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Postsynaptic o-2 Adrenergic Receptors are Critical for the
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The antidepressant desipramine inhibits the reuptake of norepinephrine (NE), leading to activation of both pre- and postsynaptic
adrenergic receptors, including a-1, a-2, f-1, and -2 subtypes. However, it is not clear which adrenergic receptors are involved in
mediating its antidepressant effects. Treatment of mice with desipramine (20mg/kg, i.p.) produced an antidepressant-like effect, as
evidenced by decreased immobility in the forced-swim test; this was antagonized by pretreatment with the a-2 adrenergic antagonist
idazoxan (0.1-2.5 mg/kg, i.p.). Similarly, idazoxan, administered peripherally (0.5-2.5mg/kg, i.p.) or centrally (1-10pg, i.c.v.), antagonized
the antidepressant-like effect of desipramine in rats responding under a differential-reinforcement-of-low-rate (DRL) 72-s schedule, ie,
decreased response rate and increased reinforcement rate. By contrast, pretreatment with the f-adrenergic antagonists propranolol and
CGP-12177 or the a-1 adrenergic antagonist prazosin did not alter the antidepressant-like effect of desipramine on DRL behavior. The
lack of involvement of f-adrenergic receptors in mediating the behavioral effects of desipramine was confirmed using knockout lines. In
the forced-swim test, the desipramine-induced decrease in immobility was not altered in mice deficient in -1, -2, or both -1 and -2
adrenergic receptors. In addition, desipramine (3—30 mg/kg) produced an antidepressant-like effect on behavior under a DRL 36-s
schedule in mice deficient in both -1 and f3-2 adrenergic receptors. As antagonism of presynaptic a-2 adrenergic receptors facilitates NE
release, which potentiates the effects of desipramine, the present results suggest that postsynaptic «-2 adrenergic receptors play an

important role in its antidepressant effects.

INTRODUCTION

Desipramine, a relatively selective NE reuptake inhibitor,
exerts antidepressant-like effects on behavior in rodent
models (Poncelet et al, 1986; Wallace-Boone et al, 2007;
Wicke et al, 2007). It decreases immobility in the forced-
swim and tail-suspension tests in rats and mice (Dableh
et al, 2005; Duman et al, 2007; Zhang et al, 2002, 2008)
and decreases response rate and increases reinforcement
rate in rats responding under a differential-reinforcement-
of-low-rate (DRL) schedule (Dekeyne et al, 2002;
O’Donnell, 1990). These effects are similar to those of other
antidepressant drugs (Cryan et al, 2005; O’Donnell et al,
2005). Although it is not fully understood how desipramine
produces antidepressant effects, increased extracellular
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NE concentrations in the brain caused by desipramine
by its inhibition of NE transporters is considered an
important mechanism (Frazer, 2000; Mateo et al, 2001;
Zhao et al, 2008). NE, by this mechanism, activates all
adrenergic receptors, including o-1, «-2, -1, and f-2
adrenergic receptors that are located pre- and postsynapti-
cally (Molinoff, 1984; Segal et al, 1991). This makes it
difficult to know by which receptor subtypes and at which
locations the antidepressant-like effects of desipramine are
mediated.

Studies to date have shown that -2 adrenergic receptors
contribute to antidepressant-like effects of NE reuptake
inhibitors such as desipramine. First, repeated treatment
with desipramine decreases the density of «-2 adrenergic
receptors to a greater extent than that of o-1 adrenergic
receptors in the cerebral cortex (Subhash et al, 2003). This
may contribute to desipramine-induced desensitization of
a-2 adrenoreceptor-mediated responses in the central
nervous system (Esteban et al, 1999; Mongeau et al, 1994);
however, these receptors remain responsive to released NE
(Lapiz et al, 2007). Second, chronic administration of


http://dx.doi.org/10.1038/npp.2008.184
mailto:hzhang@hsc.wvu.edu
http://www.neuropsychopharmacology.org

Desipramine and a-2 adrenergic receptors
H-T Zhang et al

1068

desipramine markedly enhances the increase in NE release
induced by blockade of presynaptic a-2 adrenergic auto-
receptors in the brain (Garcia et al, 2004; Invernizzi and
Garattini, 2004). Similarly, pretreatment with idazoxan, a
selective o-2 adrenergic antagonist that blocks presynaptic
o-2 adrenergic autoreceptors, potentiates the increase in
extracellular NE induced by intrahippocampal infusions of
desipramine (Thomas and Holman, 1991). Third, major
depression is accompanied by decreased o-2 adrenergic
receptors in platelets and increased o-2 adrenergic receptors
in the hippocampus and cerebral cortex (Gonzalez et al,
1994); these changes are reversed by tricyclic antidepres-
sants (Garcia-Sevilla et al, 1999b; Maes et al, 1999).
Therefore, presynaptic -2 adrenergic receptors appear to
be involved in the mediation of the antidepressant activity
of desipramine.

However, peripheral or central administration of idazox-
an has been reported to block, rather than enhance, the
effect of desipramine on forced-swim behavior, ie, de-
creased immobility and increased climbing (Cervo et al,
1990; Reneric et al, 2001). This cannot be explained by
presynaptic mechanisms such as idazoxan-induced NE
release and desipramine-induced increases in extracellular
NE. Given that central postsynaptic a-2 adrenergic receptors
mediate the mydriatic effect of desipramine (Menargues
et al, 1990), it is possible that postsynaptic o-2 adrenergic
receptors may play a role in the regulation of the
antidepressant-like effects of desipramine.

In addition to -2 adrenergic receptors, [-adrenergic
receptors also may be involved in antidepressant activity.
Activation of either f-1 or f-2 adrenergic receptors
produces antidepressant-like effects on DRL behavior
(O’Donnell et al, 1994; Zhang et al, 2001, 2005; Zhang
et al, 2003). In addition, desipramine and other NE
reuptake inhibitors substitute for the f-adrenergic agonist
isoproterenol in a drug discrimination task, indicating
that f-adrenergic receptors play a role in mediating
the effects of desipramine, as well as other NE
reuptake inhibitors (Crissman et al, 2001; Crissman
and O’Donnell, 2002). Further, repeated treatment with
desipramine downregulates f-1, but not f-2, adrenergic
receptors in the brain (Paetsch and Greenshaw,
1993). Consistent with this, downregulation of f-2
adrenergic receptors does not alter the antidepressant-like
effect of desipramine (O’Donnell, 1990). Nevertheless,
there does appear to be some involvement of -2 adrenergic
receptors in the antidepressant-like effects on behavior
(McElroy and O’Donnell, 1988; O’Donnell et al, 1994; Zhang
et al, 2005).

To determine the role of adrenergic receptor subtypes
in mediating the behavioral effects of desipramine,
antagonism experiments were carried out using selective
o-1 and o-2 adrenergic antagonists and nonselective
p-adrenergic antagonists. Antidepressant-like effects were
assessed, in mice and rats, using forced-swim behavior and
behavior maintained under DRL schedules. In addition, the
role of f-adrenergic receptors were assessed using mice
deficient in f-1, -2, or both f-1 and f-2 adrenergic
receptors. Overall, the results of this study support a
predominant role for «-2 adrenergic receptors in the
mediation of the antidepressant-like effects of desipramine
on behavior.
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MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (Harlan, Indianapolis, IN),
weighing 280-350g, were housed individually in clear
plastic cages in a temperature-controlled room (22-23°C)
and maintained on a 12-h on /12-h off light cycle (lights on
at 06:00 hours). Food was freely available, whereas water
was restricted to 15-30ml after daily testing (Sunday-
Thursday, 15ml/day; Friday and Saturday, 30 ml/day) to
keep animals at about 85% of free-watering weights.

Adult male mice deficient in -1 and/or -2 adrenergic
receptors (-1 KO and f-2 KO, respectively) were generated
by Dr Brian K Kobilka, Stanford University, as described
previously (Chruscinski et al, 1999; Rohrer et al, 1996,
1999). -1 or -2 knockout (KO) mice were on an FVB
background, whereas -1 and -2 double KO mice ($-1/2
KO) were on a mixed FVB and C57BL/6 background. Age-
matched male wild-type FVB and FVB x C57BL/6 mice were
used as controls. All the KO and wild-type mice were bred
within the laboratory animal facilities of West Virginia
University and were housed in groups of 3-4 per cage under
the same conditions as rat housing. However, mice tested
for DRL behavior were restricted to 2 ml each of water per
day after daily training/testing sessions and on weekends, to
keep the animals at about 85% of free-watering weights.

Blind observations were used throughout all the experi-
ments, which were carried out from 09:00 hours to 16:30
hours. All experiments were conducted according to the
NIH Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23, revised 1996). The procedures
were approved by the Animal Care and Use Committees of
the University of Tennessee Health Science Center and West
Virginia University Health Sciences Center.

Drugs and Chemicals

All drugs were purchased from Sigma-Aldrich (St Louis,
MO) and dissolved in 0.9% saline (i.p. administration) or
artificial cerebrospinal fluid (aCSF; i.c.v. or intrahippocam-
pal infusions) except for prazosin, which was dissolved in a
mixture of propylene glycol and distilled water (2:1). All
doses are expressed in terms of the free bases of the
compounds. The injection volumes were 1 or 10 ml/kg body
weight (i.p.; rats and mice, respectively), 10 ul (in a 1-min
period; i.c.v.), and 1 pl/side (in a 2-min period; intrahippo-
campal). Central infusions were performed using a syringe
pump (CMA/100; CMA Microdialysis Inc., North Chelms-
ford, MA); the 28-gauge infusion cannulae, which were
1 mm longer than the guide cannulae, were left in place for
an additional 1-min (i.c.v.) or 2-min (intrahippocampal
infusion) period to permit diffusion. For antagonism
experiments, antagonists were given either 15min before
(for i.p. tests) or 20 min after (for i.c.v. tests) desipramine or
a f-adrenergic agonist, which were given (i.p.) 30min
before behavioral tests.

Cannula Implantation

Under aseptic conditions, rats previously trained to respond
under a DRL 72-s schedule were implanted with guide
cannulae. Rats were anesthetized (100 mg/kg ketamine and



6mg/kg xylazine) and placed in a stereotaxic holder
(Stoelting, Wood Dale, IL). Guide cannulae (22-gauge;
PlasticOne, Roanoke, VA) were implanted according to
the following coordinates: (1) the right lateral ventricle, AP:
—0.5mm from bregma, ML: +1.6mm from the midline,
DV: —3.9mm from dura (Zhang et al, 2003); (2) bilateral
hippocampus, AP: —3.3mm from bregma, ML: + 2.0 mm
from the midline, DV: —2.5mm from dura (Zhang et al,
2004). The cannulae were cemented to the surface of the
skull. About 1 week after surgery, rats resumed daily
training sessions under the DRL schedule; drug testing was
carried out after performance had stabilized. Following
completion of the testing, site of cannula implantation was
verified histologically.

Behavioral Procedures

Mouse forced-swim test. The forced-swim test was per-
formed as described previously (Zhang et al, 2002). Each
mouse was placed in a plastic cylinder (45 cm high x 20 cm
diameter), which was filled to a depth of 28 cm with water
(22-23°C). The duration of immobility, which was defined
as floating in an upright position without additional activity
other than that necessary for the animal to keep its head
above water, was recorded for the entire 6-min period.

DRL behavior. Mice and rats were trained to respond under
DRL 36- and 72-s schedules, respectively, using operant
conditioning chambers (ENV-307A; Med Associates Inc., St.
Albans, VT for mice and Model E10-10; Coulbourn
Instruments, Allentown, PA for rats), which were enclosed
in ventilated sound-attenuating cubicles. Each of the mouse
chambers contained two ultra-sensitive, nose-poke holes,
which were on each side of a round access port (2.2cm in
diameter) with a dipper (ENV-302M; Med Associates Inc.)
submerged in a water reservoir. The holes contained
photocells to register nosepokes; only nosepokes in the
right opening constituted a response; nosepokes on the left
side had no programmed consequence. A house light was
located in the center of the wall opposite to the water access
port and the nosepoke holes. Each of the rat chambers
contained two levers, a water access port, and a house light.
A press on the right lever constituted a response; responses
on the left lever had no programmed consequence. When
the schedule contingencies (correct responses; eg, the
interval between nosepokes or lever presses was longer
than 36 or 72s for the DRL 36- and 72-s schedules,
respectively) were met, a dipper was raised to the water
access port, providing 0.01 ml (for mice) or 0.2 ml (for rats)
of water for 4 s, which constituted a reinforcer. Behavioral
responses were recorded and scheduled events controlled
using a MED Associates interface and operating system
(MED Associates Inc.).

The training and testing procedures were performed as
described previously, with minor modifications for mice
(Pattij et al, 2003; Zhang et al, 2005). Training was
conducted during once-daily sessions, 5 days per week
(Monday-Friday); unless specified (see below), each session
lasted for 60 min before it stopped automatically. Specifi-
cally, during the first 2 weeks, mice were trained to poke the
front hole using the nose for water reinforcement under a
fixed-ratio 1 (FR1) schedule. Next, a DRL 18-s schedule was
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introduced, followed 3 weeks later by a DRL 36-s schedule.
Rats were trained to press the front lever for water
reinforcement under an FR1/fixed-interval 1-min schedule
for the first 2 weeks. The session automatically stopped
once the rat finished 100 responses, which took 15-20 min.
A DRL 18-s schedule was then introduced; if the number of
responses per session was less than 200, the water ration
was reduced. Three weeks later, the DRL 72-s schedule was
introduced. Drug tests were started when responses
(nosepokes or lever presses) and reinforcers (times of
dipper-raising) per session were maintained at a stable
baseline for 5 successive days (approximately 2 or 4 weeks
later for rats and mice, respectively); these were carried out
on Tuesdays and Fridays with Thursdays serving as
noninjected control days. We set a performance criterion
(response >70 and reinforcers <12) for rats based on our
previous studies to prevent ceiling effects and permit
antidepressant-like effects on behavior (Zhang et al, 2001,
2003, 2005). For mice, we emphasized on baseline stability
because they were more variable in DRL performance.

Statistical Analysis

The DRL data were converted to percentages of control
response and reinforcement rates for each individual
animal. Control values were the median of response and
reinforcement rates for Thursdays (ie, the noninjected
control days) during the testing period. These data were
analyzed by repeated measures ANOVA followed by New-
man-Keuls tests. The forced-swim test data were analyzed
by one-way ANOVA followed by Newman-Keuls tests
except for those using KO mice (data in Figure 5), which
were analyzed by Student’s t-tests.

RESULTS

Antagonism by Idazoxan of the Antidepressant-Like
Effect of Desipramine on Forced-Swim Behavior in Mice

To determine whether o-2 adrenergic receptors are involved
in the behavioral effects of desipramine, the effect of
desipramine on forced-swim behavior was examined in
wild-type mice in the presence or absence of idazoxan, a
selective a-2 adrenergic antagonist. Desipramine, at a dose
of 20 mg/kg, decreased immobility in the forced-swim test
(p<0.001); this was antagonized by idazoxan (0.1-2.5 mg/kg)
in a dose-dependent manner (Fy3,=14.1; p<0.0001;
Figure la). At 0.5mg/kg, idazoxan produced a complete
blockade of the effect of desipramine. Idazoxan alone (0.5
and 2.5mg/kg) did not alter behavior in the forced-swim
test (Fp,16=0.12; p=0.89; Figure 1b).

To examine a potential, secondary role of f-adrenergic
receptors in idazoxan’s antagonism of the antidepressant-
like effect of desipramine, the above tests were repeated in
f-1/2 KO mice; deficiency of f-adrenergic receptors was
verified by [’H]CGP-12177 binding using cerebral cortical
tissues (data not shown). The effect of desipramine in the
forced-swim test was antagonized by idazoxan (0.1-2.5 mg/kg)
in a dose-dependent manner (Fy3,=6.11; p<0.001;
Figure 1c). However, the potency of idazoxan appeared to
be reduced in the f-1/2 KO mice; only the highest dose
(2.5 mg/kg) antagonized the effect of desipramine (p<0.01
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vs desipramine alone). Idazoxan (0.5 and 2.5 mg/kg) alone
did not alter forced-swim behavior in f-1/2 KO mice
(F,,16=1.25; p=0.31; Figure 1d).

Antagonism by Idazoxan of the Antidepressant-Like
Effects of Desipramine on DRL Behavior in Rats

To verify the effects observed above, antagonism by
idazoxan of desipramine-induced antidepressant-like beha-
vior was examined in rats maintained under a DRL 72-s
schedule, which is sensitive to a wide range of antidepres-
sant drugs (O’Donnell et al, 2005). Desipramine (10 mg/kg)
produced an antidepressant-like effect on DRL behavior in
rats, ie, decreased response rate (p<0.05) and increased
reinforcement rate (p<0.001); this was antagonized by
peripheral administration of idazoxan (0.5-2.5 mg/kg) in a
dose-dependent manner (F,,4=6.29; p<0.001 for response
rate and F,,,=12.73; p<0.0001 for reinforcement rate;
Figure 2a). At 0.5 mg/kg, idazoxan attenuated the desipra-
mine-induced decrease in response rate (p<0.05), but did
not affect the desipramine-induced increase in reinforce-
ment rate. At doses of 1 and 2.5mg/kg, idazoxan
antagonized the effects of desipramine on both response
and reinforcement rate. Similar to the results in the mouse
forced-swim test, idazoxan administered alone, at doses as
high as 5mg/kg, did not alter DRL behavior (Figure 2b).

Neuropsychopharmacology

To determine whether central o-2 adrenergic receptors were
involved its antagonist effect, idazoxan was infused into the
lateral cerebral ventricle of rats treated with desipramine.
Similar to the effect following peripheral administration,
idazoxan (1-10pg, i.c.v.) also attenuated the desipramine-
induced decreases in response rate (F,; =6.11; p<0.001)
and increases in reinforcement rate (Fy3, =11.38; p<0.0001)
in a dose-dependent manner (Figure 2c).

Effects of Propranolol, CGP-12177, and Prazosin on
Antidepressant-Like Behavior Produced by Desipramine
in Rats Responding Under the DRL Schedule

To examine the involvement of f- and «-1 adrenergic
receptors in the antidepressant-like effect of desipramine in
rats, the f-adrenergic antagonists propranolol and CGP-
12177 and the «-1 adrenergic antagonist prazosin were
tested for their ability to antagonize the effects of
desipramine on DRL behavior. The doses were chosen
based on their ability to block behavioral effects involving
the corresponding receptors (Ge et al, 2005; Itoi et al, 1994;
Miao et al, 2003; Zhang et al, 2001; Zhang et al,
2003). Peripheral administration of propranolol (1-5mg/kg)
did not alter the effects of desipramine on response and
reinforcement rates (Fs,;=2.06; p=0.13 and F;,; =0.60;
p=0.62; Figure 3a). Similarly, infusion of the hydrophilic
antagonist CGP-12177 into the dorsal hippocampus
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Figure 2 Antagonism by idazoxan of the antidepressant-like effects of
desipramine in rats under a DRL 72-s schedule. (a) Blockade of the effects
of desipramine on response rates (open symbols) and reinforcement rates
(filled symbols) by peripheral administration (i.p.) of idazoxan. (b) The
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injected 30min before the test. (c) Antagonism of the effects of
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percentage of control performance. The control response and reinforce-
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(3-15ng/side) did not alter the effect of desipramine on
DRL behavior (F;;3=1.17; p=0.35 for response rate and
F3 18 =2.39; p=0.47 for reinforcement rate; Figure 3b). In
addition, central administration of prazosin (5-30 pug, i.c.v.)
did not alter the effect of desipramine on DRL behavior
(F5,3=4.15; p<0.05 for response rate and F;3=0.21;
p =0.89 for reinforcement rate; Figure 3c).
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Antidepressant-Like Effects of Desipramine on
Forced-Swim Behavior in Mice Deficient in
f-Adrenergic Receptors

To verify the lack of involvement of f-adrenergic receptors
in the behavioral effects of desipramine, its effects on
forced-swim behavior were examined in -1 KO, -2 KO,

Neuropsychopharmacology
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p-1/2 KO mice, and their wild-type controls. Although
FVB x C57BL/6 mice, which were the wild-type controls
of f-1/2 KO mice, exhibited a high baseline of immobility,
FVB mice, which were the wild-type controls of f-1 or
p-2 KO mice, initially exhibited a relatively low baseline
of immobility in the forced-swim test. The latter was
consistent with previous findings (Lucki et al, 2001).
However, 2-3 sessions of pre-test training increased
the baseline of immobility of FVB mice up to fourfold;
this was stable for months (data not shown). Desipramine
(20 mg/kg) decreased immobility in the forced-swim
test relative to the corresponding vehicle control in
both strains of wild-type mice (p<0.001; Figure 4).
Consistent with the pharmacological tests using propranolol
and CGP-12177, desipramine significantly decreased
immobility in mice deficient in individual -1 or f-2
adrenergic receptors (p<0.01; Figure 4a), as well as in
mice deficient in both f-1 and (-2 adrenergic receptors
(p<0.01; Figure 4b), suggesting that f-1 and/or
f-2 adrenergic receptors are not essential for the mediation

of the effect of desipramine on forced-swim
behavior.
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Figure 4 Deficiency of f-adrenergic receptors did not alter the
antidepressant-like effects of desipramine on forced-swim behavior. (a)
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p-2 (-2 KO) adrenergic receptors and their wild-type controls (ie, FVB
mice). (b) Effects of desipramine on immobility in mice deficient in both -1
and f-2 adrenergic receptors (f-1/2 KO) and their wild-type controls (ie,
FVB x C57BL/6 mice). Desipramine (20 mg/kg, ip.) was injected (ip.)
30 min before the test. Data shown represent means £ SEM of 9—10 mice
per group; **p <0.05, ***p < 0.001 vs the corresponding vehicle control in
the same genotype; ##p <001 vs the wild-type control with the same
treatment.
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The Effect of Propranolol on Desipramine-Induced
Antidepressant-Like Behavior in the Forced-Swim Test
in Mice

To confirm the above observations using the KO mice, the
effects of desipramine, the f-1 adrenergic agonist dobuta-
mine, and the f-2 adrenergic agonist clenbuterol on forced-
swim behavior were examined in FVB mice in the absence
or presence of propranolol. Peripheral administration (i.p.)
of dobutamine (30mg/kg), clenbuterol (0.5mg/kg), or
desipramine (20 mg/kg) produced an antidepressant-like
effect in the forced-swim test, as evidenced by decreased
immobility relative to the vehicle control (p<0.01, p <0.05,
and p<0.001, respectively; Figure 5). The effects of
dobutamine and clentuberol were blocked by pretreatment
with 2.5mg/kg propranolol (p<0.05), a dose that did not
alter immobility when administered alone. By contrast, the
desipramine-induced decrease in immobility was not
blocked by propranolol, indicating that p-adrenergic
receptors may not be involved to a large degree in the
antidepressant-like effect of desipramine on forced-swim
behavior.

Antidepressant-Like Behavior of Desipramine in f-1/2
KO Mice Responding Under a DRL Schedule

To verify the results observed in the forced-swim test, the
effects of desipramine on behavior under a DRL 36-s
schedule were examined in f-1/2 KO mice and their wild-
type controls. Similar to the effects observed in rats,
desipramine (3-30mg/kg) produced antidepressant-like
effects on DRL behavior in the wild-type mice, ie, decreased
response rate (F;,; =5.60, p<0.01) and increased reinfor-
cement rate (F;,;=4.00, p<0.05) in a dose-dependent
manner (Figure 6a). Post hoc comparisons revealed that
desipramine at 30 mg/kg significantly increased reinforce-
ment rate (p<0.05) and decreased response rates at all
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Figure 5 Propranolol (Prop) antagonized the antidepressant-like effects
of clenbuterol (Clen) and dobutamine (Dob), but not that of desipramine
(Des), in the forced-swim test in wild-type mice. Propranolol (2.5 mg/kg,
ip.) was given |5min before clenbuterol (0.5mg/kg, ip.), dobutamine
(30mg/kg, i.p.), or desipramine (20 mg/kg, i.p.), which were injected 30 min
before the test. Data shown represent means = SEM of 10 mice per group;
#p <005, **p<00l, *¥p<000l vs vehice (Veh); #p<005 vs
dobutamine alone.
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Figure 6 Desipramine produced an antidepressant-like effect in -1/2
KO mice and their wild-type controls under a DRL 36-s schedule. Effects of
desipramine on response rates (open symbols) and reinforcement rates
(filled symbols) in (a) wild-type mice and (b) B-1/2 KO mice. Desipramine
(20mg/kg, ip.) was given 30min before the DRL test. Data shown
represent means + SEM of 9—10 mice per group expressed as a percentage
of control performance. The control response and reinforcement rates
(means + SD) were, respectively: (a) 278 £ 31 and 18 £ 3, (b) 187 £ 66 and
29 £ 10. #*p<0.05, **p<0.0! vs corresponding vehicle (Veh) treatment.

doses (p<0.05 for 3 mg/kg; p<0.01 for 10 and 30 mg/kg). In
the f-1/2 KO mice, desipramine also decreased response
rate (F; 54 =3.66, p<0.05) and increased reinforcement rate
(F3,4=3.77, p<0.05), similar to its effects in wild-type
controls (Figure 6b). Although the minimum effective dose
(30mg/kg) of desipramine for decreasing response rate in
the f-1/2 KO mice was higher than that in the wild-type
controls (3mg/kg), the minimum effective doses for
increasing reinforcement rate were the same in both
genotypes. At a higher dose (50mg/kg), desipramine
produced a sedative effect on DRL behavior, ie, decreased
response rate and reinforcement rate (data not shown).

DISCUSSION

Although it is well established that desipramine produces
antidepressant-like effects by its inhibition of NE reuptake
and a subsequent increase in extracellular NE concentra-
tions (Frazer, 2000; Gillman, 2007; Zhao et al, 2008), the role
of downstream mechanisms remains poorly understood. In
this study, we found that the antidepressant-like effects of
desipramine on mouse forced-swim and rat DRL behavior

Desipramine and a-2 adrenergic receptors
H-T Zhang et al

were antagonized by the o-2 adrenergic antagonist idazox-
an, but not the o-1 adrenergic antagonist prazosin nor the
p-adrenergic antagonists propranolol and CGP-12177. The
lack of involvement of f-adrenergic receptors was verified
in the forced-swim and DRL tasks using mice deficient in
p-1, B-2, or both f-1 and f-2 adrenergic receptors.
Desipramine remained effective in mice lacking one or
both f-adrenergic receptor subtypes. These results suggest
that -2 adrenergic receptors play an important and distinct
role in the mediation of the antidepressant-like effect of
desipramine.

Both peripheral (i.p.) and central (i.c.v.) administration of
idazoxan blocked the antidepressant-like behavioral effects
of desipramine. This antagonism is consistent with the
results from two previous studies that used the forced-swim
test in rats (Cervo et al, 1990; Reneric et al, 2001); these
earlier studies, in contrast to the present work, examined
the effects of chronic desipramine treatment. Involvement
of o-2 adrenergic receptor in the mediation of the effects of
desipramine also is supported by electrophysiological
evidence, which shows that the desipramine-induced
decrease in locus coeruleus activity is reversed by idazoxan
(Curet et al, 1992). Overall, the convergence of data indicate
the importance of -2 adrenergic receptors in the mediation
of the antidepressant effects of desipramine, regardless of
the route and duration of desipramine administration or the
paradigms used for testing its actions.

Peripheral administration of desipramine increases extra-
cellular NE levels 2- to 4-fold in the brain (Invernizzi and
Garattini, 2004). Released NE activates all adrenergic
receptors, including o-1, -2, -1, and f-2 subtypes, both
pre- and postsynaptically, although it has a low affinity for
f-2 adrenergic receptors (Molinoff, 1984; Segal et al, 1991).
Presynaptic o-2 adrenergic receptors are inhibitory auto-
receptors that regulate NE release; their antagonism
increases NE release (Dennis et al, 1987). If presynaptic
-2 adrenergic receptors are important for the antidepres-
sant-like effect of desipramine, antagonism by idazoxan
would be expected to potentiate, rather than block, its
effects on behavior. In addition, idazoxan alone would be
expected to result in antidepressant-like behavior. The
present results, which are opposite to these predictions,
suggest that postsynaptic, not presynaptic, -2 adrenergic
receptors play the major role in the mediation of
antidepressant effects of desipramine.

-2 adrenergic receptors, which are classified into three
subtypes (a-2A, 2B, and 2C; Bylund et al, 1994; Hieble,
2007), are involved in the mediation of both pro- and
antidepressant actions. Studies using postmortem speci-
mens from depressed suicide victims show an increase in
a-2A receptors in the prefrontal cortex (Garcia-Sevilla et al,
1999b), which suggests that o-2 adrenergic antagonists may
produce antidepressant effects. Consistent with this, the
antidepressant effects of fluoxetine are potentiated by
coadministration of yohimbine, another o-2 adrenergic
antagonist (Sanacora et al, 2004); further, neuronal respon-
siveness to the antidepressant imipramine is enhanced by
idazoxan (Linner et al, 1999). In addition, chronic treatment
with the «-2 adrenergic antagonist dexefaroxan increases
hippocampal neurogenesis (Rizk et al, 2006), which is
associated with antidepressant activity (Santarelli et al,
2003). On the other hand, in the rat forced-swim test, o-2
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adrenergic antagonists such as idazoxan block the anti-
depressant-like effect of desipramine (Cervo et al, 1990;
Reneric et al, 2001). This is consistent with «-2 adrenergic
antagonist-induced increases in immediate early genes in
the brain, which are responsive to stress stimuli (Shen and
Gundlach, 2000). Other studies have shown that o-2
receptor subtypes may play different roles in the regulation
of antidepressant activity. Mice deficient in o-2A adrenergic
receptors display depressive-like behavior in the forced-
swim test and are not sensitive to the tricyclic antidepres-
sant imipramine (Schramm et al, 2001). Consistent with
this, chronic administration of desipramine selectively
upregulates o-2A receptors in rats (Callado et al, 1999).
By contrast, mice deficient in the «-2C subtype exhibit
antidepressant-like behavior; consistently, over-expression
of o-2C adrenergic receptors produces depressive-like
effects in the forced-swim test (Sallinen et al, 1999). The
insensitivity of ¢-2A KO mice to imipramine in the forced-
swim test is consistent with the antagonism by idazoxan of
the antidepressant-like effect of desipramine, suggesting
that the a-2A subtype may be the primary «-2 adrenergic
receptors involved in the mediation of antidepressant
activity of desipramine. Idazoxan alone did not produce
any effect on either forced-swim or DRL behavior most
likely due to the balance of antagonism of both «-2A and
a-2C adrenergic receptors, which may lead to depressive-
and antidepressant-like effects, respectively.

Idazoxan also antagonizes imidazoline I2 receptors,
which are associated with depression and antidepressant
activity (Garcia-Sevilla et al, 1999a; Finn et al, 2003).
However, selective imidazoline I2 antagonists do not alter
forced-swim behavior nor block the antidepressant-like
effects of imipramine (O’Neill et al, 2001), suggesting that
idazoxan blocks the effect of desipramine via o-2 adrenergic
receptors. It is reasonable to believe that other «-2
adrenergic antagonists also could block the antidepres-
sant-like effect of desipramine and that idazoxan could
block the effect of other desipramine-like antidepressants.
Further studies are needed to verify this.

Presynaptic f-2 adrenergic receptors can serve a facil-
itatory autoreceptor function. Activation of presynaptic -2
autoreceptors increases NE release (Murugaiah and
O’Donnell, 1995); this has been suggested to contribute in
the regulation of antidepressant actions of desipramine. In
addition, f-1 adrenergic receptors may also contribute to
the antidepressant-like effect of desipramine, given that
repeated treatment with desipramine reduces the density of
this subtype in the brain (Daws et al, 1998; Paetsch and
Greenshaw, 1993). Consistent with this, it has been found
that desipramine and related drugs produce -1 adrenergic
receptor-mediated discriminative stimulus effects (Crissman
et al, 2001; Crissman and O’Donnell, 2002). Dobutamine
and clenbuterol, -1 and -2 adrenergic agonists, respec-
tively, produced antidepressant-like effects on forced-swim
behavior. This is consistent with our previous findings that
both agonists produce antidepressant-like effects on DRL
behavior (Zhang et al, 2003, 2005). Propranolol blocked the
effects of these two f-adrenergic agonists; this is in
agreement with antagonism by propranolol of the anti-
depressant-like effect of clenbuterol on DRL behavior
(O’Donnell, 1987). By contrast, propranolol at the same
dose did not alter the antidepressant-like effect of
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desipramine on forced-swim behavior in mice. This was
confirmed in rats responding under a DRL 72-s schedule.
These results are not consistent with some previous studies,
in which propranolol blocks the effect of desipramine on
DRL behavior in rats (O’Donnell, 1987) and behavior
produced by chronic mild stress in mice (Yalcin et al,
2007). To further verify the results in the present studies, we
directly infused CGP-12177, a nonselective, hydrophilic
p-adrenergic antagonist, bilaterally into the dorsal hippo-
campi of rats, because f-adrenergic receptors in the dorsal
hippocampus play an important role in the mediation of
DRL behavior (Zhang et al, 2001). CGP-12177 is much more
potent than the lipophilic antagonist propranolol when
administered intrahippocampally (Zhang et al, 2003). In
addition, the effects of desipramine on both forced-swim
and DRL behavior also were examined in mice deficient in
p-1, -2, or both -1 and f-2 adrenergic receptors. It was
found that the antidepressant-like effects of desipramine
were not altered in any of these tests, suggesting that f-
adrenergic receptors are not essential for the antidepres-
sant-like effects of desipramine. This is consistent with the
failure of propranolol to block the antidepressant-like effect
of desipramine in the forced-swim test in rats (Pulvirenti
and Samanin, 1986).

The basis of the discrepant results is not clear. Based on
the studies to date, this might be attributed at least partially
to changes in density of ff-adrenergic receptors induced by
repeated treatment with desipramine or propranolol. For
instance, Yalcin et al (2007) treated animals with desipra-
mine and propranlol for 4 weeks before behavioral tests.
Antagonism of the effect of desipramine by propranolol
may occur at lower levels of receptor expression because
chronic desipramine downregulates f-adrenergic receptors
(Daws et al, 1998; Paetsch and Greenshaw, 1993) whereas
chronic exposure to f-adrenergic antagonists such as
propranolol upregulates [-adrenergic receptors (Brodde
et al, 1990; Ohkuma et al, 2006; Warner et al, 1992).

It was noted that the potency of idazoxan was reduced in
mice deficient in f-adrenergic receptors, as evidenced by
the increased minimum effective dose of idazoxan required
to block the antidepressant-like effect of desipramine on
FST behavior in mice deficient in both (-1 and f-2
adrenergic receptors relative to the wild-type controls
(Figure 1). This appears to be due to the increased
sensitivity of f-1/2 KO mice to desipramine (Figure 4).
Although there is no evidence for alterations of a-
adrenergic receptors in the brain of -1/2 KO mice, studies
have shown that chronic treatment with the f-adrenergic
antagonist propranolol upregulates -1 adrenergic receptors
in the heart (Miigge et al, 1985; Steinkraus et al, 1989),
indicating that «-1 and also likely -2 adrenergic receptors
might be increased in the brains of f-1/2 KO mice. This may
cause the decreased potency of idazoxan against the
antidepressant-like effects of desipramine in f-1/2 KO
mice. This idea appears to be consistent with desipramine-
induced increases in o-2 adrenergic receptors in the
hippocampus. An alternative interpretation may include
inhibition of the positive motivational brain network
resulting from deficiency of f-adrenergic receptors, in
particular the f-1 subtype (Zhang et al, 2001), and
disinhibition of the stress network (for review see Stone
et al, 2008) due to upregulation of -2 adrenergic receptors.



The imbalance of these factors not only leads to depressive-
like behavior, but also suppresses the antagonist effect of
idazoxan on the antidepressant effect of desipramine.
Further studies are needed to clarify this point.

Although the rat DRL task has been well established for
evaluating the effects of antidepressant drugs (Dekeyne
et al, 2002; O’Donnell et al, 2005; Sokolowski and Seiden,
1999; Zhang et al, 2006), little is known about the use of this
task in mice. Desipramine produced effects on DRL
behavior in mice similar to those in rats, ie, decreased
response and increased reinforcement rates, indicating that
the mouse DRL task is also sensitive to antidepressant drugs
such as desipramine. Mice deficient in both f-1 and -2
adrenergic receptors and their wild-type controls displayed
similar responsiveness to desipramine. However, the former
appeared to be less responsive to idazoxan, as evidenced by
the increased minimum dose of idazoxan required to block
the desipramine-induced decreases in immobility in the
forced-swim test in f-1/2 KO mice. This result is consistent
with antagonism by propranolol of idazoxan-induced hyper-
activity in rats (Haller et al, 1997), suggesting that
postsynaptic f-adrenergic receptors may be involved in
the effects of idazoxan on desipramine-induced antidepres-
sant-like behavior. Further studies need to be done to
examine this issue.

In conclusion, the antidepressant-like effects of desipra-
mine on forced-swim and DRL behavior were antagonized
by either peripheral or central administration of the o-2
adrenergic antagonist idazoxan, but were not affected by -1
or f-adrenergic antagonists. In addition, desipramine
remained effective in mice deficient in -1 and/or f-2
adrenergic receptors. Therefore, the antidepressant-like
effect of desipramine appears to be mediated primarily by
postsynaptic o-2 adrenergic receptors in the brain. This
needs to be taken into account when attempts are made to
enhance the therapeutic effect of norepinephrine reuptake
inhibitors by combination of «-2 adrenergic antagonists
(Invernizzi and Garattini, 2004).
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