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Effect of chronic clonidine treatment on transmitter release from
sympathetic varicosities of the guinea-pig vas deferens
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1 Previous studies have demonstrated that chronic pre-synaptic inhibition of transmitter release by
morphine evokes a counter-adaptive response in the sympathetic nerve terminals that manifests itself
as an increase in transmitter release during acute withdrawal. In the present study we examined the
possibility that other pre-synaptically acting drugs such as clonidine also evoke a counter-adaptive
response in the sympathetic nerve terminals.

2 In chronically saline treated (CST) preparations, clonidine (0.5 uM) completely abolished evoked
transmitter release from sympathetic varicosities bathed in an extracellular calcium concentration
([Ca®*],) of 2 mM. The inhibitory effect of clonidine was reduced by increasing [Ca**], from 2 to
4 mM and the stimulation frequency from 0.1 to 1 Hz.

3 The nerve terminal impulse (NTI) was not affected by concentrations of clonidine that
completely abolished evoked transmitter release.

4 Sympathetic varicosities developed a tolerance to clonidine (0.5 uM) following 7—9 days of
chronic exposure to clonidine.

5 Acute withdrawal of preparations following chronic clonidine treatment (CCT) resulted in a
significant (P <0.005) enhancement of neurotransmitter release (3.75 times) above control levels
observed in CST preparations.

6 The present findings demonstrate an enhancement of neurotransmitter release from sympathetic

varicosities following acute withdrawal from chronic clonidine treatment.
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Introduction

Clonidine is an oy-adrenoceptor agonist that greatly reduces
transmitter release from noradrenergic terminals. This inhibi-
tion has been proposed to occur via two mechanisms. One
mechanism involves blockade of impulse propagation and the
other involves a reduction in the calcium available for evoked
release. Activation of o,-adrenoceptors located on the cell
soma of neurons has been shown to increase the K
conductance resulting in reduced excitability of the cell
membrane (Brown & Caulfield, 1979; Cole & Shinnick-
Gallagher, 1981; Andrade & Aghajanian, 1985; North &
Surprenant, 1985; Williams et al., 1985). The second
mechanism involves a reduction in the calcium available for
transmitter release. The clonidine-induced inhibition in
transmitter release is reduced by procedures that are thought
to increase the cytosolic calcium concentration such as:
increasing [Ca®"],, increasing the frequency of nerve stimula-
tion, or increasing the duration of the nerve terminal impulse
(NTTI) with K* channel blockers (Alberts et al., 1981; Ebstein
et al., 1982; Schoffelmeer & Mulder, 1983; Wakade & Wakade,
1983; Starke, 1987). More direct studies have shown that
clonidine reduces calcium currents in sympathetic neurons
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(Horn & McAfee, 1980; Dunlap & Fischbach, 1981; Williams
& North, 1985; Boehm & Huck, 1991). Calcium-imaging
studies have demonstrated a decrease in stimulus evoked
calcium entry into varicosities following acute clonidine
administration (Brain & Bennett, 1997; O’Connor et al., 1999).

Many researchers believe that the inhibition of calcium is
the primary effector in nerve terminals. Some recent work
compared the contractions of vasa deferentia from mice
without a,s-adrenoceptors and mice with a point mutation in
the second transmembrane region of the a,a-adrenoreceptor
that prevents activation of K™ currents without affecting the
inhibition of Ca?" current or cyclic AMP production
(Surprenant et al., 1992; Altman et al., 1999). Their work
showed that mice lacking the receptor displayed very little
adrenoceptor mediated modulation of transmitter release,
while mice with the mutant adrenoceptors were no different
from the control (Altman et al., 1999). This suggests that it is
a reduction in the calcium current or cyclic AMP levels that
is responsible for the inhibition of transmitter release rather
than an activation of potassium conductance. In the present
study we have re-examined the effect of clonidine on the NTI
along single axons and evoked transmitter release from
sympathetic varicosities at frequencies of nerve stimulation in
different [Ca®*],.
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Chronic morphine treatment of mice results in the
development of tolerance to both morphine (Montel et al.,
1975; Einstein & Lavidis, 1984b; Lavidis, 1995a) and
clonidine (Solomon & Gebhart, 1988; Stevens et al., 1988;
Karunanithi & Lavidis, 2001). Tolerance to both morphine
and clonidine in sympathetic nerves develops through a
counter-adaptive process, resulting in a substantial increase in
the probability of transmitter release from varicosities
(Montel et al., 1975; Einstein & Lavidis, 1984a; Karunanithi
& Lavidis, 2001). In the present study we have investigated
whether chronic clonidine treatment (CCT), by acting on
different pre-synaptic receptors, evokes similar counter-
adaptations as seen in chronically morphine treated prepara-
tions.

Methods
Treatment of animals

Male guinea-pigs aged between 2 and 3 weeks postnatal were
chronically treated with either saline (CST) or clonidine
(CCT) for 7-9 days. Animals received either saline or
clonidine by sub-cutaneous injections (0.1 ml) at 8-h
intervals. The dosage of clonidine administered to animals
was gradually increased according to the following protocol:
days 1 to 2, animals received 1 mgkg™'; days 3 to 4,
2 mg kg~'; days 5 to 9; 5 mg kg~'. The volume of solution
injected sub-cutaneously was kept constant at 0.1 ml as the
dosage was increased. On day 8 or 9, animals were injected
with a dose of saline (control) or clonidine and then 2 h later
killed by cervical fracture. Animal housing and treatment
conditions complied with the University of Sydney animal
ethics approval.

Preparation of tissues

Both vasa deferentia were dissected from the animal and
pinned to the bottom of a 3 ml capacity bath on a bed of
Sylgard (Dow Corning). Preparations were continuously
perfused at the rate of 3 ml min~' with Tyrode’s solution
of the following composition (mM): NaCl, 123.4; KCl, 4.7;
MgCl,, 1.0; NaH,POy, 1.3; NaHCO;, 16.3; CaCl,, 1.0—4.0;
glucose, 7.8. Tissue from CCT animals was perfused with
Tyrode’s solution containing 0.5 uM clonidine to prevent
withdrawal. The temperature of the bath was maintained
between 32 and 34°C. The reservoir supplying the bath was
continuously gassed with 95% O, and 5% CO,, and the pH
was maintained at 7.4.

Stimulation

The postganglionic axons near the prostatic end of the vas
deferens were gently drawn into a pipette filled with Tyrode’s
solution. Two silver/silver chloride wires were used to
stimulate the sympathetic axons, one inside the pipette and
the other on the outside. Square wave pulses of 0.05 ms
duration and 10—17 V strength were used to stimulate the
sympathetic axons. The axons were stimulated continually at
0.1 Hz while searching for the extracellular signs of the NTI
and the excitatory junction current (EJC) (Brock & Cunnane,
1987; 1988).

Visualization of the sympathetic varicosities

Preparations were left bathing in Tyrode’s solution contain-
ing 2 mm [Ca®"], for about 20 min. They were then bathed
for 30 s in 3—3 diethyloxardicarbocyanine iodide (DiOC5(5),
0.1 uM) and then washed with Tyrode’s solution for 3 min
(Yoshikami & Okun, 1984; Lavidis & Bennett, 1992;
1993a,b). DiOCy(5)-fluorescent terminals were viewed with
an image intensifier camera (Panasonic) attached to an
Olympus (BH2) microscope equipped with a rhodamine filter
set. The image was then displayed on a video monitor
(National). The effects of exposing the intervaricose axons
and varicosities to DiOC,(5)-fluorescence have been pre-
viously examined (Lavidis & Bennett, 1992). The outline of
DiOC,(5)-fluorescent varicosities were traced onto the video
monitor screen and the fluorescence was then turned off,
avoiding long periods of fluorescence and the necessity for
repeated applications of the DiOC,(5). The preparation was
then illuminated using a tungsten filament lamp and any
visible structures such as blood vessels, bundles of axons and
connective tissues etc. were also traced on the video monitor.
The position of the terminal, with respect to such structures,
was checked by a short period of refluorescence before
searching with an extracellular electrode for signs of the NTI
and the EJCs.

Recording

Extracellular recordings of the NTIs, EJCs and spontaneous
EJCs (SEJCs) were obtained using micropipettes (25 ym
diameter) filled with the Tyrode’s solution. Focal extracellular
recordings were obtained by placing the electrode over the
visualized varicosities and gently applying suction through
the electrode until a slight seal formed between the electrode
rim and the smooth muscle cells (Brock & Cunnane, 1987).
The external signs of the NTI and the EJCs could be
observed on the oscilloscope after stimulating the hypogastric
axons supplying the guinea-pig vas deferens. The position of
the electrode rim with respect to the visualized varicosities
was adjusted to increase the amplitude of both the NTIs and
the EJCs. In some instances, both positive and negative EJCs
were recorded reflecting neurotransmitter release outside or
inside the recording electrode respectively.

Data analysis

Analogue recordings of NTIs, EJCs and SEJCs were
converted to digital signals using a MacLab system and
saved using Scope and Chart software (version 3.3.5) on a
Macintosh computer. Amplitude histograms for EJCs and
SEJCs were constructed. Estimates of the success rate of
recording EJCs were determined by dividing the number of
EJCs recorded by the total number of stimulations. The
statistically significant differences between two sets of data
were determined using Student’s z-tests. A statistical sig-
nificance was assumed if P<0.05.

Drugs
Drugs were dissolved in a separate reservoir of about 200 ml

capacity. Each reservoir was gassed with 95% O, and 5%
CO,. Bathing solutions were changed by means of 3-way
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taps. The intra-electrode solution was changed by a
micropump delivering solution at the rate of 0.2 ml h—'
Stock solutions of DiOC5(5), (10 mM) dissolved in dimethyl
sulphoxide (DMSO) were kept refrigerated for up to 6 weeks.
This stock solution was serially diluted to 10 uM using
distilled H,O and then to 0.1 uM using Tyrode’s solution.
Clonidine hydrochloride used for electrophysiology experi-
ments was dissolved in distilled H,O and kept refrigerated as
a stock solution at a concentration of 1 mM. Clonidine
hydrochloride used for treating the animals was dissolved in
saline using aseptic techniques at concentrations of
0.2mgml~', 0.4 mgml~' and 1 mg ml~" in vials that were
kept at —20°C until needed for injection. Each vial was
warmed to 34°C before injecting the 0.1 ml of solution into
the animal. Idazoxan hydrochloride was dissolved in distilled
H->O as a stock solution at a concentration of 1 mM.

Results

Acute effects of clonidine on NTI and neurotransmitter
release

Surface varicosities from the guinea-pig vas deferens were
visualized using DiOCy(5)-fluorescence (Figure 1) to aid in
positioning extracellular electrodes over groups of 4-6
varicosities. Electrodes with tip diameters of 25 um were
placed over single axons to record the NTI and EJCs during
stimulation with continuous trains of impulses (0.1 Hz).
Examples of the NTIs and EJCs recorded are shown in
Figure 2. Most electrode placements recorded slow (>6 ms
rise time), low amplitude (<40 V) EJCs, even in areas
devoid of surface varicosities. Fast (<6 ms rise time) EJCs
were only recorded if the electrode was placed directly over
surface varicosities (verified by DiOC, (5)-fluorescence).
Recording sites were accepted only if the NTI was invariant
over a large range of stimulus strengths, thus ensuring that
the recording originated from a single axon. Recording sites
were then divided into two groups: those that failed to

Figure 1 DiOC,y(5)-fluorescent sympathetic varicosities on the sur-
face of the guinea-pig vas deferens. (A) CST preparation; (B) CCT
preparation. Brighter varicosities are closer to the surface while less
bright varicosities are below the surface. The calibration bar indicates
20 pm.

A
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Figure 2 Examples of EJCs recorded from four varicosities along
single sympathetic axons. Varicosities were visualized using
DiOC,(5)-fluorescence as shown in Figure 1 to aid in placement of
the recording electrode. (A) CST preparation with idazoxan (1 um)
placed in the bathing solution; (B) CCT preparation bathed in
idazoxan (1 pum). Five consecutive traces are shown for each group.
EJCs with rise times <6 ms were counted in determining the success
rate of recording sites. Slower EJCs were assumed to be emanating
from deeply located varicosities (unpublished observation) and thus
were not used for estimating the success rate of a set of varicosities.

SOy
20ms

generate at least one EJC during the first 20 consecutive
stimuli, despite the presence of a NTI (i.e. sites with a
probability of release less than 0.05), and those that
generated one or more EJCs during the first 20 consecutive
stimuli (release probability >0.05). The frequency of
recording EJCs in this second group was more accurately
determined by extending the number of stimuli applied to
200. Addition of clonidine (0.5 um) to CST preparations
completely abolished evoked transmitter release (Figure 3
compare A with B). Neither the shape nor regularity of the
NTI were affected by the addition of clonidine (0.5 um).

Effect of chronic clonidine treatment on transmitter
release

The success rate of recording EJCs from sympathetic
varicosities of chronically clonidine treated (CCT) animals
was examined next. Clonidine (0.5 uM) abolished evoked
transmitter release in CST preparations bathed in 2 mM
[Ca*"], during 0.1 Hz stimulation (Figure 3B; 100% failures).
However, under the same conditions, CCT preparations
bathed in clonidine (0.5 uM) were tolerant to clonidine, such
that the average probability of release in CCT preparations
bathed in clonidine (0.5 uM) was not significantly different
from the average probability of release seen in CST
preparations without clonidine (Figure 3C). In CST prepara-
tions bathed in 2 mMm [Ca?*], with idazoxan (1 um), 92% of
varicosities had a probability of transmitter release less than
0.05. The remaining 8% of varicosities had transmitter
release probabilities ranging from 0.05 to 0.44 (Figure 4A).
The success rate of recording EJCs from CCT preparations
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Figure 3 Effect of acute clonidine administration on the success of
recording EJCs from sets of sympathetic varicosities. (A) CST
preparations (n=12 preparations, 149 sets of varicosities) before
administration of clonidine; (B) CST preparations following 20 min
bathing in clonidine (0.5 uM; n=12 preparations, 120 sets of
varicosities); (C) CCT preparations bathed in clonidine (0.5 pum;
n=11 preparations, 114 sets of varicosities). The percentage of
release sites with a probability of release less than 0.05 are indicated
by the black bar. Note that transmitter release is abolished by
clonidine in CST preparations but not in CCT preparations.

bathed in idazoxan (1 uM) was greater than for CST
preparations (Figure 4 compare A and C). In CCT
preparations bathed in idazoxan (1 uM), only 59% of
varicosities had transmitter release probabilities less than
0.05 (compared with 92% in CST preparations). Transmitter
release probabilities for the remaining 41% of varicosities
varied between 0.05 and 1 (Figure 4C). These results suggest
a tolerance to clonidine in CCT preparations. This tolerance
is exposed during acute, idazoxan induced withdrawal and
manifests itself as a significant (P<0.05) increase in
transmitter release probabilities.

Effect of changing [Ca’" ], and stimulation frequency on
transmitter release in CST and CCT preparations

Previous studies have shown that the inhibitory effects of
clonidine can be reduced by increasing the intracellular
calcium concentration (Alberts et al., 1981; llles & Dorge,
1985; Starke, 1987). We therefore examined the effect of
increasing the [Ca®>"], and stimulation frequency on the
inhibitory effects of clonidine in CST preparations and CCT
preparations. In these experiments, CST preparations in 1 uM
idazoxan were treated as the control (due to the absence of
ar-adrenoceptor mediated inhibition). Due to the counter-

probability of transmitter release in CST preparations bathed in
2 mM calcium (n= 149 sets of varicosities from 12 preparations) (B)
CST preparations bathed in 4 mM calcium (n= 104 sets of varicosities
from 12 preparations) (C) The probability of transmitter release in
CCT preparations bathed in 2mM calcium (=114 sets of
varicosities from 11 preparations) (D) CCT preparations bathed in
4 mMm calcium (n=67 sets of varicosities from 11 preparations). All
preparations were bathed in idazoxan (1 um) for greater than 20 min
before recordings were taken. The percentage of recording sites with
a probability of release less than 0.05 are indicated by the black bars.

adaptive increase in transmitter release probabilities seen in
CCT preparations, CCT preparations in the presence of
0.5 uM clonidine were treated as the control for CCT
animals.

In CST preparations, raising the [Ca®*], from 2—4 mM
decreased the percentage of varicosities with a probability of
transmitter release less then 0.05 from 92 to 64% (Figure 4A,
B). The remaining 36% of varicosities at 4 mM had release
probabilities as high as 0.68 (compared with 0.44 in 2 mM
calcium). When the [Ca?*], was increased from 2 to 4 mM for
CCT preparations, the percentage of varicosities with a
probability of release less than 0.05 decreased from 59—-47%
(Figure 4C,D). Complex signals (combined positive and
negative currents) were observed at some of the recording
sites. These reflect simultaneous transmitter releases occurring
both inside and outside the rim of the recording electrode.
The nature of these signals makes it impossible to accurately
measure the amplitude of either negative or positive going
EJCs. As such, preparations that developed complex signals
were halted and the occurrence of the signal was noted. The
frequency of such recordings was higher in the CCT
preparations bathed in idazoxan (1 uM) and especially in
preparations that were bathed in 4 mM [Ca’"], reflecting
higher probabilities of release. The relative frequency of
complex EJCs for CST and CCT preparations bathed in
idazoxan (1 uM) was 2 and 34% respectively when the
[Ca?*], was 2 mM (data not shown).

British Journal of Pharmacology vol 134 (7)
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We next examined the effect of different [Ca®"], and
stimulation frequencies on the inhibitory effects of clonidine.
In both CST and CCT preparations, increasing [Ca**], from
1 to 4 mM increased EJC amplitude (Figure 5A). In general,
the magnitude of the increase in EJC amplitude was inversely
proportional to the initial probability of transmitter release
from the sympathetic varicosities. That is, larger increases in
EJC amplitude were seen when the initial probability of
release was lower (see Table 1 and Figure 5A,B). Clonidine
(0.5 uMm) completely abolished transmitter release in CST
preparations bathed in 2 mM [Ca®*],. Increasing the [Ca**],
from 2 to 4 mM had no effect on the inhibitory action of
clonidine in CST preparations (open triangles, Figure 5A).
Increasing the frequency of stimulation from 0.1 to 1.0 Hz in
these preparations resulted in a reduction of the inhibitory
effects of clonidine at 2 mM calcium (open triangles, Figure
5B). Simultaneously, increasing the stimulation frequency
from 0.1 to 1 Hz and raising the [Ca®’*], from 2 to 4 mM
effectively reversed the inhibitory effects of clonidine (0.5 um)
on EJC amplitude in CST preparations (Figure 5, compare
open triangles in A with open triangles in B). CCT
preparations however, were tolerant to clonidine (0.5 uM) at

A CCT (id
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Figure 5 Effect of changing the frequency of nerve stimulation and
[Ca’"], on the average EJC amplitude for CST (open symbols) and
CCT (filled symbols) preparations. Two different frequencies of
stimulation were examined: (A) 0.1 Hz and (B) 1 Hz. The [Ca®*],
was increased from 1 to 4 mM. Symbols indicate the mean and
s.e.mean. Addition of clonidine (0.5 um) to CST preparations (n=12)
abolished transmitter release when stimulated at 0.1 Hz in 1 to 4 mm
[Ca’"],. The inhibitory effect of clonidine (0.5 um) on CST
preparations could be reduced by stimulating at 1 Hz in 2 or 4 mm
calcium (open triangles). The mean EJC amplitude in CCT
preparations (n=11) bathed in clonidine (0.5 um; filled triangles)
was significantly (P<0.05) higher than in CST preparations bathed
in clonidine (0.5 uMm; open triangles). The mean EJC amplitudes in
CCT preparations bathed in idazoxan (1 um; filled circles) were
greater than mean EJC amplitudes in CST preparations in idazoxan
(1 um; open circles).

Table 1 The magnitude of the increase on transmitter
release

CST
0.1 Hz 1 Hz

CCT

0.1 Hz 1 Hz

1-2 mm [Ca2*], 4.2840.52 6.06+1.07 4.01+0.59 3.14+0.56
2-4mM [Ca'], 3.67+0.43 1.58+0.39 1.36+0.29 1.36+0.32

2 mM [Ca**], and 0.1 Hz stimulation such that the mean EJC
amplitude of CCT preparations in clonidine (0.5 uM) was not
significantly different (P>0.05) to the mean EJC amplitude
of CST preparations without clonidine (Figure S5A, filled
triangles). Increasing the [Ca**], from 2 to 4 mM and/or
increasing the frequency of stimulation from 0.1 to 1.0 Hz
further reduced the inhibitory effect of clonidine (0.5 um;
Figure 5B, filled triangles). At all [Ca®"], and stimulation
frequencies studied, acutely withdrawn CCT preparations
(idazoxan 1 uM) had significantly higher (P<0.05) EJC
amplitudes than preparations in the presence of clonidine
(0.05 uM; compare filled circles and filled triangles in Figure
5).

Discussion
The effect of clonidine on the NTI and transmitter release

We have investigated the effects of clonidine on the NTI and
transmitter release from sympathetic varicosities of single
axons in guinea-pig vasa deferentia. Single axons with
varicosities regularly spaced at 3-5 um intervals were
visualized using DiOC,(5)-fluorescence to aid in the place-
ment of small diameter electrodes over groups of 4-6
varicosities. Neither the amplitude nor regularity of the
NTI varied when the stimulation voltage was changed,
suggesting that the recordings all came from single axons.
Furthermore, neither the amplitude nor the duration of the
NTI were affected by a concentration of clonidine (0.5 um)
that abolished EJCs. This result supports several recent
suggestions that o,-adrenoceptor inhibition in the vas
deferens is due to inhibition of voltage gated calcium
channels (VGCCs) rather than reduced K™ conductance
(Brock & Cunnane, 1995; MacMillan et al., 1996; Altman et
al., 1999).

It is possible that clonidine may interfere directly with
Ca?" entry or a step downstream from Ca’?* entry, thus
affecting the calcium sensitivity of the terminal. Several lines
of evidence suggest that clonidine acts to directly inhibit the
VGCCs, thus decreasing calcium influx into the terminal.
First, the inhibitory effects of clonidine on transmitter release
are reduced by increasing [Ca®"],, increasing the stimulation
frequency or prolonging the duration of the NTI with K
channel blockers (Alberts et al., 1981; Ebstein et al., 1982;
Schoffelmeer & Mulder, 1983; Wakade & Wakade, 1983;
Starke, 1987). This reversibility of pre-synaptic inhibition is
characteristic of G-protein mediated inhibition of VGCCs
(for review, see Dolphin, 1995; 1998). Second, both
MacMillan et al. (1996) and Altman et al. (1999) have
shown that a point mutation on the ays-adrenoceptor that
prevents activation of K currents without affecting the Ca>*
currents, does not affect the ability of the receptor to inhibit

British Journal of Pharmacology vol 134 (7)
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transmitter release. Finally, studies by Horn & McAfee
(1980) and later by Boehm & Huck (1991) have shown
directly, that calcium influx in sympathetic neurons is
inhibited by clonidine. Brain & Bennett (1997) demonstrated
a 46% reduction in single impulse evoked calcium entry in
the sympathetic terminals of the vas deferens following
exposure to clonidine (1 um).

However, in contradiction to these results, one recent
publication suggests that clonidine only reduces calcium
influx in two out of nine varicosities in the mouse vas
deferens (O’Connor et al., 1999). This observation may be
explained by the ‘lateral inhibition’ hypothesis put forward
by Brock et al. (1990); Brock & Cunnane (1991). However,
O’Connor et al. (1999) also suggested that increasing the
stimulation frequency increases the inhibitory effect of
clonidine on Ca?" influx rather than decreasing it. Our
present results, which have examined transmitter release from
single sympathetic axons, support the hypothesis that
inhibition of transmitter release by clonidine is reversed by
increasing the stimulation frequency or the [Ca®*],.

It is possible that clonidine may exert its inhibitory effect
on transmitter release downstream from calcium entry.
Several recent papers have suggested that the calcium
sensitivity of the nerve terminals may play a role in
determining the probability of transmitter release (Redman
et al., 1997; Msghina et al., 1999). Clonidine may alter the
sensitivity of transmitter release to calcium by acting on the
release machinery. Morphine treatment has been shown to
affect the phosphorylation of synapsin-1 (Nah ez al., 1993).
Clonidine, which acts through similar, if not identical G-
proteins, may have a similar effect on the phosphorylation of
release machinery proteins thus inhibiting transmitter release
downstream of calcium entry.

Effect of CCT on evoked transmitter release from
sympathetic varicosities of the guinea-pig vas deferens

CCT preparations were tolerant to clonidine compared with
CST preparations. During idazoxan induced acute with-
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drawal from clonidine, CCT preparations showed a
significant (P<0.05) increase in the probability of transmit-
ter release. Similar increases in the probability of transmitter
release from sympathetic varicosities of the mouse vas
deferens have been reported during acute withdrawal from
chronic morphine treatment (Einstein & Lavidis, 1984a, b;
Lavidis, 1995a, b). This enhancement of transmitter release
during acute withdrawal from chronic morphine treatment is
the result of an increase in the probability of release
(Lavidis, 1995a; Karunanithi & Lavidis, 2001) and an
increase in the density of innervation (Karunanithi &
Lavidis, 2001). Prolonged exposure to morphine can alter
genetic expression at the nucleus through the mitogen
activated protein kinase (MAPK) pathway (for review, see
Williams ez al., 2001). Activation of the a,-adrenoceptors
has also been shown to activate the MAPK pathway (Alblas
et al., 1993). Given that both opiates and a,-adrenoceptor
agonists act on the G; and G, G-proteins, it is possible that
prolonged exposure to o, adrenoceptors will produce similar
cellular adaptations as seen following prolonged exposure to
opiates.

Conclusion

The present study has demonstrated an increase in the
probability of transmitter release from sympathetic varicos-
ities following chronic presynaptic inhibition of transmitter
release with clonidine. The observations of the present study
and previous studies involving chronic morphine treatment
(Montel et al., 1975; Einstein & Lavidis, 1984b; Solomon &
Gebhart, 1988; Stevens et al., 1988; Lavidis, 1995b; Williams
et al., 2001) suggest that prolonged pre-synaptic inhibition
activates counter-adaptive changes in the mechanism of
transmitter release which is manifested as an increase in the
probability of transmitter release during acute withdrawal.
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