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Alterations in brain activity patterns were assessed in re- 
sponse to swim stress by immunocytochemical detection of 
Fos-like immunoreactivity (Fos-LI) and high-resolution au- 
toradiographic imaging of %-2-deoxyglucose (2-DG) up- 
take. The stress paradigm investigated was a classic be- 
havioral screen for antidepressant drug activity, the forced 
swim test. One of the most pronounced effects produced by 
swim stress was an increase in 2-DG uptake and induction 
of Fos-LI in a restricted region of the lateral septal nucleus. 
Specific “limbic” cortical regions, including the medial pre- 
frontal, ventrolateral orbital, and cingulate cortices, also 
exhibited both increased 2-DG uptake and expression of 
Fos-LI in response to swim stress. In the hypothalamic para- 
ventricular nucleus of swim-stressed rats, Fos-LI was in- 
duced but no change in 2-DG uptake was apparent. Since 
the specific swim stress protocol used is a behavioral screen 
for antidepressant drugs, the effects of imipramine on stress- 
induced alterations in 2-DG uptake and induction of Fos-LI 
were examined. The stress-induced increase in 2-DG uptake 
in the lateral septum was blocked by treatment with imip- 
ramine, but treatment with imipramine had no effect on in- 
duction of Fos-LI in the same region. Neither 2-DG uptake 
nor Fos-LI expression was altered by imipramine treatment 
in the cortical regions influenced by swim stress. Adminis- 
tration of imipramine alone under basal conditions produced 
a robust induction of Fos-LI in the central nucleus of the 
amygdala and in the dorsal lateral subdivision of the bed 
nucleus of the stria terminalis. No effect of imipramine treat- 
ment on 2-DG uptake was apparent in these latter regions. 
The results provide insights into topographic patterns of 
brain activity associated with swim stress and neuroanatom- 
ically selective actions of imipramine. The different and com- 
plementary information obtained by assessment of Fos-LI 
and 2-DG uptake illustrates the utility of applying both func- 
tional mapping approaches to examine neuroanatomical cor- 
relates of behavioral states and drug treatment. 
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There are a variety of pathological conditions in which stress 
may be a predisposing factor, including gastric ulcers (Weiss, 
197 l), cardiovascular disease (Glass, 1977), and affective dis- 
orders (Anisman and Zacharko, 1982). A better understanding 
of functional neuroanatomical responses to stress could facilitate 
development of therapies for such stress-related conditions. 
Noninvasive techniques are available to identify brain regions 
that are components of neural circuits activated in response to 
stress. One of the most widely used approaches to explore func- 
tional neural responses in freely behaving rats is autoradio- 
graphic assessment of radiolabeled 2-deoxyglucose (2-DG) up- 
take. This approach is based on the observations that energy 
for brain metabolism is derived almost exclusively from glucose 
and 2-DG is transported into brain tissue in proportion to the 
rate of glucose utilization (Sokoloff et al., 1977). In addition to 
2-DG uptake, immunocytochemical assessment of the induc- 
tion of Fos protein, the product of the protooncogene c-fos, has 
proven useful in identifying brain regions that are activated 
under many experimental conditions (for examples, see Morgan 
et al., 1987; Sagar et al., 1988; Dragunow and Faull, 1989). 
Expression of Fos is low under basal conditions but the protein 
is transiently induced in neural tissue (and in other tissues) in 
response to activation of specific intracellular messenger systems 
(Sheng and Greenberg, 1990). 

There have been few studies comparing 2-DG uptake and Fos 
induction under the same experimental conditions. The limited 
data available in this regard suggest that distinct information 
may be obtained by utilizing each of these approaches. For 
example, in 2-DG studies examining effects of osmotic stress 
produced by salt loading, no increase in glucose utilization has 
been reported for the hypothalamic paraventricular nucleus 
(PVN) or supraoptic nucleus (Schwartz et al., 1979; Gross et 
al., 1985). In contrast, injection of hypertonic saline produces 
a robust induction of Fos in the PVN and supraoptic nucleus 
(Sagar et al., 1988; Sharp et al., 1991). Other experimental sit- 
uations where assessment of 2-DG uptake and expression of 
Fos have yielded distinct information are after electrical stim- 
ulation of the motor cortex (Sagar et al., 1988; Sharp, 1989) and 
after the administration of D, -dopamine agonists to 
6-hydroxydopamine-lesioned rats (Trugman and Wooten, 1987; 
Robertson et al., 1989; Trugman et al., 1991; Johnson et al., 
1992). 

Since 2-DG uptake and expression of Fos may provide dis- 
tinct and complementary information, the present investigation 
compared neuroanatomical activation patterns with these two 
techniques in the forced swim test (Porsolt et al., 1978) a classic 
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behavioral screen for antidepressant drug activity. There is cur- 
rently no information available concerning brain regions acti- 
vated in response to the swim test or for effects of antidepressant 
drug treatment on swim stress-induced alterations in brain ac- 
tivity patterns. The present investigation demonstrates highly 
selective neuroanatomical patterns of activation in response to 
swim stress and imipramine treatment and illustrates the utility 
of assessing both 2-DG uptake and Fos-like immunoreactivity 
(Fos-LI) to evaluate functional neuroanatomical correlates of 
behavior and drug action. 

Materials and Methods 

The forced swim test. The forced swim protocol described by Porsolt et 
al. (1978) was used for the present investigation. Rats were subjected 
to a 15 min conditioning swim in a cylindrical Plexiglas tank (40 cm 
x 19 cm) containing water (25°C) at a depth of 16 cm. Five minutes 
after the conditioning swim, rats were injected with 0.9% saline or 
imipramine (25 mg/kg), in volumes of 5 ml/kg body weight. The fol- 
lowing day rats were injected with saline or drug solutions 1 hr before 
being placed in the swim tanks for a 5 min test swim. The amount of 
time that the rats were immobile in the test swim was measured. In the 
forced swim test, immobility is induced in the test swim by previous 
exposure to the conditioning swim. Rats given antidepressant drugs 
exhibit less immobility and display more escape-directed behaviors in 
the test swim. In contrast to the behavioral activation by antidepressants 
under the stressful conditions of the forced swim test, these drugs de- 
crease locomotor activity under basal conditions (Porsolt et al. 1978; 
Paul et al., 1990). Therefore, the behavioral activation by antidepres- 
sants in the forced swim test is not due to generalized locomotor stim- 
ulation. 

High-resolution autoradiographic analysis of “C-2-DG uptake in re- 
sponse to swim stress. Details of the high-resolution autoradiographic 
procedures have been described in detail (Duncan and Stumpf, 1990; 
Duncan et al., 1990). Three to four days before the experiments, rats 
were implanted with chronic jugular catheters that were exteriorized at 
the base of the neck. Rats were brought from the animal quarters to the 
laboratory 4-S hr before initiation of the 2-DG experiment. For the 
swim conditions, 1 hr before the test swim, rats were injected intra- 
peritoneally with saline (n = 5) or imipramine (n = 5) and returned to 
their home cage. Other groups of control rats (i.e., not swum) also were 
injected with saline (n = 5) or imipramine (n = 5). One hour after the 
saline or drug injections, rats were injected with 14C-2-DG (American 
Radiolabeled Chemicals; 0.5 pCi/gm body weight) via the chronic jug- 
ular catheter. Rats in the swim condition were then immediately placed 
in the swim tanks and the control rats remained in their home cage. 
Rats were killed by decapitation 5 min after injection of 14C-2-DG. 
Brains were frozen on an aluminum block cooled with liquid nitrogen 
and stored at - 80°C until sectioned. Ten-micrometer-thick cryostat 
sections of brains were thaw mounted onto pieces of Kodak Industrex 
SR-5 film that were glued to microscope slides. Sections mounted on 
the film were stored in desiccator boxes at room temperature for ex- 
posure. Radioactive standards (14C-microscale, Amersham) were ap- 
posed to film mounted on slides in an x-ray cassette. After 3 months 
exposure, autoradiograms of sections and standards were developed in 
Kodak D-19 for 10 min at room temperature, washed in water for 10 
set, and fixed in Kodak General Purpose Fixer for 30 min. 

Quantitative analysis of 2-DG autoradiograms. Optical densities in 
autoradiograms were measured by digital image analysis with a video- 
based system from Imaging Research, Inc. (Ontario, Canada). Amounts 
of radioactivity in brain regions were derived by relating the optical 
density in brain regions to the those of the radioactive standards. Data 
are expressed as the ratio of radioactivity in gray matter regions relative 
to that in the corpus callosum. 

Immunocytochemical assessment ofFos-LI in response to swim stress. 
Rats in the swim and control conditions were handled and weighed the 
day before the conditioning swim day. Control rats were injected with 
saline and returned to their home cages on the day preceding the per- 
fusion and 2 hr before the perfusion. For the swim condition, rats were 
injected with saline or imipramine and processed in the forced swim 
test as described above. Immunocytochemical procedures were per- 
formed as described by Johnson et al. (1992). Two hours after injection 
of saline or 2 hr after the 5 min test swim, rats were anesthetized with 

Saline 

Saline-Swim 

Imipramine-Swim 

Figure 1. Activation of 2-DG uptake in the lateral septal nucleus in 
response to swim stress: photomicrographs of autoradiograms of 2-DG 
uptake. Note the low uptake of 2-DG in the lateral septum in the control 
rat (A) and the high 2-DG uptake in the restricted arc-shaped region 
(arrowheads) of the lateral septum of the rat subjected to swim stress 
(B). Imipramine treatment antagonized the activation of 2-DG uptake 
in the lateral septum (C). 

70 mg/kg Nembutal and perfused transcardially with ice-cold 100 mM 
sodium phosphate-buffered saline (PBS, pH 7.4), followed by 4% para- 
formaldehyde in PBS. Brains were postfixed in 4% paraformaldehyde 
overnight and 50 pm vibratome sections were cut and placed in PBS 
contained in 24-well tissue culture dishes. Before application of the 
primary antibody, sections were treated with 10% normal rabbit serum 
and 0.2% Triton X- 100 in PBS for 30 min. Sections were then incubated 
for 48-72 hr at 4°C with an affinity-purified sheep polyclonal Fos an- 
tiserum (1: 10,000 or 1:5000 dilution) raised against a synthetic peptide 
corresponding to conserved regions of mouse and human Fos (Cam- 
bridge Research Biochemicals, Inc., Wilmington, DE). This antibody 
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Figure 2. Limited rostral-caudal ex- 
tent of swim stress-induced activation 
of the lateral septal nucleus: photomi- 
crographs of autoradiograms through 
the lateral septum at three levels. Num- 
bers onjigures refer to approximate dis- 
tances in millimeters from bregma from 
which the sections were taken. 
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Figure 3. Swim stress-induced increase in 2-DG uptake in the medial prefrontal cortex (MFC), ventrolateral orbital cortex (IX@, and claustrum 
(CL). 

may recognize Fos-related antigens as well as Fos. Therefore, data are 
described as Fos-like immunoreactivity. Sections were then rinsed in 
PBS and incubated for 1 hr with biotinylated rabbit anti-goat antibody 
(Vector Laboratories, Burlingame, CA). After four rinses with PBS the 
sections were incubated with avidin-biotin complex (Vector Labora- 
tories) for 1 hr. After an additional four rinses with PBS, sections were 
reacted with a solution containing 0.05% 3,3’-diaminobenzidine tetra- 
hydrochloride, 0.0 1% cobalt chloride, 0.02% nickel ammonium sulfate, 
and 0.003% hydrogen peroxide. Cells exhibiting Fos-LI in select brain 
regions were counted at magnification of 100-200 x . 

Statistical analysis. Data were initially analyzed by two-way analysis 
of variance with repeated measures on one factor (brain region). Com- 
parisons of individual brain regions between two groups were made by 
t tests. 

Results 

Alterations in patterns of 2-DG uptake in response to swim stress. 
The behavior of rats in the test swim was characterized by l- 
2 min of attempted climbing of the walls of the swim tank and 
occasional jumping from the floor of the tanks. This period of 
activity was followed primarily by floating in the water without 
vigorous escape-directed behavior. Selective and pronounced 
alterations in neuroanatomical patterns of 2-DG uptake were 
observed in the rats subjected to swim stress. Two-way ANOVA 
revealed a significant main effect of swim and a significant swim 
x region interaction (p < 0.01) for relative 2-DG uptake in 
regions examined (Table 1). The most pronounced increase in 
relative 2-DG uptake in response to swim stress occurred in a 
restricted region of the lateral septal nucleus (Figs. 1, 2). Rela- 
tively low uptake of 2-DC was observed in the lateral septum 
under basal conditions. In swim-stressed rats, a discrete arc- 
shaped region ofthe lateral septum exhibited a dramatic increase 
in 2-DG uptake. The rostral-caudal extent of the activated re- 
gion was less than 1 mm, as illustrated in Figure 2. The precise 
arc-shaped pattern and limited rostral-caudal extent of the ac- 
tivated region of the lateral septum was observed consistently 
in all rats in the saline-swim condition. In addition to the lateral 
septal nucleus, increased 2-DG uptake was observed in response 
to swim stress in the medial prefrontal cortex, ventrolateral 
orbital cortex, claustrum (Fig. 3) cingulate cortex, and motor 
cortex (Table 1). No change in relative 2-DC uptake was ap- 
parent in response to swim stress in the PVN (Fig. 4) or in other 
brain regions examined (Table 1). 

Expression of Fos-LI in response to swim stress. Under the 
control conditions of the present study, isolated cells expressing 

Fos-LI were observed scattered in many brain regions. A few 
regions were notable for containing a slightly greater frequency 
of cells expressing Fos-LI compared to other regions in the 
control rats. These regions were the piriform cortex, paraven- 
tricular nucleus of the thalamus, lateral septal nucleus, medial 
prefrontal cortex, and widespread regions of the hypothalamus. 
Within the hypothalamus, the anterior hypothalamic area, dor- 
sal medial nucleus, and zona inserta exhibited the greatest num- 
ber of Fos-positive cells. Cells expressing Fos-LI were rarely 
observed in the PVN of saline-injected rats. 

For saline-treated rats processed in the forced swim test, sev- 
eral select brain regions contained many more cells positive for 
Fos-LI when compared to rats in the saline-home cage condition 
(Table 2). These regions were the lateral septal nucleus (Figs. 5, 
6), medial prefrontal cortex, ventrolateral orbital cortex, claus- 
trum (Fig. 7) and PVN (Fig. 8). In the PVN, the most prominent 
expression of Fos-LI occurred in the parvocellular division. 
However, in some rats in the swim condition, cells in the mag- 
nocellular component of the PVN also exhibited Fos-LI. Cells 
exhibiting Fos-LI were observed in the motor and parietal cor- 
tices in some, but not in all rats, in the swim condition. 

Comparison of alterations in 2-DG uptake and induction of 
Fos in response to swim stress. For some brain regions, changes 
in both 2-DG uptake and induction of Fos-LI were observed 
in response to swim stress. However, in certain brain regions, 
distinctly different information was obtained by the two ap- 
proaches. In the lateral septum, the rostral-caudal extent and 
topographic distribution of the cells containing Fos-LI were 
similar to the region in which swim stress activated 2-DG uptake 
(compare Figs. 2,6). The claustrum and specific cortical regions 
(medial prefrontal, ventrolateral orbital, and cingulate) also ex- 
hibited both increased relative 2-DG uptake and an increase in 
the number of cells exhibiting Fos-LI in response to swim stress. 
However, in the PVN, a marked induction of Fos-LI was ob- 
served, but no increase in 2-DG uptake was found in the swim- 
stressed rats. Conversely, in layer 6 of the motor cortex and in 
regions of the parietal cortex, swim stress was associated with 
increased 2-DG uptake but induction of Fos-LI was not con- 
sistently observed. 

Efects of imipramine treatment on 2-DG uptake and induc- 
tion of Fos-LI under basal and swim stress conditions. After 
imipramine treatment under basal conditions, the only brain 
region where relative 2-DG uptake was altered was the medial 
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Figure 4. Lack of alteration in 2-DC uptake in the PVN in response to swim stress. AH, anterior hypothalamic area. 

septal nucleus, where decreased uptake of the compound was 
observed (Table 1). However, imipramine treatment induced a 
robust induction of Fos-LI in two specific brain regions-the 
dorsal lateral component of the bed nucleus of the stria termin- 
alis and the central nucleus of the amygdala (Fig. 9). In the 
central nucleus of the amygdala, the highest densities of labeled 
cells were observed in more caudal aspects of the nucleus. 

Rats treated with imipramine and processed in the forced 

estin 

swim test exhibited less immobility time (i.e., were more active) 
compared to rats injected with saline (immobility times, mean 
seconds + SEM: saline, 212 _+ 13; imipramine, 123 + 9; p < 
0.0 1). Imipramine treatment antagonized the stress-induced ac- 
tivation of 2-DG uptake in the arc-shaped region of the lateral 
septal nucleus. (Fig. 1, Table 1). In addition, the 2-DG uptake 
in the medial septal nucleus was reduced in the imipramine- 
swim compared to the saline-swim condition. There was no 

Figure 5. Induction of Fos-LI in the lateral septal nucleus by swim stress: photomicrographs of immunocytochemically stained sections through 
the lateral septum. A, control; B, swim stress. LV, lateral ventricle. 
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Table 1. Relative 2-DG uptake in response to swim stress and imipramine 

Saline Saline-swim Imipramine Impramine-swim 

Medical prefrontal cortex 
Claustraum 
Ventrolateral orbital cortex 
Cingulate cortex 
Motor cortex (layer 6) 
Lateral septum, ventral 
Lateral septum, dorsal 
Medial septum/diagonal band 
Paraventricular nucleus, 

magnocellular 
Paraventricular nucleus, 

paravocellular 
Anterior hypothalamic area 
Dentate gyrus, molecular layer 
Hippocampus, CA 1 

stratum radiatum 
Hippocampus, CA3 

stratum radiatum 
Amygdala, basolateral 
Amygdala, central 
Lateral hypothalamic area 
Lateral habenula 

2.06 k 0.06 

2.20 t 0.11 
2.07 +- 0.08 

1.73 f 0.06 

1.68 k 0.09 

1.55 -I 0.06 
1.41 + 0.09 
1.86 s 0.05 

1.25 + 0.06 

1.37 f 0.08 
1.34 ir 0.05 
1.50 * 0.11 

1.25 + 0.04 

1.32 TL 0.04 

1.53 f 0.08 

1.12 t 0.05 

1.24 k 0.01 
2.08 +- 0.11 

2.45 t 0.02* 

2.62 k 0.07* 

2.52 rk 0.06* 

2.03 + 0.08* 

2.10 * 0.09* 

1.92 f 0.09* 

1.41 + 0.06 

1.94 + 0.08 

1.22 k 0.04 

1.30 f 0.05 

1.31 zk 0.07 

1.56 k 0.03 

1.33 + 0.05 

1.21 z.k 0.06 

1.63 k 0.13 

0.97 + 0.06 

1.26 f 0.03 

2.12 + 0.14 

1.93 + 0.05 

1.85 k 0.09 

2.15 + 0.07 

1.86 + 0.03 
1.70 ? 0.05 
1.36 ? 0.06 
1.33 + 0.03 
1.60 + 0.04* 

1.22 * 0.01 

1.20 f 0.02 
1.24 + 0.02 
1.49 * 0.03 

1.10 -c 0.04 

1.22 t 0.03 
1.44 * 0.03 
1.03 * 0.01 
1.25 rt 0.03 
1.88 + 0.07 

2.56 t- 0.09 

2.66 k 0.08 

2.43 + 0.07 

1.98 t 0.12 

1.82 + 0.09 

1.44 * 0.07** 

1.30 f 0.06 

1.56 + 0.1 l** 

1.11 +- 0.02 

1.37 f 0.05 
1.41 + 0.05 
1.61 ? 0.07 

1.31 * 0.04 

1.34 t 0.03 
1.61 * 0.03 
1.11 * 0.02 
1.35 & 0.03 
2.10 + 0.03 

Data are mean + SEM and are expressed as ratios of radioactivity in gray matter regions relative to that in the corpus 
callosum. 
* Significantly different compared to saline, p < 0.05. 

** Significantly different compared to saline-swim, p < 0.05. 

apparent difference in relative 2-DG uptake between the imip- 
ramine-swim and saline-swim groups in other brain regions 
examined. Induction of Fos-LI by swim stress in the lateral 
septum, PVN, and cortical regions was not altered by admin- 
istration of imipramine (Table 2). 

Discussion 

The autoradiographic analysis of 2-DG uptake and immuno- 
histochemical assessment of Fos-LI of the present investigation 
provide insights into functional neuroanatomical responses to 
stress. Select cortical regions and a restricted region of the lateral 
septum were identified in both 2-DG and Fos-LI induction 
studies that may represent previously unrecognized components 
of neural circuitry activated by swim stress. For some brain 

regions, 2-DG uptake and Fos-LI provided distinct and com- 
plementary information concerning brain activity patterns as- 
sociated with swim stress and responses to imipramine. The 
different perspective of neuroanatomically selective functional 
activation provided by 2-DG uptake and Fos-LI demonstrates 
the utility of applying both approaches to the same experimental 
setting. 

The classic stress response involves increased secretion of 
glucocorticoid hormones from the adrenal gland. Neurons whose 
cell bodies are located in the parvocellular division of the PVN 
secrete corticotropin-releasing hormone (CRH) into the hy- 
pophyseal portal system and thereby control the release of ad- 
renocorticotrophic hormone (ACTH) from the pituitary (Bloom 
et al., 1982; Merchenthaler et al., 1982; Rivier et al., 1982). 

Table 2. Counts of cells exhibiting Fos-LI in response to swim stress 

Saline Imipramine Swim Impramine-swim 

Medial prefrontal cortex 10 * 2 8?3 33 + 6* 31+4 
Claustrum 2*1 il 25 f 5* 16 k 7 

Ventrolateral orbital cortex <l 6k5 20 f 8* 13 + 5 
Lateral septal nucleus 21 + 8 31 * 11 81 + 13* 97 + 16 
Cingulate cortex 2+1 <l 32 f 5* 23 + 5 
Paraventricular nucleus 

of the hypothalamus 3&l 6+3 70 f 8* 65 + 7 

Anterior hypothalamic area 10 * 3 12t 1 8&2 12 + 2 

Data are mean f SEM and are expressed as number of cellslmm” except for the lateral septal nucleus and the paraven- 
tricular nucleus. For the lateral septal nucleus, data are mean number ofcells per section in the arc-shaped region adjacent 
to the lateral ventricle as illustrated in Figure 5. For the paraventricular nucleus, data are mean number of cells per 
section in the parvocellular and magnocellular subdivisions. 
* Significantly different from saline, p < 0.01. 
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Figure 6. Induction of Fos-LI at different levels of the lateral septum and lack of effect of imipramine treatment: photomicrographs of immu- 
nocytochemically stained sections through the lateral septum. Sections presented in A-C represent progressively more caudal levels, and numbers 
refer to approximate distance in millimeters anterior to bregma. D, Immunocytochemically stained section from a rat treated with imipramine and 
processed in the forced swim test. MSN, medial septal nucleus; LSN, lateral septal nucleus. 

Rats processed in the forced swim test exhibit marked increases 
in plasma corticosterone levels (Paul et al., 1990) indicating 
physiological activation of CRH-containing neurons in the PVN. 
Thus, it was expected that functional activation of the PVN in 
response to swim stress would be reflected by increased 2-DG 
uptake and expression of Fos-LI in this hypothalamic region. 
While swim stress induced a marked increase in cells exhibiting 
Fos-LI in the PVN, there was no apparent change in 2-DG 
uptake in the PVN in response to swim stress. In previous 
studies that have examined effects of stress on regional glucose 
utilization (Bryan et al., 1983; Caldecott-Hazard et al., 1988; 
Justice et al,, 1989), only the study of Justice et al. (1989) re- 
ported an increase of 2-DG uptake in the PVN. However, a 
variety of stressors have previously been demonstrated to in- 
duce Fos in the PVN (Ceccatelli et al., 1989; Chastrette et al., 
199 1; Sharp et al., 199 1). Thus, the present work and previous 

studies suggest that, for neurons in the PVN, expression of Fos- 
LI is a better indicator of functional activity than 2-DG uptake. 

In contrast to the PVN, several other brain regions exhibited 
both increased 2-DC uptake and expression of Fos-LI in re- 
sponse to swim stress. A prominent induction of Fos-LI and 
increase in 2-DG uptake were observed in an arc-shaped region 
of lateral septal nucleus. The subregion of the lateral septal 
nucleus activated by swim stress does not correspond entirely 
to any presently recognized subdivision, based on general cy- 
toarcitecture. However, the topography of CRH innervation of 
the lateral septum (Sakanaka et al., 1988) is similar to the ac- 
tivation pattern observed in response to swim stress. The fibers 
and terminals in the lateral septum that exhibit CRH-like im- 
munoreactivity represent projections from CRH-containing 
neurons located in the anterior hypothalamic area (Sadanaka et 
al., 1988). The CRH-containing neurons in the anterior hypo- 
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Figure 7. Induction of Fos-LI by swim stress in the medial prefrontal cortex (MFC), claustrum (CL), and ventrolateral orbital cortex (K50): 
photomicrographs of immunocytochemically stained sections from resting (left panels) and swim-stressed (right panels) rats. CC, corpus callosum. 

thalamic area are apparently not involved in regulation of ACTH 
secretion (Sakanaka et al., 1988). It is possible that the observed 
stress-induced activation of 2-DC uptake and expression of Fos- 
LI in the lateral septum may involve the CRH pathway from 
the anterior hypothalamic area to the septum. However, in swim- 
stressed rats, compared to controls, no increase in 2-DG uptake 
or Fos-LI was apparent in the anterior hypothalamic area. 
Therefore, a potential functional relationship between CRH- 
containing neurons in the anterior hypothalamic area and ac- 
tivation of the lateral septum by swim stress is provocative, but 
remains to be established. 

In addition to the lateral septal nucleus, the claustrum and 
specific cortical regions-medial prefrontal, ventrolateral orbit- 
al, and cingulate cortices-exhibited both increased 2-DG up- 
take and expression of Fos-LI in response to swim stress. The 
medial prefrontal cortex has previously been implicated in stress 
responses. Dopamine turnover is increased preferentially in this 
region after isolation and footshock stress (Thierry et al., 1976; 
Lavielle et al., 1978; Herve et al., 1979; Blanc et al., 1980). To 

our knowledge, the present data provide the first demonstration 
that the claustrum, ventrolateral orbital cortex, and cingulate 
cortex are activated by stress. The cortical regions exhibiting 
stress-induced increases in 2-DG uptake and expression of Fos- 
LI are associated with the limbic system, as defined by Swanson 
(1983). Except for the lateral septum, other “limbic structures,” 
including the hippocampus and amygdala, did not express Fos- 
LI in response to swim stress. 

Previous studies investigating the effects of other stressors on 
induction of Fos and 2-DG uptake have not described identical 
neuroanatomical patterns of activation as found in the present 
investigation. Sharp et al. (199 1) found that injection of isotonic 
saline induced Fos mRNA in widespread regions of the fore- 
brain. It is possible that the sparse densities of cells exhibiting 
Fos-LI in the present study in the medial prefrontal cortex, 
lateral septal nucleus, and select cortical regions were due to the 
slight stress of the saline injection. Ceccatelli et al. (1989) ex- 
amined the effects of immobilization stress and nociceptive ac- 
tivation by subcutaneous capsaicin injection on induction of 



3940 Duncan et al. * Stress-induced Changes in Fos and 2-DG 

Figure 8. Induction of Fos-LI by swim stress in the PW: immunocytochemically stained sections from a resting (left) and swim-stressed (right) 
rats. 

Fos-LI. These stressors induced Fos-LI in the PVN and in the 
locus coeruleus and also in catecholamine-containing neurons 
in the medulla oblongata. Honkaniemi et al. (1992) found that 
injection of capsaicin resulted in induction of c-fos mRNA in 
the central nucleus of the amygdala and the PVN. Campeau et 
al. (199 1) also found that foot shock induced c-fos mRNA in 
the amygdala. Pezzone et al. (1992) observed Fos-LI in the PVN, 
lateral septum, and medial but not central nucleus of the amyg- 
dala after unconditioned and conditioned aversive stimuli. Ar- 
nold et al. (1992) investigated the effects of immobilization 
stress and observed induction of Fos-LI in the PVN and lateral 
septum but not in any region of the amygdala. Rats processed 
in the forced swim test showed induction of Fos-LI in the PVN 
and lateral septal nucleus but did not exhibit Fos-positive cells 
in the locus coeruleus (G. E. Duncan, K. B. Johnson, and G. R. 
Breese, unpublished observations) or in any regions of the amyg- 
dala. Chastrette et al. (199 1) found that immobilization stress 
induced Fos-LI in the PVN and the lateral habenula. A previous 
2-DG study also found that chronic stress was associated with 
increased glucose utilization in the lateral habenula and that this 
stress-induced activation was antagonized by the antidepressant 
tranylcypromine (Caldecott-Hazard et al., 1988). In the present 
study, swim stress was not associated with increased 2-DG up- 
take in the lateral habenula and did not induce Fos-LI in this 
region. The data from the various studies reviewed above sug- 
gest that different types of stressors influence distinct brain 
regions. 

The specific swim stress paradigm used in the present inves- 
tigation, the forced swim test, is a behavioral pharmacological 
screen for antidepressant drugs. In the forced swim test, ad- 
ministration of a wide variety of antidepressant drugs antago- 
nizes the immobility in a test swim that is induced by previous 
exposure to swim (Porsolt et al., 1978). The antidepressant drug 
imipramine was administered in the present investigation to 
determine if there were functional neuroanatomical correlates 
to the behavioral effects of the drug in the forced swim test. The 
induction of Fos-LI in the lateral septal nucleus by swim stress 
was not altered by imipramine treatment. However, imipramine 
blocked the stress-induced activation of 2-DG uptake in the 

lateral septum. These observations suggest that induction of Fos 
is controlled by different mechanisms than those responsible for 
activation of 2-DG uptake. Antagonism of the stress-induced 
increase in 2-DG uptake in the lateral septum by imipramine, 
even though the drug-treated rats were more active, indicates 
that the activation of this region by swim stress is not related 
to motor activity. The potential role of motor activity in the 
induction of Fos-LI observed in other regions in the present 
investigation will require further study. 

Considerable experimental data have implicated the amyg- 
dala in the actions of antidepressant drugs (Gorka et al., 1979; 
Broekkamp et al., 1982; Araki et al., 1984; Duncan et al., 1986, 
1989; Ordway et al., 199 1). In the present study, treatment with 
imipramine induced a robust induction of Fos-LI in the central 
nucleus of the amygdala. There was also a robust induction of 
Fos-LI by imipramine in the lateral part of the dorsal division 
of the bed nucleus of the stria terminalis. The central nucleus 
of the amygdala projects to the region of the bed nucleus of the 
stria terminalis in which Fos-LI was induced (Krettek and Price, 
1978). Therefore, it is possible that a functional relationship 
exists for effects of the imipramine in these two regions. In the 
bed nucleus of the stria terminalis, and in the central nucleus 
of the amygdala, there were no differences between the imip- 
ramine-home cage and imipramine-swim groups with respect 
to induction of Fos-LI. In contrast to the marked induction of 
Fos-LI in specific regions by imipramine, relative 2-DG uptake 
was not altered in these regions by imipramine treatment. 

The differences observed in 2-DG uptake and expression of 
Fos-LI in response to swim stress and imipramine treatment 
are likely due to markedly different aspects of cellular physiology 
that are measured by the two approaches. It has been proposed 
that changes in 2-DG uptake reflect altered glucose utilization 
associated with the regulation of ionic gradients between intra- 
cellular and extracellular compartments of neural tissue (Mata 
et al., 1980; Astrup et al., 1981; Kadekaro et al., 1987). Most 
of the volume of brain tissue is composed of neuropil. Studies 
of 3H-2-DG uptake at the cellular level have shown that for 
most brain regions, the accumulation of radioactivity per unit 
area of neuropil and neuronal cell bodies is similar (Duncan et 
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al., 1987, 1990; Duncan and Stumpf, 1991). Therefore, at the 
regional topographic level, the vast majority of 2-DG uptake 
observed in autoradiograms reflects the uptake of the compound 
in nerve terminals and other neuronal and glial processes that 
compose neuropil. In contrast, Fos is expressed in the cell bodies 
of neurons that are activated by mechanisms that produce in- 
creased intracellular levels of calcium or CAMP (for review, see 
Sheng and Greenberg, 1990). Consequently, induction of Fos 
permits localization of individual cell bodies that have been 
activated by processes that involve specific signal transduction 
mechanisms. The results of the present investigation illustrate 
the utility of assessing both 2-DG uptake and Fos-LI to examine 
functional neuroanatomical correlates of behavior and drug ac- 
tions. 
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