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Effects of (—)-tertatolol, (— )-penbutolol and ( + )-pindolol in
combination with paroxetine on presynaptic S-HT function: an in

vivo microdialysis and electrophysiological study
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1 The antidepressant efficacy of selective serotonin reuptake inhibitors (SSRIs) might be enhanced
by co-administration of 5-HT,, receptor antagonists. Thus, we have recently shown that the
selective 5-HT 4 receptor antagonist, WAY 100635, blocks the inhibitory effect of an SSRI on 5-HT
cell firing, and enhances its ability to elevate extracellular 5-HT in the forebrain. Here we determined
whether the f-adrenoceptor/5-HT;, receptor ligands (+)-pindolol, (—)-tertatolol and (—)-
penbutolol, interact with paroxetine in a similar manner.

2 Both (—)-tertatolol (2.4 mg kg~!' i.v.) and (—)-penbutolol (2.4 mg kg~! i.v.) enhanced the effect
of paroxetine (0.8 mg kg=' i.v.) on extracellular 5-HT in the frontal cortex, whilst (4)-pindolol
(4 mg kg~"' i.v.) did not. (—)-Tertatolol (2.4 mg kg~' i.v.) alone caused a slight increase in 5-HT
however, (—)-penbutolol (2.4 mg kg™' i.v.) alone had no effect.

3 In electrophysiological studies (—)-tertatolol (2.4 mg kg™~' i.v.) alone had no effect on 5-HT cell
firing but blocked the inhibitory effect of paroxetine. In contrast, (—)-penbutolol (0.1-0.8 mg kg~'
i.v.) itself inhibited 5-HT cell firing, and this effect was reversed by WAY 100635 (0.1 mg kg~' i.v.).
We have recently shown that (4)-pindolol inhibits 5-HT cell firing via a WAY 100635-sensitive
mechanism.

4 Our data suggest that (—)-tertatolol enhances the effect of paroxetine on forebrain 5-HT via
blockade of 5-HT,, autoreceptors which mediate paroxetine-induced inhibition of 5-HT cell firing.
In comparison, the mechanisms by which (—)-penbutolol enhances the effect of paroxetine on
extracellular 5-HT is unclear, since (—)-penbutolol itself appears to have agonist properties at the 5-
HT,, autoreceptor. Indeed, the agonist action of (+)-pindolol at 5-HT,, autoreceptors probably
explains its inability to enhance the effect of paroxetine on 5-HT in the frontal cortex.

5 Overall, our data suggest that both (—)-tertatolol and (—)-penbutolol are superior to (+)-
pindolol in terms of enhancing the effect of an SSRI on extracellular 5-HT. Both (—)-tertatolol and
(—)-penbutolol are worthy of investigation for use as adjuncts to SSRIs in the treatment of major

depression.
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Abbreviations: 5-HT, 5-hydroxytryptamine; SSRI, selective serotonin reuptake inhibitor; MAOI, monoamine oxidase inhibitor;
TCA, tricyclic antidepressant; DRN, dorsal raphé nucleus; CSF, cerebrospinal fluid; h.p.l.c.-ED, high
performance liquid chromatography with electrochemical detection; EDTA, ethylenediaminetetra acetic acid;
AP, anterior-posterior; ML, medial-lateral

Introduction

Increasing 5-HT transmission in the forebrain is proposed to
underlie the therapeutic action of many antidepressant drugs
including selective serotonin reuptake inhibitors (SSRIs),
monoamine oxidase inhibitors (MAOIs), and some tricyclic
antidepressants (TCAs) (Delgado et al., 1990; Blier & de
Montigny, 1994). However, indirect 5-HT autoreceptor
activation by such drugs may actually hamper their therapeutic
efficacy. Thus, current strategies aimed at improving anti-
depressant drug efficacy include the co-administration of 5-HT
autoreceptor antagonists (Artigas et al., 1994; Blier &
Bergeron, 1995).

The rationale behind this strategy is the finding in animal
studies that 5-HT,, autoreceptor antagonists prevent 5-HT
reuptake inhibitors (both selective and non-selective), and
MAQOIs, from indirectly inhibiting 5-HT cell firing, via
activation of 5-HT,, autoreceptors (Sheard et al., 1972,
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Scuvée-Moreau & Dresse, 1979; Chaput er al, 1986;
Aghajanian et al., 1970; Gartside et al., 1995; 1997; Sharp et
al., 1997a). Hence, the ability of SSRIs and MAOISs to elevate
extracellular 5-HT in the forebrain can be enhanced by co-
administration of a selective 5-HT;, receptor antagonist such
as WAY 100635 (Gartside et al., 1995; Hjorth et al., 1996;
Romero et al., 1996a; Sharp et al., 1997a).

Although no selective 5-HT, 5 receptor antagonist drugs are
presently available for use in humans, there are several non-
selective f-blockers with high affinity for the 5-HT, 4 receptor
(Middlemiss et al., 1977; see also Sanchez et al., 1996a), and
these may be useful alternatives. Indeed, (+)-pindolol has
already been used in combination with SSRIs, in a number of
clinical studies. However, whilst early open trials found a
markedly improved antidepressant effect of combined (+)-
pindolol/SSRI treatment (Artigas et al., 1994; Blier &
Bergeron, 1995), more recent double-blind placebo-controlled
trials have produced mixed results (Berman et al., 1997;
Moreno et al., 1997; Perez et al., 1997; Zanardi et al., 1997, for
review see McAskill ez al., 1998).
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Against this background, it is of note that emerging
evidence indicates that (+)-pindolol has partial agonist
properties at the 5-HT,;, autoreceptor (Hjorth & Carlsson,
1986; Clifford et al., 1998; Newman-Tancredi ef al., 1998). This
feature may mean that (+)-pindolol would be of limited value
as an adjunct to antidepressant therapy.

In the present study, we have selected two further p-
adrenoceptor antagonists, (—)-tertatolol, and (—)-penbutolol,
with reported antagonist properties at the 5-HT,;, receptor
(Hjorth & Sharp, 1993; Jolas et al., 1993; Prisco et al., 1993;
Sanchez et al., 1996a,b), and compared them with (+)-
pindolol in two respects; firstly, their ability to enhance the
effect of an SSRI on extracellular 5-HT in the forebrain and
secondly, their ability to block the inhibitory effect of an SSRI
on 5-HT cell firing in the dorsal raphé nucleus (DRN).

Some of these data have been presented in preliminary form
to the British Pharmacological Society (Gartside et al., 1998).

Methods

Animals

Male Sprague-Dawley rats (265—305 g) (Harlan-Olac, Bicester,
U.K.) were housed in groups of up to six under controlled
conditions of temperature (21°C) and humidity (50%),ina 12 h
light/dark cycle (lights on 08.00 h). Animals were allowed food
and water ad libitum.

General stereotaxic surgical procedures

Rats were anaesthetized with chloral hydrate (500 mg kg~'i.p.
plus supplementary doses given as necessary), and were placed
in a stereotaxic frame (David Kopf) with the incisor bar set at
—3.3 mm. The skull was exposed, and a burr hole drilled for
implantation of a microdialysis probe or recording electrode.
The body temperature of the animals was maintained at
35.04+0.5°C by means of a homeothermic blanket with rectal
probe. A lateral tail vein was cannulated, using a 25 gauge
hypodermic needle, for i.v. administration of drugs.

Microdialysis experiments

Microdialysis probes of a concentric design, with a 4 mm
window of Hospal membrane, were constructed in house
(Sharp & Zetterstrom, 1992). Probes were implanted into the
frontal cortex (AP +3.0 mm; ML 3.2 mm; DV 5.0 mm from
bregma and dura (Paxinos & Watson, 1986), and were
perfused (at 2 ul min~"') with an artificial CSF (composition
(mM): NaCl 140, KCI 3, CaCl, 2.4, MgCl, 1.0, Na,HPO,
1.2, NaH,PO, 0.27, glucose 7.2, pH 7.4). Dialysate samples
were collected every 20 min and assayed for 5-HT by h.p.l.c.
with electrochemical detection (ED). Once baseline levels of
5-HT had stabilized, drugs were given (i.v.) as single bolus
doses in a volume of 1mlkg~' (4)-Pindolol, (—)-
penbutolol, (—)-tertatolol, or vehicle was given 10 min
before paroxetine (or vehicle), and 5-HT was measured for
a further 2 h.

Hp.l.c-ED

Immediately following collection, dialysates were analysed for
5-HT by h.p.l.c.-ED. Samples were separated on a Micro-
sorb™ column (C,s, Rainin) with a mobile phase (methanol
12.5%, disodium EDTA 0.03%, NaH,PO, 127 mM, octane

1

sulphonic acid 15 uM; pH 4.0) pumped at 1.2 ml min~".

Detection of 5-HT was by a potentiometer (BAS LC-4B/C)
with the working electrode (glassy carbon) set at +0.7 V.

Electrophysiological recordings

Single-barrelled glass microelectrodes were made from glass
capillary tube (external ¢ 2.5 mm) (Clarke Electromedical,
Pangbourne, U.K.). Electrodes were broken back to obtain an
external tip diameter of ~2 um, and were then filled with a
solution of 2 M NaCl containing 2% Pontamine Sky Blue. The
in vitro impedance of electrodes was 4—8 MQ. Electrodes were
initially implanted to a depth of 4.5 mm below dura, and then
lowered into the DRN (AP —7.8 mm; ML 0 mm, from
bregma (Paxinos & Watson, 1986)) by means of an hydraulic
microdriver (David Kopf).

The signal was amplified (x1000) and filtered (300—
3000 Hz band pass), and was fed to an oscilloscope, a chart
recorder, an audio speaker, and a digital audio tape recorder.
Presumed S5-HT neurones in the DRN, having characteristics
similar to the immunohistologically identified 5-HT-containing
neurones of the DRN described by Aghajanian & Vander-
Maelen (1982), were encountered between 5.0 and 6.5 mm
below the dura surface. The neurones were spontaneously
active, and fired solitary (positive/negative) action potentials of
long duration, in a slow and regular pattern. Extracellular
recordings were made from one cell per animal.

The baseline firing activity of each neurone was recorded for
at least 3 min after which time, drugs were given (i.v.). At the
end of each electrophysiological experiment the brain was
removed, post-fixed in 4% paraformaldehyde, and subse-
quently sectioned using a vibratome. Sections were stained
with cresyl violet and the position of the electrode tip (marked
by ejection of Pontamine Sky Blue) was determined by
microscopic inspection. All of the recorded neurones included
in the present study were found to be within the DRN.

Drugs

The following drugs (sources in brackets) were used: chloral
hydrate (Sigma), (—)-penbutolol HCI (Roussel, France), (+)-
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Figure 1 Time course of the effect of paroxetine (0.8 mg kg~ 'i.v.) on
5-HT levels in dialysates of the frontal cortex in vehicle- and (+)-
pindolol (4 mg kg~ ') pretreated animals. The vehicle was acetic acid/
glucose. Drugs were given as indicated by the arrows. Basal levels of 5-
HT were 1142 (5), 2545 (4), 15+2 (6) and 23 +5 (6) fmol sample ',
in the groups of animals which received vehicle/vehicle, (4 )-pindolol/
vehicle, vehicle/paroxetine and (+)-pindolol/paroxetine, respectively.
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pindolol HCI (Sigma), (—)-tertatolol HCI (Servier, Neuilly-
sur-Marne, France), paroxetine HCl (SmithKline Beecham,
Harlow, U.K.), WAY 100635 (N-[2-[4-(2-methoxyphenyl)-1-
piperazinyllethyl]-N-(2-pyridinyl) cyclohexane carboxamide
3HCl (Wyeth Research, Maidenhead, U.K.). (+)-Pindolol
was dissolved in a drop of glacial acetic acid, made up to
volume with 5% glucose, and the pH adjusted to 4.5 with 5 M
NaOH, all other drugs were dissolved in distilled water.

Data presentation and statistics

For microdialysis experiments, dialysate levels of 5-HT are
expressed as a percentage of the absolute amount of 5-HT in
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Figure 2 Time course of the effect of paroxetine (0.8 mg kg~ ' i.v.)

on 5-HT levels in dialysates of the frontal cortex in vehicle- and (—)-
tertatolol- (2.4 mg kg~ ") pretreated animals. The vehicle was distilled
water. Drugs were given as indicated by the arrows. Basal levels of
5-HT were 1142 (5), 17+3 (4), 1743 (5) and 1943 (5), and fmol
sample ™!, in the groups of animals which received vehicle/vehicle,
(—)-tertatolol/vehicle, vehicle/paroxetine and (—)-tertatolol/paroxe-
tine, respectively.
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Figure 3 Time course of the effect of paroxetine (0.8 mg kg~' i.v.)
on 5-HT levels in dialysates of the frontal cortex in vehicle- and (—)-
penbutolol- (2.4 mg kg~!') pretreated animals. The vehicle was
distilled water. Drugs were given as indicated by the arrows. Basal
levels of 5-HT were 1142 (5), 10£+1 (5), 1442 (6) and 9+ 1 (6) fmol
sample !, in the groups of animals which received vehicle/vehicle,
(—)-penbutolol/vehicle, vehicle/paroxetine and (—)-penbutolol/par-
oxetine, respectively. Data for the vehicle/vehicle treated group are
taken from Figure 2.

the sample collected immediately prior to administration of
paroxetine or its vehicle i.e. defined as =0 in the figures. The
absolute amount of 5-HT at =0 is given in the figure legends
as fmol sample~'. Drug effects were assessed using 2-way
ANOVA with repeated measures.

In the electrophysiological studies, basal firing rate refers to
the firing rate in the 60 s immediately before drug administra-
tion, and is presented as spikes 10 s~'. 5-HT cell firing after drug
administration refers to the firing rate in a 30 s period (starting
90 s after administration of a drug) expressed as a percentage of
the basal firing rate. Data are presented as mean +s.e.mean (7)
values. Significance at the 95% level is reported.

Results

Effects of (+)-pindolol, (— )-tertatolol, and (— )-
penbutolol on 5-HT in dialysates of the frontal cortex. in
combinatiaon with paroxetine and alone

Paroxetine alone (0.8 mg kg~") did not increase levels of 5-HT
in dialysates of the frontal cortex during the 2 h duration of
the experiment. This was apparent in three separate vehicle
pretreated groups of animals (see Figures 1, 2 and 3).
Pretreatment with 4 mg kg=' (+)-pindolol did not alter the
effect of paroxetine (0.8 mg kg~') on dialysate 5-HT over the
duration of the experiment (Figure 1). Thus, statistical analysis
of 5-HT levels in the (+)-pindolol/paroxetine and vehicle/
paroxetine groups showed no significant differences.

In additional experiments it was found that dialysate 5-HT
did not increase when the order of administration of pindolol/
paroxetine was reversed (i.e. 4 mg kg~! (4)-pindolol 60 min
after 0.8 mg kg~' paroxetine, n=3 rats). Since 4 mg kg~'
(+)-pindolol may be supramaximal in terms of its inhibitory
effect on 5-HT cell-firing (Clifford ez al., 1998), we pretreated
with a lower dose of (4 )-pinodolol (0.8 mg kg~') but in these
animals 0.8 mg kg~' paroxetine also failed to increase 5-HT
(n=4 rats).

The lack of effect of (+)-pindolol was in contrast to the
marked increase in S5-HT in response to paroxetine
(0.8 mgkg™") in rats pretreated with (—)-tertatolol
(2.4 mg kg~"). Thus, in the (—)-tertatolol pretreated group,
5-HT levels rose to approximately 160% of basal and
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Figure 4 Effect of increasing doses of (—)-tertatolol and (—)-
penbutolol on the firing rate of 5S-HT cells in the DRN. Basal firing
rates were 16.3+2.5 (9) and 8.7+2.0 (9) spikes 10 s~' in the groups
treated with (—)-tertatolol and (—)-penbutolol respectively.
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Figure 5 Rate meter recordings showing the effects of (—)-tertatolol and (—)-penbutolol on the firing rate of individual 5-HT cells
in the DRN. Drugs were given as indicated by the arrows. (a) Shows a cell in which (—)-tertatolol did not influence the firing rate.
(b), (¢) and (d) show cells which were inhibited by (—)-penbutolol. Note that the cell shown in (c) is much less sensitive to inhibition
by (—)-penbutolol than those in (b) and (d). Note also the reversal of the inhibitory effect of (—)-penbutolol by WAY 100635

shown in (b) and (d).

remained elevated over the 2 h duration of the experiment
(Figure 2). Statistical analysis of the two groups revealed a
significant main effect of treatment (F; 5y=16.4; P=0.0037), as
well as a significant treatment x time interaction (F45,=6.3;
P=0.0001).

(—)-Tertatolol (2.4 mg kg~") alone induced a small but
significant increase in dialysate 5-HT when compared to
vehicle (Figure 2). The statistical analysis revealed a main
effect of treatment (F(;=10.2; P=0.0153), as well as a
significant treatment x time interaction (F6.42y=3.0;
P=0.0145) between the (—)-tertatolol/vehicle and vehicle/
vehicle groups.

As shown in Figure 3, the effect of paroxetine (0.8 mg kg~ ")
on dialysate levels of 5-HT was also enhanced by pretreatment
with (—)-penbutolol (2.4 mg kg~"); dialysate 5-HT increased
to more than 200% of basal, and levels remained elevated for
at least 2 h. Statistical analysis of the vehicle/paroxetine and
(—)-penbutolol/paroxetine treated groups revealed significant
main effects of time (Fs4=3.7; P=0.0039) and treatment
(Fa9=35.1; P=0.0002), as well as a significant interaction
(Fe.s9=5.3; P=0.0002). When given alone, (—)-penbutolol
(2.4 mg kg~ ") did not alter dialysate 5-HT levels compared to
vehicle (Figure 3).

Effect of (— )-tertatolol and (— )-penbutolol on 5-HT
cell firing in the DRN

(—)-Tertatolol (0.8 2.4 mg kg~"') did not alter the firing rate
of 5-HT neurones in the DRN (Figures 4 and 5a). In contrast,
(—)-penbutolol (0.1-0.8 mg kg~") caused marked inhibition
of the firing of 5-HT neurones in the DRN (n=38) (Figure 4).
This effect was dose-dependent, although there was some
variation in the magnitude of effect. Thus, in one cell
0.2 mg kg~ ' (—)-penbutolol caused a near complete inhibition
of firing (see Figure 5b). At the other extreme, one cell showed
only 12% inhibition after 0.8 mg kg~' (—)-penbutolol (and
30% inhibition after 2.4 mg kg~') (see Figure 5c). The
inhibitory effect of (—)-penbutolol was reversed by WAY
100635 (0.1 mg kg=") in four of five cases in which it was
tested (see Figure 5b and d for examples), although in one case
this effect was short-lived.

Effect of (— )-tertatolol on 5-HT cell firing in the DRN:
interaction with paroxetine

Paroxetine (0.1-0.8 mg kg~') inhibited 5-HT cells in the
DRN in a dose-dependent manner with a dose of 0.8 mg kg~'
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Figure 7 Rate meter recordings showing the effect of paroxetine on
the firing rate of individual 5-HT cells in the DRN. Drugs were given
as indicated by the arrows. (a) Shows the effect of paroxetine in a
control cell. (b) Shows the effect of paroxetine in a (—)-tertatolol-
pretreated cell.

causing near complete inhibition of firing (Figures 6 and 7a).
In the group of animals pretreated with (—)-tertatolol (total
dose 2.4 mg kg'), the paroxetine dose-response curve was
shifted to the right such that 0.8 mg kg~' paroxetine caused
only approximately 40% inhibition of cell firing in these
animals (Figures 6 and 7b).

administration of WAY 100635 reversed the inhibitory effect of
paroxetine in the cells shown in (b) and (c).

In the animals which received paroxetine first (n=28) total
dose (0.2-0.8 mg kg™'), attempts were made to reverse the
effect of paroxetine by subsequent administration of (—)-
tertatolol and/or WAY 100635. In four cells, (—)-tertatolol
partially reversed the effect of paroxetine, although the
magnitude of effect was variable. Thus, in one cell (—)-
tertatolol (2.4 mg kg=') caused near full reversal of the
inhibition (Figure 8a). In two cells (—)-tertatolol caused a
return to approximately 50% of the basal firing (in one of these
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cells, subsequent administration of WAY 100635 returned the
firing rate to approximately 100% (see Figure 8b), in the other
WAY 100635 was without further effect. In one other cell, a
brief burst of spikes was seen after (—)-tertatolol. (—)-
Tertatolol (2.4 mg kg™"') (see figure 8c) failed to reverse the
inhibitory effect of paroxetine in four further cells. In two of
these cells some reversal was induced by subsequent
administration of WAY 100635 (0.1 mg kg~") whilst, in the
remaining two cells, firing activity could not be restored by
WAY 100635 (three doses of 0.1 mg kg™").

Due to the inhibition of 5-HT cell firing induced by (—)-
penbutolol, and (+)-pindolol alone, attempts were not made
to reverse the inhibitory effect of paroxetine with these drugs.

Discussion

The adjunctive use of 5-HT,, receptor antagonists may be a
means by which to improve the antidepressant efficacy of
SSRIs and other antidepressants (Artigas et al., 1996). We
have recently shown that the silent and selective 5-HT; 5
receptor antagonist, WAY 100635 (Forster et al., 1995), blocks
the inhibitory effect of paroxetine on 5-HT cell firing, and
enhances its 5-HT elevating effect in the frontal cortex
(Gartside et al., 1995). Here we have examined whether the
5-HT,A/p-adrenoceptor ligands, (= )-pindolol, (—)-tertatolol,
and (—)-penbutolol, share the properties of WAY 100635
when combined with paroxetine.

In our microdialysis studies we found that both (—)-
tertatolol, and (—)-penbutolol enhanced the effect of parox-
etine on extracellular 5-HT in the frontal cortex, whereas (+)-
pindolol was without significant effect. Therefore, whilst (—)-
tertatolol, and (= )-penbutolol mimicked WAY 100635 in
terms of enhancing the effect of paroxetine on extracellular 5-
HT, (+)-pindolol clearly did not. However, further experi-
ments on the effect of (—)-tertatolol, and (—)-penbutolol on
the firing rate of 5-HT neurones, and specifically their ability to
block the inhibitory effect of paroxetine, revealed a more
complex picture (see below).

The finding of the present study that (4 )-pindolol failed to
enhance the effect of paroxetine on extracellular 5-HT in the
frontal cortex is consistent with our recent report that this drug
has agonist activity at somatodendritic 5-HT,, autoreceptors
(Clifford et al., 1998). Thus, it would seem logical that an
inhibitory action of (+)-pindolol on 5-HT cell firing and
release would oppose any paroxetine-induced increase in
extracellular 5-HT in the forebrain. Although some studies
have shown that pindolol enhances the effect of SSRIs
(including paroxetine) on extracellular 5-HT (Hjorth, 1996;
Romero et al., 1996b; Maione et al., 1997), our conclusion is
that, compared to WAY 100635, (—)-tertatolol, and (—)-
penbutolol, (+)-pindolol is, at best, weakly active in its
interaction with paroxetine.

The explanation for our failure to confirm reports that
pindolol enhances the effect of SSRIs on extracellular 5-HT is
not immediately clear. Although some studies find that (+)-
pindolol causes a rise in 5-HT when administered after the
SSRI (Hjorth, 1996), in our hands order of administration of
(+)-pindolol/paroxetine did not change the outcome (see
Results). Moreover, our recent studies have ruled out the
likelihood that it is due to factors such as dose or enantiomer
of pindolol used, brain region studied (hippocampus versus
frontal cortex), or presence of anaesthesia (see Hughes &
Sharp, 1998).

(—)-Tertatolol, in contrast to (+)-pindolol, enhanced the
ability of paroxetine to increase cortical extracellular 5-HT.

Moreover, our present electrophysiological studies showed
that (—)-tertatolol antagonizes the inhibitory effect of
paroxetine on 5-HT cell firing. Thus, we found that (—)-
tertatolol shifted the paroxetine dose-response curve to the
right, and also reversed the effect of paroxetine in some cases.
Taken together, these data are consistent with the blockade of
somatodendritic 5-HT,, receptors by (—)-tertatolol.

Several studies have shown that (—)-tertatolol antagonizes
the effects of the 5-HT, 5 receptor agonists in animal models,
including inhibition of DRN 5-HT cell firing, as well as
secretion of corticosterone, hypothermia, and flat body
posture (Jolas et al., 1993; Lejeune et al., 1993; Prisco et al.,
1993; Gobert et al., 1995). Some studies suggest that (—)-
tertatolol may have 5-HT,, receptor agonist-like activity in
vivo (Millan et al., 1993; Andrews et al., 1994; Sanchez et al.,
1996a). However, the finding reported here, and by others
(Jolas et al., 1993; Lejeune et al., 1993), that the drug does not
inhibit 5-HT cell firing would argue against this since this
measure is well recognized to be sensitive to even low efficacy
5-HT, 4 receptor agonists.

Although (—)-tertatolol also has moderate affinity for the
rat 5-HT,p receptor, at which it is thought to act as an
antagonist (Langlois et al., 1993; Prisco et al., 1993; Arvieu et
al., 1996; Assié & Koek, 1996), it is unlikely that 5-HT,p
receptor antagonism alone can explain the enhancement of
extracellular 5-HT seen here. Thus, we have previously found
that 5-HT,p receptor antagonists only elevate extracellular 5-
HT when levels of 5-HT in the synapse are already raised
(Sharp et al., 1997b; and unpublished data), conditions which
do not occur following the dose of paroxetine given here.
Nevertheless, in the rat, 5-HT,3 receptor antagonism may
contribute to the effect of (—)-tertatolol if, as suggested by our
data, it effectively blocks 5-HT,, receptors as well.

(—)-Penbutolol, like (—)-tertatolol, enhanced the ability of
paroxetine to increase extracellular 5-HT in the frontal cortex.
Several previous microdialysis studies have also reported that
(—)-penbutolol enhances the effects of SSRIs on extracellular
5-HT, an effect which has been consistently attributed to 5-
HT, 4 receptor antagonism (Hjorth, 1993; Gundlah et al., 1997,
Invernizzi et al., 1997). Interestingly however, in our
electrophysiological experiments, we found that (—)-penbuto-
lol appeared to act as an agonist at the somatodendritic 5-
HT, 4 autoreceptor. Thus, we found that (—)-penbutolol itself
decreased 5-HT cell firing, in a WAY 100635-sensitive manner.
An earlier preliminary report also described the inhibition of 5-
HT cell firing following (—)-penbutolol (VanderMaelen &
Braselton, 1992). It is likely that this effect of (—)-penbutolol is
due to a direct agonist action at 5-HT;, autoreceptors since we
find that the drug does not increase extracellular 5-HT in the
DRN at doses which inhibit 5-HT cell firing (Gartside,
unpublished observations).

The action of (—)-penbutolol to inhibit 5-HT cell firing is
difficult to reconcile with the enhancement of the effect of
paroxetine observed in the microdialysis experiment. Like (—)-
tertatolol, (—)-penbutolol is an antagonist at rat 5-HTp
receptors (Schlicker et al., 1992; Hjorth & Sharp, 1993;
Sanchez et al., 1996b) however, as discussed above, this action
is unlikely to explain the drug’s ability to enhance the effect of
paroxetine on extracellular 5-HT. It is not likely that the 5-HT
cells inhibited by (—)-penbutolol are not those which project
to the frontal cortex since there is both anatomical and
functional evidence that the DRN is the source of afferentation
to the frontal cortex (Kosofsky & Molliver, 1987; McQuade &
Sharp, 1997).

One final possibility that deserves mention is that the
inhibitory effect of (—)-penbutolol on 5-HT cell firing might be
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short-lived, and that during the time scale of the dialysis study,
5-HT,o receptor antagonist properties of (—)-penbutolol
become apparent. Interestingly, in the preliminary report by
VanderMaelen & Braselton (1992) it was found that a 10 min
pretreatment with (—)-penbutolol did not prevent 8-OH-
DPAT-induced inhibition of 5-HT cell firing whereas a 60 min
pretreatment did. Blockade of the 5-HT,, autoreceptor may
therefore play a role in the increase in extracellular 5-HT
detected following the (—)-penbutolol/paroxetine combina-
tion.

Interestingly, (—)-penbutolol inhibited all 5-HT cells on
which it was tested although there was some variability in the
magnitude of effect (¢.f. VanderMaelen & Braselton, 1992). In
our previous study we found that (+)-pindolol inhibited only
a subpopulation (approximately 50%) of 5-HT cells, those
with lower basal firing rates being (& )-pindolol-sensitive
(Clifford et al., 1998). The present study, failed to reveal a
‘(—)-penbutolol-insensitive’ population of cells, although the
one cell which was notably less sensitive to (—)-penbutolol
(that shown in Figure 5¢) had the highest firing rate of the cells
tested. It may be that a study of a larger number of cells with a
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