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Circuitry Underlying Regulation of the Serotonergic System
by Swim Stress

Michelle Roche, Kathryn G. Commons, Andrew Peoples, and Rita J. Valentino
The Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania 19104

The dorsal raphe nucleus (DR)-serotonin (5-HT) system has been implicated in depression and is dramatically affected by swim stress,
an animal model with predictive value for antidepressants. Accumulating evidence implicates the stress-related neuropeptide
corticotropin-releasing factor (CRF) in the effect of swim stress on this system. This study investigated neural circuits within the DR that
are activated by swim stress as revealed by neuronal expression of the immediate early gene, c-fos. Swim stress increased c-fos expression
in the dorsolateral subregion of the DR. The majority of c-fos-expressing neurons were doubly labeled for GABA (85 = 5%), whereas
relatively few were immunolabeled for 5-HT (4 = 1%), glutamate (0.5 = 0.3%) or calbindin (1.5 = 0.3%). Dual immunohistochemical
labeling revealed that c-fos-expressing neurons in the dorsolateral DR were enveloped by dense clusters of CRF-immunoreactive fibers
and also contained immunolabeling for CRF receptor, suggesting that c-fos-expressing neurons in the DR were specifically targeted by
CREF. Consistent with this, the CRF receptor 1 antagonist, antalarmin, prevented swim-stress-elicited c-fos expression in the dorsolateral
DR. Together with previous findings that both swim stress and CRF decrease 5-HT release in certain forebrain regions, these results
suggest that swim stress engages CRF inputs to GABA neurons in the dorsolateral DR that function to inhibit 5-HT neurons and 5-HT
release in the forebrain. This circuitry may underlie some of the acute behavioral responses to swim stress as well as the neuronal

plasticity involved in long-term behavioral changes produced by this stress.
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Introduction
Stress has been implicated in many medical and psychiatric dis-
orders (Elenkov and Chrousos, 1999; Chrousos, 2000; Habib et
al., 2001). Although the acute stress response is adaptive, re-
peated, chronic, or a single severe stress can initiate long-term
neuronal changes that may underlie stress-related pathophysiol-
ogy (Dallman et al., 1992; De Goeij et al., 1992). One experimen-
tal stress that results in long-term behavioral changes is swim
stress, and this phenomenon is a key element of the forced-swim
test, a validated screen for antidepressant activity (Porsolt et al.,
1977; Porsolt et al., 1978). On initial exposure to swim stress, rats
exhibit both active (e.g., swimming) and passive (e.g., floating)
behaviors. During a second exposure (24 hr to 2 weeks later), the
pattern changes such that active behavior is diminished and pas-
sive behavior predominates. Like certain other experimental
strategies that model aspects of depression, this model involves a
stress-induced bias toward passive behavior that is sensitive to
antidepressant treatments (Maier and Jackson, 1979; Weiss et al.,
1981). Sensitivity to diverse antidepressant treatments suggests
that the neural plasticity that underlies the behavioral change is a
common target of antidepressant agents.

The dorsal raphe nucleus (DR)-serotonin (5-HT) system is
dramatically affected by swim stress and has been implicated in
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affective disorders. Swim stress produces robust decreases in
5-HT release in certain forebrain targets of the DR (Kirby et al.,
1995, 1997; Kirby and Lucki, 1997). A correlation between inhi-
bition of 5-HT release and active coping in the swim test impli-
cates this neurochemical effect in the behavioral response to
swim stress (Kirby and Lucki, 1997).

Serotonin neurons within the DR are topographically orga-
nized such that different subregions have distinct afferent inputs
and efferent projections, suggesting that they are differentially
engaged and subserve distinct functions (O’Hearn and Molliver,
1984; Molliver, 1987; Jacobs and Azmitia, 1992). A goal of this
study was to localize and neurochemically identify neurons within
the DR that are engaged during an initial exposure to swim stress.
Immunohistochemical methods were used to localize the transcrip-
tion factor c-fos within the DR, and dual immunolabeling was used
to neurochemically identify c-fos-expressing neurons.

A role for the stress-related neuropeptide corticotropin-
releasing factor (CRF) in the effects of swim stress on the DR—
5-HT system is suggested by studies demonstrating that CRF
mimics the effects of swim stress on 5-HT release (Price and
Lucki, 2001) and that the effects of swim stress on 5-HT release in
the lateral septum are prevented by a CRF antagonist (Price etal.,
2002). To determine whether CRF afferents to the DR target
neurons that are activated during swim stress, c-fos immunola-
beling was combined with immunolabeling for either CRF or the
CRF receptor (CRF-R). In addition, the ability of a CRF antago-
nist to prevent swim-stress-induced c-fos expression in the DR
was examined. Finally, to investigate a role for c-fos-expressing
DR neurons in adaptation to swim stress, c-fos profiles were
quantified after a second exposure to swim stress.
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Materials and Methods

Subjects. Adult male Sprague Dawley rats (250300 gm; Taconic Farms,
Germantown, NY) were housed three per cage on a 12 hr light/dark
schedule in a temperature-controlled (22°C) colony room. Rats were
given ad libitum access to standard rat chow and water. Care and use of
animals were approved by the Stokes Institute of the Children’s Hospital
of Philadelphia Institutional Animal Care and Use Committee and per-
formed in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All efforts were made to minimize
animal suffering, and only the number of animals necessary to produce
reliable scientific data were used.

Swim stress. The procedures used for swim stress were identical to
those described previously by others (Porsolt et al., 1977, 1978; Borsini
and Meli, 1988; Borsini et al., 1989; Detke et al., 1995). Rats were handled
for 4 consecutive days before swim stress. On the fifth day, rats were
divided into control and swim groups randomly. For the swim, rats were
placed in a cylindrical glass tank (46 cm high X 20 cm diameter) filled
with water (25 = 1°C) to a depth of 30 cm for 15 min. The 30 cm depth
allowed rats to swim or float without having their tails touch the bottom
of the tank. Immediately after the 15 min swim, rats were removed from
the tank, towel dried, and put in a warming cage (37°C) that contained a
heating pad covered with towels for 15 min. Rats were then returned to
their home cage. Nonswim control animals were handled briefly. Exper-
imental groups were matched such that a swim-stress rat and control rat
were perfused on the same day and tissue was processed in parallel. Some
rats were pretreated 30 min before swim stress with either the selective
CRF-RI1 antagonist antalarmin (20 mg/kg, i.p.) or vehicle (1 ml/kg, i.p.).

To examine the effects of a second exposure to swim stress on c-fos
expression, rats were divided into four groups (n = 5 rats per group); one
group was handled on days 1 and 2 (HH), one group was handled on day
1 and exposed to a 5 min swim stress on day 2 (HS), one group was
exposed to a 15 min swim stress on day 1 and handled on day 2 (SH), and
one group was exposed to a 15 min swim stress on day 1 and a 5 min swim
stress on day 2 (SS). Rats were anesthetized and perfused 2 hr after the
start of the manipulation (swim or handling) on day 2.

Immunohistochemistry. Rats were deeply anesthetized with sodium
pentobarbital (100 mg/kg, i.p.) 105 min after the end of the 15 min swim
or 115 min after the 5 min swim and transcardially perfused with 100 ml
of heparinized saline solution, followed by 500 ml of 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB) (4°C), pH 7.4. For tissue processed
for glutamate immunoreactivity, the fixative consisted of 4% glutaralde-
hyde in 0.1 m PB. Brains were removed and stored in the same fixative
solution for 90 min (4°C) and then overnight in a solution of 20% sucrose
in 0.1 M PB containing 0.1% sodium azide (4°C). Brains were rapidly
frozen with CO,, and 30 um coronal sections were cut on a cryostat. The
sections were collected in 0.1 m PB, pH 7.4.

Before immunohistochemical labeling, sections were incubated for 20
min in either (1) 0.75% H,O, in PB for paraformaldehyde-fixed tissue or
(2) 1% sodium borohydride in PB for glutaraldehyde-fixed tissue, fol-
lowed by several rinses in PB. All primary antisera were diluted in 0.1 m
PBS containing 0.3% Triton X-100 (PBST), 0.04% bovine serum albu-
min (BSA), and 0.1% sodium azide and incubated with the tissue for 2—-3
d at 4°C. Secondary antisera (Jackson ImmunoResearch, West Grove,
PA) diluted in PBST-BSA were raised in donkey and had minimal cross-
reactivity to nontarget species. Sections were rinsed several times in PBST
between incubations.

c-fos immunoreactivity was assessed by incubating sections in rabbit
anti c-fos antisera (Oncogene Research Products, Cambridge, MA) at a
dilution of 1:20,000. The primary antiserum is directed against residues
4-7 of human c-fos. Sections were incubated in biotinylated donkey
anti-rabbit antiserum (1:200) for 90 min, followed by avidin—biotin
complex (1:600; ABC Elite Kit; Vector Laboratories, Burlingame, CA) for
90 min at room temperature. Sections were then immersed in 0.02%
3,3’-diaminobenzidine-4HCI (Sigma, St Louis, MO) containing 0.01%
H,0, in PB for 10—15 min for a brown reaction product that was termi-
nated by rinses in PB.

Before dual labeling, sections were incubated in 0.75% H,O, in PB for
20 min followed by rinses in PBS. This was followed by incubation in
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rabbit anti-5-HT (1:10,000; Incstar, Stilwater, MN), mouse anti-
glutamate (1:1000; Chemicon, Temecula, CA), mouse anti-calbindin (1:
1000; Sigma), or rabbit anti-CRF antiserum (1:8000; Dr. W. Vale, The
Salk Institute, San Diego, CA). Sections were rinsed in PBST-BSA and
processed as described above for c-fos using the ABC elite kit. After
rinsing, the immunolabeling was visualized using the Vector SG peroxi-
dase substrate kit (Vector Laboratories) yielding a blue reaction product.

Sections were mounted on glass gelatinized slides, dehydrated in a
series of alcohols, cleared with xylene, and coverslipped with Permount
(Sigma). Photomicrographs were taken using a Leica (Bannockburn, IL)
microscope and a Fuji (Tokyo, Japan) S1 Pro digital camera.

For immunofluorescent detection of c-fos and CRE-R, sections were
incubated in a mixture of rabbit anti c-fos antisera (1:2000; Oncogene
Research Products) and goat anti-CRF-R1 (1:1000; Santa Cruz Biotech-
nology, Santa Cruz, CA). The CRF-R1 antiserum identifies a single pro-
tein band by Western blot analysis, and immunohistochemical labeling is
diminished by preabsorption with the antigenic peptide (Chen et al.,
2000). According to the manufacturer’s specifications, this antiserum
may also detect CRF-R2. After rinsing in PBST-BSA, sections were incu-
bated in solution containing tetramethylrhodamine isothiocyanate anti-
rabbit (1:200; Jackson ImmunoResearch) and FITC anti-goat (1:200;
Jackson ImmunoResearch). For immunofluorescent detection of c-fos
and GABA, sections were incubated with a mixture of the same c-fos
antisera and anti-GABA antisera raised in guinea pig (1:1000; Protos
Biotech, New York, NY). c-fos was detected using a RITC-conjugated
secondary antisera, whereas GABA was detected using the avidin—biotin
immunoperoxidase method (ABC elite kit) with NEN tyramide kit FITC
substrate. Sections were subsequently rinsed, mounted on gelatinized
glass slides, and coverslipped using Vectashield (Vector Laboratories).

For triple immunofluorescence labeling of GABA, c-fos, and CREF-R,
tissue from three rats was first dually labeled for GABA as described
previously and for CRE-R using RITC-conjugated anti-rabbit antisera.
Tissue was then rinsed and incubated in the same c-fos antisera and
subsequently visualized with aminomethylcoumarin acetate-conjugated
anti-rabbit antisera. The use of two antisera raised in rabbit produced
little cross reactivity and the individual labels were easily distinguished by
differential subcellular localization.

Immunofluorescent labeling was visualized using a Leica microscope,
and images were captured with a Kodak 1400 digital camera (Princeton
Instruments, Trenton, NJ) using Open Lab software (Improvision, Cov-
entry, UK).

Data analysis. c-fos-immunolabeled profiles were counted in the dor-
solateral, dorsomedial, and ventromedial subregions of the DR from at
least three sections per rat from five stressed and five control rats. The
area defined by each subregion was based on the extent of the cellular
groups comprising the regions and specific landmarks (see Fig. 1). The
rostrocaudal extent of the DR in which quantification was done corre-
sponded to plates 49-52 (Paxinos and Watson, 1998). The fasiculus
served as the ventral border of the region defined as the ventromedial
subregion. The presence of specific blood vessels and the base of the
aqueduct defined the lateral and dorsal boundaries of the dorsolateral
subregions, respectively. Figure 1 indicates the area in which profiles
were counted for each region. The plots shown in Figure 1 were generated
by capturing representative images of c-fos immunolabeling from sec-
tions from handled (control) and swim-stressed rats. All detectable c-fos-
immunolabeled cells were then plotted, and section boundaries were
indicated. When counting sections in the dorsolateral region, each side
represented an individual determination. In addition to the DR, c-fos-
immunoreactive profiles were quantified in the locus ceruleus (LC) of
the same cases (at least three sections per rat). The mean number of
immunolabeled profiles per section was determined for each rat within a
group, and these individual means were averaged to give group means
that were compared using a factorial ANOVA with Scheffe’s post hoc test.

For counts of double-labeled neurons (i.e., c-fos and 5-HT, GABA,
glutamate, calbindin, or CRF-R), at least 100 c-fos-immunolabeled pro-
files were counted in at least four sections from each of three rats in which
immunolabeling for both antigens was distinct. For this analysis, cells
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were either analyzed directly or analyzed from
digitally captured images. The percentage of
dual-labeled neurons (out of total c-fos-
immunoreactive profiles) was determined for
each rat and averaged across rats. For analysis of
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coexistence of three immunolabels, individual
high-magnification fields were digitally cap-
tured, pseudocolored, merged, and examined.
Fields were captured from a total of nine sec-
tions from three rats in which immunolabeling
for all three antigens was detectable.

Drugs. Antalarmin (Dr. Kenner Rice, Lab-
oratory of Medicinal Chemistry, National In-
stitutes of Health/National Institute of Diabe-
tes and Digestive and Kidney Diseases,
Bethesda, MD) was dissolved in a solution
containing 5% ethanol and 5% cremaphor.

Results

Swim stress induces c-fos in the
dorsolateral DR

Tissue was obtained from eight rats that
were subjected to swim stress and eight
matched controls. The distribution of
c-fosimmunolabeling in rats subjected to
swim stress was similar to that reported
previously (Duncan et al., 1993; Cullinan
et al., 1996). For example, c-fos-immuno-
reactive profiles were numerous in the LC,
dorsolateral parabrachial nucleus, lateral
habenula, paraventricular nucleus of the
hypothalamus, and lateral septum of
swim-stressed rats. In contrast, c-fos expression was absent or mini-
mal in these regions in handled rats. Within the DR, c-fos-
immunoreactive profiles were most prevalent in the dorsolateral
subregion (Fig. 1, also see Fig. 4A). The mean number of c-fos-
immunoreactive profiles per section in this subregion was 50 * 2 in
swim-stressed rats (n = 24 sections from five rats) versus 17 * 1 in
matched controls (n = 24 sections from five rats) (Fig. 2). Although
the mean numbers of c-fos-immunoreactive profiles in the dorso-
medial or ventromedial subregions were substantially less than in the
dorsolateral subregion, these were statistically higher in swim-
stressed rats versus controls. Thus, in the dorsomedial DR, the mean
number of c-fos-immunoreactive profiles per section in swim-
stressed versus control rats was 15 * 1 and 6 * 1, respectively (n =
12 sections from five rats for both groups) (p < 0.0001). In the
ventromedial region, the mean number of c-fos-immunoreactive
profiles per section in swim-stressed versus control rats was 16 £ 2
and 9 = 1 (n = 12 sections from five rats), respectively ( p <
0.01). c-fos expression was also quantified in the LC. Swim
stress resulted in a statistically significant increase in c-fos-
immunoreactive profiles per section in this nucleus (mean,
56 * 4) compared with handling (2 = 0.4) (Fig. 2).

Figure 1.

Neurochemical identity of c-fos-expressing neurons

To identify the neurochemical phenotype of neurons in the dorso-
lateral DR that express c-fos in response to swim stress, sections were
dually immunolabeled for c-fos and 5-HT, glutamate, GABA, or
calbindin. Few 5-HT neurons contained c-fos-immunolabeled nu-
clear profiles (Fig. 3A, Table 1). An even smaller number of neu-
rons were doubly labeled for c-fos and glutamate or c-fos and
calbindin (Fig. 3B,C, Table 1). In contrast, a substantial number
of c-fos-immunoreactive profiles were observed within neurons that

control

Swim stress robustly increases c-fos expression in cells in the dorsolateral subregion of the DR. Sections from handled
control rats (A) and swim-stressed rats ( B) are dually immunolabeled for 5-HT (blue) and c-fos (brown). Clusters of 5-HT-containing
neuronsare evidentin the dorsomedial ( D), ventromedial ( /), and dorsolateral (L) portions of the DR. The dorsal and ventral regions
are bounded by the aqueduct (Ag) and medial longitudinal fasiculus (mif), respectively. Large blood vessels (bv) were often noted at
the lateral border of the dorsolateral DR. Plots reconstructed from sections from a handled control rat ( () and swim-stressed rat ( D)
that were singly labeled for c-fos are shown. Swim stress produced an increase in ¢-fos profiles in all subregions of the DR; however,
the increase was most notable in the dorsolateral subregion (). Scale bars, 120 pm.

were GABA-immunoreactive (Fig. 3D,E, Table 1). The mean percent-
ages of c-fos-immunolabeled nuclear profiles that were within neurons
containing these neurochemical markers are given in Table 1.

c-fos neurons are targeted by CRF

Previous studies described a topographical distribution of CRF
fibers within the DR, including a dense innervation of the dorso-
lateral region at caudal to mid-levels of the DR (Kirby et al., 2000;
Valentino et al., 2001). CRF is present within axon terminals that
synapse onto somatodendritic processes within this region (Val-
entino et al., 2001). In sections from swim-stressed rats that were
doubly immunolabeled for c-fos and CRF, the c-fos profiles in the
dorsolateral region were found to lie within the CRF terminal area
(Fig. 4A,B). Moreover, c-fos-immunolabeled profiles were of-
ten surrounded by dense clusters of CRF varicose processes
reminiscent of basket-cell-like innervation by CRF-contain-
ing axon terminals (Fig. 4 B,C). Consistent with this, double
immunolabeling for c-fos and CRF-R revealed that c-fos-
immunolabeled profiles were often associated with CRF-R im-
munolabeling (Fig. 4D, Table 1).

Some tissue was processed for triple immunolabeling to iden-
tify c-fos, GABA, and CRF-R to confirm that CRF-R coexisted
with c-fos in GABA-containing cells. Figure 5 shows examples of
several GABA neurons in the dorsolateral DR that express c-fos
and also exhibit CRF-R immunolabeling after swim stress. Al-
though coexistence of multiple immunolabels is subject to sub-
stantial underdetection, triple-labeled cells were commonly ob-
served. Five to nine triple-labeled neurons could be distinguished
in each high-power image of the dorsolateral DR. Of a total of 200
c-fos-immunoreactive profiles examined in these high-
magnification captured images, 73 (36.5%) were also clearly la-
beled for both GABA and CRF-R.
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Figure 2.  Quantification of swim stress-induced c-fos expression in the dorsolateral dorsal

raphe nucleus (DRN) and LCand effects of antalarmin. The bars represent the mean number of
c-fos-immunolabeled profiles per section for different groups. As described in Materials and
Methods, a mean was determined for individual rats, and a group average was calculated from
these means. The groups were composed of five rats that were handled (open bars; n = 24 total
sections), five rats exposed to swim stress (sofid bars; n = 24 total sections), six rats pretreated
with vehicle before swim (black hatched bars; n = 76 total sections), and six rats pretreated
with antalarmin before swim (white hatched bars; n = 66 total sections). The factorial ANOVA
comparing DR data revealed a group effect (F; ;g = 15.5;p << 0.001). Post hoc Scheffe’s tests
revealed statistically significant differences between swim and handled ( p << 0.002), swim
and antalarmin ( p < 0.005), vehicle/swim and handled ( p << 0.002), and vehicle and anta-
larmin ( p <'0.05) groups. In contrast, the swim versus vehicle/swim comparison and handled
versus antalarmin/swim comparison did not reveal statistically significant differences. The fac-
torial ANOVA comparing LC data revealed a group effect (F ; ;¢ = 29.7; p << 0.0001). Post hoc
Scheffe’s tests revealed statistically significant differences between the handled group and all
other groups ( p << 0.0001). The swim-stress groups were not statistically different from one
another, regardless of pretreatment. **p << 0.0002 compared with handled; *p << 0.05 com-
pared with vehicle.

CRF-R1 antagonist prevents swim-stress-induced

c-fos expression

To determine whether c-fos induction in the dorsolateral DR by
swim stress was dependent on endogenous CRF, rats were ad-
ministered the selective CRF-R1 antagonist antalarmin (20 mg/
kg, i.p.) (Webster et al., 1996) or vehicle 30 min before swim
stress. The mean number of c-fos-immunolabeled profiles in rats
pretreated with vehicle before swim stress was not signifi-
cantly different from that seen in rats exposed to swim stress
alone (p = 0.2) (Fig. 2). In contrast, the mean number of
c-fos-immunolabeled profiles was substantially reduced in
rats pretreated with antalarmin compared with either vehicle-
treated rats (p < 0.05) or swim-stress rats that were not pre-
treated (p < 0.005). In addition, the mean number of c-fos
profiles in rats pretreated with antalarmin before swim stress
was not significantly different from that seen in rats that were
handled (p = 0.6), suggesting that antalarmin pretreatment
completely prevented this effect of swim stress. In contrast to
its effects on c-fos expression in the DR, pretreatment with
antalarmin did not alter c-fos expression in the LC (Fig. 2).
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Effects of previous swim stress on c-fos induction in the
dorsolateral DR by a subsequent swim

Figure 6 shows the effect of a 5 min swim stress or handling on
c-fos expression in the dorsolateral DR of rats that were either
handled or exposed to swim stress (15 min) 24 hr previously. A
two-factor ANOVA revealed a significant effect of treatment on
day2 (F(, 16, = 5; p < 0.05), indicating that a 5 min swim stress on
day 2 induced c-fos expression. However, although the mean
number of c-fos profiles tended to be less in rats with a previous
history of swim stress (SS), there was no effect of treatment on
day 1.

Discussion

The present study demonstrated that acute exposure to swim
stress induced c-fos expression in GABAergic neurons in the dor-
solateral subregion of the DR. Convergent findings suggest that
this resulted from activation of CRE-R1 receptors. Thus, c-fos-
expressing neurons were targeted by CRF axon terminals and
exhibited CRF-R1 immunolabeling. Furthermore, CRF-R1 was
present on GABA-containing neurons that expressed c-fos in this
area. Importantly, administration of a selective CRF-R1 antago-
nist prevented swim-induced c-fos expression. Given that swim
stress inhibits 5-HT release in certain terminal regions of the DR
(Kirby et al., 1995; Kirby and Lucki, 1997), and that this is pre-
vented by administration of a CRF antagonist (Price et al., 2002),
the present results suggest that swim stress engages CRF afferents
that target and activate GABA neurons in the dorsolateral DR,
thereby inhibiting this serotonergic system. This mechanism may
underlie aspects of acute behavioral responses to swim stress. The
finding that previous exposure to swim stress, which prevents the
ability of a subsequent swim or CRF to decrease 5-HT release
(Price et al., 2002), did not alter c-fos induction by a second swim
suggests that the neural adaptation occurs at a site distal to the
GABA neuron.

Technical considerations

The present interpretations rely on the assumption that c-fos im-
munolabeling is a marker of neuronal activation. Although this is
supported by numerous studies (Dragunow and Faull, 1989), the
lack of c-fos expression does not preclude neuronal activation
that has distinct transcriptional consequences. Therefore, it is
possible that swim stress activated neurons within the DR that
were not identified here.

Circuitry underlying effects of swim stress on the

DR-5-HT system

Acute swim stress produces robust long-lasting decreases in
5-HT extracellular levels in the lateral septum and amygdala,
forebrain targets of the DR (Kirby et al., 1995, 1997; Kirby and
Lucki, 1997). Convergent findings implicate CRF in these inhib-
itory effects. CRF densely innervates the DR (Valentino et al.,
2001), and CRF receptor binding and receptor mRNA are prev-
alent in this region (Rominger et al., 1998) (Chalmers et al.,
1995). CRF administered into the DR inhibits the neuronal dis-
charge rate in vivo (Kirby et al., 2000) and mimics the inhibitory
effect of swim stress on 5-HT release (Price et al., 1998, 2002;
Price and Lucki, 2001). Importantly, inhibition of 5-HT release
by swim stress is prevented by previous administration of a CRF
antagonist (Price et al., 2002). The present findings now provide
a putative neural circuit underlying the effects of swim stress on
this system. It is hypothesized that swim stress engages CRF in-
puts to GABAergic neurons in the dorsolateral DR, which in turn
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inhibit 5-HT neuronal activity
and 5-HT release in certain fore-
brain regions. Indeed, DR 5-HT
cells are under tonic inhibitory
control by both GABA, (Tao
and Auerbach, 2000) and
GABAj receptors (Abellan et al.,
2000; Varga et al., 2001).

Several findings link inhibi-
tion of 5-HT release in the lateral
septum with active coping dur-
ing swim stress. For example,
during the initial exposure to
swim, at a time when extracellu-
lar levels of 5-HT in the lateral
septum are decreased, a combi-
nation of active (swimming,
climbing) and passive (e.g., im-
mobility) behaviors are observed
(Porsolt et al., 1977, 1978; Detke
et al., 1995; Kirby and Lucki,
1998). On subsequent exposure
to swim stress, when the effect on
5-HT release is lost, passive be-
havior predominates (Kirby and
Lucki, 1997, 1998). Importantly,
extracellular levels of 5-HT in the
lateral septum were positively cor-
related to immobility and nega-
tively correlated to swimming
(Kirby and Lucki, 1997, 1998). Fi-
nally, subchronic administration
of the antidepressant fluoxetine
between the initial and subsequent
swim stress restored both the neu-
rochemical response and the ac-
tive component of the behavioral
response (Kirby and Lucki, 1997).
In addition to implying a link be-
tween the neurochemical (decreased 5-HT release) and behavioral
(swimming) responses, these findings suggest that antidepressants
target some component of the mechanisms involved in the neuro-
chemical and behavioral adaptation.

A role for CRF in the neurochemical adaptation is supported
by the findings that like the inhibitory effect of swim stress, the
inhibitory effects of CRF on both 5-HT release and DR neuronal
activity are lost in subjects with a history of previous swim stress
(i.e., there is cross adaptation between swim stress and CRF ad-
ministration in these subjects) (Price et al., 2002). Given the cir-
cuit supported by the present findings, the neurochemical adap-
tation could be attributable to (1) changes at the level of CRF
receptor/transduction mechanisms resulting in an inability of
CRF to activate GABA neurons, (2) changes at the level of GABA
receptor/transduction mechanisms resulting in a loss of inhibi-
tion, or (3) induction of an excitatory effect on 5-HT neurons
that opposes GABA-mediated inhibition. Although c-fos expres-
sion in the dorsolateral DR tended to be reduced in rats with a
history of swim stress, this effect did not reach statistical signifi-
cance. This finding suggests that plasticity at the level of the CRF
receptor on GABA neurons cannot account for the neurochem-
ical adaptation and supports alternative mechanisms, such as
plasticity at the level of the GABA receptor on 5-HT neurons.

Figure3.
5-HT (blue) also contained immunoreactivity for c-fos (brown; arrow). B, Numerous cell somata were visible containing glutamate immunore-
activity (blue); however, these were rarely dually labeled for c-fos (brown). C, Likewise, although calbindin-immunoreactive cells (blue) were
numerous in the dorsolateral DR, very few also contained c-fos (brown; arrow). D, Dual immunofluorescence for GABA ( green) and c-fos (red) in
the dorsolateral DR revealed that the majority cells containing c-fos were likely GABAergic. £, Higher magnification of several c-fos-
immunoreactive profiles (red) surrounded by immunolabeling for GABA ( green). Cells singly labeled for GABA are also visible (double-headed
arrow). Scale bars: A-G, £, 35 pum; D, 120 pem.
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Neurochemical identification of cells containing c-fos immunoreactivity after swim stress. A, A small fraction of neurons containing

Table 1. Colocalization of c-fos with other neurochemical markers

Neurochemical marker Percentage of c-fos neurons’

GABA 85+5
5-HT 4+07
Glutamate 05+03
Calbindin 15+03
CRF-R 88 +2

“The percentage of dual-labeled neurons was determined as described in Materials and Methods.

Relevance of the topography of c-fos expression in the DR

CRF innervation of the DR is topographically organized such that
at caudal to mid levels, CRF-immunoreactive fibers are most
dense in the dorsolateral region (where c-fos expression was prev-
alent). Proceeding rostrally, CRF innervation shifts medially and
ventrally (Kirby et al., 2000; Valentino et al., 2001). The relevance
of this pattern lies in the topographical organization of efferent
projections arising from the DR. Anatomical studies have pro-
vided evidence for an encephalotopy within the DR, such that
different brain regions are targeted by distinct cell groups within
the DR (Kohler and Steinbusch, 1982; O’Hearn and Molliver,
1984; Imai et al., 1986; Vertes, 1991). In this regard, the amygdala
and lateral septum, two regions in which swim stress decreases
5-HT release, receive a 5-HT innervation from the dorsolateral
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Relationship of CRF and CRF-R to neurons containing c-fos immunoreactivity after swim stress. A, Dual immunolabeling for CRF (blue) and c-fos (brown) reveals that c-fos-containing

cells dorsolaterally are located in an area receiving rich innervation from CRF-containing axons. D, Dorsomedial DR; V/, ventromedial DR; Aq, aqueduct; mif, medial longitudinal fasiculus. B, Higher
magpnification of the bracketed region in A shows that several profiles with c-fos immunoreactivity appear to be surrounded by CRF-immunoreactive axons (arrows). C, Higher magnification of the
bracketed area in B. c-fos immunoreactivity within a cell nucleus (arrow) is surrounded by a lucid cytoplasm. The entire cell appears to be enveloped by dense innervation from CRF-containing
boutons (double-headed arrow). D, Dual immunofluorescence for c-fos (red) and CRF-R ( green) shows that c-fos-immunoreactive profiles visible after a swim stress contain CRF-R immunoreactivity

(arrows). Scale bars: A, B, 80 m; G, D, 35 pum.

DR (De Olmos and Heimer, 1980; Kohler and Steinbusch, 1982;
Imai et al., 1986).

The topographic organization of CRF innervation of the DR
also suggests that CRF may act at distinct cell populations de-
pending on the specific behavioral conditions. Consistent with
this, recent evidence suggests a selective role for CRF within the
ventral aspect of the caudal DR in learned helplessness (Ham-
mack etal., 2002). In the present study, evidence is presented that
GABAergic neurons in the dorsolateral DR have CRF-R; how-
ever, CRF-R immunoreactivity was not restricted to this cell pop-
ulation. The pattern of immunohistochemical labeling, as well as
that of CRF-R mRNA expression (Chalmers et al., 1995), leaves
open the possibility that CRF may also directly act on 5-HT cells,
and this could be relevant for effects of CRF in the ventral DR.

Consistent with the hypothesis that CRF may act through dif-
ferent mechanisms in the ventral and dorsolateral DR, the types
of cellular interactions between CRF terminals and processes in
the DR within these subregions are distinct (Valentino et al.,
2001). In the dorsolateral region, CRF terminals synaptically con-
tact dendrites more frequently, and the majority of these synapses
are asymmetric (excitatory). This stands in contrast to the ven-
tromedial/interfasicular region, where associations between CRF
terminals and non-CRF terminals are more prevalent and synap-
tic specializations between CRF terminals and nonlabeled den-
drites are more often symmetric (inhibitory). The present find-
ings predict that at least some of the dendrites contacted by CRF
terminals in the dorsolateral DR are GABAergic.

Although swim stress increased expression of c-fos in LC neu-
rons, this was not altered by previous administration of anta-
larmin. This is of interest given evidence for a role of CRF in LC
activation by certain stressors (Page et al., 1993; Curtis et al.,
1994; Lechner et al., 1997). The present findings suggest that
CREF is not a primary mediator of LC activation during swim
stress.

Clinical significance
A bias toward passive behavior in previously stressed animals that
is sensitive to antidepressant treatments is a common feature of
multiple experimental strategies that attempt to model depres-
sion, including learned helplessness, infant separation, and the
forced-swim test (Maier and Jackson, 1979; Weiss et al., 1981;
Thierry et al., 1984). Although passive coping may be appropriate
and adaptive, the predominance and persistence of this strategy
over active responses, which is a characteristic of depression
(Hirschfeld et al., 1983; Chan, 1992; Snow-Turek et al., 1996;
Bardwell et al., 2001; Muris et al., 2001) may be detrimental. The
present findings suggest specific neural substrates and circuits
that regulate the balance between different coping strategies.
The behavioral pattern elicited by swim stress has served as a
valid model for predicting antidepressant activity (Porsolt et
al., 1977, 1978; Borsini and Meli, 1988; Borsini et al., 1989;
Detke et al., 1995). Identification of neurochemical substrates
involved in the response provides rationale for the develop-
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Figure 5.  Cells dually immunolabeled for c-fos (blue) and GABA ( green) also contain label-
ing for CRF-R (red). A section illuminated to visualize CRF-R immunolabeling alone (A), GABA
immunolabeling alone (B), and a merged image with c-fos immunolabeling ( () shows that
many GABA and c-fos-immunolabeled neurons also contain CRF-R (arrows). Scale bar, 35 pm.
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Figure 6.  Quantification of c-fos expression in the dorsolateral DR of rats that were handled or
exposed to swim stress (5 min) 24 hr after handling or a 15 min swim stress. As described in Materials
and Methods, the groups induded rats (n = 5 rats; 46 total sections) that were handled on days 1and
2 (HH), rats that were handled on day 1 and exposed to swim on day 2 (HS; n = 5 rats, 39 total
sections), rats that were exposed to swim on day 1and handled on day 2 (SH; n = 5 rats, 39 total
sections), and rats that were exposed to swim on both days (SS; n = 5 rats, 53 total sections). Bars
represent the mean number of ¢-fos-immunolabeled neurons, and vertical lines indicate SEM. A two-
factor ANOVA indicated a main effect of treatment on day 2 (F; ;) = 5;p << 0.05).

ment of novel therapeutic agents. The present results suggest
that in addition to classical agents used to treat these disor-
ders, manipulation of CRF or GABA systems may be useful
adjuncts.
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