibited concentration-dependently the twitch response of
the vas deferens (pEC50=8.66) with a maximal e�ect near 100%. The apparent a�nity constant for
clonidine was estimated with the nested hyperbolic methodology (pKA=7.10). The analysis of the
occupancy-e�ect relation for clonidine revealed a large receptor reserve at a2A-adrenoceptors.
4 Acute, short-term and chronic treatments with reserpine increased the sensitivity of a2A-adrenoceptors
to clonidine (decreased the EC50) by about 3, 4 and 9 fold, respectively, and also increased the pool of
receptor reserve for this agonist (decreased the KE) by 4, 10 and 10 fold, respectively. Receptor a�nity
values were not changed after treatments.

5 Short-term and chronic, but not acute, treatments with pilocarpine and neostigmine increased the
sensitivity of a2A-adrenoceptors to clonidine (decreased the EC50) by about 3 and 2 fold, respectively, and
also increased the pool of receptor reserve for this agonist (decreased the KE) by 2 and 3 fold,
respectively. Receptor a�nity values were not changed after these treatments.

6 These results indicate that an enhancement of the receptor reserve for clonidine might account for the
supersensitivity of a2A-adrenoceptors induced by reserpine, pilocarpine or neostigmine treatments in the
rat vas deferens.
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Introduction

Presynaptic inhibitory a2-adrenoceptors play an important
physiological role in the regulation of transmitter release from
noradrenergic nerve terminals (Starke et al., 1989). Biochem-
ical and functional studies have established that there is an
enhanced sensitivity and an increased density of a2A-adreno-
ceptors in major depression (GarcõÂ a-Sevilla et al., 1986; Meana
et al., 1992; GonzaÂ lez et al., 1994). Supersensitivity of a2-
adrenoceptors can also be induced after chronic treatments
with the monoamine depleter reserpine (Grassby & Broadley,
1986; Estan et al., 1990; Ugedo et al., 1993). Prolonged acti-
vation of muscarinic acetylcholine receptors with cholinomi-
metic agents also causes the induction of supersensitive a2-
adrenoceptors (Olmos et al., 1993). These e�ects are consistent
with the cholinergic/noradrenergic hypothesis of depression,
which postulates that there is a relative predominance of the
cholinergic system over the noradrenergic pathway in depres-
sive illnesses (Wachtel, 1990; Janowsky & Overstreet, 1995).

The supersensitivity of a2-adrenoceptors induced by reser-
pine has been postulated to be a homospeci®c adaptation of
the noradrenergic pathway to the depletion of catecholamines
(e.g., see Ugedo et al., 1993). In contrast, the supersensitivity of
a2-adrenoceptors induced by cholinomimetic agents would be
a heterospeci®c adaptation of the noradrenergic system. The
biochemical mechanisms underlying the supersensitivity of a2-
adrenoceptors induced by reserpine or cholinomimetic agents

is yet a matter of controversy. Thus, modi®cations in receptor
density (U'Prichard & Snyder, 1978; Bylund &MartõÂ nez, 1980)
or receptor a�nity (Hong et al., 1988; Giralt & GarcõÂ a-Sevilla,
1989; Ugedo et al., 1993) have been demonstrated after re-
serpine treatments. Moreover, alterations in the density of
receptors (Hollingsworth & Smith, 1989) or no change in re-
ceptor parameters (Olmos et al., 1993) have been described
after administration of cholinomimetics.

The rat vas deferens has been commonly used in studies of
noradrenergic mechanisms because this tissue is characerized
by a predominantly sympathetic innervation. Stimulation of
presynaptic a2-adrenoceptors in this preparation inhibits the
twitch response evoked by electrical stimulation, and thus it is
a suitable model in which to study the activity and modulation
of a2-adrenoceptors (Drew, 1977; GarcõÂ a-Sevilla & Zubieta,
1986). The a2-autoreceptor present in the rat vas deferens be-
longs to the a2A subtype (Connaughton & Docherty, 1990;
Smith & Docherty, 1992). In addition, there is a large receptor
reserve at presynaptic a2A-adrenoceptors in rat vas deferens.
This receptor reserve has been studied by using the irreversible
a2-adrenoceptor antagonist N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ) and the a2-adrenoceptor agonist
clonidine (SalleÂ s et al., 1994). In the present study, the e�ect of
EEDQ on the a2A-adrenoceptor-mediated e�ect of clonidine in
the stimulated rat vas deferens was analysed to characterize
further the e�ects of prolonged treatments with reserpine, pi-
locarpine or neostigmine on the receptor a�nity constant and
on the pool of receptor reserve at a2A-adrenoceptors.1Author for correspondence.
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Methods

Animals and treatments

Male Sprague-Dawley rats (280 ± 330 g) received a standard
diet with water freely available and were housed at 22+28C
with a 12 h light/dark cycle. The rats were injected either with
reserpine (0.25 mg kg71, s.c., every 48 h), pilocarpine (10 mg
kg71, i.p., every 12 h) or neostigmine (0.1 mg kg71, i.p., every
12 h) for 4 days (short-term regimens) or 11 days (chronic
regimens) (Olmos et al., 1993; Ugedo et al., 1993). Acutely
treated rats were injected with single doses of these drugs.
Untreated rats were used as controls. Animals were killed by
decapitation 48 h (reserpine) or 12 h (pilocarpine or neostig-
mine) after the last injection.

The rat vas deferens preparation

Preparation of the vas deferens was done as described
previously (GarcõÂ a-Sevilla & Zubieta, 1986). Both vasa de-
ferentia were removed and carefully cleaned. The tissues
were set up between platinum electrodes in a 7 ml organ
bath and incubated in Krebs bicarbonate solution of the
following composition (in mM)): NaCl 112, KCl 4.7, CaCl2
2.5, KH2PO4 1.1, MgSO4 1.2, NaHCO3 25 and glucose
11.1. The solution was maintained at 31+18C and gassed
with 95% O2/5% CO2. Contractile responses were recorded
by means of an isometric transducer attached to an Om-
niScribe pen recorder. At the beginning of each experiment,
a 15 min stabilization period was allowed before a resting
tension of 0.5 g was applied to each tissue (for an addi-
tional 15 min interval). Then, the tension was re-stated.
Neurogenic contractions of the tissue were elicited by ®eld
stimulation at supra-maximal voltage (20 ± 30 V) with
square wave electrical pulses of 3 ms duration at a fre-
quency of 0.1 Hz delivered via a Cibertec model CS-14
stimulator. Constant isometric tension changes of the vas
deferens were recorded as individual contractile responses
(twitches). The preparation was stimulated for 20 ± 30 min
to allow for equilibration of the twitch responses before the
experiments were started.

Irreversible receptor inactivation

Experiments were conducted on both vasa deferentia from
each treated or control rat. One vas deferens of the pair was
treated with a single concentration of the irreversible antago-
nist EEDQ (300 nM) for 15 min immediately before the elec-
trical stimulation of the preparation (SalleÂ s et al., 1994). The
other vas deferens was treated with the vehicle used to dissolve
the alkylating agent. After this period of incubation with
EEDQ the excess of the inhibitor was removed by several
changes of the organ bath Krebs solution. Once reproducible
responses to electrical stimulation were established, agonist
concentration-e�ect curves were constructed by cumulative
additions of clonidine at 0.5 log unit increments until a max-
imal e�ect was achieved. Twitch contractions were measured
as the height of the twitch after each concentration of clonidine
and expressed as the percentage reduction of the height of the
basal twitch contraction induced by electrical stimulation.
Only a single curve was made in each tissue because clonidine
did not readily wash out.

Analysis of data

All mathematical calculations were done by use of nonlinear
regression by the computer software GraFit (version 2.08,
Leatherbarrow, Erithacus Software Ltd., 1990).

Analysis of agonist concentration-e�ect curves

All individual experiments of concentration-e�ect curves in
each group were pooled and then ®tted to a logistic equation of

the following form (Parker & Waud, 1971; De Lean et al.,
1978):

E �
Em � �A�

n

�A�
n
� EC50

n
�1�

in which E and [A] are the observed e�ect and the concen-
tration of the agonist (clonidine), respectively; Em is the max-
imal inhibitory e�ect of clonidine, expressed in percentage
values; EC50 is the concentration of the agonist required to
promote, in each case, 50% of the maximal e�ect, and n re-
presents the slope factor of the function. One estimate of Em,
EC50 and n was calculated in each EEDQ- and vehicle-treated
group. EC50 values were ®nally expressed as negative logarithm
(pEC50).

Analysis of the a�nity constant of the agonist-receptor
complex

All individual sets of clonidine concentration-e�ect curves
obtained in each experimental group were pooled and then
analysed by the null method described by Furchgott (1966)
and modi®ed by James et al. (1989). This approach, which has
been referred to as the `nested hyperbolic method', is analyti-
cally simpler than the classical method of Furchgott and in-
volves ®tting the data from the concentration-e�ect curve of
the vehicle-treated group to the eqauation described above
(Parker & Waud, 1971), while simultaneously ®tting the data
from the concentration-e�ect curve of the EEDQ-treated
group to the following equation:

E �

Em�
EC50

q�KA��A
0
�
� �K

A
� �A0

� � �1ÿ q�

�n

� 1

�2�

where [A'] is the concentration of the agonist (clonidine) in the
EEDQ-preincubated tissue; KA is the dissociation constant of
the agonist from the receptor (this was estimated as the ne-
gative logarithm, namely the pKA); q is the fraction of func-
tional receptors remaining (non-inactivated) after
administration of EEDQ. Other parameters are as described
above.

Analysis of the occupancy-e�ect relation

The fraction of receptor occupancy (RA/PT) for each concen-
tration of the agonist ([A]) was calculated by substituting the
value of KA previously estimated (see above) in the following
equation derived from the mass action law:

RA

RT

�
�A�

�A� � KA
�3�

Thus, all experimental sets of data of the occupancy-e�ect
relation in each group were pooled and then ®tted by nonlinear
regression to the hyperbolic equation described by Black &
Le� (1983):

E �
E
0

m
� �RA=RT�

n
0

�RA=RT�
n0

� KE
n0

�4�

in which E'm and n' are the maximal e�ect and the slope factor,
respectively, for this equation; and KE is the fraction of re-
ceptors needed to be occupied to promote the 50% of the
maximal e�ect (the maximal value of KE would be 1). The KE

was expressed as the pKE, that is the negative logarithm of the
KE.

Statistics

Values of basal twitch are expressed as mean+s.e.mean. Sta-
tistical comparisons of basal twitches between groups were
determined by one-way ANOVA followed by Tukey's test.
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Values obtained from the ®tting analyses are expressed as the
best ®t+s.e. provided by the computer programme. These s.e.
estimates are not real errors of the mean and, thus, were not
used for further statistical evaluations. To evaluate statistically
di�erences of the parameters of the ®tting analyses between
groups, we compared the goodness of ®t of di�erent models
that shared one or more parameters of the function. If the
goodness of ®t of a more complex model (without constraint
parameters) was signi®cantly di�erent from a simple model
(with shared parameters) by an F test (Motulsky & Ransnas,
1987), then the parameters from the groups were considered as
di�erent. This approach is statistically optimal because ex-
perimental errors are not systematically distorted (Motulsky &
Ransnas, 1987). P=0.05 was chosen as the level of signi®-
cance.

Drugs

The following drugs were used: clonidine hydrochloride
(Sigma Chemical Co.), N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroxyquinoline (EEDQ; Sigma), neostigmine methyl sul-
phate (Sigma), pilocarpine hydrochloride (Sigma) and reser-
pine (Ciba Geigy). EEDQ was dissolved initially in absolute
ethanol and then diluted in propylene glycol and distilled water
(®nal v/v/v ratio 1 : 1: 2) for a ®nal concentration of 100 mM.
Further dilutions were made in Krebs solution. At ®nal con-
centrations to which tissues were exposed, the vehicle of
EEDQ did not reach a 0.3% (v/v) concentration in the bath
medium. Reserpine was ®rst dissolved in a tiny amount of
glacial acetic acid and then diluted in 5.5% glucose for the s.c.
injections. Clonidine was dissolved in distilled water and then
diluted in Krebs solution. Neostigmine and pilocarpine were
dissolved in 0.9% NaCl for the i.p. injections.

Results

a2A-Adrenoceptor a�nity constant and occupancy-e�ect
relation for the inhibitory e�ect of clonidine in the rat
vas deferens

In control preparations, basal twitch responses elicited by
electrical stimulation developed a constant tension of
1150+144 mg (n=16). The addition to the bath of clonidine
(10711 ± 1076

M) inhibited in a concentration-dependent man-
ner the twitch responses, with a pEC50 of 8.66+0.02 (n=16)
and a maximal response near 100% (Table 1; Figure 1). Pre-
incubation of the vas deferens with EEDQ (300 nM) for 15 min
reduced the maximal e�ect of clonidine by 53% (P50.001)
and shifted the concentration-e�ect curve to the right
(pEC50=7.39, n=7) (P50.001) (Table 1; Figure 1). Next, the

a�nity constant of the agonist-receptor complex for clonidine
(KA) and the fraction of receptors remaining after EEDQ in-
activation (q) were calculated. The pKA was estimated to be
7.10+0.12 (n=7), a value lower than that of the pEC50. The
amount of remaining receptors (q6100) after EEDQ was
2.4+0.6% (n=7) (Table 2).

The plot of receptor occupancy against clonidine e�ect re-
sulted in a hyperbolic relation. The analysis of this occupancy-
e�ect curve allowed us to estimate that only a small fraction
(0.03) of total receptors was needed to be occupied to yield a
50% of the maximal e�ect of clonidine (pKE=1.54+0.02,
n=16) (Table 2; Figure 2b). In addition, only a fraction (0.60)
of total receptors was required for a submaximal e�ect (95%)
of clonidine.

E�ect of treatments with reserpine on a2A-adrenoceptor
sensitivity and the occupancy-e�ect relation for the
inhibitory e�ect of clonidine in the rat vas deferens

There was a progressive decrease (ANOVA: P50.05) in the
strength of the twitch response of the vas deferens to electrical
stimulation after the acute (2 days) (decreased by 43%) and
short-term (4 days) (decreased by 59%, P50.05) treatments
with reserpine (0.25 mg kg71, s.c., every 48 h). After chronic

Table 1 E�ect of treatments with reserpine on the basal twitch and the clonidine-induced inhibition of twitch in vehicle- or EEDQ-
preincubated vas deferens

Parameters of the clonidine
Basal twitch concentration-e�ect curve

Treatments (mg) Em (%)b pEC50
c n

Control Vehicle 1150+144 97+1 8.66+0.02 16
EEDQ 907+118 46+3** 7.39+0.18** 7

Reserpinea

Acute Vehicle 650+120 95+2 9.19+0.06{{ 4
EEDQ 667+81 61+4**,{{ 7.59+0.17** 5

4 days Vehicle 467+106{ 96+2 9.24+0.06{{ 5
EEDQ 476+78 75+4**,{{ 7.76+0.14** 6

11 days Vehicle 1233+287 94+2 9.60+0.06{{ 6
EEDQ 1040+254 66+7*,{{ 7.46+0.38** 3

aDose given 0.25 mg kg71, s.c., every 48 h. bMaximal e�ect. cNegative logarithm of the clonidine concentration that elicits 50% of Em.
(Slope factor values ranged from 0.7 to 1.0). Basal twitches are given as the mean+s.e.mean of n experiments. These values were
compared by ANOVA followed by Tukey's test. Parameter values are the best ®t+s.e. of n experiments as obtained by the nonlinear
regression. *P50.05, **P50.001 from vehicle-preincubated preparation within the same treatment group and {P50.05, {{P50.005
from vehicle- or EEDQ-preincubated control group.
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Figure 1 Concentration-e�ect curves for the inhibition induced by
clonidine of twitch contractions of electrically stimulated vas deferens
after vehicle or EEDQ (300 nM) preincubation. Symbols are mean,
and vertical lines show s.e.mean, of at least 7 experiments. The
vertical axis represents the percentage decrease from the basal twitch.
The lines through the data are the theoretical curves calculated by
nonlinear regressions to Eq. (1) in the text.
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(11 days) treatment with reserpine, basal twitch responses re-
turned to basal values (Table 1).

Acute, short-term and chronic treatments with reserpine
resulted in progressive shifts to the left of the concentration-
e�ect curves for clonidine, with increases in the potency of
clonidine (decreases in the EC50 values) of about 3 fold

(P50.005), 4 fold (P50.005) and 9 fold (P50.005) respec-
tively (Table 1; Figure 2a). The maximal responses to clonidine
were not changed after any of the reserpine treatments (Table
1; Figure 2a). As in control preparations, preincubation of
vasa deferentia from reserpine-treated rats with EEDQ
(300 nM) caused reductions in the maximal responses to clo-
nidine (22 ± 36%, P50.05) and shifts to the right of the clo-
nidine concentration-e�ect curves (EC50 increased by 30 to 139
fold, P50.001) (Table 1). EEDQ was less e�ective in reducing
maximal responses to clonidine in vasa deferentia from reser-
pine-treated groups (22 ± 36%, P50.005) than in preparations
from control groups (53%). However, EEDQ did not alter
basal twitch responses or the sensitivity of the agonist in re-
serpine-treated rats (Table 1).

Acute, short-term and chronic treatments with reserpine
failed to change the KA value for clonidine (Table 2). Chronic,
but not acute or short-term, treatment with reserpine de-
creased by 75% the fraction of receptors remaining after
EEDQ inactivation (q) (P50.01) (Table 2). After acute, short-
term and chronic administration of reserpine, the occupancy-
e�ect curves were shifted to the left, leading to increases in the
e�cacy of clonidine (decreases in the KE values) of about 4 fold
(P50.001), 10 fold (P50.001) and 10 fold (P50.001), re-
spectively (Table 2; Figure 2b). Therefore, acute, short-term
and chronic treatments with reserpine induced an increase in
the sensitivity to clonidine, without altering the a2A-adreno-
ceptor a�nity constant for this agonist, which was associated
with a decrease in the fraction of receptors needed to be oc-
cupied by clonidine to achieve 50% of the maximal e�ect (that
is, reserpine increased receptor reserve at a2A-adrenoceptors).

E�ect of treatments with pilocarpine and neostigmine on
a2A-adrenoceptor sensitivity and the occupancy-e�ect
relation for the inhibitory e�ect of clonidine in the rat
vas deferens

There was no signi®cant change in the strength of the basal
twitch response of the vas deferens to electrical ®eld stimula-
tion after acute, short-term (4 days) or chronic (11 days)
treatments with pilocarpine (10 mg kg71, i.p., every 12 h) or
neostigmine (0.1 mg kg71, i.p., every 12 h) (Table 3).

Short-term treatment with pilocarpine and chronic treat-
ment with neostigmine, but not acute treatments with these
drugs, resulted in shifts to the left of the clonidine concentra-
tion-e�ect curves, with increases in the potency of clonidine
concentration-e�ect curves, with increases in the potency of
clonidine (decreases in the EC50 values) of about 3 fold
(P50.001) and 2 fold (P50.001), respectively (Table 3; Fig-
ures 3a and 4a). The maximal e�ect of clonidine was not
changed after the administration of pilocarpine or neostigmine
(Table 3; Figures 3a and 4a). As in control preparations,
preincubation of vasa deferentia from pilocarpine- or neos-
tigmine-treated rats with EEDQ (300 nM) caused reductions in
the maximal e�ects of clonidine (42 ± 67%, P50.001) and
shifts to the right of the clonidine concentration-e�ect curves
(EC50 increased by 20 to 55 fold, P50.001) (Table 3). EEDQ
was more e�ective in reducing maximal responses to clonidine

Table 2 E�ect of treatments with reserpine on the functional factors governing the clonidine-induced response in the vas deferens

Parameters derived from the
nested hyperbolic function

Treatments pKA
a q6100b pKE

c n

Control
Reserpine (acute)
Reserpine (4 days)
Reserpine (11 days)

7.10+0.12
7.01+0.21
6.71+0.18
7.08+0.26

2.4+0.6
1.3+0.4
1.7+0.4
0.6+0.2*

1.54+0.02
2.17+0.06**
2.52+0.06**
2.52+0.06**

7 ± 16
4 ± 5
5 ± 6
3 ± 6

aNegative logarithm of the dissociation constant of the agonist-receptor complex. bPercentage of receptors remaining after EEDQ
inactivation. cNegative logarithm of the fractional receptor occupancy needed to acheive 50% of the maximal e�ect. (Maximal e�ect
and slope factor values ranged from 95% to 100% and from 0.7 to 1.0, respectively). Parameter values are the best ®t+s.e. of n
experiments as obtained by the nonlinear regression. *P50.01, *P50.001 from control group.
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Figure 2 Concentration-e�ect curves (a) and occupancy-e�ect curves
(b) for the inhibition induced by clonidine of twitch contractions of
vas deferens in control or reserpine (0.25 mg kg71, s.c., every 48 h,
for 11 days)-treated rats. Symbols are mean, and vertical lines show
s.e.mean, of at least 6 experiments. The vertical axis represents the
percentage decrease from the basal twitch. In (b), the horizontal axis
is the log10 of the fractional receptor occupancy, which was
calculated for each concentration of clonidine by substituting the
estimated dissociation constant (KA) in Eq. (4). (Note that the
maximum value in this case would be: log10 1=0). The lines through
the data are the theoretical curves calculated by nonlinear regressions
to Eq. (1) (a) or to Eq. (4) (b) in the text.
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Table 3 E�ect of treatments with cholinomimetic agents on the basal twitch and the clonidine-induced inhibition of twitch in vehicle-
or EEDQ-preincubated vas deferens

Parameters of the clonidine
Basal twitch concentration-e�ect curve

Treatments (mg) Em (%)b pEC50
c n

Control Vehicle 1150+144 97+1 8.66+0.02 16
EEDQ 907+118 46+3* 7.39+0.18* 7

Pilocarpinea

Acute Vehicle 847+98 100+2 8.71+0.04 4
EEDQ 857+146 41+3* 7.22+0.19* 5

4 days Vehicle 1053+185 98+2 9.07+0.04{{ 5
EEDQ 861+58 32+2*,{ 7.33+0.16* 7

Neostigminea

Acute Vehicle 675+127 96+2 8.68+0.03 5
EEDQ 875+163 48+3* 7.38+0.19* 5

11 days Vehicle 893+119 95+1 8.99+0.03{{ 6
EEDQ 832+92 55+3* 7.29+0.16* 8

aPilocarpine: 10 mg kg71, i.p., every 12 h; neostigmine: 0.1 mg kg71, i.p., every 12 h. bMaximal e�ect. cNegative logarithm of the
clonidine concentration that elicits 50% of Em. (Slope factor values ranged from 0.6 to 1.1). Basal twitches are given as the
mean+s.e.mean of n experiments. These values were compared by ANOVA followed by Tukey's test. Parameter values are the best
®t+s.e. of n experiments as obtained by the nonlinear regression. *P50.001 from vehicle-preincubated preparation within the same
treatment group and {P50.05, {{P50.001 from vehicle- or EEDQ-preincubated control group.
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Figure 3 Concentration-e�ect curves (a) and occupancy-e�ect
relations (b) for the inhibition induced by clonidine of twitch
contractions of vas deferens in control or pilocarpine (10 mg kg71,
i.p., every 12 h, for 4 days)-treated rats. Symbols are mean and
vertical lines show s.e.mean of at least 5 experiments. The vertical
axis represents the percentage decrease from the basal twitch. In (b),
the horizontal axis is the log10 of the fractional receptor occupancy,
which was calculated for each concentration of clonidine by
substituting the estimated dissociation constant (KA) in Eq. (4).
(Note that the maximum value in this case would be: log10 1=0). The
lines through the data are the theoretical curves calculated by
nonlinear regressions to Eq. (1) (a) or to Eq. (4) (b) in the text.
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Figure 4 Concentration-e�ect curves (a) and occupancy-e�ect
relations (b) for the inhibition induced by clonidine of twitch
contractions of vas deferens in control or neostigmine (0.1 mg kg71,
i.p., every 12 h, for 11 days)-treated rats. Symbols are mean, and
vertical lines show s.e.mean, of at least 6 experiments. The vertical
axis represents the percentage decrease from the basal twitch. In (b),
the horizontal axis is the log10 of the fractional receptor occupancy,
which was calculated for each concentration of clonidine by
substituting the estimated dissociation constant (KA) in Eq. (4).
(Note that the maximum value in this case would be: log10 1=0). The
lines through the data are the theoretical curves calculated by
nonlinear regressions to Eq. (1) (a) or to Eq. (4) (b) in the text.
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in vasa deferentia from pilocarpine (4 days)-treated rats (67%,
P50.05) than in preparations from control rats (53%).
However, EEDQ did not alter basal twitch responses or the
sensitivity of the agonist in either neostigmine- or pilocarpine-
treated groups (Table 3).

Acute, short-term or chronic treatments with pilocarpine or
neostigmine failed to change the KA value for clonidine with
respect to control (Table 4). Short-term treatment with pilo-
carpine, but not acute treatment with pilocarpine or acute and
chronic treatments with neostigmine, reduced by 75% the
fraction of receptors remaining after EEDQ inactivation (q)
(P50.005) (Table 4). After short-term treatment with pilo-
carpine and chronic treatment with neostigmine, but not after
acute treatments with these drugs, the occupancy-e�ect curves
were shifted to the left, leading to increases in the e�cacy of
clonidine (decreases in the KE values) of about 2 fold
(P50.005) and 3 fold (P50.005), respectively (Table 4; Fig-
ures 3b and 4b). Therefore, short-term and chronic, but not
acute, treatments with pilocarpine or neostigmine induced an
increase in the sensitivity to clonidine, without altering the a2A-
adrenoceptor a�nity constant for this agonist, which was as-
sociated with a decrease in the fraction of total receptors
needed to be occupied by clonidine to achieve 50% of maximal
e�ect (that is, pilocarpine and neostigmine increased receptor
reserve at a2A-adrenoceptors).

Discussion

The results of this study con®rm that treatments with reser-
pine, pilocarpine and neostigmine cause supersensitivity of a2A-
adrenoceptors modulating the twitch response of the rat vas
deferens (Olmos et al., 1993; Ugedo et al., 1993). In addition, it
was demonstrated that this drug-induced supersensitivity of
a2A-adrenoceptors is not related to a change in the apparent
a�nity of the agonist-receptor complex (KA), but it is linked to
an increase in the e�ciency of clonidine to elicit the e�ect
(decreased KE); this change is commonly referred to as an in-
crease in the receptor reserve for the agonist.

Recently, SalleÂ s et al. (1994) have used receptor alkylation
by EEDQ to study the clonidine-induced inhibition of the
prostatic portion of the rat vas deferens, concluding that the
estimation of agonist a�nity is independent of whether the
result is obtained by null methodology (i.e., the nested hy-
perbolic method) or operational analysis (Black & Le�, 1983).
The nested hyperbolic method in combination with the use of
the receptor antagonist EEDQ and the a2-adrenoceptor ago-
nist clonidine is a suitable approach to obtain accurate esti-
mates of the a�nity constant of a2-adrenoceptors (SalleÂ s et al.,
1994; Pineda et al., 1997). Thus, the pKA calculated in the
present study for the e�ect of clonidine at a2A-adrenoceptors in
the entire vas deferens (7.10) was equivalent to the estimated
pKA for this agonist in the prostatic portion of the vas deferens
(6.92) (SalleÂ s et al., 1994). In addition, similar a�nity constant
values for clonidine at a2A-adrenoceptors have been obtained

in vitro buy using functional techniques in the CNS
(pKA=7.14; Agneter et al., 1993).

The fraction of a2A-adrenoceptors that was blocked by a
single concentration of EEDQ (300 nM) was higher than the
fractional reduction in the maximal response to clonidine in-
duced by the blocker. This indicates that a fraction of a2A-
adrenoceptors can be blocked with only a slight modi®cation
in the intrinsic activity of the pathway (Kenakin, 1993).
Moreover, the sensitivity of a2A-adrenoceptors to clonidine in
the rat vas deferens was estimated to be higher than the a�nity
of a2A-adrenoceptors for this agonist, which suggests that an
occupancy lower than 50% of total receptors is able to pro-
duce 50% of the maximal e�ect (Kenakin, 1993). The receptor
occupancy-e�ect relation for clonidine was shown to be hy-
perbolic, which is typical for systems with large fractions of
receptor reserve (Black & Le�, 1983). In fact, only 2.9% of
total receptors were needed to be occupied to elicit 50% of the
maximal e�ect (pKE=1.5). The prostatic portion of the rat vas
deferens has a similar fraction of reserve at a2A-adrenoceptors
for clonidine (pKE&1.8) (SalleÂ s et al., 1994).

Repeated administration of reserpine causes a supersen-
sitivity of presynaptic a2A-adrenoceptors in the rat vas de-
ferens (Ugedo et al., 1993). Other peripheral and central
responses mediated by a2-adrenoceptors are also supersensi-
tive after chronic treatments with low doses of reserpine
(Grassby & Broadley, 1986; Estan et al., 1990; Ugedo et al.,
1993). In the present study, the enhanced functionality of
a2A-adrenoceptors after reserpine was found to be associated
with an increase in the e�ciency of clonidine to produce a
response, but not linked to a change in the receptor a�nity
for clonidine. In contrast, previous biochemical studies have
shown an increased a�nity of [3H]-clonidine binding for
brain a2-adrenoceptors after chronic treatment with low
doses of reserpine (Hong et al., 1988; Giralt & GarcõÂ a-Se-
villa, 1989; Ugedo et al., 1993). The reason for this discre-
pancy is, as yet, unknown, although it might be related to
di�erences between functional and biochemical methodolo-
gies or to tissue peculiarities (Kenakin, 1993). The increase
in the e�ciency of clonidine to produce a response suggests
that there is an increase in the receptor reserve at a2A-
adrenoceptors in reserpine-treated animals. The enhanced
a2A-adrenoceptor reserve would explain the increase in the
sensitivity of this receptor, because both parameters changed
in parallel. According to the occupational theory of the re-
ceptor, an increase in the receptor reserve is secondary to an
increase in the density of total receptors and/or in the e�-
ciency of the stimulus-response coupling (Kenakin, 1993). In
this regard, biochemical studies have shown that reserpine
increases the density of a2-adrenoceptor binding sites
(U'Prichard & Snyder, 1978; Bylund & MartõÂ nez, 1980). An
enhancement in the expression of receptor-coupled inhibitory
G proteins has been also described after reserpine adminis-
tration (Butkerait & Friedman, 1993), which would lead to
an improvement in the e�ciency of the stimulus-response
coupling (Kenakin, 1993).

Table 4 E�ect of treatments with cholinomimetic agents on the functional factors governing the clonidine-induced response in the vas
deferens

Parameters derived from the
nested hyperbolic function

Treatments pKA
a q6100b pKE

c n

Control
Pilocarpine (acute)
Pilocarpine (4 days)
Neostigmine (acute)
Neostigmine (11 days)

7.10+0.12
7.04+0.13
7.19+0.16
7.16+0.14
6.99+0.15

2.4+0.6
1.2+0.3
0.6+0.2*
2.7+0.7
1.3+0.3

1.54+0.02
1.64+0.04
1.88+0.05*
1.52+0.04
2.00+0.03*

7 ± 16
4 ± 5
5 ± 7
5

6 ± 8

aNegative logarithm of the dissociation constant of the agonist-receptor complex. bPercentage of receptors remaining after EEDQ
inactivation. cNegative logarithm of the fractional receptor occupancy needed to acheive 50% of the maximal e�ect. (Maximal e�ect
and slope factor values ranged from 96% to 100% and from 0.9 to 1.1, respectively). Parameter values are the best ®t+s.e.of n
experiments as obtained by the nonlinear regression. *P50.005 from control group.
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Interactions between the cholinergic system and presynaptic
a2-adrenoceptors have been recognized in peripheral tissues
(Loiacono et al., 1985). The rat vas deferens is a suitable model
to study this type of cholinergic-noradrenergic interaction,
because in addition to the existence of presynaptic inhibitory
a2A-adrenoceptors, there are inhibitory presynaptic M1-mus-
carinic ACh receptors and facilitatory postsynaptic M2-mus-
carinic ACh receptors (Eltze, 1988). Repeated treatments with
the muscarinic ACh receptor agonist pilocarpine or with the
acetylcholinesterase inhibitor neostigmine have been shown to
cause supersensitivity of a2A-adrenoceptors to clonidine in the
rat vas deferens (Olmos et al., 1993). This heterospeci®c su-
persensitivity of a2-adrenoceptors after treatments with direct/
indirect cholinomimetic agents has been also shown for other
responses mediated by these receptors (Olmos et al., 1993). The
present results con®rm the induction of supersensitive a2A-
adrenoceptors in rat vas deferens after short-term and chronic
treatments with cholinomimetic agents. In addition, this en-
hanced functionality of a2A-adrenoceptors was linked to an
elevation in the fraction of reserve receptors for clonidine, but
not to a change in the receptor a�nity for the agonist. In this
sense, the density or a�nity of [3H]-clonidine binding to a2-
adrenoceptors do not appear to be a�ected by treatments with

cholinomimetic agents (Olmos et al., 1993). Therefore, the
prolonged activation of the muscarinic pathway with choli-
nomimetic agents induces a supersensitivity of a2A-adreno-
ceptors by a mechanism distal to the receptor, probably related
to an enhanced stimulus-response coupling. In contrast, the
enhancement induced by pilocarpine in the e�cacy of EEDQ
at blocking the receptors and reducing the maximal e�ect of
clonidine would be compatible with an increase in the a�nity
of EEDQ for a2A-adrenoceptors.

In conclusion, the present study demonstrates that deple-
tion of monoamines with reserpine and activation of mus-
carinic ACh receptors with cholinomimetic agents induce an
increase in the a2A-adrenoceptor reserve in rat vas deferens;
this mechanism might underlie the a2A-adrenoceptor super-
sensitivity caused by these drugs in this preparation. A better
understanding of the mechanisms associated with the super-
sensitivity of a2A-adrenoceptors (GarcõÂ a-Sevilla et al., 1986;
Meana et al., 1992) could be relevant to the pathophysiology
of depressive disorders.

This work was supported by Gobierno Vasco PGV-9118 and PI-95/
55. J.P. was a recipient of a fellowship from the Gobierno Vasco.
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