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Abstract

Rationale Paliperidone (9-OH-risperidone) is the main
metabolite of the atypical antipsychotic risperidone. While
both drugs are potent dopamine (D), antagonists, they have
quantitative differential affinities for serotonin (5-HT) and
norepinephrine (NE) receptor binding sites.

Objectives The present study aimed to determine if pal-
iperidone exerts distinct effects on 5-HT and NE neuronal
activity from those of risperidone.

Materials and methods Risperidone and paliperidone were
administered to Sprague—Dawley rats. Neuronal activity of
5-HT and NE neurons was assessed using in vivo
electrophysiology.

Results Acute administration of risperidone but not pal-
iperidone inhibited the firing of 5-HT neurons, as previ-
ously reported. This inhibition was partially antagonized by
the NE reuptake inhibitor desipramine, by the 5-HT;a
receptor antagonist WAY 100635, and completely reversed
when both drugs were given consecutively. Risperidone
inhibited the firing of 5-HT neurons after 2 and 14 days of
administration, with or without escitalopram. Paliperidone
did not alter the firing rate of NE neurons by itself, but it
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reversed the suppression of NE neurons induced by
escitalopram, as it was previously reported for risperidone.
Conclusion These results indicate that although risperidone
and paliperidone share a qualitatively similar receptor
binding profile in vitro, they differentially alter the firing
of 5-HT and NE neurons in vivo. The capacity of
paliperidone to reverse the selective serotonin reuptake
inhibitor (SSRI)-induced inhibition of NE neuronal firing,
without interfering with the effect of SSRIs of 5-HT
neuronal activity, suggests that paliperidone may be a very
effective adjunct in SSRI-resistant depression.
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Introduction

Atypical antipsychotic drugs act as dopamine (D), and
serotonin (5-HT),, receptor antagonists. Their affinity for
5-HT,4 receptors is, however, higher than for D, receptors.
In contrast, the classical antipsychotic haloperidol is a
potent D, receptor antagonist, and its affinity to 5-HT,,
receptors is insignificant (Schotte et al. 1996). Addition of
atypical antipsychotics to the regimen of selective serotonin
reuptake inhibitor (SSRI)-resistant depressed patients is an
effective therapeutic option (Papakostas et al. 2005; Rapaport
et al. 2006; Simon and Nemeroff 2005; Tohen et al. 2003).
Haloperidol is, however, devoid of intrinsic effectiveness in
depression. Because both classical and atypical antipsy-
chotics are D, antagonists, it was suggested that this
beneficial effect of atypical antipsychotics in SSRI-resistant
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depression is mediated via their 5-HT, receptor antagonis-
tic property (Szabo and Blier 2002).

It was previously shown that 5-HT,, receptors play an
important role in the interaction between 5-HT and NE
systems in the brain (Szabo and Blier 2001a). The 5-HT, 5
receptors are expressed on y-aminobutyric (GABA) cells
innervating NE neurons in the locus coeruleus (LC). The
elevation in synaptic availability of 5-HT by SSRIs
activates GABA neurons through excitatory 5-HT, recep-
tors, which then results in the inhibition of NE neuronal
activity (Szabo and Blier 2001b). Atypical antipsychotic
drugs, because of their ability to block 5-HT,4 receptors,
reverse the SSRI-induced inhibition of the firing rate and
burst activity of NE neurons, as it was demonstrated for the
combination of the atypical antipsychotics olanzapine and
risperidone with the SSRIs fluoxetine and escitalopram,
respectively (Dremencov et al. 2007; Seager et al. 2005). In
support of this assertion, the selective 5-HT,, antagonist
M100907 but not the 5-HT,c antagonist SB242084 nor
haloperidol antagonized the effect of escitalopram on NE
neuronal firing activity (Dremencov et al. 2007).

Risperidone is a potent 5-HT,,, 5-HT,c, 5-HTp, D»,
histamine (H;), «;-, and x,-adrenergic receptor antagonist
(Richelson and Souder 2000). Acute administration of
risperidone elevates extracellular 5-HT levels in the rat
dorsal raphe nucleus (DRN) and prefrontal cortex and
decreases the firing activity of 5-HT neurons (Hertel et al.
1997a; Hertel et al. 2001). The ability of risperidone to
elevate extracellular 5-HT was explained by its 5-HTp
antagonistic property (Hertel et al. 1999). The risperidone-
induced suppression of the firing rate of 5-HT neurons was
explained by the elevation of extracellular 5-HT in the
DRN, which leads to the activation of 5-HT;, autorecep-
tors (Hertel et al. 2001). Given the «,-adrenoceptor
antagonistic property of risperidone, this drug has the
potential to elevate the firing activity of NE neurons.
Repeated administration of risperidone slightly increased
NE neuronal firing activity in one study (Nasif et al. 2000).
However, another study showed that sustained administra-
tion of risperidone did not alter the firing activity of NE
neurons by itself but did so when given in rats pretreated
with a 5-HT synthesis inhibitor (+)p-chlorophenylalanine
(Dremencov et al. 2007).

Paliperidone (9-OH-risperidone) is the major metabolite
of risperidone (Ereshefsky and Lacombe 1993; Riedel et al.
2005). It was recently approved by the US Food and Drug
Administration as a new atypical antipsychotic drug.
Paliperidone and risperidone have similar affinity for 5-
HT;p, 5-HT,p, 5-HT5, D,, and D5 receptors (Leysen et al.
1994; Richelson and Souder 2000; Schotte et al. 1995).
According to one study, paliperidone has a weaker affinity
for 5-HT, 4 and o;/x,-adrenergic receptors than risperidone
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(Richelson and Souder 2000). Other studies demonstrate
that risperidone has similar in vitro binding potential to
these receptors. However, these studies show that the
binding of risperidone in vitro to 5-HT,, and o/x,-
adrenergic receptors is higher than that of paliperidone
(Leysen et al. 1994; Schotte et al. 1995). The aim of the
current study was to compare the effects of risperidone and
paliperidone on 5-HT and NE neuronal firing activity in
vivo to determine whether its quantitatively different in
vitro affinity profile for the three abovementioned receptors
was physiologically significant.

Materials and methods
Animals

The experiments were carried out in male Sprague—Dawley
rats (Charles River, St. Constant, QC) weighing between
300 and 350 g and kept under standard laboratory
conditions (12:12 light—dark cycle with access to food and
water ad libitum). All animal procedures were approved by
the Ottawa Health Research Institute Animal Care Com-
mittee and were carried out in accordance with the guide-
lines of the Canadian Council on Animal Care.

Drugs

Escitalopram (Lundbeck, Copenhagen, DK) was dissolved
in distilled water and administered via osmotic minipumps
(Alza, Palo Alto, CA). The pumps were implanted subcuta-
neously under isoflurane (Abbot, Montreal, QC) anesthesia.
Risperidone and paliperidone (Janssen, Titusville, NJ) were
dissolved in 10% tartaric acid (Sigma, St. Louis, MO) and
then in distilled water (1:100). Desipramine and WAY
100635 (Sigma) were dissolved in distilled water.

Treatments

Escitalopram was administered via osmotic minipumps for
2 and 14 days at a daily dosage of 10 mg kg ' day .
Control animals were implanted with minipumps contain-
ing distilled water. Acute administration of risperidone and
paliperidone were performed using two and five cumulative
intravenous (i.v.) injections of 0.2 mg/kg, respectively.
Repeated administration of risperidone and paliperidone
were performed using subcutaneous injections of 1 mg kg '
day™' for 2 and 14 days, alone or in combination with
escitalopram. The doses of escitalopram and risperidone
were chosen on the basis of previous experiments
(Dremencov et al. 2007).
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Electrophysiological experiments

Rats were anaesthetized with chloral hydrate (Sigma;
400 mg/kg, intraperitoneal) and mounted in a stereotaxic
apparatus (David Kopf Instuments, Tujunga, CA). Supple-
mental doses were given to prevent any nociceptive reaction
to pinching of the hind paw. Body temperature was
maintained at 37°C throughout the experiments utilizing a
thermostat-controlled heating pad. Extracellular unitary
recordings were conducted with single-barreled glass elec-
trodes filled with a 2-M NaCl solution. Their impedance
range was between 4 and 6 M(). Serotonin neurons were

Fig. 1 a Representative single-
unit recordings from the dorsal a

recorded with micropipettes lowered at 1.0 to 1.5 mm
anterior to the interaural line. Spontaneously active 5-HT
neurons of the DRN were identified using the following
criteria: regular firing rate (0.5-2.5 Hz) and positive action
potential of long duration. NE neurons of the LC were
recorded with micropipettes lowered at 0.8 to 1.1 mm
posterior to the interaural and 0.5 to 0.7 mm lateral to the
midline. Spontaneously active NE neurons were identified
using the following criteria: regular firing rate (0.5-5.0 Hz)
and positive action potential of long duration (0.8—1.2 ms)
exhibiting a characteristic burst discharge in response to
nociceptive pinch of the contralateral hind paw. First locating
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the mesencephalic fifth motor nucleus neurons, which
respond to lower jaw depression, and then moving the
electrode medially to record LC NE neurons provided
additional indication for the validity of the site of recordings.
Both NE and 5-HT neurons were recorded for at least 1 min
after stabilization to establish their basal firing rate.

Characterization of pharmacological basis for the effect
of risperidone on the firing activity of 5-HT neurons

Rats were anesthetized, mounted in a stereotaxic apparatus,
and a gauge-26 catheter was inserted in a lateral tail vein.
The electrodes were lowered into the DRN. After a 5-HT
neuron was identified and its firing activity was deemed
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Fig. 2 Effect of acute consecutive administrations of risperidone,
WAY 100635, and desipramine on the firing activity of serotonin
neurons. a The animals were consecutively administered (i.v.) atypical
antipsychotics risperidone (two doses of 0.2 mg/kg each), selective
5-HT; 4 receptor antagonist WAY 100635 (four doses of 0.05 mg/kg
each), and norepinephrine reuptake inhibitor desipramine (5 mg/kg).
b Other animals were consecutively administered risperidone (two
doses of 0.2 mg/kg each), desipramine (5 mg/kg), and WAY 100635
(0.05 mg/kg). Significant effect of the time was observed (F[df 7, 28]=
6.24, p<0.05 and Fldf 4, 16]=9.71, p<0.01, respectively). Asterisk,
p<0.05, in comparison with baseline or with 0.2 mg/kg of risperidone;
Number sign, p<0.05, in comparison with 0.4 mg/kg of risperidone
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stable, it was recorded for at least 1 min. Risperidone was
given intravenously at the dose of 0.2 mg/kg dissolved in
approximately 0.1 ml of saline. When the firing rate of the
neuron reached a plateau after this injection, it was recorded
for at least 1 min. An additional dose of risperidone
(0.2 mg/kg) was subsequently injected. The NE reuptake
inhibitor desipramine (5 mg/kg, i.v.) or the selective 5-
HT; o receptor antagonist WAY 100635 (0.05, 0.10, 0.15,
and 0.20 mg/kg, i.v.) were then given in an attempt to
reverse risperidone-induced inhibition of the firing activity
of the neuron. In the animals that received desipramine,
WAY 100635 (0.05 mg/kg, i.v.) was injected after the
desipramine administration, and in the animals adminis-
tered WAY 100635, desipramine (5 mg/kg) was given after
WAY 100635 administration.

Analysis of burst firing

The firing patterns of NE neurons were analyzed by
interspike interval burst analysis, using the Spike 2 program
(Cambridge Electronic Design, Cambridge, UK). The onset
of a burst was defined as the concurrence of two spikes
with interspike interval shorter than 0.08 s. The termination
of burst was defined as an interspike interval of 0.16 s or
longer (Dawe et al. 2001).

Statistical analysis

All results were expressed as means (=SEM) of single
neuron values. Statistical comparisons of the differences in
neuronal firing resulted from the 2 or 14-day administration
of escitalopram, risperidone, or paliperidone were carried
out using two-way analysis of variance (ANOVA). Statis-
tical comparisons of the differences in 5-HT neuronal firing
resulted from the acute consecutive i.v. administration of
risperidone, desipramine, and WAY 100635 were carried
out using the ANOVA for repeated measurements. Statis-
tically significant differences were determined using the
p<0.05 criterion.

Results

Effects of acute administrations of risperidone
and paliperidone on 5-HT neuronal firing activity

The firing rate of 5-HT neurons in control rats was 0.92+
0.10 Hz (n=4 rats). The rate and the pattern of the firing
were typical for 5-HT neurons, as previously described
(Aghajanian and Vandermaelen 1982; Hajos et al. 1995).
The acute (i.v.) administration of risperidone of 0.2 and
0.4 mg/kg of risperidone dose-dependently decreased the
firing activity of 5-HT neurons (Figs. 1 and 2), as expected
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consecutively given five i.v. injections of paliperidone of 0.2 mg/kg
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(Hertel et al. 1997b). Paliperidone, however, failed to
inhibit 5-HT neurons at the cumulative dose of 0.4 mg/kg
nor at higher doses (Fig. 3). The subsequent administration
of 0.10, 0.15, and 0.20 mg/kg of the 5-HT;, receptor
antagonist WAY 100635 partially and dose-dependently
antagonized the risperidone-induced inhibition of 5-HT
neurons (Figs. 1a and 2a). However, the complete reversal

Fig. 4 Representative electrode .
descents from the dorsal a Vehicle X 14 days

raphe nucleus showing the 30 6.50

of risperidone-induced inhibition of 5-HT neurons was
observed only when the NE reuptake inhibitor desipramine
(5 mg/kg) was subsequently given (n=5 rats). When
desipramine (5 mg/kg) was first given after risperidone
(Figs. 1b and 2b), it partially antagonized risperidone-
induced inhibition of the 5-HT neuronal firing rate. The
dose of 0.05 mg/kg of WAY 100635, given subsequently to
desipramine, completely reversed risperidone-induced inhi-
bition of the 5-HT neuronal firing rate (n=5 rats).

Effect of repeated administration of risperidone
and paliperidone on 5-HT neuronal firing activity
in vehicle- and escitalopram-treated rats

A 2-day regimen of 10 mg kg ' day ' of escitalopram (n=5
rats), 1 mg kg ' day ! of risperidone (n=>5 rats), and their
combination (n=4 rats) significantly decreased the firing
rate of 5-HT neurons (Fig. 5). The 2-day regimen of 1 mg
kg ' day ' of paliperidone did not alter the firing activity of
5-HT neurons in vehicle- or escitalopram-administered rats
(n=5 rats in each group). The firing rate of 5-HT neurons
was normalized after 14 days of escitalopram administra-
tion (n=5 rats), as expected (El Mansari et al. 2005).
However, the 14-day administration of risperidone signif-
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icantly decreased the firing rate of 5-HT neurons (n=5 rats),
as well as its 2-day regimen. Moreover, risperidone
coadministered with escitalopram for 14 days prevented
the normalization of the 5-HT neuronal firing rate (n=>5
rats). In contrast, the 14-day regimen of paliperidone did
not alter the firing rate of 5-HT neurons, neither by itself
nor in combination with escitalopram (Figs. 4 and 5, n=5
rats in each group).

Effect of paliperidone on NE neuronal firing activity
in vehicle- and escitalopram-treated rats

The firing rate of NE neurons in control rats was 1.48+
0.23 Hz (n=4 rats). The rate and the pattern of the firing
were typical for NE neurons, as previously described
(Aghajanian and Vandermaelen 1982; Dremencov et al.

Fig. 5 Effect of the risperidone

or paliperidone regimen on the
2.0

2007; Seager et al. 2005). A 2-day regimen of 10 mg kg '
day ' of escitalopram significantly (n=5) decreased the
firing rate (Fig. 6a) and the burst activity (Fig. 7a) of NE
neurons. Paliperidone coadministered with escitalopram
restored the suppression of the NE neuronal firing rate
(n=7 rats). However, it did not alter the NE neuronal firing
rate by itself (n=5 rats). Burst activity of NE neurons was
not attenuated by paliperidone when it was given by itself
and in combination with escitalopram. A 14-day regimen of
10 mg kg ! day ' of escitalopram (n=35 rats) significantly
decreased the firing rate (Fig. 6b) and burst activity
(Fig. 7b) of NE neurons. Paliperidone coadministered with
escitalopram restored the suppression of the NE neuronal
firing rate (n=5 rats) and the percentage of neurons
exhibiting burst firing. However, it did not alter the NE
neuronal firing activity by itself (n=6 rats).

5-HT neuronal firing rate in the
rats administered vehicle or
escitalopram. The animals were
implanted with minipumps con-
taining the vehicle (water) or
escitalopram (10 mg/kg/day) for
2 (a) or 14 days (b) and received
no cotreatment (control) or were
coadministered (s.c.) risperidone
or paliperidone (1 mg kg
day ! each). After 2 days, there
was a significant effect of the
treatment (escitalopram or vehi-
cle, Fldf 1, 243]=26.16, p<
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Discussion

The results of the present study showed that subacute
administration of risperidone but not of paliperidone
suppressed the firing activity of 5-HT neurons. The
risperidone-induced inhibition of 5-HT neuronal firing
activity was partially antagonized by the 5-HT) 5 receptor
antagonist WAY 100635 and by the NE reuptake inhibitor
desipramine. A complete reversal was observed only
when both drugs were given. Paliperidone did not alter
5-HT or NE neuronal firing by itself but prevented the
escitalopram-induced suppression of firing of NE neurons
when the two drugs were coadministered for 2 or 14 days.
This ability of paliperidone to reverse the escitalopram-
induced suppression of NE neuronal firing is similar to
that of risperidone (Dremencov et al. 2007). However,
unlike risperidone, paliperidone given for 2 days did not
elevate the firing activity of NE neurons in escitalopram-

Fig. 6 Effect of the paliperi-
done regimen on the NE neuro-

administered rats above the value observed in control
animals, and it did not reverse the escitalopram-induced
suppression of burst firing of NE neurons after 2 days of
coadministration with escitalopram.

The acute administration of risperidone (Figs. 1 and 2)
but not of paliperidone (Fig. 3) suppressed the firing
activity of 5-HT neurons, as was previously reported
(Hertel et al. 1997b). The risperidone-induced suppression
of the firing rate of 5-HT neurons was previously explained
entirely by the elevation of extracellular 5-HT levels in the
DRN resulting in the activation of 5-HT,;, autoreceptors
(Hertel et al. 1997b). However, the results of the current
study indicated that the selective 5-HT A receptor antago-
nist WAY 100635, given also at 0.1 mg/kg, did not entirely
reverse the risperidone-induced inhibition of 5-HT neuronal
firing activity, although the same dose completely reversed
the escitalopram-induced inhibition of the 5-HT neuronal
firing activity (El Mansari et al. 2005). Only the higher
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3 Vehicle X 2 days
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Fig. 7 Effect of the paliperidone regimen on the burst activity of
norepinephrine neurons in the rats administered vehicle or escitalo-
pram. The animals were implanted with minipumps containing vehicle
(water) or escitalopram (10 mg kgf' dayf') for 2 (a) or 14 days (b)
and received no cotreatment (control) or were coadministered (s.c.)
paliperidone (1 mg kg™ ' day ") for 2 days. After 2 days, there was a
significant effect of the treatment (escitalopram or vehicle) on the
burst occurrence (F[df 1, 122]=9.52, p<0.005), on the percent of
spikes occurring in bursts (F[df 1, 122]=14.67, p<0.001) and on the
percent of neurons exhibits burst firing (F[df 1, 25]=6.62, p<0.05).
After 14 days, there was a significant effect of the treatment on the
percent of spikes occurring in bursts (F[df 1, 165]=6.62, p<0.05) and
on the percent of neurons exhibits burst firing (F[df 1, 23]=4.84, p<
0.05) and a significant effect of cotreatment (paliperidone or no
cotreatment) on the percent of neurons exhibiting burst firing (F[df 1,
23]1=4.62, p<0.05). Triple asterisk, p<0.001, double asterisk, p<0.01,
and asterisk, p<0.05, in comparison with control animals; number
sign, p<0.05, in comparison with animals administered escitalopram
alone

cumulative doses of WAY 100635 (0.15 and 0.20 mg/kg)
partially reversed the firing activity of 5-HT neurons. Thus,
other receptor(s), such as «;-adrenoceptors, may be
involved in risperidone-induced suppression of the 5-HT
neuronal firing rate.

@ Springer

It was observed in the current study that the NE reuptake
inhibitor desipramine partially antagonized risperidone-
induced inhibition of the 5-HT neuronal firing activity
and completely reversed it when it was injected after WAY
100635 administration. Desipramine was previously
reported to reverse the o-adrenoceptor antagonist prazo-
sin-mediated inhibition of the 5-HT neuronal firing activity
(Gartside et al. 1997). Furthermore, desipramine reversed
the inhibitory effect of olanzapine and clozapine, whereas
only WAY 100635 reversed the inhibitory effect of atypical
antipsychotics ziprasidone and aripiprazole (Sprouse et al.
1999; Stark et al. 2007). It can therefore be concluded that
risperidone inhibits the firing activity of 5-HT neurons via
both the activation of 5-HT,, autoreceptors and blockage
of «;-adrenoceptors, olanzapine and clozapine via the
antagonism of o -adrenoceptors and aripiprazole and
ziprasidone via the activation of 5-HT;, autoreceptors.
Paliperidone is thus unique among atypical antipsychotic
drugs because it does not inhibit the firing of 5-HT neurons
(Figs. 3, 4, and 5).

The firing rate of 5-HT neurons, suppressed by escita-
lopram after 2 days of administration, recovered to the
levels of control animals after the 14-day regimen (Fig. 5a),
as expected (El Mansari et al. 2005). This normalization of
the 5-HT neuronal firing rate after long-term SSRI
administration was first explained by the desensitization
of the cell body 5-HT autoreceptors (Blier and de Montigny
1983). The 14-day regimen of risperidone significantly
suppressed the firing activity of 5S-HT neurons similar to the
2-day regimen. Moreover, the 14-day risperidone coadmin-
istration with escitalopram prevented the restoration of the
5-HT neuronal firing rate (Fig. 5). Thus, risperidone
possibly prevents the desensitization of 5-HT;, autorecep-
tors or «;-adrenergic heteroreceptors in the rat DRN.
Further studies should be performed to clarify the mecha-
nism of the long-term effect of risperidone on 5-HT and NE
receptors in the rat brain.

The current study showed (Fig. 5) that risperidone
coadministered with escitalopram for 14 days prevented
the recovery of the 5-HT neuronal firing activity observed
when escitalopram was given alone for a same time course
(El Mansari et al. 2005). Paradoxically, risperidone added
to the SSRI regimen increases their clinical efficiency
(Rapaport et al. 2006; Shelton and Stahl 2004). It might
therefore be suggested that risperidone coadministered with
SSRIs increases 5-HT neurotransmission independently of
the firing of 5-HT neurons. Indeed, risperidone elevates
5-HT levels in the prefrontal cortex via the 5-HT;p
receptor-mediated pathway (Hertel et al. 1999).

Paliperidone given alone did not change the firing
activity of NE neurons after the 2- or 14-day regimens
(Fig. 6). Nevertheless, it reversed the escitalopram-induced
suppression of the NE neuronal firing activity, as it was
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reported for risperidone (Dremencov et al. 2007). However,
differently from risperidone, paliperidone did not elevate
the firing rate of NE neurons in the LC of escitalopram-
administered rats above the value observed in control
animals after 2 days of coadministration, as well as not
reversing the escitalopram-induced suppression of burst
firing of NE neurons (Fig. 7). The ability of risperidone to
reverse escitalopram-induced inhibition of burst firing of
NE neurons and to elevate the firing rate of NE neurons in
the LC of escitalopram-administered animals might be
mediated via its 5-HT, and «,-adrenoceptor antagonistic
properties, respectively (Dremencov et al. 2007). Thus, the
difference between risperidone and paliperidone in their
effect on the NE neuronal firing activity in vivo may
be explained by the weaker binding of paliperidone for
5-HT,5 and o,-adrenergic receptors observed in vitro
(Leysen et al. 1994; Schotte et al. 1995).

Because paliperidone is a major metabolite of risper-
idone (Ereshefsky and Lacombe 1993; Riedel et al. 2005),
animals receiving risperidone are also exposed to paliper-
idone. However, most of risperidone is metabolized to
paliperidone. Nevertheless, a small plasma concentration of
risperidone was enough to attenuate the firing of 5-HT
neurons.

In summary, paliperidone and risperidone differentially
affect the neuronal firing activity of 5-HT and NE neurons
in vivo. The capacity of paliperidone to reverse the SSRI-
induced inhibition of the NE neuronal firing rate, without
the decreasing of the 5-HT neuronal activity like risper-
idone, suggests that paliperidone may be a very effective
adjunct in SSRI-resistant depression.
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