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Effects of the Selective Norepinephrine
Reuptake Inhibitor Reboxetine on
Norepinephrine and Serotonin Transmission in

the Rat Hippocampus

Steven T. Szabo, B.Sc., and Pierre Blier, M.D., Ph.D.

Given that norepinephrine (NE) and serotonin (5-HT)
neurons are implicated in the mechanisms of action of
antidepressant drugs and both project to the hippocampus,
the impact of acute and long-term administration of the
selective NE inhibitor reboxetine was assessed on CA;
pyramidal neuron firing in this postsynaptic structure.
Cumulative injections of reboxetine (1-4 mg/kg, i.v.) dose-
dependently increased the recovery time of the firing of these
neurons following iontophoretic applications of NE, but not
5-HT. In rats treated with reboxetine for 2.5 mg/kg/day for
21 days, a robust increase in the recovery time following NE
applications was observed, and a small but significant
prolongation occurred following 5-HT applications. In
controls and reboxetine-treated rats, 1 and 5 Hz
stimulations of the afferent 5-HT bundle to the
hippocampus, which allows determination of terminal
5-HTp autoreceptor sensitivity, produced similar

frequency-dependent decreases in pyramidal neuron firing
in both groups. However, after low and high doses of
clonidine (10 and 400 ug/kg, i.v.), which assesses ot-
adrenergic auto- and heteroreceptor sensitivity, respectively,
only the effect of the high dose of clonidine was attenuated.
Interestingly, administration of the selective 5-HT 4
receptor antagonist WAY 100,635 induced a 140% increase
in basal pyramidal neuron firing in reboxetine as compared
to saline-treated rats. This increase in tonic activation of
postsynaptic 5-HT 4 receptors might be attributable in part
to a desensitization of a,-adrenergic heteroreceptors,
presumably resulting from sustained NE reuptake
inhibition. These results indicate that even a selective NE
reuptake inhibitor can modulate 5-HT transmission.
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The major classes of antidepressant drugs, including
the tricyclic antidepressants (TCAs), monoamine oxi-
dase inhibitors (MAOQOIs), and selective serotonin re-
uptake inhibitors (SSRIs), modify serotonin (5-HT) and /or
norepinephrine (NE) neurotransmission through which
they likely exert their therapeutic effects in anxiety and
affective disorders (see Blier and de Montigny 1999). It
has been postulated that antidepressant drugs selective
for either the 5-HT or NE system act via independent
mechanisms. Furthermore, these “selective” drugs dis-
play side effect profiles indicative of their neurotrans-
mitter specificity. This, however, does not preclude that
antidepressant agents specific for one monoaminergic
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transporter, or receptor subtype, may exert their thera-
peutic action through interactions between the 5-HT
and NE systems. For example, SSRIs induce a gradual
decrease in the spontaneous firing activity of NE neu-
rons after long-term administration (Szabo et al. 1999,
2000), via a complex neuronal circuitry (Szabo and Blier
2000a), which may contribute to their beneficial and/or
side effects depending on the symptomatic profile of
the patients (Blier 2000). On the other hand, the selec-
tive NE reuptake inhibitor desipramine increases the
synaptic availability of NE but also alters 5-HT parame-
ters after long-term administration, such as enhancing
extracellular 5-HT concentrations and the responsive-
ness of 5-HT receptors in postsynaptic structures (de
Montigny and Aghajanian 1978; Wang and Aghajanian
1980; Menkes and Aghajanian 1981; Yoshioka et al.
1995). This enhanced synaptic availability of 5-HT may
be due to a decreased sensitivity of a,-adrenergic heter-
oreceptors located on 5-HT terminals that normally in-
duce a negative feedback regulation on 5-HT release
(Mongeau et al. 1993; Yoshioka et al. 1995). Interest-
ingly, all TCA drugs, independent of their capacity to
inhibit the reuptake of 5-HT and/or NE, progressively
enhance the responsiveness of postsynaptic 5-HT, re-
ceptors with a time-course congruent to the delayed on-
set of action of these drugs in major depression (de
Montigny and Aghajanian 1978; Heninger et al. 1984;
Chaput et al. 1991). Due to the lack of effective antide-
pressant drugs selective for the NE transporter not be-
longing to the TCA family, it has been difficult to assess
whether the effects of desipramine on 5-HT transmis-
sion is attributable to its TCA moiety (because at least
one of these drugs does not block NE reuptake) or to
NE blockade per se.

Reboxetine is not a TCA and it is a selective NE re-
uptake inhibitor. It is currently the only antidepressant
agent of its kind in clinical use in Europe. Given that
NE and 5-HT monoaminergic brainstem nuclei project
to the hippocampus, the impact of acute and long-term
administration of reboxetine was assessed on CA; py-
ramidal neuron firing in this brain region generally
thought to be implicated in at least some aspects of de-
pression. It is not currently known whether atrophy in
the hippocampus represents a depressive state or trait
(Sheline et al. 1999; Bremner et al. 2000), however anti-
depressant treatments have been shown to induce
adaptive changes in this structure (see Malberg et al.
2000 for review). The effect of reboxetine on NE trans-
mission in this manuscript was not directly assessed as
Sacchetti et al. (1999) already concluded that acute and
sustained treatment with reboxetine leads to similar in-
creases in extracellular levels of NE without producing
any adaptive changes in ay-autoreceptor sensitivity in
the hippocampus. However, given the importance of
receptors on 5-HT terminals in the hippocampus, which
become altered after long-term antidepressant treat-
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ment, a-adrenergic heteroreceptor and 5-HT,5 autore-
ceptor function was assessed using electrical stimula-
tion of the afferent 5-HT bundle to this postsynaptic
structure.

MATERIALS AND METHODS
Animals and Treatments

The experiments were carried out in male Sprague
Dawley rats (Charles River, St. Constant, Québec, Can-
ada) weighing 300-325 g and were kept under standard
laboratory conditions (12:12 light-dark cycle with ac-
cess to food and water ad libitum, at a room temperature
of 21 = 2°C). Rats were anesthetized with chloral hy-
drate (400 mg/kg, i.p.) and mounted in a stereotaxic ap-
paratus (David Kopf Instruments). Supplemental doses
(100 mg/kg, i.p.) 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 thermistor-controlled heating pad (Seabrook
Medical Instruments, Inc.). Prior to electrophysiological
recording, a catheter was inserted in a lateral tail vein
for systemic iv. injection of drugs. All experiments
were performed in compliance with NIH guidelines
and the Canadian Council on Animal Care.

In sustained treatment regimens, rats were anesthe-
tized with halothane containing a 2:1 O,/N,O mixture
for subcutaneous implantation of osmotic Alzet 2ML4
minipumps (ALZA, Palo Alto, CA). The rats were tested
with the minipumps in place in order to mimic the clini-
cal condition whereby patients present an antidepres-
sant response while taking their medication. Rats were
treated with reboxetine (2.5 mg/kg/day) or the saline
vehicle for 21 days delivered by osmotic minipumps.
This dose was chosen because it produced a similar de-
gree of attenuation of LC neuronal firing after a two-day
treatment to that obtained with regimens of de-
sipramine and MAQOIs examined in long-term studies
(Szabo and Blier 2001; Blier and de Montigny 1985).

Recording from Dorsal Hippocampus CA;
Pyramidal Neurons

Extracellular unitary recordings and microiontophore-
sis of drugs onto pyramidal neurons in the CA; region
of the dorsal hippocampus were conducted with five-
barreled micropipettes, pulled conventionally with the
tips broken to a diameter of 9 to 12 pm under a micro-
scopic control. The central barrel, used for recording,
was filled with a 2 M NaCl solution. The side barrels
contained the following solutions: 5-HT creatinine sul-
fate (5 mM in 200 mM NaCl, pH 4), NE bitartrate (20
mM in 200 mM NaCl, pH 4), quisqualate (1.5 mM in 200
mM NaCl, pH8), and a 2 M NaCl solution used for au-
tomatic current balancing. All drug solutions were in-
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jected as cations and retained with a —10nA current be-
tween injections. Pyramidal neurons were identified by
their large amplitude (0.5 mV to 1.2 mV) and long-
duration (0.8 msec to 1.2 msec) simple spike alternating
with complex spike discharges (Kandel and Spencer
1961). These characteristics readily allow the on-line
differentiation of pyramidal neurons from interneu-
rons. Since most hippocampus pyramidal neurons are
not spontaneously active under chloral hydrate anes-
thesia, small ejection currents of quisqualate (0 to 5 nA)
were used to activate them within their physiological
firing rate 8-15 Hz; (Ranck 1975). Furthermore, the level
of cellular activation of the pyramidal neurons does not
alter the estimates of neuronal responsiveness (Brunel
and de Montigny 1987). To evaluate the effectiveness of
reboxetine on the blockade of NE and 5-HT transporter
reuptake, the recovery of the firing activity of pyrami-
dal neurons following the microiontophoretic applica-
tion of NE and 5-HT was assessed using the recovery
time 50 (RTs,) value. The RTjs, value is defined as the
time in seconds required by the neurons to recover 50%
of the initial firing frequency from termination of mi-
croiontophoretic application (de Montigny et al. 1980).
The RTj5, value has also been shown to be a reproduc-
ible measure and a reliable index of the in vivo activity
of the 5-HT and NE reuptake process which is indepen-
dent from postsynaptic neuronal responsiveness (de
Montigny et al. 1980; Pifieyro et al. 1994). The neuronal
responsiveness to microiontophoretic applications of
NE and 5-HT was assessed and expressed as the num-
ber of spikes suppressed. This approach avoids an in-
terference of the recovery of firing which is largely de-
pendent on the activity of the reuptake transporters
(Chaput et al. 1986). The sensitivity of neurons to NE or
5-HT was evaluated by counting the number of spikes
suppressed during drug ejections.

Simulation of the 5-HT pathway

To activate the 5-HT projections originating from the
dorsal and median raphe to the dorsal hippocampus
(Hensler et al. 1994), a bipolar electrode (NE-100; David
Kopf, Tujunga, CA) was implanted on the midline with
a 10° backward angle in the ventromedial tegmentum, 1
mm anterior to lambda, and 8.3 mm below the cortical
surface. A stimulator (58800; Grass Instrument, Quincy,
Mass; USA) delivered 200 square pulses of 0.5 ms at a
frequency of 1 or 5 Hz at an intensity of 300 pA. The du-
ration of suppression of pyramidal neurons firing
activity produced by stimulation was measured on-line
using an oscilloscope with memory (1201B; Hewlett
Packard; Palo Alto, CA). The effect of the electrical
stimulation of the ascending 5-HT pathway is due to
the release of 5-HT into the synaptic cleft (Blier and de
Montigny 1983, 1985; Chaput et al. 1986). In order to de-
termine the function of the terminal 5-HT autorecep-
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tors, two series of stimulations (1 and 5 Hz) were car-
ried out, while recording the same neurons. Since it has
been previously demonstrated that the activation of the
terminal 5-HT autoreceptors decreases the release of
5-HT, thus increasing the frequency of stimulation from
1 to 5 Hz results in a greater activation of terminal 5-HT
autoreceptors (Blier et al. 1989; Gothert and Huth 1980).
Also, the effect of 1 Hz stimulations was determined
while recording from the same neurons before and after
the successive intravenous injection of a low dose (10
pg/kg) and high dose (400 pwg/kg) of clonidine. The ef-
fects of the electrical stimulation on CA; pyramidal
neuron firing rate following low and high doses of
clonidine allows for the assessment of the sensitivity of
a,-adrenergic auto- and heteroreceptors, respectively
(Mongeau et al. 1994a). This is supported by previous
experiments showing that in rats pretreated with the
NE neurotoxin 6-hydroxydopamine, the inhibitory ef-
fects of the high dose of clonidine was abolished, but
the enhancing action of the low dose did not change
(Mongeau et al. 1993). Furthermore, prolonged treat-
ment with the monoamine oxidase inhibitor be-
floxatone selectively attenuates the effect of the high
dose of clonidine in intact rats but not in NE-lesion rats
(Mongeau et al. 1994a).

Tonic Activation of 5-HT;, Receptors on Dorsal
Hippocampus CA; Pyramidal Neurons

The selective 5-HT; 5 receptor antagonist WAY 100,635
(Fletcher et al. 1996) was used to assess the degree of
5-HT 4 receptor-mediated inhibition of CA; pyramidal
neurons induced by the sustained administration of re-
boxetine for 21 days. The degree to which the antago-
nists could disinhibit the firing of hippocampal neurons
has been determined to be a measure of the tonic activa-
tion of postsynaptic 5-HT;, receptors (Haddjeri et al.
1998). In reboxetine-treated rats, if an increase in extra-
cellular levels of 5-HT in the raphe region were present,
WAY 100,635 would restore 5-HT neuron firing activity.
However, this is probably not the case as it was previ-
ously documented that the firing activity of dorsal raphe
5-HT neurons, and the responsiveness of 5-HT 4 autore-
ceptors controlling these neurons, is not altered after a
prolonged reboxetine administration (Szabo and Blier
2001). Nevertheless, because WAY 100,635 was given
systemically, it would simultaneously be blocking the
effects of 5-HT on postsynaptic neurons, thereby can-
celing out the effect of WAY 100,635 on the somaton-
dendritic autoreceptors. Indeed, if the action of the an-
tagonist at the somatodendritic 5-HT;, autoreceptors
were influencing the activity of hippocampus neurons,
it would serve to further inhibit their firing rate due to
an increased release of 5-HT into the target area. There-
fore, it was assumed that any increases in firing ob-
served during the administration of WAY 100,635
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would be a reflection of the action of the antagonist at
postsynaptic 5-HT;, receptors. Thus, given that WAY
100,635 antagonizes the action of exogenous 5-HT at
postsynaptic 5-HT,; 5 receptors, CA; pyramidal neuron
activity would be a direct measure of the tonic level of
activation of these receptors by extracellular 5-HT. Prior to
the intravenous administration of four successive 25-ug/
kg doses of WAY 100,635, the firing activity of the
quisqualate-activated CA; pyramidal neurons was de-
creased to about 5 Hz in order to more readily allow the
detection of enhancements in firing following adminis-
tration of the antagonist in control and treated rats. Af-
ter a steady baseline firing activity was established, an
injection of saline always preceded the WAY 100,635 in-
jections.

Drugs

The following drugs were used: reboxetine (Pharmacia
& UpJohn, Kalamazoo, MI, USA); clonidine and WAY
100,635 (RBI, Natick, MA, U. S. A.); 5-HT creatinine sul-
fate, NE bitartrate, and quisqualate were purchased
from Sigma Chemical (St. Louis, MO, USA). The con-
centrations and the doses used for these compounds
were chosen on the basis of previous successful experi-
ments carried out in our laboratory and others. Drugs
administered i.v. were all dissolved in distilled water
and injected in a volume of less than 0.2 ml.

Statistical Analysis

Results were expressed as means * SEM. The n refers
to the number of neurons tested in the figures, how-
ever, in the results section n corresponds to the number
of rats tested. The statistical significant difference be-
tween the means of iontophoretic application of NE and
5-HT on CA; pyramidal neurons firing activity to intra-
venous reboxetine injections and long-term reboxetine
administration of RTy, values as well as the number of
spikes suppressed was assessed with 2-way analysis of
variance (ANOVA). The difference between the effects
of 1 and 5 Hz stimulation frequencies of the 5-HT path-
way on the duration of suppression of firing of CA; py-
ramidal neurons was assessed with the paired Stu-
dent’s t-test. Possible differences in the magnitude of
the effects of 1 Hz electrical stimulation frequencies of
the 5-HT pathway to intravenous clonidine injections in
control and 21-day reboxetine-treated rats were as-
sessed via 1-way ANOVA. Lastly, the effects of cumula-
tive injections of reboxetine in control rats, and incre-
mental doses of WAY 100,635 injections on the firing
activity of CA; pyramidal neurons in control and 21-
day reboxetine-treated rats were assessed using the 1-
way repeated measures ANOVA. Post-hoc pairwise
multiple comparison procedures were performed with
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the Tukey test and the Student-Newman-Keuls method
for 1-way and 2-way ANOVAs, respectively.

RESULTS

Effects of Acute Reboxetine Injections on the
Response of CA; Pyramidal Neurons to
Microiontophoretic Applications of NE and 5-HT

The average number of spikes suppressed from base-
line firing activity of hippocampus neurons during mi-
croiontophoretic applications of NE and 5-HT provides
a reliable index of the sensitivity of postsynaptic a,-adr-
energic and 5-HT,, receptors, respectively (Curet and
de Montigny 1988a; Rueter et al. 1998). These values
generated from microiontophoretic applications of NE
and 5-HT on the firing activity of CA; pyramidal neu-
rons was significant (F,1» = 15.4 and F, 5,y = 11.3, re-
spectively; p < .001 for both monoamines) and current-
dependent (p < .05 for both monoamines), meaning
that increasing ejection currents enhanced the number
of spikes suppressed following NE and 5-HT ejections
from the micropipette, examples of which are provided
in Figure 1. The recovery time necessary for pyramidal
neurons to regain 50% of their firing rate (RTs, value)
after microiontophoretic ejections of NE and 5-HT pro-
vides an index of the function of the reuptake transport-
ers for these monoamines (de Montigny et al. 1980;
Pifieyro et al. 1994). The RT5, values generated from mi-
croiontophoretic applications of NE and 5-HT on the
firing activity of CA; pyramidal neurons were signifi-
cantly prolonged (F,» = 35.0 and F, 155 = 27.1, respec-
tively; p < .001 for both monoamines) and also current-
dependent (p < .05 for both monoamines), examples of
which are also provided in Figure 1.

Cumulative doses of 1, 2 and 4 mg/kg of reboxetine
were 1.v. injected in succession and reduced the firing
activity of CA; pyramidal neurons to 15%, 13%, and
23%, respectively, but did not significantly differ from
baseline or each other (F;;, = 1.6, p = .248; n = 4 rats),
similar to desipramine (Curet et al. 1992). Reboxetine
injections did not significantly influence the number of
spikes suppressed by microiontophoretic applications
of NE (F315; = 0.1, p = 1.0) and 5-HT (F; 59 = 0.3, p =
.8). There was no statistically significant interaction be-
tween the different doses of reboxetine injected and
current of NE and 5-HT ejected on the number of spikes
suppressed (Fg113 = 0.1, p = .990 and Fg 6 = 04, p =
.87, respectively). In contrast, 1, 2, and 4 mg/kg injec-
tions of reboxetine prolonged the RT5, values across all
of the currents employed on CA; pyramidal neurons
firing for NE current ejections as compared to controls
(F3120 = 58.4, p < .001; Figure 2), but not to that of 5-HT
(F3119 1.7, p = .176; Figure 2). The effect of reboxetine on
this parameter of NE was dose dependent and reached
a plateau at the cumulative dose of 2 mg/kg (p < .05;
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Integrated firing rate histograms illustrating the response of a CA; pyramidal neuron to microiontophoretic

application of NE and 5-HT in a control rat before and after a reboxetine injection. The three circles at the bottom of the
upper histogram indicate that it continues below. This neuron was activated with a quisqualate ejection current of —3 nA.
Note that when compared to microiontophoretic drug application before reboxetine injection, the durations of CA; pyrami-
dal neuron suppression with applications of NE are markedly increased and those for 5-HT are unchanged.

Figure 3). Importantly, the lack of effect observed for
5-HT across reboxetine injections was unrelated to the
current used (Fg 114 = 0.2, p = .97).

Effect of 21-day Reboxetine Administration on the
Response of CA; Pyramidal Neurons to
Microiontophoretic Applications of NE and 5-HT

In reboxetine-treated rats, a significant number of
spikes were suppressed for microiontophoretic applica-
tion of NE and 5-HT (F, 43 = 22.8 and F, ;o9 = 9.1, respec-
tively; p < .001 for both monoamines) on CA; pyrami-
dal neurons. The effect of NE and 5-HT ejections on the
number of spikes suppressed was current-dependent
(p < .05 for both monoamines); however, it did not dif-
fer among controls and treated rats (F;q9 = 3.2, p = .08
and F; ;0 = 04, p = .55, respectively; Figure 4). This
lack of difference observed in reboxetine-treated rats as
compared to controls on the number of spikes sup-
pressed from NE and 5-HT current ejections were not
due to the effects of reboxetine treatment (F,93 = 0.5, p =
95 and F, 199 = 0.9 p = 41, respectively). Similarly, the
RTj5, value for NE and 5-HT applications on CA; neu-

rons in reboxetine-treated rats also increased in a cur-
rent-dependent manner (p < 0.05 for both monoamines;
Figure 5, Panel A and Panel B, respectively). In contrast
to the number of spikes suppressed obtained for 5-HT
ejections, where no difference was detected regardless
of drug treatment, an enhancement resulted in the RTj5,
values to microiontophoretic applications of NE and
5-HT in reboxetine-treated rats on the firing activity of
CAj; neurons as compared to controls (F, 5 = 79.7 and
F, 155 = 58.7, respectively, p = .001 for both monoam-
ines). Furthermore, this difference was also present in
the subset of neurons for which all currents were used:
the RT5, values for NE and 5-HT were almost exactly
the same and still significantly different from the con-
trol values (F, 5, = 35.8 and F, 4, = 19.4, respectively, p <
.001). This prolongation of the effect of 5-HT ejections,
as indicated by an enhanced RT5, value on CA; neuron
firing, was much less robust than that observed for NE
(Figure 5, Panels A and B), but was nevertheless statisti-
cally significant (F; 159 = 46.8, p < .001). In addition, this
effect of NE or 5-HT on the RT5; value did not depend
on the current used (Fy;5, = 2.6, p = .79 and F, 15 = 0.5, p
= .59, respectively).
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Figure 2. Histograms representing the recovery times
(RTsp) of dorsal hippocampus CA; pyramidal neurons from
microiontophoretic applications of NE with varying cur-
rents in control rats receiving cumulative i.v. injections of
reboxetine. The number of neurons tested is given at the bot-
tom of each column. ‘p < .001 when comparing microionto-
phoretic NE applications using 2-way ANOVA with
Student-Newman-Keuls method.

Effect of Long-Term Reboxetine Treatment on the
Effectiveness of Electrical Stimulation of the
Afferent 5-HT Fibers to the Hippocampus

The net effect of long-term reboxetine treatment on
5-HT transmission was determined by stimulating the
ascending 5-HT pathway at a frequency (1 Hz) similar
to the spontaneous firing rate of 5-HT neurons (Vander-
maelen and Aghajanian 1983). A brief suppression of
firing of CA; neurons results from electrical stimulation
of the 5-HT pathway due to the release of 5-HT medi-
ated through postsynaptic 5-HT, , receptors (Chaput et
al. 1986; Chaput and de Montigny 1988). The effective-
ness of the electrical stimulation of the ascending 5-HT
fibers at the level of the ventromedial tegmentum on
the firing activity of the postsynaptic hippocampal CA,
pyramidal neurons at a frequency of 1 Hz did not differ
(p = .74) in control and reboxetine-treated rats (Figure
6). To assess the function of the terminal 5-HT; autore-
ceptors which control the amount of 5-HT released for
each electrical impulse reaching 5-HT terminals, the as-
cending 5-HT pathway was subsequently stimulated at
a frequency of 5 Hz while recording the firing activity
of the same hippocampus CA; pyramidal neurons. In
controls and reboxetine-treated rats, increasing the fre-
quency of stimulation from 1 to 5 Hz induced the same
26% reduction of the duration of suppression of firing
(t;; = 11.87 and ty = 13.95, respectively, p < .001 for both
groups; Figure 6). Thus, at a frequency of 5 Hz, the ef-
fectiveness of the electrical stimulations in reboxetine-
treated rats was not different from that of the controls
(p = .42; Figure 6).
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Figure 3. Histograms representing recovery time (RTs,) of
dorsal hippocampus CA; pyramidal neurons from microi-
ontophoretic applications of 5-HT with varying currents in
control rats receiving cumulative injections of reboxetine.
The number of neurons tested is given at the bottom of each
column. Note that reboxetine administration did not alter
the current-dependent increases in the RTs, value as
opposed to that for NE illustrated in Figure 2.

Effects of Long-Term Treatment with Reboxetine on
the Sensitivity of a,-Adrenergic Auto- and
Heteroreceptors

Previous studies have shown that antidepressant treat-
ments which increase the concentration of NE in the
synaptic cleft desensitize the terminal a,-adrenergic
heteroreceptors located on 5-HT fibers in the dorsal
hippocampus after long-term administration (Mongeau
et al. 1994a,b; Yoshioka et al. 1995), however, leaving
a,-adrenergic autoreceptors normosensitive (Szabo and
Blier 2001; Sacchetti et al. 1999; Mateo et al. 1998; Mon-
geau et al. 1994a; Moret and Briley 1994). In control (n =
9 rats) and 21-day reboxetine (2.5 mg/kg/day; n = 7)
treated rats, 1 Hz electrical stimulations of the ascend-
ing 5-HT pathway on the firing activity of dorsal hip-
pocampus CA; pyramidal neurons produced similar
suppressions of firing which did not statistically differ
when compared to each other (p = .27; Figure 7). In ad-
dition, a low dose of clonidine (10 wg/kg), which ac-
cesses the sensitivity of terminal a,-adrenergic autore-
ceptors, was able to significantly increase the
effectiveness of a 1 Hz stimulation to a similar degree in
control (34%) and reboxetine-treated (30%) rats (p <
.001 for both; Figure 7). In contrast, a high dose of cloni-
dine (400 pg/kg), which assesses the sensitivity of ter-
minal a,-adrenergic heteroreceptors, significantly re-
duced the effectiveness of 1 Hz electrical stimulations
as compared to the stimulations without clonidine
injection in controls (25%), but not in 21-day reboxet-
ine-treated rats (p < .001 and p = .79, respectively;
Figure 7).
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Figure 4. Histograms representing the number of spikes
suppressed of dorsal hippocampus CA; pyramidal neurons
from microiontophoretic applications of NE (Panel A) and
5-HT (Panel B) with varying currents in control and 21-day
reboxetine (2.5 mg/kg/day) treated rats. The number of
neurons tested is given at the bottom of each column. All of
the currents differed from each other on the number of
spikes suppressed (p < .05); however, they did not differ
when compared across treatment groups using the 2-way
ANOVA with Student-Newman-Keuls method.

Effect of Long-Term Treatment with Reboxetine on
the Tonic Activation of 5-HT;, Receptors Using
WAY 100,635

Due to a recent finding that all major classes of antide-
pressants induce a tonic activation of postsynaptic 5-HT 5
receptors in the hippocampus (Haddjeri et al. 1998), the
possibility that reboxetine could also influence this pa-
rameter was examined. Dorsal hippocampus CA; pyra-
midal neurons were activated by applying a small ejec-
tion current of quisqualate in controls and long-term
reboxetine-treated rats (n = 5 rats for both groups); an
example of each is provided in Figure 8. In control rats
receiving saline for 21 days, the i.v. administration of
the selective 5-HT;, receptor antagonist WAY 100,635
(four successive doses of 25 ug/kg) did not modify the
firing activity of dorsal hippocampus CA; pyramidal
neurons (p = .08; Figure 8, Panel A). In contrast to rats
receiving reboxetine for 21 days, i.v. administration of
the second dose and subsequent doses of WAY 100,635
was able to induce a marked enhancement of the firing
activity of CA; pyramidal neurons (p < .001 for all doses
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Figure 5. Histograms representing recovery times (RT5,) of
dorsal hippocampus CA; pyramidal neurons from microi-
ontophoretic applications of NE (Panel A) and 5-HT (Panel
B) with varying currents in control and 21-day reboxetine
(2.5 mg/kg/day) treated rats. The number of neurons tested
is given at the bottom of each column. ‘p < .001 using 2-way
ANOVA with Student-Newman-Keuls method.

except the first; Figure 8, Panel B and Figure 9). The ef-
fect of a final injection of WAY 100,635 (cumulative
dose of 100 wg/kg) increased the firing activity of CA;
pyramidal neurons by 140% above the basal firing rates
(Figure 9).

DISCUSSION

The electrophysiological results presented herein indi-
cate that acute injections of reboxetine prolonged the
duration of NE in the hippocampus via blockade of the
NE transporter, as measured by a greater RT5, value for
NE applications onto CA; pyramidal neurons (Figures
1 and 2). In contrast, reboxetine injections did not alter
this parameter for 5-HT applications on the same neu-
rons, demonstrating that acute injections of reboxetine
do not impact upon the function of the 5-HT trans-
porter in this postsynaptic structure when the effect of
NE is prolonged more than 2-fold (Figures 1 and 3).
This specific effect of reboxetine on the RT5, values to
application of NE and 5-HT on CA; pyramidal neuron
firing is similar to results obtained with the TCA de-
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ascending 5-HT pathway in suppressing the firing activity
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sipramine (Lacroix et al. 1991). These findings are also
consistent with the results of microdialysis studies
showing that acute reboxetine administration (15 mg/
kg, i.p.) produces an increased level of NE in the dialy-
sates in the frontal cortex and dorsal hippocampus
without altering that of 5-HT in the striatum (Sacchetti
et al. 1999). When considered together with biochemical
binding data on the transporter (Wong et al. 2000), such
results confirm that acutely administered reboxetine se-
lectively blocks the NE reuptake transporter in vivo
without altering the function of the 5-HT reuptake
transporter.

The potency of selective NE reuptake inhibitors or
dual NE/5-HT reuptake inhibitors to suppress the fir-
ing activity of LC NE neurons by 50% (EDs, value) cor-
relate well with the dose required to produce a maxi-
mal prolongation of the RTj5, value for NE application
on CA; pyramidal neuron firing. When comparing such
EDs, and RTs, values for reboxetine (Szabo and Blier
2001) to those previously obtained with desipramine
(Béique et al. 1998; Lacroix et al. 1991), a discrepancy
between the potency of these two selective NE reuptake
inhibitors is apparent in the hippocampus as compared
to the LC. The EDs, value to suppress the firing activity
of LC NE neurons for desipramine (0.24 = 0.01 mg/kg;
Béique et al. 1998) is half that reported for reboxetine
(0.48 = 0.01 mg/kg; Szabo and Blier 2001), whereas the
effect of reboxetine to prolong the RTs5, value to NE ap-
plications on CA; pyramidal neuron firing was three
times greater than that of DMLI: it reached a plateau at a
cumulative dose of only 2 mg/kg (Figure 2) while that
of desipramine produced a maximal effect after 6 mg/
kg (Lacroix et al. 1991). In addition, reboxetine and du-
loxetine (a dual NE/5-HT reuptake inhibitor) possess
nearly identical EDs, values on LC firing suppression,
but reboxetine is five times more potent in prolonging
the RTj5, value to applications of NE on CA; pyramidal
neurons as compared to duloxetine (Figure 2; Kasamo
et al. 1996). These results indicate that reboxetine ap-
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Figure 7. Histograms representing the effect of systemic
injections of clonidine on the efficacy of the electrical stimu-
lations of the ascending 5-HT pathway in suppressing the
firing activity of dorsal hippocampus CA; pyramidal neu-
rons in control and reboxetine-treated rats. ‘Corresponds to
an enhancement and * to a decrease as compared to controls
at a p < .001 significance level using a 1-way ANOVA with
Tukey test.

pears to be more potent on the NE reuptake process in
the hippocampus than in the LC. The exact basis for this
difference remains to be elucidated.

The sensitivity of postsynaptic a,-adrenergicic and
5-HT, 4 receptors was not altered in the hippocampus
after long-term reboxetine administration, as indicated
by the number of spikes suppressed from microionto-
phoretic applications of NE and 5-HT on CA; pyrami-
dal neuron firing being similar (Figure 4). In contrast, it
had been reported that 5-HT , receptors become super-
sensitive in postsynaptic structures to prolonged TCA
treatment (de Montigny and Aghajanian 1978; Menkes
et al. 1980; Wang and Aghajanian 1980). Also, TCA
drugs had been shown to alter adrenoceptor function,
particularly to sensitize aj-adrenoceptor in the facial
motor nucleus and the lateral geniculate body and a,-
adrenoceptors in the amygdala after long-term treat-
ment (Wang and Aghajanian 1980; Menkes et al. 1980;
Menkes and Aghajanian 1981; Freedman and Aghajan-
ian 1985). Prior to the advent of reboxetine, the lack of
selective NE reuptake blocking drugs used clinically
without a TCA moiety made it impossible to rule out
structural versus NE components of such drugs in de-
lineating the clinical impact of these properties. The
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Figure 8.

Integrated firing rate histogram of a dorsal hippocampus CA; pyramidal neuron, showing its responsiveness to

microiontophoretic application of 5-HT before and after the intravenous injection of WAY 100,635 (25 ng/kg X 4) in a con-
trol (Panel A) and 21-day reboxetine (2.5 mg/kg/day) treated rat (Panel B). Horizontal bars indicate the duration of the
applications (current given in nA). Note the altered effectiveness of 5-HT to suppress firing activity after administration of
WAY 100,635 (100 pg/kg) in both histograms. Although the RTs, values to NE after WAY 100,635 in 21-day reboxetine rats

are reduced, two other rats had slightly prolonged RTj, values.

present results on reboxetine are thus similar to those
reported by Lacroix et al. (1991), indicating that
postsynaptic a,-adrenoceptors remained normosensi-
tive in the hippocampus after long-term desipramine
(10 mg/kg/day) treatment, but stand in opposition to
an increased 5-HT; , receptors sensitivity (de Montigny
and Aghajanian 1978). In contrast, both reboxetine and
desipramine have been shown to reduce the sensitivity
of 5-HT) , receptors that control the firing activity of rat
LC neurons after long-term treatment (Szabo et al. 2000;
Szabo and Blier 2001). Yet, reboxetine but not de-
sipramine attenuates the 5-HT,,-receptor mediated in-
hibition of LC neurons firing (Szabo and Blier 2001).

These observations therefore clearly highlight that
“similar” receptor subtypes located in various areas
adapt differently to sustained treatment with antide-
pressants. Moreover, these differences among these two
NE reuptake inhibitors may be due to the presence or
absence of a tricyclic structure.

Consistent with the results obtained with acute re-
boxetine injections, rats treated with reboxetine for 21
days also presented an increase in the RT5, value to NE
application (Figure 5, Panel A). However, in contrast to
results obtained with 5-HT in the acute reboxetine ex-
periments, long-term reboxetine treatment also in-
creased the RT5, value for 5-HT (Figure 5, Panel B). This
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Figure 9. Effects of the intravenous injection of WAY
100,635 (25 ng/kg X 4) on the percent increase in the firing
activity of dorsal hippocampus CA; pyramidal neurons in
controls and 21-day reboxetine-treated rats. ‘p < .001 when
compared to controls and each other using 1-way repeated
measures ANOVA and Tukey test.

slight increase in the RT3, value observed with 5-HT af-
ter prolonged administration does not detract from re-
boxetine being an effective NE reuptake blocker after
acute and long-term administration, but it provides evi-
dence that this agent may produce an alteration in 5-HT
transporter activity (Figure 5, Panel B). In this regard,
studies have shown that NE and 5-HT transporters are
both regulated by protein kinase C (Miller and Hoff-
man 1994; Qian et al. 1997; Apparsundaram et al. 1998).
Consequently, this small inhibitory action of reboxetine
on 5-HT reuptake actually may result more from intra-
cellular events than from a direct physical inhibitory in-
teraction of reboxetine with the 5-HT reuptake binding
sites. This alteration in 5-HT reuptake function may be
germane to the observation of a small but significant
NE reuptake inhibition produced after a sustained SSRI
treatment with paroxetine (Owens et al. 2000). The
functional significance of these phenomena, given their
small magnitude, are not known and must be put into
perspective when considering the impact of these selec-
tive agents on antidepressant drug efficacy.

The sensitivity of somatodendritic ay-adrenergic au-
toreceptors which control the firing activity of LC NE
neurons do not desensitize after a 21-day reboxetine ad-
ministration in control rats, therefore explaining their
sustained attenuation of firing activity (Szabo and Blier
2001). Similarly, the terminal a,-adrenergic autorecep-
tors mediating the release of NE in the hippocampus,
remained normosensitive in 21-day reboxetine-treated
rats (Figure 7). These results are fully consistent with
the reports showing that the effect of clonidine on NE
dialysates is unaltered in 14-day reboxetine-treated rats
in the hippocampus, but attenuated in the frontal cortex
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(Invernizzi et al. 2001). However, drugs which increase
the synaptic availability of NE desensitize a,-adrener-
gic heteroreceptors located on 5-HT terminals in the
hippocampus and may account for an increase in syn-
aptic 5-HT availability in the same structure (Mongeau
et al. 1994a; Yoshioka et al. 1995) and other postsynaptic
structures (Blier and Bouchard 1994). It was thus de-
cided to assess whether reboxetine desensitized the ter-
minal a,-adrenergic heteroreceptors located on 5-HT
terminals, as previously reported with desipramine
(Mongeau et al. 1993; Yoshioka et al. 1995). Reboxetine
did desensitize terminal a,-adrenergic heteroreceptors
as determined by the attenuated response to the high
dose of clonidine (400 ng/kg) on hippocampus neurons
(Figure 7, Panel B). This effect is likely mediated by an
increased availability of NE because the MAOI be-
floxatone could no longer desensitize this heterorecep-
tor in NE lesioned rats (Mongeau et al. 1994a).

The amount of 5-HT being released per impulse
reaching 5-HT terminals was not altered in 21-day re-
boxetine as compared to saline-treated rats: there was
no change in the efficacy of 5-HT fiber stimulation on
hippocampus neuron firing as demonstrated in Figure
6. This paradigm assesses terminal 5-HT, autoreceptor
sensitivity located on 5-HT neurons controlling 5-HT
release. A change in sensitivity of this receptor subtype
is usually indicative of antidepressants that potently
block the reuptake of 5-HT (Mongeau et al. 1994a), such
as citalopram (Chaput et al. 1991), fluvoxamine (Dong
et al. 1999), fluoxetine (Blier et al. 1988), paroxetine
(Chaput et al. 1991), and venlafaxine (Béique et al.
2000). Clearly then, reboxetine does not belong to that
category of antidepressant agents.

It is interesting that a drug like reboxetine which in-
creases the synaptic availability of NE can also increase
that of 5-HT in the hippocampus. As compared to con-
trols, the 140% increase in CA; pyramidal neuron firing
in response to i.v. administration of the selective 5-HT 5
receptor antagonist WAY 100,635 (Figure 8, Panel B,
and Figure 9), is well within the range of that produced
with other antidepressant treatments (Béique et al.
2000; Rueter et al. 1998; Haddjeri et al. 1998), with lith-
ium addition (Haddjeri et al. 2000) and even to a greater
extent with the combination of mirtazapine and parox-
etine than either drug alone (Besson et al. 2000). It is in-
teresting to note that the latter strategies are endowed
with a greater antidepressant efficacy (Rouillon and
Gorwood 1998; Debonnel et al. 2000). These observa-
tions therefore provide considerable face validity for
the use of the hippocampus as a brain structure rele-
vant to antidepressant drug action. However, since the
effectiveness of the stimulation of the afferent 5-HT
pathway to the hippocampus is unaltered in 21-day re-
boxetine-treated rats, a small inhibition of 5-HT re-
uptake, combined with decreased ay-adrenergic heter-
oreceptors sensitivity on 5-HT terminals (Figure 7,
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Panel B), may then be postulated to account for the in-
creased tonic activation of 5-HT;, receptors in the hip-
pocampus of these animals.

In conclusion, it has been shown that NE availability
in the hippocampus is enhanced by reboxetine treat-
ment via blockade of the NE transporter (Sacchetti et al.
1999). Since both the acute and long-term administra-
tion of reboxetine produced the same degree of en-
hancement of NE in the extracellular milieu in the same
experiments in the hippocampus, the relationship be-
tween the delayed clinical response to reboxetine with
respect to hippocampal function is not clear. However,
the hippocampus is endowed with excitatory 3-adreno-
ceptors, inhibitory «;-adrenergic and a,-adrenergic re-
ceptors (Curet and de Montigny 1988a,b; Lacroix et al.
1991). Thus, it appears that a delayed desensitization of
B-adrenoceptors, which is common to most antidepres-
sant treatments, including desipramine, also occurs
with reboxetine (Riva et al. 1989; Lacroix et al. 1991).
This would lead to an overall increased inhibitory ac-
tion of the treatment on the firing of pyramidal neurons
mediated by a decreased function of excitatory B-adreno-
ceptors and an increased activation of normosensitive
a-adrenergic and 5-HT;, receptors. The increase in
transmission at 5-HT;, receptors in the hippocampus,
also common to all antidepressant treatments, occurs
for reboxetine, although not via their sensitization as is
the case for TCA drugs, but rather via an increase in
5-HT availability. The latter effect of sustained reboxet-
ine administration on the 5-HT system with respect to
the antidepressant response is currently not known. A
dietary tryptophan depletion in patients responding to
reboxetine treatment for major depression could shed
light on this issue.
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