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Several lines of research have now suggested the controversial hypothesis that the central noradrenergic sys-
tem acts to exacerbate depression as opposed to having an antidepressant function. If correct, lesions of this
system should increase resistance to depression, which has been partially but weakly supported by previous
studies. The present study reexamined this question using two more recent methods to lesion noradrenergic
neurons in mice: intraventricular (ivt) administration of either the noradrenergic neurotoxin, DSP4, or of a
dopamine-p-hydroxylase-saporin immunotoxin (DBH-SAP ITX) prepared for mice. Both agents given
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Noradrenergic system 2 weeks prior were found to significantly increase resistance to depressive behavior in several tests including
Lesion acute and repeated forced swims, tail suspension and endotoxin-induced anhedonia. Both agents also in-

DSP4 creased locomotor activity in the open field. Cell counts of brainstem monoaminergic neurons, however,
DBH-SAP immunotoxin showed that both methods produced only partial lesions of the locus coeruleus and also affected the dorsal
DEDYESSiofl_ raphe or ventral tegmental area. Both the cell damage and the antidepressant and hyperactive effects of ivt
Motor activity DSP4 were prevented by a prior i.p. injection of the NE uptake blocker, reboxetine. The results are seen to
be consistent with recent pharmacological experiments showing that noradrenergic and serotonergic sys-
tems function to inhibit active behavior. Comparison with previous studies utilizing more complete and se-
lective LC lesions suggest that mouse strain, lesion size or involvement of multiple neuronal systems are
critical variables in the behavioral and affective effects of monoaminergic lesions and that antidepressant ef-
fects and hyperactivity may be more likely to occur if lesions are partial and/or involve multiple monoamin-

ergic systems.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Brainstem noradrenergic neurons are thought to be intimately in-
volved in the control of affective processes. Numerous drugs that affect
these neurons produce changes in mood and depressive behavior
whereas stressors that produce depression are associated with in-
creases in the firing rate of neurons of the locus coeruleus (LC), the
main noradrenergic nucleus of the brain (Nemeroff, 2002; West et al.,
2009; Goddard et al., 2010; Itoi and Sugimoto, 2010). Furthermore,
post mortem assays of the LCs of depressed patients or animal models
have revealed a number of biochemical and morphological changes
consistent with chronic increases in functional activity (Bissette et al.,
2003; Karolewicz et al., 2008; Kitayama et al., 2008). These data have
challenged the classical hypothesis, based on earlier pharmacological
studies, which posited that depression results from reductions of cen-
tral noradrenergic activity (Wong et al., 2000; Gold and Chrousos,
2002).

A partial resolution of this question in the direction of a causative ef-
fect of increased noradrenergic activity in depression was advanced by
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Weiss and colleagues. These authors showed that temporary local inacti-
vation of LC neurons in rats by the a,-adrenoceptor agonist, clonidine,
produced marked and immediate anti-immobility effects in the forced
swim test whereas activation of LC cells with an a;-antagonist produced
the reverse effect (Simson et al., 1986; Weiss et al.,, 1986). They subse-
quently showed that the firing rates of LC neurons were significantly
higher in the stressed depressed animals than in controls (Simson and
Weiss, 1988) and that virtually every clinically effective antidepressant
drug reduced these firing rates in a time dependent manner consistent
with their antidepressant actions (Szabo and Blier, 2001; West et al,
2009). The above findings of Weiss et al. have been confirmed in mice
in a series of studies by our group. We have shown that 4th ventricular in-
fusion of 6-fluoronorepinephrine (6FNE), a full agonist for inhibitory o;-
and ay-adrenergic receptors at the LC and one which acutely inhibits vir-
tually every neuron in the mouse LC (Stone et al, 2009), produced
marked antidepressant effects in a variety of antidepressant screens and
disinhibition of a wide range of motivated behaviors in these animals
(Stone et al., 20033, 2004, 2009, 2011a). The antidepressant screens in-
cluded acute and repeated forced swim stresses, tail suspension and
endotoxin-induced anhedonia, while the motivated behaviors included
wheel running, cage escape and an operant appetitive response. Con-
versely, blockade of these LC receptors with either central or peripheral
administration of a-adrenoceptor antagonists caused intense activation
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of virtually every LC neuron, exacerbated the above depressive-behaviors
and produced marked behavioral inactivity in these same tests (Stone
et al.,, 2009).

If central noradrenergic neurons are involved in mediating behav-
ioral depression rather than antidepressant effects, then it would be
expected that lesions of these neurons would produce chronic reduc-
tions in depressive behavior. Several groups have, in fact, reported
weak antidepressant effects in the forced swim test in animals previ-
ously administered the noradrenergic neurotoxin, DSP4, systemically
(Plaznik et al., 1988; Semba and Takahashi, 1988; Harro et al., 1999)
though others have failed to find this effect (Esposito et al., 1987).
In an effort to determine whether more definitive results could be
obtained using alternate lesioning techniques, we have experimented
with two more recent methods, one involving intraventricular (ivt)
rather than i.p. administration of DSP4 and the second, ivt adminis-
tration of a dopamine-B-hydroxylase-saporin immunotoxin (DBH-
SAP ITX). For DSP4, ivt administration was chosen over the ip route
for two reasons: First, we attempted to induce a selective central le-
sion because there is evidence that central and peripheral noradren-
ergic systems have differing behavioral functions with peripheral
«o;-receptors mediating behavioral inhibitory effects (Yang et al.,
1990) while brainstem o ;-receptors mediate the above disinhibitory
ones (Stone et al., 2002, 2003b). Secondly it was expected that central
administration of this neurotoxin would have a greater ability to de-
stroy LC neurons as opposed to only affecting axons and might there-
fore produce more dramatic behavioral results (Jonsson et al., 1981).
Since ivt DSP4 represented a novel lesioning method, we attempted
to replicate its effect with an independent method, ivt DBH-SAP ITX.
As the commercially available preparation of this ITX proved to be
toxic to our mice, we synthesized and tested a new ITX designed spe-
cifically for this species (see Methods and materials).

2. Methods and materials
2.1. Subjects

All experiments were conducted in accordance with the National
Research Council Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23) and were approved by the New York
University Langone School of Medicine I[UCAC. Swiss Webster male
mice (Taconic), 8-10 weeks old, were subjects. The animals were
housed singly with nesting material for 5 d prior to experiments in
standard size polycarbonate mouse cages (12.5x17x28 cm) at a
room temperature of 22+ 1 °C under a 12 h light/dark cycle (lights
on 0500 h). Food and water were available ad libitum.

2.2. DSP4 lesions

Mice were pretreated with the adrenergic receptor blocking agent,
labetalol, 10 mg, kg, i.p., to block potential sympathetic hyperactivity
to the lesion. After 1 h they were anesthetized with pentobarbital
(70 mg/kg) and stereotaxically infused with either saline (sham le-
sion) or 75 pg of DSP4 in 350 nl of saline in the 4th cerebral ventricle
(—5.9 mm to Bregma, 1 mm lateral, 3.8 mm ventral to skull surface,
approached at a 13.7° angle to the sagittal suture). A serotonin reup-
take inhibitor was not employed as pilot experiments with fluoxetine,
5 mg/kg, i.p. given 1 h prior to infusion, showed interference with the
production of noradrenergic lesions. The decision was made, there-
fore, to permit the toxin to lesion both noradrenergic and serotoner-
gic neurons. Some of the mice, however, were pretreated for 1 h with
the NE uptake inhibitor, reboxetine, 10 mg/kg, i.p. in an attempt to se-
lectively block the uptake of the neurotoxin into noradrenergic neu-
rons. All animals were given 2 weeks to recover prior to the start of
all behavioral tests which lasted 2 further weeks.

2.3. DBH-SAP ITX lesions

The ITX was synthesized as per a modification of the procedure of
Wiley and colleagues (Wrenn et al., 1996) in which the crosslinker N-
succinimidyl 3 (2-pyridyldithio)-propionate (SPDP) was used to link
each molecule of a polyclonal rabbit anti-dopamine-3-hydroxylase
antibody (Chemicon AB1585) to two molecules of saporin after
chemical transformation of the latter's amino to sulfhydryl groups
with Traut's reagent (Picklo et al., 1994; Traut et al., 1973). Pentobar-
bital anesthetized animals were stereotaxically infused 1l of the
preparation containing 0.8 ng of protein in the lateral cerebral ventri-
cle. Control animals were infused with the same quantity of a non-
targeted saporin control molecule (goat IgG-SAP, Advanced Targeting
Systems). A recovery period of 3-5 weeks prior to testing was used
to allow retrograde transport of the ITX to the LC and neuronal
degeneration.

2.4. Tests for depressive-like behaviors

These tests included the tail suspension, repeated forced swim and
endotoxin-induced anhedonia models. The tail suspension and re-
peated forced swim tests were conducted in the same groups of le-
sioned and non-lesioned animals in a randomized and balanced
order with an interval of at least 4 d of rest interposed between the
two. One week after the completion of these, all of these animals
were subjected to an open field test to assess locomotor activity.
The endotoxin-anhedonia test was conducted on an independent
group of lesioned and non-lesioned animals.

2.5. Tail suspension test

The procedure of Steru et al. (1985) was used. Control and le-
sioned animals were individually taped by the tail 72 cm above a pad-
ded platform for 6 min during which time they were videorecorded.
Recordings were rated blind for immobility times.

2.6. Repeated forced swim (RFS) procedure

This modification of the Porsolt forced swim test was used in the place
of the more standard chronic mild stress procedure because it produces a
similar responsiveness to chronic, but not acute, antidepressant treatment
in a much briefer time period (5 d as opposed to 4 weeks) and is also sig-
nificantly milder than the latter procedure (Stone et al., submitted for
publication). Control and lesioned animals were swum individually for
15 min/day in rat tub cages (24 x 43 x 23 cm, wx hx1) filled with 13 cm
high tepid water (32-34 °C) on 4 consecutive days and given a fifth test
swim 1-3 d later. The animals were videotaped from above on the 5th
swim (test) and recordings were rated blind for duration of immobility
and distance swum (quadrants of tank entered).

It has been argued that the immobility in forced swim experiments
like the above is not an authentic depression analog because the animals
have learned to conserve their energy by becoming immobile and are
simply exhibiting an adaptive acquired response (Nishimura et al.,
1988). Arguing against this, however, are the findings that the perfor-
mance of passive responses is likely to be aversive and associated with
negative mood and physiological signs of stress (Matsuda et al., 1996;
Mercado et al., 2005). The RFS procedure in mice has also been shown
to produce activation of the paraventricular nucleus of the hypothalamus
and one that shows minimal habituation with repeated swims (Stone
et al.,, 2007). Furthermore, the immobility occurring in both mice in the
RFS and in rats in extinction experiments with the Morris water maze is
reversed by chronic antidepressant treatment (Schulz et al., 2007; Stone
et al,, 2007).
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2.7. Sweetened milk intake after endotoxin (DSP4 only)

Intake of a sweetened milk solution made from 1 part condensed milk
to three parts tap water was used to assess hedonic behavior both at base-
line and 24 h after endotoxin treatment in a 2 x 2 DSP4 x Endotoxin ex-
perimental design. Nondeprived sham and DSP4 lesioned mice were
first tested for baseline intakes in three 30 min tests over a period of
one week in their home cages and then matched on intake levels within
each group and randomly assigned to vehicle and endotoxin subgroups.
The subgroups received, respectively, i.p. injections of lipopolysaccharide
(E. coli 0127:B8), 400 ug/kg, or distilled water, and were tested for 30 min
milk intake 24 h later (Frenois et al., 2007). It has been shown that the ini-
tial sickness behavior caused by this dose of endotoxin abates by 24 h
leaving a persisting affective disturbance in the form of both anhedonia
and increased immobility to tail suspension (Frenois et al., 2007).

2.8. Motor activity

Control and lesioned animals were placed individually in the center
of the field (46 x46x 33 cm clear Plexiglas) and permitted to explore
undisturbed for 1 h. Videorecordings were rated for quadrants of the
field entered per 15 min intervals.

2.9. Immunohistochemistry

After completion of the behavioral experiments (4-5 weeks post le-
sion), all animals were terminally anesthetized with a combination of iso-
flurane and urethane (2.2 g/kg, i.p.) and perfused intracardially with
saline (25 ml) followed by 4% paraformaldehyde (100 ml) for subsequent
immunohistochemistry and histological examination of the injection can-
nula tract with respect to the 4th ventricle. Sucrose-infiltrated brains (30%
for 48 h) were sectioned at 35 pLin a cryostat and immunostained with a
chicken anti-TH antibody (Novus Biologicals, 1:5000) for tyrosine hy-
droxylase (LC, A1/C1, A2, VTA) or with a rabbit anti-5HT antibody (Immu-
nostar 1:5000) for 5-HT (DR). The entire LC (Bregma, —5.20 to
—5.80 mm), A1/C1 (—6.36 to —7.0), A2 (—8.24 to —830) and DR
(—4.04 to —5.20) whereas every fifth section of the VTA between
—3.28 to —3.88 mm was processed. Primary antibodies were detected
with fluorescent secondary antibodies (goat-anti-chicken Alexa 594 or
goat anti-rabbit Alexa 488, both at 1:500, Invitrogen). To avoid biased
counting, the full 2 dimensional areas of each nucleus/region in all of its
sections were counted for labeled cells showing over 3x background fluo-
rescence either manually (LC) or automatically (all other nuclei) by Ima-
geJ at magnifications of 40x or 100x (Stone et al., 2009). This counting
method is more rapid than standard stereological procedures but is equal-
ly effective at eliminating biased sampling (Stone et al., 2007). Correla-
tions between cell counts obtained at magnifications of either 40 or
100x with those at 400x were above r=0.9.

2.10. HPLC determination of brain monoamine and metabolite
concentrations

HPLC measures were made only in the DSP4 study to ascertain if the
ivt neurotoxin produced axotomy of the dorsal noradrenergic bundle
like the systemic neurotoxin in addition to its possible effect on LC cell
number. Animals were anesthetized with isoflurane and euthanized
by decapitation for harvesting of brains. The frontal cortex (extending
to 2 mm caudal to the frontal pole) and the hypothalamus (extending
between Bregma — 3.5 to — 1 mm, lateral4- 1 mm, and dorsally to the
roof of the 3rd ventricle) were dissected over ice and immediately fro-
zen on Dry Ice for subsequent HPLC determinations of NE, 5-HT, DA,
4-methoxy-3-hydroxyphenylglycol (MHPG), 5-hydroxyindoeacetic
acid (5HIAA) and homovanillic acid (HVA) by previously described
methods (Dunn, 1988).

2.11. Statistics

Most of the DSP4 experiments involved only 3 groups, a vehicle, DSP4
and reboxetine 4+ DSP4 group. As preliminary experiments indicated that
the reboxetine preinjection, by itself, did not affect any of the behavioral
and immunohistochemical measures obtained 2-4 weeks later, this
group was omitted from the design. In each of these 3 group experiments,
the behavioral and biochemical data were analyzed statistically by mak-
ing two planned Bonferroni-corrected comparisons (t-tests) of the vehi-
cle versus the DSP4 group and the vehicle versus the reboxetine + DSP4
group. The endotoxin-anhedonia experiment was analyzed with a 2x2
factorial ANOVA while open field DSP4 experiment was by a 3 x4 Treat-
ment X Interval repeated measures ANOVA. Both ANOVAs were followed
by 2 corrected planned comparisons. In the experiments using DBH-SAP
ITX, which involved only two groups, all of the comparisons were made
by independent t-test, excepting the open field study which was analyzed
with a repeated measures ANOVA.

3. Results
3.1. Histology

The effects of ivt DSP4 and DBH-SAP ITX on the number of cells of
the mouse LC, DR, VTA, A1/C1, A2 and A7 are shown in Table 1. Pho-
tomicrographs of the LC, DR and VTA of representative animals are
shown in Fig. 1. Monoamine and metabolite levels in the frontal cor-
tex and hypothalamus obtained in separate groups of DSP4 lesioned
and sham lesioned mice are shown in Table 2.

With respect to effects on cell numbers, DSP4 produced significant re-
ductions in the LC (—304412.9%, t;3=2.31, p<0.02), DR (—39.6+
9.7%, t;3=2.62, p<0.05) and a borderline reduction in A7 (—47.9+
7.5%, t;4=2.23, p<0.1). All of these effects were prevented by pre-
injection of reboxetine. DBH-SAP ITX caused significant reductions in
the LC (—56.14+£6.9%, t;;=7.06, p<0.001) and VTA (—29.445.5%,
tio =2.64, p=0.05) but failed to significantly affect the DR (—16.6 +
25.1%). The ITX may have also damaged the A2 (—31.7+23.2%) and
Al (—28.5+185%) nuclei although these reductions also failed to
reach significance. With respect to monoamine and metabolite levels,
DSP4 failed to significantly alter any of the levels in either the frontal cor-
tex or hypothalamus although small nonsignificant decreases were found
for both NE (—14.6 +9.5%) and 5HT (— 14.7 +7.3%) and for the ratio of
MHPG/NE (—13.0+17.8%) in the cortex. The effects of DBH-SAP on
monoamine levels were not examined.

3.2. DSP4 behavioral effects

TST: A significant decrease in immobility was found in the DSP4
(t;3=249, p<0.05) but not the reboxetine + DSP4 group (t;s=1.44,
NS) (Fig. 2). Repeated forced swim (RFS): DSP4 produced a significant de-
crease in immobility (ty3 =4.42, p<0.0002) accompanied by a significant
increase in distance swum (ty3 =6.95, p<0.0001) (Fig. 3). Both effects
were prevented by reboxetine pretreatment (immobility, t;s=0.75, NS;
distance, t;s=0.26, NS). Sweetened milk intake after endotoxin (LPS) pre-
treatment: Thirty-min milk intakes at 24 h post vehicle or LPS in the
sham- or DSP4-treated animals are shown in Fig. 4. Because of the com-
plexity of this experiment, reboxetine pre-injections were omitted. A
2 x 2 (DSP4 x LPS) factorial ANOVA revealed a significant overall increase
of intake in the DSP4 treated groups (F; 56 =8.11, p<0.01) and a statisti-
cally significant overall decrease after LPS treatment (F;sc=7.73,
p<0.01) with no significant LPSxDSP4 interaction (F;ss=0.34, NS).
Planned comparisons, however, revealed that LPS reduced intake in the
sham group (F;s6=5.76, p<0.02) to a greater extent than in the DSP4
group (F;s6=2.36, NS). Motor activity (open field): The effect of DSP4
with and without reboxetine preinjection on open field locomotor activity
is shown in Fig. 5. A one-way ANOVA for repeated measures on the Inter-
val variable showed a significant main effect of Treatment (F,,5=6.01,
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Table 1
Lesion effects on monoaminergic cell counts.
LC DR VTA A1C1 A2 A7

Sham lesion (12) 997.24+113.1 15144 + 176.3‘“ 667.8+158.7 69.34+22.9 78.1+12.8 27.14+6.9
DSP4 (13) 693.4+89.4" 915.6 +147.5" 4469 +76 7224172 58.7+9.2 1414+2.0
Rebox + DSP4 (6) 1039.14+-193.4 1536.7 41475 4209 +£31.1 89.74+22.6 60.24+13.5 4584+11.6
Control conjugate (8) 692.44-21.4 1147.6 +235.6 598.243.0 3 103.8+4.8 91.1+10.2 251483
DBH-SAP ITX (6) 304.5+48.0"* 957.3 +240.7 42204327 7424192 62.24£21.2 256445

Mean cell counts and SEMs for monoaminergic nuclei in control and lesioned mice. N's are

* p<0.05.
* p<0.01.
##¥% p<0.001 versus respective control group.

p<0.01) with no interaction between Treatment and Interval. Planned
comparisons revealed significantly greater activity, compared to the
sham group, in the DSP4 (F; .5 = 11.42, p<0.005) but not in the reboxe-
tine 4 DSP4 treated animals (F; .5 =0.47, NS).

3.3. DBH-SAP ITX behavioral effects

TST: Treatment with the ITX produced a significant decrease in im-
mobility (t;,=3.70, p=0.005) (Fig. 6). RFS: A significant decrease in
immobility (t;2=2.37, p<0.05) and a significant increase in distance
swum (t;, =2.47, p<0.05) were found in the ITX-lesioned animals
(Fig. 7). Motor activity (open field): ITX lesioned mice showed a signif-
icant overall increase in locomotor activity (F;12=6.89, p<0.05)
(Fig. 8).

4. Discussion

The present results show that ivt DSP4 and DBH-SAP ITX can
cause marked and persistent changes in baseline and stress-induced
depressive-like behaviors and locomotor activity in mice. Infusion of
75 pg of DSP4 into the 4th ventricle produced, at 2-4 weeks, signifi-
cant reductions of immobility in the tail suspension (—35%) and
RFS tests (—45.2%), a significant increase of distance swum in the

A sham B DSP4 C DSP4+ D DBH-SAP
Rebox
E F €]

shown in parentheses in groups. N's fof A7 in sham and DSP4 groups were 6 and 10.

latter by 203.1% and an increase in resistance to anhedonia caused
by endotoxin administration. The neurotoxin also significantly in-
creased open field locomotor activity by 148% which may partially ex-
plain its anti-immobility but not anti-anhedonic effect. The DBH-SAP
ITX, which was employed to replicate the effects of ivt DSP4 with an
independent lesioning technique, also produced chronic reductions
of immobility in the tail suspension (—56%) and RFS tests (—53.5%)
along with a significant increase of swimming distance in the latter
(88.3%). The ITX also increased locomotor activity in the open
field, although to a lesser degree than DSP4 (42.5%). Although there
is controversy as to whether the tail suspension test is a model of
stress-induced depression (Renard et al., 2003; Stone et al., 2011a),
the repeated forced swim and endotoxin-anhedonia paradigms do
represent such models (Stone et al, 2007) and the fact that all
responded similarly to both lesioning methods supports the notion
that the results apply to the stress-induced disorder. Since the de-
pression tests in this study were conducted after placement of the le-
sions, it is not known at present whether the lesions only prevent
the development of the behaviors or can also reverse them once
established.

The present findings are therefore in agreement with the recent
biochemical and pharmacological experiments discussed above
showing evidence of heightened LC functional activity in depressives

--- |

Fig. 1. Photomicrographs of the LC (A-D), DR (E-H) and VTA (I-L) in representative mice from the sham (A, E, I), DSP4 (B, F, ]), reboxetine 4+ DSP4 (C, G, K) and DBH-SAP (D, H, L)
treated experimental groups. All photographed at 40x. Bar is 500 pm.
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=l T= g and an inverse relationship of LC activity with antidepressive effects.
ﬁ = == They also appear to be consistent with the results of a recent optoge-
s| A4 ARy netic study of mouse LC function in which strong phasic stimulation
E E E ‘E § of the LC was found to produce an immediate arrest of behavioral ac-
tivity although depressive behavior was not measured (Carter et al.,
o - 2010). In addition they also parallel a number of recent findings on
S8 -8 the role of related A2 noradrenergic neurons in sickness behavior, a
= 35 35 syndrome evolutionarily related to depression (Frenois et al., 2007;
< =g g DellaGioia and Hannestad, 2010). Although A2 and LC noradrenergic
T S S neurons innervate different, though partially overlapping, structures,
and do not have identical physiological or behavioral roles (Itoi and
o & N © Sugimoto, 2010), the two cell groups appear to have a similar func-
= § § § é tion in regard to the inhibition of behavioral activity during stress al-
g A4 HA though probably in response to different precipitating conditions and
o) == = effected through different efferent brain structures. Thus, both the A2
a °° °° § and LC neurons are strongly activated by stressors with A2 respond-
- - § ing more to physiological perturbations and LC to behavioral and psy-
i SN chological ones (Dayas et al., 2001; Buller et al., 2001). Secondly, both
z i ﬁj ﬁj i E are strongly activated by both endotoxin administration (Hare et al.,
L%’ g & E g :‘D 1995) and brainstem infusion of o;-adrenoceptor antagonists
= N = == (Stone et al., submitted for publication), two conditions that produce
’:‘; almost total behavioral inactivity (Stone et al.,, 1999, 2009; Gaykema
s ® § and Goehler, 2009) as well as increased depressive behaviors (Yirmiya,
SS So| & 1996; Stone and Quartermain, 1999; DellaGioia and Hannestad, 2010).
3 iy 4 g Third, local treatments that inhibit the activity of each cell group such
U:E E g % E § as local anesthesia of the A2 and local infusion of agonists of inhibitory
= ;- and ap-receptors at the LC cause the disinhibition of active motivat-
o — © © a ed behaviors and antidepressant effects after either endotoxin in the
5 ‘é’ ‘é’ g E case of A2 (Marvel et al., 2004; Gaykema and Goehler, 2011) or stress,
+H H HH| 5 fear or novelty in the case of the LC (Simson et al., 1986; Weiss et al.,
<| &8 B85 § 1986; Stone et al., 2009, 2011a). And fourthly, the effect of acute phar-
= Se SS|F macological inhibition of A2 cells on endotoxin-induced behavioral in-
.'§ activity is in agreement with the effects of chronic ITX lesions of this
82 KRE| o nucleus (Gaykema and Goehler, 2011) while the effects of acute phar-
o 5 _‘g_l _‘g_l % ; macological inhibition of LC neurons with o;-agonists on depressive
= S $8|¢8 behaviors during stressful stimuli agree with the present effects of LC
2| ss SS| g lesions (Stone et al., 2011a).
“;* In contrast to the above concordance, the results of the present
- wol| S study are diametrically opposite to a recent study of mouse depres-
§ § g 2 & sive behavior after a different ITX lesion of the LC (Itoi et al.,, 2011).
ol 44 an E’ The latter authors utilized local LC infusion of an ITX targeting IL-
Z 5 § § 'g 5 2Ra, under the control of the DBH promoter, to lesion the mouse LC
3 and found that virtually complete elimination of the nucleus caused
- o o LE a marked inchrease in fgritjed s;/fvim immobility andha redufcti;n of loco-
Q5 AR motion in the open field, effects opposite to those of the present
‘i ﬁj ﬁj ?4 _:i study. This group also found that swim immobility was not affected
= §§ g § § = by systemic DSP4 administration but that the latter did significantly
) S o S|z reduce motor activity in the open field.
qé Two significant differences between these studies that may have
Al o Q %: contributed to the different results are in the strains of mice used
4 S o S3 § and the characteristics of the lesions. With respect to mice, the Itoi
§ 3 :Nj L:_.f' :.éI “; et al. study utilized an inbred strain which is known to have one of
15 e 228 the highest levels of immobility (untreated) in the forced swim test
E _§ (C57BL/6N) while the present study used an outbred strain that is
] < ownl| £ known to have one of the lowest (Swiss Webster) (Lépez-Rubalcava
g =) E8|E and Lucki, 2000; Ripoll et al., 2003). It is possible, therefore, that the
% E E-I jo;l E—l E LC lesions simply exaggerated differential behavioral tendencies
S | w Q] 33| & that were already present.
N Se|E Alternately, they may have resulted from differences in the lesion
] § characteristics since the ITX method used by Itoi et al. achieved complete
§ = E and apparently specific LC destruction whereas the two methods used in
§ T g é ? the present study produced only partial damage and involved several
2 £% 5 - monoamine cell groups. Thus ivt DSP4 was found to reduce the LC cell
~ «: % é % % E % ; count by only about 30% while the I?BH—SAP ITX produced an approxi-
29 § EE S55|2 mately 60% loss. The 30% cell loss YVlth DSP4 was not sufficient to alter
c & S resting levels of either NE or MHPG in the frontal cortex or hypothalamus
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Fig. 2. Effect of ivt DSP4 infusion with and without reboxetine pre-injection on immo-
bility in tail suspension test conducted 2-4 weeks post lesion. N= 12 (Veh), 13 (DSP4),
6 (reboxetine + DSP4). * p<0.05 versus Vehicle (Bonferroni-corrected t-test).

although this reduction might not be a valid index of the actual level of
impairment since resting levels of MHPG may not reflect the function of
these neurons during stress or during the performance of behaviors in
the depression tests. Also, lesions of this small size have generally not
been found sufficient to trigger postsynaptic compensatory reactions,
such as receptor sensitization, which may alter or obscure net behavioral
changes following more complete lesions (Zigmond and Stricker, 1980;
Haidkind et al,, 2003). In support, there is some evidence that lesion
size of the dorsal noradrenergic system in rats is an important determi-
nant of behavioral effect since a low dose of DSP4 (10 mg/kg), which pro-
duces a 60% depletion of forebrain NE, has been found to increase forced
swim immobility while a higher dose (30 mg/kg), causing 80-90% deple-
tion, leads to the reverse effect (Harro et al., 1999). This pattern, however,
is opposite to what was observed in the present study, i.e., reduced immo-
bility after incomplete lesion. With respect to motor activity, however,
both a partial depletion of NE in the rat ventral striatum (30%) produced
by 60HDA and partial lesions of the LC, DR and VTA in rats after prolonged
darkness have been reported to produce persistent increases in motor ac-
tivity (Schwarting and Carey, 1988; Gonzalez and Aston-Jones, 2008).
With respect to lesion specificity, ivt DSP4 in the present study was
found to produce a significant loss of neurons in the DR as well as in the
LC whereas the DBH-SAP ITX partially lesioned the VTA and produced a
small but nonsignificant cell loss in the DR as well. An effect of DSP4 on
brain 5HT levels has been reported previously (Jonsson et al., 1981)
while the action of the ITX on the VTA could be related to the known
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Fig. 3. Effect of ivt DSP4 infusion with and without reboxetine preinjection on perfor-
mance in the 5th swim of mice given 4 prior daily forced swims (RFS) at 2-4 weeks

post lesion. N's as in Fig. 2. * p<0.0002 versus Vehicle group.
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Fig. 4. Effect of prior ivt DSP4 infusion on intakes of sweetened milk in mice treated
24 h earlier with endotoxin (LPS, 400 pg/kg, i.p.). N=17-18. * p<0.02.

trophic action of the LC on dopaminergic neurons (Mavridis et al.,
1991; Marien et al., 1993; Gesi et al., 2000; Cassano et al., 2009). Previ-
ous studies have revealed a high vulnerability of brainstem monoamin-
ergic neurons to injury from various physiological insults (Kohlhauser
et al,, 1999) and the present findings could be a reflection of this sensi-
tivity to some aspect of the ivt infusion. It was not possible to determine
the separate contributions of LC and DR lesions in the present experi-
ment with either fluoxetine or reboxetine pretreatment as both drugs
were found to have nonspecific protective effects on the DSP4 lesions
of these structures.

The combined effects of ivt DSP4 on the DR and LC could represent
a significant factor in causing its marked antidepressant and hyperac-
tive effects. The serotonergic raphe system has long been known to be
involved in the inhibition of behavioral activity (Eagle et al., 2009) as
well as in the regulation of depressive behavior. Although most cur-
rent findings favor an antidepressant role for brain 5HT, there is in-
creasing evidence that this system is involved in the production of
anxious and depressive behaviors after stress (Maswood et al.,
1998; Grahn et al., 2002; Takase et al., 2005) and is activated rather
than inhibited in nontreated depressive patients (Barton et al.,
2008). Furthermore, antidepressant drugs that inhibit reuptake in
both the serotonergic and noradrenergic systems tend to be more ef-
ficacious than those acting on each system alone (Herrera-Guzman
et al., 2009). It is possible therefore that the noradrenergic and sero-
tonergic systems, which represent the two neuronal systems most
closely associated with depressive illness and antidepressant drug ac-
tion, have partially redundant functions on depression and need to be
both affected in order to produce significant and lasting effects on the
disorder.

In addition to contradicting the antidepressant role of the noradren-
ergic system, the present results also argue against its proposed role as a
stimulant of motor activity and also revisit the controversial relation-
ship between motor activity and depressive behavior. First, however,
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Fig. 5. Effect prior ivt DSP4 infusion with and without reboxetine preinjection on 1 h
locomotor activity in an open field. N's as in Fig. 2. The DSP4 group differed from the
Vehicle at p<0.005 by ANOVA contrast.


image of Fig.�2
image of Fig.�3
image of Fig.�4
image of Fig.�5

336 Y. Lin et al. / Pharmacology, Biochemistry and Behavior 100 (2011) 330-339

Immobility (min)
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Fig. 6. Effect of DBH-SAP ITX on immobility in tail suspension test. N=6-8. p<0.005
versus Control conjugate.

it should be recognized that while the motor activity role for NE is sup-
ported by a number of reports of behavioral hypoactivity after LC-
noradrenergic lesions (Heybach et al,, 1978; Owen et al., 1982; Ogren
et al., 1983; Britton et al.,, 1984; Archer and Frediksson, 2003), there
are an equal number showing little or no influence (Roberts et al.,
1975; Porceddu et al, 1983; Sahakian et al, 1983; Britton et al,
1984; Archer et al, 1986; Sawynok et al, 1995; Neophytou et al.,
2001; Srinivasan and Schmidt, 2004) and even some showing increases
in baseline or stimulated activity in lesioned animals with high degrees
of NE depletion (Ellison, 1975; Mason et al., 1978, 1979; Schwarting and
Carey, 1988; Hatip-Al-Khatib and Bolukbasi, 1999; Murrough et al.,
2000). These inconsistencies probably reflect inadequate experimental
control of the complexities of the noradrenergic systems which possess
the same receptors having opposite neural and behavioral functions
depending on whether they are located at the LC or in terminal regions,
and in which NE release can be affected either independently or concor-
dantly with that of its peptide cotransmitter, galanin, by use of a selec-
tive NE-reuptake inhibitor or manipulation of nerve impulse rate,
respectively (Stone et al., 2011b).

Building on the work of Weiss et al. (2005), our group and others have
presented a possible schema in which these factors might operate in both
depression and motor activity and which might explain the relationship
between the two (Gaykema and Goehler, 2011; Stone et al., 2011b). In
this schema, it is assumed that both hyperactivity and antidepressant ac-
tion result from a reduced neurotransmission in noradrenergic neurons of
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Fig. 7. Effect of DBH-SAP ITX on immobility (upper panel) and distance swum (lower
panel) in subsequent repeated forced swim test. N as in Fig. 7. * p<0.05 versus Control
conjugate.

200+
=
2
©
©
S 100
Q
£
o
Q
o
|
=i~ DBH-SAP
0 L] Ll L L]
15 30 45 60

Min

Fig. 8. Effect of DBH-SAP ITX on 1 h locomotor activity in open field test. N's as in Fig. 7.
The DBH-SAP group differed from the Control at p<0.05 by ANOVA simple contrast.

the LC and the lateral tegmental noradrenergic cell groups, A1 and A2,
which lead to a reduced release of NE and galanin in cortical and subcor-
tical regions involved in stress and active motivated behaviors. In stress
areas, such as the paraventricular hypothalamus, amygdala and bed nu-
cleus of the stria terminalis, whose neural activity is increased during be-
havioral inhibition and depression, NE is thought to have excitatory
neurophysiological actions in conjunction with corticotrophin releasing
hormone systems and to produce strongly aversive emotional responses
(Heinrichs and Koob, 2004). In contrast, in areas associated with active
motivated behavior such as the ventral tegmental area, nucleus accum-
bens, secondary motor, orbital and piriform cortices and lateral septal nu-
cleus, whose neural activities are reduced during these conditions, NE
and/or galanin are thought to have inhibitory actions on output neurons,
causing a suppression of active motivated behaviors. The original norad-
renergic hypothesis of motor activity was based on the findings of
hypoactivity after drugs that depleted brain NE and of the restoration of
active behavior with repletion of the amine. The new schema, however,
permits a reinterpretation of these findings consistent with a behavioral
inhibitory role for the NE systems if it is assumed that the key site(s) of
transmitter depletion is the LC, A1 or A2 where the reduction in NE re-
lease deprives local inhibitory c-adrenergic receptors of stimulation and
thus produces an intense activation of noradrenergic neurons with a con-
comitant release in forebrain structures of the non-depleted cotransmit-
ter, galanin, producing an inhibition of behavioral activity (Weiss et al,,
2005; Stone et al., 2011b). This view is supported by the finding of intense
LC activation after reserpine treatment equivalent to that produced by ei-
ther endotoxin or local blockade of c;-receptors (Stone et al., 2006) and
also makes the prediction, as yet untested, that local infusion of an -
agonist in the either the LC or lateral tegmental nuclei should reverse
reserpine-induced hypoactivity.

With respect to depression, NE reuptake inhibitors will have two ef-
fects in this model: they will reduce noradrenergic nerve impulse rate
by stimulation of noradrenergic autoreceptors and will enhance signaling
at postsynaptic adrenergic receptors in projection areas. The evidence
suggests that during acute treatment, the enhanced postsynaptic receptor
stimulation predominates because hypoactivity in the open field (Niesink
and Van Ree, 1982; Hughes and Pither, 1987; Plaznik et al., 1993), with lit-
tle or no antidepressant action in various behavioral screens is observed
initially (Kitada et al,, 1981; Lin et al, 2011). These effects most likely
occur as a result of the increased stimulation of postsynaptic oi-adreno-
ceptors because these receptors are thought to be located extrasynapti-
cally where they will be readily exposed to extracellular NE (Glass et al.,
2002) and have been found to have inhibitory effects on active behavior
(Herman et al., 1976; Spyraki and Fibiger, 1982; Nassif et al,, 1983) as
well as pro-depressive actions by several investigators (Garcia-Sevilla
et al, 1999; Marcus et al, 2010). With repeated treatment, however,
the postsynaptic signaling at o,-receptors declines possibly as a result
of receptor desensitization (Niesink and Van Ree, 1982; Cuomo et al.,
1983; Heal, 1984) while the reduced impulse flow does not and, in fact,
becomes stronger, (West et al., 2009) and is temporally correlated with
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the recovery of behavioral activity as well as with the emergence of anti-
depressant activity.

So the schema of a behaviorally inhibitory role of noradrenergic sys-
tems appears consistent with a wide range of pharmacological findings
on motor activity and antidepressant action and supports a close relation
between the two. However, there are still several findings that do not
agree with it. The first concerns the lack of antidepressant effect of stim-
ulant drugs, such as amphetamine. Although depressed patients have re-
duced levels of daily activity which are restored by successful
antidepressant treatment (Merrick, 1992; Willner, 1997; Demyttenaere
et al,, 2005; Schrijvers et al,, 2009), stimulants, even though they marked-
ly suppress LC neural activity (Akaoka et al., 1991), have generally not
been found to be clinically effective antidepressants and produce false
positives in animal screening tests since they reverse forced swim immo-
bility (Porsolt et al., 1978). A possible reason for this is that they can also
activate other central stress nuclei, such as the paraventricular hypothal-
amus (Swerdlow et al.,, 1993; Armario, 2010), which aggravate depres-
sion and may offset any positive effect of the behavioral stimulation.
This may be why using a stimulant, such as modafinil, together with flu-
oxetine, an antidepressant that reduces stress (Musazzi et al., 2010), has
been reported to increase the efficacy of antidepressant action (Abolfazli
et al, 2011) and may warrant further studies of combining anti-stress
agents with stimulants to achieve more effective antidepressants.

A second contradiction concerns the role of postsynaptic o,-receptors
in depressive and antidepressive processes. Although there have been
several reports of the hastening and potentiation of antidepressant effects
by systemic o,-antagonists both preclinically and clinically and on both
behavior and neural substrates (Sanacora et al, 2004; Yanpallewar
et al, 2010), some investigators, including our group, have shown that
these drugs can increase depressive behaviors and that postsynaptic o,-
receptors may have antidepressant actions (Stone and Quartermain,
1999; Zhang et al.,, 2009). There is now evidence that different o,-recep-
tor subtypes have different functions in depressive phenomena and dif-
fering anatomical localizations which may underlie these contradictory
results (Schramm et al,, 2001; Gyires et al,, 2009).

Finally it should be noted that, in contrast to the delayed effect of
antidepressants given systemically, infusions of a-agonists, such as
clonidine and 6-fluoronorepinephrine directly into the brainstem,
can produce immediate reductions of rodent depressive behaviors
(Simson et al., 1986). In confirmation of earlier work (Petty et al,,
1982), we have recently found that desmethylimipramine can also
produce an immediate antidepressant response in the repeated
forced swim model in mice if injected into the 4th ventricle and
also appears to have a delayed brain uptake from the periphery
when given systemically to stressed animals (Lin et al., 2011). This
suggests that part of the delayed action of classical noradrenergic an-
tidepressants may result from an impaired brain uptake and that
these drugs, when present in the brainstem in sufficient concentra-
tions, may also be capable of rapidly inhibiting central stress circuits.

5. Conclusion

In summary, the present results indicate that marked and persis-
tent reductions in baseline or stress-induced depressive-like behav-
iors and in behavioral activation can be produced in mice by lesions
of brainstem monoaminergic neurons that are partial and/or involve
multiple neuronal systems. The contrast with previous studies involv-
ing more complete and specific noradrenergic lesions may help reveal
new information on the operation and affective functions of these
brain systems.
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