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Abstract Rationale: An involvement of 5-HT1A recep-
tors is postulated in the pathophysiology of affective
disorders and mechanism of action of antidepressants.
Methods for studying their functional integrity in humans
are, however, limited. Preliminary data suggests that
activation of somatodendritic 5-HT1A receptors cause a
negative shift in the EEG frequency spectrum. Animal
research suggests that pindolol is an agonist at these
receptors but an antagonist at postsynaptic 5-HT1A
receptors. Objective: We postulated that while pindolol
would antagonise known postsynaptic mediated neuroen-
docrine responses to the 5-HT1A agonist buspirone, both
drugs would have a similar effect on the EEG frequency
spectrum. Methods: Fourteen healthy men were admin-
istered placebo or pindolol (20 mg orally) 90 min before
placebo or buspirone (30 mg orally) in a double blind
cross-over study. Plasma prolactin and growth hormone
were assayed and EEGs recorded before and after drug
administration. Results: A significant negative shift in the
EEG frequency spectrum was found for both buspirone
and pindolol, with the combination producing a similar
effect to each drug alone. In contrast, the neuroendocrine
response to buspirone was significantly attenuated by
pindolol. Conclusions: The data obtained are consistent
with the EEG effects of buspirone and pindolol being
mediated by somatodendritic 5-HT1A receptors, in con-
trast to the neuroendocrine response, which is known to
be mediated by postsynaptic receptors. The development
of this novel method of assessing somatodendritic 5-HT1A
receptors in humans is a potentially important advance
which may allow the testing of hypotheses of its

involvement in depression and response to antidepres-
sants.
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Introduction

Serotonergic 5-HT1A receptors are located both presy-
naptically on serotonin containing raphe neurones (soma-
todendritic autoreceptors) and postsynaptically on cells
throughout the forebrain (Burnet et al. 1995; Azmitia et
al. 1996; Pasqualetti et al. 1996). Activation of somato-
dendritic 5-HT1A autoreceptors plays a key role in
determining the activity of the entire serotonergic system
(Aghajanian and VanderMaelen 1982) and consequently
on the release of 5-HT in terminal areas (Sharp et al.
1993).

Studies investigating the neuroendocrine response to
l-tryptophan have shown that depressed patients have an
impairment in postsynaptic 5-HT1A receptor function
(Charney et al. 1984; Koyama and Meltzer 1986; Cowen
and Charig 1987; Deakin et al. 1990; Price et al. 1991),
with this impairment being state dependent (Upadhyaya et
al. 1991). More recently, positron emission tomography
(PET) studies have demonstrated a significant decrease in
the number of 5-HT1A receptor sites, both postsynapti-
cally and somatodendritically, in depressed patients
(Drevets et al. 2000; Sargent et al. 2000) in line with
post-mortem findings (Arango et al. 2001).

5-HT1A receptors may also be central to the mecha-
nism of action of antidepressants (Blier and de Montigny
1994; McAllister-Williams and Young 1998). In vivo
studies in rodents have demonstrated that both electro-
convulsive shocks and a range of antidepressants when
given chronically over 14 days attenuate the function of
somatodendritic 5-HT1A receptors located on raph� neu-
rones (Goodwin et al. 1985; Maj and Moryl 1992).

Given the potential importance of 5-HT1A receptors in
the pathophysiology of depression and mechanism of
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action of antidepressants, it is important to be able to
investigate their function in vivo in humans. Currently
there are only limited indices for determining this
receptor’s functional status. The growth hormone re-
sponse to l-tryptophan, which is abnormal in depressed
patients, is believed to be an indicator of postsynaptic
(hypothalamic) 5-HT1A function (Smith et al. 1991). A
possible alternative assessment of postsynaptic 5-HT1A
receptor function is the effect of 5-HT1A agonists on rapid
eye movement (REM) sleep. Ipsapirone causes a prolon-
gation of rapid eye movement (REM) latency and
decreased total REM time during sleep (Gillin et al.
1994). However, a study using this method has demon-
strated no difference in the 5-HT1A response in depressed
patients compared to controls (Seifritz et al. 1998), and so
is at odds with l-tryptophan neuroendocrine studies
(Power and Cowen 1992), post mortem findings (Arango
et al. 2001) and PET data (Drevets et al. 2000; Sargent et
al. 2000). This discrepancy suggests that postsynaptic 5-
HT1A receptors in different anatomical locations are
differentially affected in depression. Hypothalamic re-
ceptors, as indexed by the neuroendocrine response to l-
tryptophan, appear to be functionally attenuated, while
pontine receptors, that relate to REM effects of 5-HT1A
agonists appear not to be. Given these regional differ-
ences it is important that techniques to examine postsyn-
aptic 5-HT1A receptors in areas thought to be particularly
relevant to depression, such as frontal cortex, are
developed.

Direct functional studies of somatodendritic 5-HT1A
receptors in the raph� have also proved difficult. For
example, 8-OH-DPAT (a selective 5-HT1A agonist)
induces a hypothermia in mice that is believed to reflect
somatodendritic 5-HT1A receptor function (Martin et al.
1992). Buspirone (a less selective 5-HT1A agonist)
likewise induces hypothermia in humans, but this has
been argued to involve at least a degree of postsynaptic 5-
HT1A receptor activation (Blier et al. 2002). Alternatively,
electroencephalography (EEG) recordings have shown
that the administration of 5-HT1A receptor agonists causes
a negative shift of the EEG frequency spectrum. This has
been demonstrated with ipsapirone during sleep (Seifritz
et al. 1996) and buspirone in awake subjects (Anderer et
al. 1993; McAllister-Williams et al. 1997). Buspirone
administration to rats has a similar effect that is mirrored
by the more selective 5-HT1A agonist 8-OH-DPAT, but
not a dopamine D2 antagonist (Bogdanov and Bogdanov
1994). On the basis of in vitro animal electrophysiology
(McCormick and Wang 1991), this alteration in the
frequency spectrum would be predicated to result from a
reduction in 5-HT2 receptor activation and is similar to
that seen with the administration of 5-HT2 antagonists in
humans (Dijk et al. 1989). It has therefore been postulated
to result from the activation of somatodendritic 5-HT1A
autoreceptors, leading to a reduction in 5-HT release onto
postsynaptic 5-HT2 receptors (Seifritz et al. 1996). The
effect of 5-HT1A ligands on these measures may provide a
method of examining somatodendritic 5-HT1A receptor
function in vivo.

The aim of the current study was to study the effect of
buspirone and pindolol alone and in combination on the
EEG frequency spectrum recorded from healthy male
volunteers, and to compare these effects to known
postsynaptic 5-HT1A-mediated neuroendocrine responses.
While pindolol is an antagonist at postsynaptic 5-HT1A
receptors (Corradetti et al. 1998), it appears to be a partial
agonist at the somatodendritic location (Clifford et al.
1998). It was therefore postulated that while pindolol
would attenuate buspirone neuroendocrine effects, this
would not be the case with regard to the buspirone
induced shift in the EEG frequency spectrum if this
reflects an effect of buspirone on somatodendritic 5-HT1A
receptors.

Materials and methods

Fourteen healthy male subjects aged between 18 and 38 years
(mean age 23) gave written informed consent to participate in the
study, which had been approved by the local ethics committee. All
subjects were free of significant past or present physical ill health
and were receiving no medication. They were screened to exclude
significant current, past or family history of psychiatric illness.

Experimental procedure and medication

Subjects attended the research laboratory at 0830 hours on four
occasions at least 1 week apart. Following insertion of an
intravenous cannula and EEG electrode placement, subjects were
seated in front of a computer monitor. Baseline investigations were
completed that included a number of visual analogue scales (VAS),
oral temperature, a venous blood sample for neuroendocrine assays,
and an EEG recording. Subjects were then administered pindolol
20 mg or placebo orally (t=0 min). One and a half hours later
(t=90 min), subjects were administered buspirone 30 mg or placebo
orally. Medication was administered in a double blind random
order such that all subjects were treated with placebo followed by
placebo, placebo followed by buspirone, pindolol followed by
placebo and pindolol followed by buspirone. The order of
administration of these four sets of treatments was unique for each
subject. Three further sets of investigations (VAS, temperature,
neuroendocrine assays, EEG recording) were conducted at 30-min
intervals following the administration of buspirone or placebo
(t=120, 150 and 180 min).

EEG recordings

EEG was recorded from 29 silver/silver chloride electrodes
positioned on the scalp using an elasticated cap (Easy Caps,
Germany) and sited in accordance with the International 10-20
system (American Electroencephalographic Society 1994). Further
electrodes were placed on the right and left mastoid processes. All
channels were recorded relative to the left mastoid. Vertical electro-
oculograms (VEOG) was recorded between electrodes placed on
the nazion and electrodes below the centre of each eye. Horizontal
EOG (HEOG) was recorded between electrodes placed on the outer
canthus of the eyes. EEG and EOG were filtered with a bandpass of
0.1100 Hz and sampled at a rate of 400 points per second. At each
recording time point, subjects were instructed to keep their eyes
open and to maintain their gaze on a fixation point (red cross)
displayed on a computer monitor, remain still and relaxed, and to
keep their minds as blank as possible for three 3-min periods with
30-s intervals between. Ten minutes of continuous EEG was
acquired during this period.
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EEG analysis

A standardised EEG analysis procedure was followed using
Neuroscan Scan 4.1 software (Neurosoft Inc., USA). The EEG
was initially visually inspected and sections contaminated by gross
artefacts rejected. A blink-correction procedure (Semlitsch et al.
1986) was employed to remove the blink EOG artefact from
concurrently recorded EEG. Because of concerns of artefacts
originating from the electrocardiogram (ECG) contaminating the
element of the frequency spectrum of interest (with heart rate also
being potentially affected by pindolol), great care was taken to
correct any visible artefact. The right mastoid channel was visually
inspected for evidence of ECG activity. If any was observed, a
principle component analysis (PCA) was conducted to remove the
artefact from the active EEG channels. In practice, the maximum
deflection seen in the ECG QRS complex in the right mastoid
channel needed to be at least €10–15 mV for the signal-to-noise
ratio to be sufficient to allow the PCA to be conducted. Following
artefact correction, data was algebraically re-referenced to repres-
ent recordings from average mastoid reference and epoched into
segments 10.24 s long. Any epoch in which any channel, except
VEOG, had a voltage deflection greater than €75 mV was excluded.
Remaining epochs underwent Fast Fourier Transformation (FFT)
and were averaged together. The precision of the FFT was 0.098 Hz.
Potential shifts in the EEG frequency spectrum were assessed by
calculating the centroid frequency (Anderer et al. 1993) which is
the mean frequency between two points weighted relative to the
spectral power. Frequencies less than around 5–6 Hz are particu-
larly susceptible to influence from recording artefacts and their
correction. In addition, previous pilot data suggested buspirone
affected the frequency spectrum up to around 10 Hz (McAllister-
Williams et al. 1997). As a result, the centroid was calculated
between 6 and 10.5 Hz being the composite of theta (6.0–8.5 Hz)
and alpha 1 (8.5–10.5 Hz) frequency bands based on factor analysis
of previous pharmaco-EEG data (Herrmann et al. 1980). The
standardised analysis protocol used led to extremely high inter-
rated reliability. Five sets of data contaminated by a representative
range of artefacts were analysed independently by the two authors.
Centroid frequencies between 6 and 10.5 Hz averaged across
electrode sites had a Pearson’s correlation coefficient r2 of 1.000
(P<0.0001), with a mean difference of 0.003€0.005 Hz between the
two raters.

Due to the large amount of EEG data collected (29 active
electrode sites with recordings made at four time points), initial
analysis concentrated on EEG activity recorded from a single
electrode site (Cz-occiput). Subsequent topographical analysis was
conducted on EEG data recorded from all active electrode sites.

Neuroendocrine and other measures

Blood samples were taken into EDTA tubes, centrifuged at
3000 rpm for 10 min and plasma removed and stored at �20�C.
Plasma was also ultra-filtered and stored until assay. Samples were
analysed for prolactin (PRL) and growth hormone (GH) using
radioimmunoassay kits (Immuno Diagnostic Systems Ltd, Boldon,
Tyne and Wear, UK). Intra- and inter- assay coefficients of
variation for PRL were 5.7% and 6.4%, respectively, and GH 2.7%
and 7.4%. GH data obtained on visits by subjects when their
baseline was greater than 10 mIU/l were excluded, since GH
inhibits its own secretion (Checkley 1980). In addition, some
samples were spoilt or not obtainable. Therefore the numbers of
subjects’ data available for analysis varied for different compar-
isons. Temperature was assessed using a digital thermometer
accurate to 0.1�C placed sublingually. Visual analogue scales
(VAS) consisted of 100 mm scales on which subjects rated
“depression”, “drowsiness”, “restlessness”, “nausea” and “light-
headedness”, with “the most severe possible” at one end and “not at
all” at the other.

Statistical analysis

In each element of the study, an ANOVA was conducted including
all four treatment arms (SPSS version 9.0, Chicago, Ill., USA). If a
main effect of treatment was found, then subsidiary ANOVAs were
conducted comparing placebo+placebo (hereafter simply referred
to as placebo) with placebo+buspirone (referred to as buspirone);
placebo with pindolol+placebo (referred to as pindolol); placebo
with pindolol+buspirone; and buspirone with pindolol+buspirone
chosen on the basis of the a priori hypotheses. For the analysis of
the centroid frequency, the change in centroid over the 90 min
following placebo or buspirone administration was calculated as an
area under the curve (AUC) for the frequency at t=120, 150 and
180 min relative to t=0 using the trapezoid method for each of the
29 active electrode sites. ANOVA employed within subject factors
of “treatment” and “electrode site”. Neuroendocrine and temper-
ature data ANOVA employed within subject factors of “treatment”
and “time” (0, 120, 150 and 180 min). VAS data was analysed with
within subject factors of “treatment”, “time” and “VAS scale”
(depression, drowsiness, restlessness, nausea and lightheadedness).
Subsidiary ANOVAs were conducted for each of the five VASs
separately. The Kolmogorov-Smirnov test was applied to all data.
This revealed no significant departure from normality of the
centroid frequency AUC values, temperature and the PRL data. The
spread of the GH data was significantly different from normal, but
this was not the case for log transformed data which were used in
all analyses. VAS data also deviated from normality as did log
transformed values, though less so. Given the number of potential
comparisons if a non-parametric test was used, log transformed
VAS values were analysed with ANOVA, which is relatively robust
with respect to violations of the assumption of normality (Howell
1999). All ANOVA analyses incorporated the Greenhouse-Geisser
correction for inhomogeneity of covariance, with F ratios reported
with corrected degrees of freedom. All values are quoted as
mean€SD.

Results

Subjects

Subjects scored a mean of 0.3€0.8 (mean€SD, range 0–3)
on the Hamilton Depression Rating Scale 21 item
(HAMD-21) and 1.3€1.5 (range 0–4) on the Beck
Depressive Inventory (BDI). Mean full scale IQ was
estimated with the National Adult Reading Test (NART)
to be 102€9 (range 90–113). Body mass index for the
subjects was 24.7€4.6 kg/m2 (range 19.0–30.8).

EEG effects of buspirone

As previously reported (Anderer et al. 1993; McAllister-
Williams et al. 1997), buspirone caused a small negative
shift of the EEG frequency spectrum below 10–11 Hz, as
illustrated for the Cz electrode in Fig. 1A. This effect was
quantified at the three recording time points, t=120, 150
and 180 min (i.e. 30, 60 and 90 min post-buspirone
administration) by calculating the centroid frequency
between 6 and 10.5 Hz. Figure 2A shows a non-
significant decrease in the centroid frequency from
7.80€0.37 to 7.72€0.38 Hz following placebo adminis-
tration. Buspirone caused a larger negative shift in the
centroid frequency with the largest effect being seen at
t=180 min when the frequency decreased from
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7.77€0.36 at baseline to 7.59€0.34 Hz (Fig. 2A). To
assess possible topographical variations in the effect of
buspirone, the change in centroid frequency was calcu-
lated as the AUC for the centroid frequency recorded at
t=120, 150 and 180 min, relative to the frequency
recorded at t=0 min, for all 29 active electrode sites. A
representative subset of electrode sites is illustrated in

Fig. 3. It can be seen that buspirone caused a larger
bilaterally symmetrical reduction in centroid than place-
bo, with a slightly larger effect seen at posterior compared
to anterior electrode sites.

Fig. 2A–D Time course of the
effect of buspirone and pindo-
lol. All data plotted for t=0,
120, 150 and 180 min. Note the
discontinuous x-axis. Times re-
fer to the interval since pindolol
or placebo administration. Bus-
pirone or placebo was adminis-
tered at t=90 min. A EEG
centroid frequency. Centroid
frequency calculated between 6
and 10.5 Hz for Cz electrode
site only. B Prolactin response.
C Growth hormone response. D
Hypothermic response

Fig. 1A–D Effect of buspirone
and pindolol on the EEG fre-
quency spectra. All data
recorded at t=150 min (150 min
post-pindolol or placebo and
60 min post-buspirone or pla-
cebo administration). A–C EEG
power calculated from FFT ab-
solute power values relative to
total power between 0.5 and
30 Hz, plotted to 15 Hz. D EEG
frequency spectrum plotted be-
tween 6 and 10.5 Hz only for
placebo, buspirone and pindolol
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Effect of pindolol on the EEG frequency spectrum

Figure 1B illustrates that a similar negative shift in the
EEG frequency spectrum occurred relative to placebo
with pindolol as seen with buspirone. The largest effect of
pindolol was also seen at t=180 min, when the centroid
frequency was reduced from 7.81€0.37 to 7.56€0.34 Hz
(Fig. 2A). Figure 3 illustrates a similar magnitude and
topographical distribution of the effect of pindolol on the
centroid frequency compared to buspirone.

As postulated, pretreatment with pindolol had no effect
on the buspirone EEG effects. Indeed, the combination of
pindolol and buspirone produced a similar effect on the
EEG frequency spectrum as buspirone and pindolol alone
(Fig. 1C). The time course and topography of the effect of
pindolol+buspirone was also similar to pindolol and
buspirone alone (Figs 2A and 3). Treatment with pindo-
lol+buspirone caused the centroid to change from
7.77€0.39 at baseline to 7.53€0.31 at t=180 min.

Statistical analysis of EEG effects

ANOVA of the AUC of the shift in centroid relative to
baseline, with within-subject factors of all four drug

treatments and all 29 electrode sites, revealed a highly
significant effect of treatment [F(2.3,29.3)=7.76,
P<0.001]. The mean change in centroid across all
electrode sites was �4.84 Hz.min with placebo. Post-hoc
analysis revealed this to be significantly increased to
�14.73 Hz.min by buspirone [F(1,13)=15.09, P<0.005],
�16.68 Hz.min by pindolol [F(1,13)=10.37, P<0.01] and
�19.64 Hz.min by pindolol+buspirone [F(1,13)=16.29,
P<0.001]. There was no significant difference between
the shift in centroid with buspirone and pindolol+buspi-
rone treatment [F(1,13)=2.19, P=0.16].

Possible topographical differences in the effects of
buspirone and pindolol on the shift in centroid frequency
were examined by selecting two electrodes in each of four
quadrants (left anterior–FP1 and F7; right anterior–FP2
and F8; left posterior–P7 and O1; right posterior–P8 and
O2). Analysis included within-subject factors of treat-
ment, hemisphere and anterior/posterior location. AN-
OVA revealed a main effect of drug [F(2.2,28.2)=9.39,
P<0.001] and an anterior/posterior effect [F(1,13)=8.59,
P<0.05] due to the shift in centroid being larger
posteriorly (�16.23 Hz.min) compared to anterior sites
(�12.45 Hz.min). However there was no drug by hemi-
sphere or drug by anterior/posterior interaction. This was
also the case when post-hoc ANOVAs were conducted on
pairwise treatment comparison, demonstrating a similar
topographical distribution of the effects of buspirone and
pindolol.

Neuroendocrine response to buspirone and pindolol

Figure 2B illustrates the PRL responses to the four
treatments. ANOVA employing within-subjects factors of
treatment and time found a significant main effect of
treatment [F(1.7,16.6)=15.80, P<0.001] and a significant
drug by time interaction [F(2.6,26.3)=10.49, P<0.001].
As expected, buspirone, but not pindolol caused an
increase in plasma PRL, as demonstrated by a significant
treatment by time interaction for the effect of buspirone
relative to placebo [F(1.6,20.7)=20.09, P<0.001]. In
contrast to the EEG effect, pindolol pretreatment sig-
nificantly decreased the response to buspirone
[F(1.0,11.0)=20.07, P<0.001].

GH responses showed a similar profile (Fig. 2C).
ANOVA revealed a treatment by time interaction for all
four treatments [F(4.0,32.3)=5.49, P<0.005]. This result-
ed from a significant increase in GH following treatment
with buspirone relative to placebo [F(1.0,10.0)=12.61,
P<0.005], while the effect of pindolol did not signifi-
cantly differ from placebo. There was a significant
reduction in the GH response to buspirone following
pindolol pretreatment, revealed by a significant treatment
by time interaction for the comparison of buspirone with
pindolol+buspirone [F(2.3,25.7)=7.64, P<0.005]. In ad-
dition, the GH response following pindolol+buspirone
was not significantly different from that seen with
placebo.

Fig. 3 Topography of the effect of buspirone and pindolol on EEG
centroid frequency. Centroid frequencies were calculated between
6 and 10.5 Hz for each of 13 representative EEG electrode sites
across the scalp. The change in centroid at t=120, 150 and 180 min
relative to t=0 calculated as an area under the curve (AUC) is
plotted for each electrode position as if looking down on the head
from above. Sites are labelled using the extended International 10-
20 system (American Electroencephalographic Society 1994)
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Effect of buspirone and pindolol on body temperature

Analysis of the effect of the four treatments on body
temperature (Fig. 2D) revealed a main effect of treatment
[F(2.0,25.4)=6.30, P<0.01]. Post-hoc analysis revealed a
main effect of buspirone compared to placebo
[F(1.0,13.0)=7.65, P<0.05]. In line with the EEG effects,
but in contrast to the neuroendocrine responses, there was
a main effect of pindolol relative to placebo on body
temperature [F(1.0,13.0)=6.67, P<0.05]. In addition,
pindolol pretreatment had no significant effect on buspi-
rone induced hypothermia, with the effect of the pindo-
lol+buspirone treatment being highly significantly
different from placebo [F(1.0,13.0)=9.96, P<0.005].

Subjective effects of buspirone and pindolol

Initial analysis of the effects of the four treatments on
subjective symptoms as assessed by five VAS involved a
grand ANOVA with within subject factors of treatment,
time and VAS scale. This revealed a main effect of
treatment [F(2.3,25.2)=6.33, P<0.005] and a treatment by
VAS interaction [F(4.0,43.5)=2.64, P<0.05], implying a
non-uniform effect of treatment on the various scales. As
a first step in the post-hoc analysis of these data,
ANOVAs were conducted on each of the five VAS
measures including all four treatments. No significant
treatment or treatment by time interactions were found for
the “depressed” and “restless” VAS (see Fig. 4A, C) and
these were not analysed further. Of the remaining three
scales (“drowsy”, Fig. 4B; “nausea”, Fig. 4D; “lighthead-
ed”, Fig. 4E), a similar pattern of effects was found.

Fig. 4 Effect of buspirone and
pindolol on various subjective
symptoms rated using a 100 mm
visual analogue scale. Details of
graph as in Fig. 2
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Subsidiary post-hoc ANOVAs for each of these scales
comparing pairs of treatments showed a general pattern of
effects similar to those seen with the neuroendocrine data.
A significant main effect of treatment and/or a treatment
by time interaction was seen for the comparison
of buspirone with placebo [drowsiness: treatment by
time F(1.65,21.5)=7.59, P<0.005; nausea: treatment
F(1.0,13.0)=6.24, P<0.05, treatment by time
F(1.9,25.2)=9.97, P<0.001; lightheadedness: treatment
F(1.0,13.0)=17.67, P<0.001, treatment by time
F(2.1,27.9)=12.60, P<0.001]. Conversely, the comparison
of pindolol and placebo revealed no significant effects of
treatment or treatment by time interactions for any of the
scales, demonstrating a lack of effect of pindolol alone.
Pindolol pretreatment, however, did reduce the effects of
buspirone on all three scales, as shown by a signifi-
cant treatment by time interaction comparing buspirone
with pindolol+buspirone [drowsiness: F(2.1,25.2)=4.70,
P<0.05; nausea: F(1.7,20.6)=3.15, P<0.05; lightheaded-
ness: F(2.7,31.9)=3.09, P<0.05].

Discussion

This study has demonstrated that 5-HT1A ligands cause a
significant negative shift of the EEG frequency spectrum,
with buspirone 30 mg and pindolol 20 mg having a
similar magnitude of effect. There was no evidence of
pindolol pretreatment reducing the effect of buspirone on
the frequency spectrum. A similar relative effect of
buspirone and pindolol was found with regard to the
hypothermic effect of these ligands. These findings were
in contrast to the GH and PRL neuroendocrine responses
and the subjective effects of these drugs. While buspirone
administration led to an increase in the plasma concen-
trations of GH and PRL, and increased drowsiness,
nausea and lightheadedness, pindolol alone had little or
no effect. Pindolol pretreatment, however, significantly
reduces these responses to buspirone. It therefore appears
that the relative effects of these two 5-HT1A ligands on the
EEG frequency spectrum and body temperature are
different to their neuroendocrine and subjective effects.
These findings are in line with our a priori hypotheses and
are consistent with the shift in EEG centroid and the
hypothermic response to buspirone being mediated (at
least in part) by somatodendritic 5-HT1A receptors where
pindolol acts as a partial agonist (Clifford et al. 1998). In
contrast, the neuroendocrine and subjective response to
buspirone may result from activation of a 5-HT1A receptor
in a different location, where pindolol has little intrinsic
activity (Corradetti et al. 1998) but blocks the effects of
buspirone.

The PRL and GH responses to buspirone are similar to
previous findings (Meltzer et al. 1983; Coccaro et al.
1990; Young et al. 1994; Anderson et al. 1996). Likewise,
pindolol has previously been reported to have no effect on
PRL or GH plasma concentrations (Anderson and Cowen
1992), though a more recent study has suggested that
pindolol may decrease PRL secretion (possibly due to

blockade of tonic 5-HT activity (Meltzer and Maes
1996)). Pindolol pretreatment has previously been report-
ed to inhibit the GH response both to buspirone (Ander-
son and Cowen 1992) and the more potent 5-HT1A
agonist, flesinoxan (Seletti et al. 1995). The situation
regarding pindolol inhibition of the PRL response to 5-
HT1A agonists is not as clear. In line with the current data,
a small study has previously shown that pindolol dose
dependently inhibits the PRL response to buspirone
(Coccaro et al. 1990). However, the PRL response to
flesinoxan is unaffected by pindolol pretreatment (Seletti
et al. 1995), and Anderson and Cowen (1992) reported
that pretreatment with pindolol 30 mg slowed, rather than
reduced, the PRL response to buspirone. However,
caution needs to be exercised when interpreting the
neuroendocrine responses to buspirone, since non-seroto-
nergic mechanisms may be involved. It has been argued
that the PRL response in particular may involve a
dopaminergic element (Maskall et al. 1995), due to
potential dopaminergic antagonistic properties of buspi-
rone (Tunnicliff 1991).

The hypothermic effects of several 5-HT1A agonists in
humans have been well reported, including buspirone
(Young et al. 1994; Anderson et al. 1996), ipsapirone
(Meltzer and Maes 1995; Lerer et al. 1999; Shapira et al.
2000), gepirone (Anderson et al. 1990) and flesinoxan (de
Koning and de Vries 1995; Pitchot et al. 1995; Seletti et
al. 1995). However the effect of pindolol on body
temperature has been much less studied. It has been
reported that pindolol alone has no effect (Anderson and
Cowen 1992), though another study showed it to induce a
hypothermic response as found in the current study
(Meltzer and Maes 1996). Contrary to the current
findings, pindolol has been reported to inhibit the
hypothermic response to buspirone (Anderson and Cowen
1992), ipsapirone (Hennig et al. 1997) and flesinoxan
(Seletti et al. 1995), though to a non-significant extent in
the latter case. The reasons for the discrepancy with the
current study are unclear, but the variability between
studies may relate to the small effect size of 5-HT1A
ligands on body temperature. These inconsistent findings,
together with debate over the relative roles of somato-
dendritic and postsynaptic 5-HT1A receptors in the
hypothermic response (Blier et al. 2002), suggest that it
is of limited practical use as an index of serotonergic
function.

The use of centroid frequency analysis to assess
changes in the EEG frequency spectrum is not novel (e.g.
Anderer et al. 1993). However, most previous studies that
have measured the centroid frequency of the EEG
frequency spectrum have employed FFT analyses with
precessions of 0.5 Hz. This requires obtaining 2-s epochs
of data. Potentially a greater precision than this is needed
when assessing possible subtle interactions between
treatments as in this study. However, the cost of an
approximate 0.1 Hz precision in the FFT is the necessity
to acquire 10-s long epochs of data. This increases the
probability of an artefact contaminating any epoch.
Artefact handling is therefore of critical importance,
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which can depend on subjective decisions taken during
the analysis procedure. This study has, however, demon-
strated that by employing a strict analysis protocol, inter-
rater reliability can be extremely high. The problems of
artefact contamination were further reduced by employing
the measure of the centroid frequency above 6 Hz, since
most physiological artefacts introduce noise into the
frequency spectrum below this frequency. However, it is
also possible that by restricting our measure only to
frequencies above 6 Hz, we may have “lost” some of the
“signal” from drug administration. Despite this, buspirone
caused a significant reduction in the centroid frequency
between 6 and 10.5 Hz, confirming our own and another
group’s preliminary observations (Anderer et al. 1993;
McAllister-Williams et al. 1997) and in line with previous
animal studies using more specific 5-HT1A ligands
(Bogdanov and Bogdanov 1994).

The EEG recordings obtained in this study involved
relatively long periods of time when subjects were asked
to keep still and relaxed, with their minds as blank as
possible. This introduces a potential weakness into the
study, since it is impossible to know exactly what
cognitive processes subjects were engaged in during
recordings. This is of some concern since cognitive
activity may alter either the baseline centroid frequency
and/or the effect of 5-HT1A ligands. In this regard, it has
been reported that buspirone administration can induce
frontal midline theta activity in healthy subjects perform-
ing mental arithmetic (Mizuki et al. 1994). We have
previously examined the effect of buspirone on the
centroid frequency in five subjects, both when resting
with their eyes open, as in the current study, and while
undertaking a mental arithmetic task. There was no
difference in the baseline centroid pre-buspirone admin-
istration between the two conditions, nor was there any
difference in the magnitude of the effect of buspirone
(unpublished observations–data available on request).
Despite these findings, it is clearly important that the
effect of varying levels of alertness and cognitive function
on the EEG centroid frequency is examined.

It is impossible to rule out a pharmacokinetic expla-
nations of our findings. For example the access of
buspirone and pindolol to receptors in different locations
may vary. An additional possible concern is whether the
EEG effects of buspirone and pindolol are simply
epiphenomena of their subjective effects. This seems
unlikely, given the difference in the relative effects of
buspirone and pindolol in causing the subjective symp-
toms compared to causing a negative shift in the EEG
frequency spectrum.

Buspirone and pindolol are not ideal highly selective
5-HT1A receptor ligands. Buspirone is a weak dopamine
D2 antagonist and its major metabolite, 1-PP, is an a2-
adrenoceptor antagonist (Tunnicliff 1991). Pindolol is a
potent b-adrenoceptor antagonist. It seems unlikely that
the endocrine effects of buspirone are mediated by D2 or
a2 receptors, since they are blocked by pindolol and the
only pharmacological property the drugs have in common
is an action at 5-HT1A receptors. However, it is possible,

though perhaps unlikely, that both drugs cause a shift in
the EEG frequency spectrum of a similar nature via
buspirone’s action on D2 or a2 receptors and pindolol’s
action on b-adrenoceptors, rather than involving 5-HT1A
receptors. Clarification of this point awaits the availability
of more selective ligands for use in humans.

While the shift in EEG frequency spectrum by 5-HT1A
ligands has a pharmacological profile that would support
the effect being mediated by activation of somatoden-
dritic 5-HT1A receptors, the mechanism and locus of the
neuronal activity that leads to changes in scalp EEG is
unclear. It has previously been reported that the 5-HT1A
agonist ipsapirone causes an increase in slow wave EEG
activity during sleep (Seifritz et al. 1996), with a similar
pattern to that seen with a 5-HT2 antagonist (Dijk et al.
1989). It has been argued that activation of somatoden-
dritic 5-HT1A receptors leads to a decrease in release of 5-
HT onto 5-HT2 receptors in cortex, producing a similar
effect to a 5-HT2 antagonist on sleep EEGs (Seifritz et al.
1996). If these sleep EEG findings relate to a similar
phenomenon to the shift in the EEG frequency spectrum
seen in awake subjects, then it is possible that a similar
explanation applies. The wide cortical distribution of 5-
HT neurones from the raph� is concordant with the
generalised effect on the frequency spectrum seen across
the scalp. Further work both in animals and humans is
required to delineate conclusively the locus of action of 5-
HT1A ligands and the mechanism of effect on the EEG
frequency spectrum.

The current study provides some interesting results. It
is probable that the shift in the EEG frequency spectrum
following administration of 5-HT1A agonists is an in vivo
index of the function of somatodendritic 5-HT1A recep-
tors. Further work is required to clarify the situation,
which would be aided by the use of more specific and
potent 5-HT1A agonists and antagonists than buspirone
and pindolol. However, the methodology used here will
prove to be extremely useful in both the examination of
the functional status of somatodendritic 5-HT1A receptors
in affective disorders and the mechanism of action of
antidepressants and other psychotropics.
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