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Restraint-Stress-Induced Changes in Exploratory Behavior Appear to 
Be Mediated by Norepinephrine-Stimulated Release of CRF 

Craig W. Berridge” and Adrian J. Dunn 

Department of Neuroscience, University of Florida College of Medicine, Gainesville, Florida 32610 

Exploratory behavior, measured by the time an animal spends 
investigating objects in a novel environment, has been shown 
to be sensitive to prior exposure of the animal to stressors. 
Using this paradigm, it was demonstrated previously that 
both corticotropin-releasing factor (CRF) and the a,-adreno- 
receptor antagonist, idaroxan, elicited stress-like de- 
creases in exploratory behavior. Because an activation of 
cerebral noradrenergic systems is observed during stress, 
following intracerebroventricular (i.c.v.) administration of CRF, 
or following peripheral administration of idazoxan, the in- 
volvement of noradrenergic systems in the behavioral effect 
of restraint and CRF was examined. 

Inhibition of norepinephrine (NE) release using the 
cr,-agonist clonidine (25 fig/kg, i.p.) or the noradrenergic- 
selective neurotoxin DSP-4 antagonized the restraint-in- 
duced decrease in exploratory behavior. The combination 
of these 2 treatments completely prevented this effect of 
restraint. The q-receptor antagonist prazosin (200 rg/kg) 
also prevented the behavioral effect of restraint, whereas 
the q-agonist phenylephrine (50 or 100 ng, i.c.v.) decreased 
exploratory behavior. None of these treatments consistently 
altered locomotor activity as measured by the number of 
entries into the different compartments or the number of 
rears. These results implicate noradrenergic systems in the 
stress-related changes in this behavior, consistent with our 
parallel measures of the production of NE catabolites. Thus, 
both CRF and noradrenergic systems appear to be involved 
in the effect of restraint on exploratory behavior in this task. 

Neither DSP-4 nor prazosin had any effect on the CRF- 
induced decrease in exploratory behavior. However, the CRF 
antagonist a-helical CRF,,, (20 fig, i.c.v.) reversed the de- 
crease in exploratory behavior induced by phenylephrine. 
The most likely explanation is that the 2 systems act in 
tandem such that noradrenergic systems regulate the re- 
lease of brain CRF via an a,-adrenoreceptor. This arrange- 
ment parallels that involved in the release of hypothalamic 
CRF to activate the pituitary-adrenal axis. The implications 
of these results for research on stress-related behaviors and 
for the etiology of depression are discussed. 
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When released from the median eminence of the hypothalamus, 
corticotropin-releasing factor (CRF) is a critical regulator of the 
glucocorticoid response in stress. However, CRF (Swanson et 
al., 1983) and high-affinity binding sites for CRF have been 
identified in many areas of the brain (Wynn et al., 1984), and 
a Ca2+-dependent release of CRF was observed in many of these 
regions (Smith et al., 1986). When injected directly into the 
brain, CRF elicits a number of neurochemical, physiological, 
and behavioral responses that resemble those observed in stress 
(Brown et al., 1982; Morley and Levine, 1982; Sutton et al., 
1982; Kalin et al., 1983; Berridge and Dunn, 1986; Dunn and 
Berridge, 1987). Results such as these prompted the hypothesis 
that CRF participates in coordinating a global, or whole-body, 
response in stress (Gold and Chrousos, 1985; Koob and Bloom, 
1985). Supporting this hypothesis is the observation that a CRF 
antagonist, administered intracerebroventricularly (i.c.v.), re- 
versed various stress-induced behavioral and physiological re- 
sponses (Brown et al., 1986; Krahn et al., 1986; Rivier et al., 
1986; Berridge and Dunn 1987a; Tazi et al., 1987). 

Exploratory behavior, as measured by the mean time an an- 
imal spends investigating novel stimuli in a multicompartment 
chamber (MCC), is decreased following exposure to various 
stressors (Arnsten et al., 1985; Berridge and Dunn, 1986). In 
this paradigm, CRF injected i.c.v. in mice (Bet-ridge and Dunn, 
1986) and rats (C. W. Berridge, F. Spadaro, H. A. Baldwin, and 
A. J. Dunn, unpublished observations) elicited a stress-like de- 
crease in exploratory behavior. A CRF antagonist, a-helical 
CRF,,, (ahCRF, Rivier et al., 1984), administered i.c.v. dose 
dependently reversed the behavioral effect of restraint stress in 
mice (Berridge and Dunn, 1987a). This result suggests that CRF 
acting within the brain participates in the restraint-induced 
change in exploratory behavior observed in the MCC. 

Central noradrenergic systems are also activated in stress 
(Stone, 1975; Dunn and Kramarcy, 1984). In an earlier study, 
mice administered the +-antagonist idazoxan at a dose (1 .O mg/ 
kg) that increases both norepinephrine (NE) release (Scheinin 
and Virtanen, 1986) and neuronal firing in the locus coeruleus 
(Goldstein et al., 1983) experienced a stress-like decrease in 
exploratory behavior when tested in the MCC (Berridge and 
Dunn, 1987b). In contrast, the +-agonist clonidine (25 &kg), 
which inhibits NE release and locus coeruleus firing (Svensson 
et al., 1975; Warsh et al., 198 l), increased exploratory behavior. 
These results suggested that noradrenergic systems regulate ex- 
ploratory behavior in the MCC. 

When injected i.c.v., CRF increased the basal firing rate of 
noradrenergic neurons in the locus coeruleus (Valentino et al., 
1983) and increased the accumulation of the NE catabolite 
3-methoxy,4-hydroxyphenylethyleneglycol (MHPG) in various 
brain regions (Dunn and Berridge, 1987). Therefore, it is pos- 
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sible that CRF mediates stress-induced behavioral responding 
through an interaction with noradrenergic systems. However, 
NE has been demonstrated to stimulate CRF release from neu- 
rons of the hypothalamic paraventricular nucleus (PVN) (Plot- 
sky, 1987; Szafarczyk et al., 1987). This site has also been im- 
plicated in regulating the behavioral effects of CRF (?Srahn et 
al., 1988). Thus, during stress, noradrenergic neurons may reg- 
ulate CRF release to alter behavioral responding. The sensitivity 
of exploratory behavior in the MCC to stress, CRF, and the 
modulation of NE release suggested that this paradigm might 
be useful for studying the involvement of NE in stress-induced 
behavioral responding and the potential interactions between 
CRF and NE in the brain. 

Materials and Methods 
Materials. Clonidine and phenylephrine were obtained from Sigma 
Chemical Co. (St. Louis, MO) and dissolved in normal saline (0.17 M). 

Prazosin (a gift from Pfizer, Groton, CT) was dissolved in water at a 
concentration twice the desired concentration and diluted with an equal 
volume of 2-fold concentrated normal saline. DSP-4 (Astra) was dis- 
solved in normal saline immediately before use. CRF and ahCRF were 
provided by Dr. Jean Rivier (Salk Institute). CRF was dissolved in 
normal saline and stored frozen. ahCRF was dissolved in water and 
brought to 50% normal saline concentration by the addition of the 
appropriate volume of 25-fold concentrated normal saline. 

Animals. Male CD-l mice (25-35 gm) were obtained from Charles 
River (Wilmington, MA). They were group housed with free access to 
food and water for a minimum of 1 week before surgery and behavioral 
testing. All animals were maintained on a 12-12 hr light cycle (lights 
on 7 AM). 

Surgery. In experiments requiring i.c.v. injections, polyethylene can- 
nulae (Clay Adams PE-50 tubing) were implanted in the lateral cerebral 
ventricles 3-7 d before behavioral testing (Guild and Dunn, 1982). 
Surgery was performed under pentobarbital anesthesia. Cannula place- 
ment was verified by visual inspection following injection ofdye through 
the cannulae. 

Procedures. In experiments in which cannula implantation was not 
required, animals were group housed throughout the experiment. Can- 
nulated animals were housed singly immediately following surgery. Be- 
havioral testing was conducted between 0830 and 1600. 

Restrained animals were transferred to a room separate from both 
the colony and testing rooms and restrained for 40 min as previously 
described (Berridge and Dunn, 1986). Immediately following restraint, 
the animals were carried into the testing room and placed in the testing 
chamber. Unrestrained animals were transferred from the colony room 
to the testing room and immediately placed in the testing chamber. 

All injections were administered in the colony room. In experiments 
involving administration of a drug to restrained animals, the injection 
was given 5 min before restraint. Unrestrained animals were injected 
and ietumed to their home cage where they remained until testing. All 
drugs were iniected intraperitoneallv (i.n.) extent CRF. ahCRF. and 
pheiylephrine, which were administered-i.&v. Unless o&e&se siated, 
i.c.v. injections consisted of a total volume of 4 pl divided equally 
between the 2 cannulae and given over a 45 set period. 

Behavioral testing. The experimental chamber used was based on that 
described by Amsten et al. (198 I), scaled down (38 x 38 x 23 cm) for 
use with mice. This chamber consisted of 9 interconnecting compart- 
ments, within each of which a wire mesh stimulus (3.0 cm sphere) was 
recessed in a 2.5 cm hole below the floor. Animals were placed in the 
chamber and observed for 25 min, except for the experiment represented 
in Figure 5. During this observation period the duration and frequency 
of a number of behaviors were recorded by a trained observer unaware 
of experimental treatments. Each animal was observed separately. Be- 
haviors were recorded as previously described (Berridge and Dunn, 
1987a). The following behaviors were recorded: measures of contact 
with the stimuli-number of contacts, duration of contacts, mean time 
per contact (duration of contacts/number of contacts); measures of lo- 
comotor activity-compartment entries and rears, and time spent 
grooming. 

HPLC analysis of the biogenic amines and their catabolites. In certain 
experiments, each animal was removed from the observation room 
immediately following testing and transferred to the main laboratory, 

where it was decapitated. The brain was rapidly removed and dissected 
on ice into prefrontal medial cortex (PFM). nucleus accumbens (NAS). 
hypothalamus (HTH), hippocampus (HPC), and brain stem IBSTj; 
weighed, frozen on dry ice, and homogenized as previously described 
(Dunn et al., 1986). The supematants were assayed for catecholamines, 
serotonin, and their metabolites by HPLC with electrochemical detec- 
tion as previously described (Dunn et al., 1986; Dunn and Berridge, 
1987). Experiments involving neurochemical analysis included a quiet- 
control group that received no treatments before transport from the 
colony room and dissection of the brain. 

Determination of plasma corticosterone concentrations. Plasma cor- 
ticosterone was determined following extraction with methylene chlo- 
ride by radioimmunoassay according to the procedure of Gwosdow- 
Cohen et al. (1982) using the antibodv of G. Niswender (Colorado State 
University). &oss:react&ity of the antibody with progesterone and cor- 
tisol was cl%, cortisone and testosterone was <O.l%, and estradiol 
and aldosterone was <O.Ol%. The sensitivity was 9 pg, and the coef- 
ficient of variation for the data presented was 8%. 

Statistical analysis. Statistical analysis was performed by ANOVA 
using an ANOVA statistical package (Human Systems Dynamics, 
Northridge, CA) on an Apple IIgs computer. When statistical signifi- 
cance was indicated by ANOVA (i.e., p < 0.05), comparison of indi- 
vidual means was performed using Duncan’s multiple-range test. For 
analysis of some neurochemical data involving the comparison of all 
experimental groups to one control group, Dunnett’s t test was used. 

Results 
Are noradrenergic systems involved in the restraint- 
induced decrease in exploratory behavior? 
This series of experiments examined the effect of clonidine, the 
a,-antagonist prazosin, and the selective depletion of NE by 
DSP-4 on the restraint-induced decrease in the mean time per 
contact. We used both acute pharmacological inhibition and 
lesion of noradrenergic systems to avoid the uncertainties in 
interpretation of results derived from the use of either of these 
approaches individually. Verification of the neurochemical ac- 
tions of clonidine and DSP-4 was performed by measuring the 
concentrations of NE and its catabolite, MHPG, using HPLC 
with electrochemical detection. 

Depletion of cerebral NE antagonized the restraint-induced 
decrease in exploratory behavior 

Mice were injected with either saline or DSP-4 (50 mg/kg, i.p.). 
DSP-4 was chosen rather than 6-hydroxydopamine (6-OHDA) 
to avoid the surgery and consequent period of recovery from 
the surgery. To minimize the possibility of compensatory re- 
sponses following noradrenergic-specific lesions, behavioral 
testing was conducted 3 d following the treatment. DSP-4-treat- 
ed animals with cortical concentrations of NE >50% of the 
mean of the saline controls were excluded from further analysis 
(never more than 2 animals per group). In this experiment, 
DSP-4 depleted NE in cortex by approximately 75% compared 
with quiet controls. On the day of testing, saline- and DSP-4- 
treated mice were either removed from their home cages and 
immediately tested or restrained for 40 min before testing. Sig- 
nificant main effects of DSP-4 (E;,,26) = 45.5, p < 0.001) and 
restraint (Fc,,26) = 23.3, p < 0.001) on the mean time per contact 
were observed (Fig. 1A). DSP-4 treatment increased and re- 
straint decreased the mean time per contact. Post hoc analysis 
indicated that the restraint-induced decrease in the mean time 
per contact was significantly antagonized by DSP-4, but restraint 
still had a significant effect on this behavior in DSP-4-treated 
animals. However, the magnitude of the restraint-induced de- 
crease appeared to be less in DSPd-treated animals (21%) than 
in saline-injected animals (48%). Neither restraint nor DSP-4 
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had any significant effects on the number of rears or compart- 
ment entries. 

Clonidine antagonized the restraint-induced decrease in 
exploratory behavior 

Unrestrained and restrained mice were injected with either sa- 
line or clonidine (25 pg/kg, i.p.) 45 min before testing. Significant 
main effects of restraint (F,,,l,, = 41.7, p < 0.001) and clonidine 
V-w,, = 36.3, p < 0.001) were observed for the mean time per 
contact. Restraint decreased the mean time per contact in saline- 
injected animals, whereas clonidine increased this measure in 
unrestrained animals and antagonized the restraint-induced de- 
crease in this response (Fig. 1B). Restraint significantly de- 
creased the mean time per contact in clonidine-injected animals 
(p < 0.05). However, as observed with DSP-4, the magnitude 
of this decrease appeared to be less in the clonidine-treated mice 
(26 vs. 41%). In this experiment, clonidine significantly de- 
creased the number of compartment entries in unrestrained an- 
imals (Fc,,28j = 6.03, p = 0.02), an effect we had not observed 
previously with this drug (Berridge and Dunn, 1987b). Restraint 
had no significant effect on compartment entries. Neither re- 
straint nor clonidine had any significant effects on rearing. 

The concentrations of MHPG were increased in NAS, HTH, 
and HPC in saline-unrestrained animals, and in NAS, HTH, 
HPC, and BST in saline-restrained mice as compared with quiet 
controls, suggesting an increased release of NE in these regions 
(Table 1). In animals tested in the MCC, ANOVA indicated 
significant main effects of restraint on MHPG in NAS (Fc,,26j = 
12.5, p = 0.001) HTH (Fc,,27j = 16.8, p < O.OOl), and a mar- 
ginally significant effect in HPC (F,,,Z,, = 3.8, p = 0.058) such 
that restraint increased MHPG concentrations compared with 
unrestrained mice. Main effects of clonidine on MHPG were 
also observed in those animals tested in the MCC in NAS (F,,,Z,, 
= 9.8, p = 0.004) HTH (F,,,,,, = 18.8, p < O.OOl), and HPC 
(F,,.,w = 10.2, p = 0.003). In these 3 regions, clonidine blocked 
the increase in MHPG in unrestrained animals and significantly 
attenuated this increase in restrained animals (see Table 1). 

Combined treatment with DSP-4 and clonidine prevented the 
restraint-induced decrease in exploratory behavior 

Because clonidine did not completely block NE release (Table 
1) and DSP-4 did not completely deplete NE, and neither treat- 
ment prevented the restraint-induced increase in MHPG (data 
for DSP-4 not shown), these 2 treatments were combined to 
produce a more effective inhibition of NE release. Mice were 
treated with either DSP-4 3 d before testing and clonidine (25 
pg/kg, i.p.) 45 min before testing or saline at both times. Re- 
strained animals were confined 5 min after clonidine or saline. 

In this experiment, a quiet-control group was not included; 
however, DSP-4 depleted cortical NE by 65% compared with 
saline-unrestrained mice. The less effective depletion observed 
in this experiment can likely be explained by the fact that ex- 
posure to the MCC alone results in a slight decrease (1 O-20%) 
in cortical NE. Main effects of DSP-4 + clonidine (F,,,,,, = 32.5, 
p < O.OOl), restraint (Fc,,26j = 6.65, p < 0.015), and a significant 
interaction between the 2 (F,,,,,, = 4.3, p < 0.05) were observed 
for the mean time per contact (Fig. lc). DSP-4 + clonidine 
increased the mean time per contact in unrestrained animals 
and completely blocked the effect of restraint on this response. 
Restraint significantly decreased the number of rears in the DSP-4 
+ clonidine-treated animals (F,,,Z,, = 6.2, p < 0.02). Neither 
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Figure 1. Effect of restraint and DSP-4, clonidine, or DSP-4 + cloni- 
dine on the mean time per contact, the total number of rears, and the 
total number of compartment entries in the MCC. Bars represent means 
* SEM. A, Effect of DSP-4 (50 mg/kg, i.p.) and restraint: saline-unre- 
strained (n = 8) DSP-4-unrestrained (n = 8), saline-restrained (n = 7) 
DSP-4-restrained (n = 7). B, Effect of clonidine (25 &kg) 45 min prior 
to testing (n = 8). C, Effect of DSP-4 plus clonidine (25 &kg): saline- 
unrestrained (n = 7) saline-restrained (n = 8), DSP-4/clonidine-unre- 
strained (n = 9), DSP-4/clonidine-restrained (n = 6). *Significantly dif- 
ferent from saline-unrestrained (*p < 0.05, **p < 0.01); ‘significantly 
different from saline-restrained (‘p < 0.05, ++p < 0.01). 

restraint nor DSP-4 + clonidine significantly affected the num- 
ber of compartment entries. 

Prazosin prevented the restraint-induced decrease in 
exploratory behavior 
The above experiments indicated that an activation of norad- 
renergic systems is involved in mediating the behavioral effect 
of restraint. To determine whether a,-adrenoreceptors were in- 
volved in the restraint-induced change in exploratory behavior, 
the oc,-antagonist prazosin (50, 100, or 200 Kg/kg, i.p.) was ad- 
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Figure 2. Effect of prazosin on the re- 
straint-induced changes in behavior in 
the MCC. Mice were injected with either 
saline or 50, 100, or 200 p&kg prazosin 
45 min prior to testing (n = 7). In rel- 
evant groups, mice were restrained 5 
min later. Open bars represent unre- 
strained mice; solid bars, restrained 
mice. *Significantly different from sa- 
line-unrestrained (p < 0.05); “signifi- 
cantly different from saline-restrained 
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ministered 45 min before testing restrained and unrestrained 
mice. 

Significant main effects on the mean time per contact (Fig. 2) 
were observed for both restraint (F,,,d,, = 8.9, p < 0.005) and 
prazosin (Fc3,49) = 11.4, p < 0.001). Restraint significantly de- 
creased the mean time per contact in the saline and 50 j&kg 
prazosin groups. In unrestrained mice, prazosin increased the 
mean time per contact in a dose-dependent manner with a max- 
imum effect observed at the 100 &kg dose. Prazosin antago- 
nized the restraint-induced decrease in the mean time per con- 
tact in a dose-dependent manner, with a complete blockade at 
the 200 &kg dose. Restraint significantly decreased the number 
of rears in the saline-treated and 100 and 200 &kg prazosin- 
treated animals (Fc,,49) = 20.0, p < 0.001). In this experiment, 
a significant main effect of restraint on compartment entries was 
also observed (F(,+,) = 4.2, p < 0.05). However, post hoc analysis 
indicated that the only significant difference between groups was 
a decrease in compartment entries in the restrained + 200 ~lg/ 
kg prazosin group compared with the unrestrained + 200 pLg/ 
kg group. Prazosin did not significantly affect either compart- 
ment entries or rears. 

Phenylephrine decreased exploratory behavior in the MCC 

The reversal of the restraint-induced decrease in stimulus-con- 
tact time by an q-antagonist suggested the involvement of 01,- 
adrenoreceptors in regulating restraint-induced responding. To 
test this hypothesis further, mice were injected i.c.v. with either 

saline or 50 or 100 ng of the a,-selective agonist phenylephrine, 
10 min before testing. Both doses of phenylephrine significantly 
decreased the mean time per contact with the stimuli (Fc2,,8) = 
24.3, p < 0.001; Fig. 3). Neither dose of phenylephrine had 
significant effects on the total number of rears or compartment 
entries. 

Responses of cerebral biogenic amines and plasma 
corticosterone concentrations following exposure to the MCC 
The increased accumulation of MHPG in various brain regions 
(Table 1) and the increased plasma corticosterone concentra- 
tions (data not shown) observed in mice exposed to the MCC 
resemble those observed in stress. However, in these experi- 
ments, the variability of the monoamines and their catabolites 
was high, probably because the tissues were collected over a 
number of days and at different times throughout the day, ne- 
cessitated by the experimental design. Therefore, we tested the 
effect of a 15 min exposure to the MCC on the concentrations 
of plasma corticosterone and brain biogenic amines and their 
catabolites under temporally controlled conditions. A group ex- 
posed to 15 min footshock was also included to provide a com- 
parison with a well-characterized stressor. Animals were housed 
singly 3 d before testing and randomly assigned to 1 of 3 groups: 
undisturbed, 15 min period of footshock, or 15 min period of 
exposure to the MCC. Footshock consisted of 20-22 1 -set foot- 
shocks of 0.2 mA during the 15 min period. Immediately foi- 
lowing the period of footshock or exposure to the MCC, the 

Table 1. Effects of exposure to the MCC and clonidine on the concentration of MHPG in nucleus 
accumbens (NAS), hypothalamus (HTH), hippocampus (HPC), and brain stem (BST) 

Experimental condition NAS HTH HPC BST 

Quiet 0.118 + 0.005 0.178 & 0.017 0.069 k 0.007 0.107 k 0.005 
Saline-unrestrained 0.142 -t O.OlW 0.234 f 0.009 0.090 Ii 0.003a 0.129 -c 0.004 
Salincrestrained 0.173 + O.OlOb 0.299 f 0.0176 0.112 -t 0.0126 0.159 +- 0.022Q 
Clonidine-unrestrained 0.113 +J 0.005 0.151 f 0.019 0.066 e 0.008 0.127 + 0.016 
Clonidine-restrained 0.146 * O.OllO,c 0.220 Ifr 0.02W,c 0.079 + 0.009c 0.147 * 0.032 

Mean concentrations of MHPG expressed as ng/mg tissue (kSEM). Animals were removed immediately following 
behavioral testing and NAS, HTH, HPC, and BST were excised. 

“p < 0.05. 
* p < 0.0 1 compared with quiet-controls (Dunnett’s t test). 
‘p < 0.05 compared with saline-restrained (Duncan’s multiple range test). 
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Figure 3. Effect of phenylephrine on behavior in the MCC. Mice were 
injected i.c.v. with either saline or 50 or 100 ng phenylephrine 10 min 
prior to testing (n = 7). **Significantly different from saline @ < 0.01). 

animals were decapitated, trunk blood was collected, and the 
brain was excised and dissected into PFM, NAS, HTH, and 
BST. Quiet animals were left in the colony room until imme- 
diately before decapitation. 

Plasma corticosterone concentrations were 29 + 4 rig/ml in 
quiet mice, and 236 -t 21 and 231 f 28 @ml in footshocked 
and MCC-exposed mice, respectively. Both exposure to the MCC 
and footshock significantly increased the concentrations of plas- 
ma corticosterone (F,,,,, = 30.6, p < 0.001). Both treatments 
also increased NE, dopamine (DA), and 5-HT release in certain 
brain regions, as indicated by increases in the ratio of catabo- 
lites to the parent amines. The MHPG:NE, DOPAC:DA, and 
5-HIAA:5-HT ratios for PFM, NAS, HTH, and BST expressed 
as percentage ofquiet controls are shown in Figure 4. The MHPG: 
NE ratio was significantly increased in the PFM of foot-shocked 
mice (f;,,,,,, = 11.0, p < 0.001) but not of the MCC-exposed 
animals. This ratio was also significantly increased in both the 
footshocked and MCC-exposed mice in the HTH (F,,,,, = 43.4, 
p < 0.001) and BST (F,,,,, = 12.44, p < 0.001). The increased 
MHPG:NE ratio was significantly greater in the footshock-treat- 
ed group than in the MCC-exposed group in both the PFM and 
HTH. The DOPAC:DA ratios were significantly increased by 
both footshock and exposure to the MCC in NAS (F(,,,,, = 5.9, 
P = 0.0 11, H-I-H (Fwoj = 4.2, p = 0.03), and BST (Fc,,zo, = 10.5, 
p < 0.001). In the PFM, this ratio was significantly increased 
only in the footshock-treated (F,,,,, = 8.7, p = 0.002), and not 
the MCC-exposed animals. The 5-HIAA:5-HT ratio was sig- 
nificantly increased in the NAS (Ft2,20j = 6.6, p = 0.006) of both 
experimental groups. 

Are noradrenergic systems involved in the CRF-induced 
decrease in exploratory behavior? 

To determine whether an activation of noradrenergic systems 
is involved in the behavioral effect of CRF observed in the MCC, 
experiments similar to those conducted with restraint were per- 
formed with i.c.v. CRF. We first performed a dose-response 
curve for CRF. Mice were injected i.c.v. with either saline or 
various doses of CRF 10 min before testing. A significant effect 
of CRF on stimulus-contact time was observed (F,,,,,, = 8.2, p 
< 0.002) in the absence of significant effects on compartment 
entries (Fig. 5). The minimum dose for a significant effect was 
5 ng. Rears were significantly decreased at the 150 ng dose (Fc7,54j 
= 2.2, p < 0.045). At higher doses (>200 ng), a significant 
inhibition of compartment entries and rears was observed (data 

PFM NAS HTH EST 
Figure 4. Effect of footshock and exposure to the MCC on the ratios 
of biogenic amine catabolites to their parent amines in various brain 
regions. MHPG:NE, DOPAC:DA, and 5-HIAA:S-HT ratios in PFM, 
NAS, HTH, and BST were determined by HPLC. Bars represent means 
f SEM expressed as percentage of quiet controls (n = 7). Mice received 
either 15 min of footshock (20-22 0.15 mA foot shocks; solid bars, 
n = 8) or were placed in the MCC for 15 min (shaded bars, n = 8). 
*Significantly different from quiet-controls (*p < 0.05, **p < 0.01); 
‘significantly different from footshocked mice (‘p < 0.05, ++p < 0.01). 

not shown). Based on these results, 20 ng was selected for use 
in this series of experiments. 

Depletion of cerebral NE did not affect the CRF-induced 
decrease in exploratory behavior 

Mice that had been injected with either saline or DSP-4 3 d 
previously were injected i.c.v. with either saline or CRF 10 min 
before testing. DSP-4 significantly decreased cortical NE by ap- 
proximately 75% compared with quiet controls. Significant main 
effects of CRF (Fc,,24j = 52.3, p < 0.001) and DSP-4 (Fc,,24j = 
5.8, p < 0.03) and a significant interaction between the 2 (Fc,,24j 
= 10.6, p = 0.003) were observed for the mean time per contact 
(Fig. 6A). DSP-4 increased the mean time per contact with the 
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Figure 5. Dose-response for CRF-induced changes of behavior in the 
MCC. Mice were injected i.c.v. with either saline (n = 9) or 1 (n = 7), 
5(n=7), lO(n=7),20(n=8),50(n=7), lOO(n=7),or150ng(n 
= 10) CRF 10 min prior to a 30 min testing period. *Significantly 
different from saline (*p < 0.05, **p < 0.01). 

stimuli in saline-injected animals. CRF significantly decreased 
the mean time per contact in animals injected with either saline 
or DSP-4. There was no observable effect on this response of 
DSP-4 in CRF-injected animals, presumably accounting for the 
significant interaction term. Neither CRF nor DSP-4 signifi- 
cantly affected the number of rears. In this experiment, DSP-4 
significantly decreased the number of compartment entries in 
both the saline- and CRF-injected groups, effects not observed 
previously (e.g., Fig. 1A). 

Prazosin did not affect the CRF-induced decrease in 
exploratory behavior 

Mice were injected with either saline or 200 &kg prazosin 5 
min before an i.c.v. injection of either saline or CRF. Mice were 
tested 10 min following the i.c.v. injection. Again, significant 
main effects of prazosin (Fc,,28j = 7.9, p = 0.008) and CRF (F,,,,,, 
= 86.3, p < 0.001) and a significant interaction between them 
(F,,,2,, = 11.2, p = 0.002) were observed for the mean time per 
contact (Fig. 6B). Prazosin significantly increased the mean time 
per contact in saline-injected mice. CRF significantly decreased 
the mean time per contact in both the saline- and prazosin- 
injected groups. Prazosin had no effect on the CRF-induced 
decrease in the mean time per contact. Neither CRF nor pra- 
zosin had any effect on the number of rears or compartment 
entries. 

Is CRF involved in the NE-stimulated decrease in 
exploratory behavior? 
ahCRF reversed the phenylephrine-induced decrease in 
exploratory behavior 
The above results together with our previous observations in- 
dicated that both CRF and NE are involved in the restraint- 
induced decrease in stimulus-contact time and that noradren- 
ergic systems are not involved in the behavioral effect of CRF 
in this paradigm. To test whether NE stimulates CRF release 
to alter behavior, we examined the effect of ahCRF on the 
phenylephrine-induced decrease in the mean time per contact. 

Mice were injected i.c.v. (2 ~1) with either saline or 20 pg 
ahCRF 5 min before a second i.c.v. injection (2 ~1) of either 
saline or 50 or 100 ng phenylephrine. The animals were tested 
10 min after the second injection. Phenylephrine significantly 
decreased the mean time per contact in animals that were first 

saline CRF DSP-4 CRF 
+ 

DSP-4 

I- 

.o - 

‘.O - 

.o - 

MEAN TIME PER CONTACT ,rer, 

Sallne CRF DSP-4 CRF 

D&-4 

6001 COMPARTMENT ENTRIES 

PIalorln 

Figure 6. Effect of DSP-4 and prazosin on the CRF-induced changes 
in behavior in the MCC. A, Mice were injected with either saline or 
DSP-4 3 d before testing. On the day of testing, saline- and DSP-4- 
injected mice were injected i.c.v. with either saline or 20 ng CRF 10 
min prior to testing (n = 7). B, Mice were injected i.c.v. with either 
saline or 20 ng CRF 5 min after receiving an i.p. injection of either 
saline or 200 pg/kg prazosin. Animals were tested 10 min following the 
i.c.v. injection (n = 8). **Significantly different from saline-saline (p < 
0.01). 

injected with saline (Fc2.40j = 6.0, p = 0.005; Fig. 7). A main 
effect of ahCRF on this behavior was also observed (F,,,4,, = 
17.9, p < 0.001). The CRF antagonist produced a slight but 
nonsignificant increase in the mean time per contact in animals 
receiving saline on the second injection. This effect of the an- 
tagonist in otherwise untreated animals resembles that observed 
previously (Berridge and Dunn, 1987a). ahCRF completely 
blocked the phenylephrine-induced decrease in the mean time 
per contact (Fig. 7). Neither phenylephrine nor ahCRF had any 
significant effects on the number of rears or compartment entries. 

Discussion 
As previously reported (Berridge and Dunn, 1986), restraint 
stress decreased the time mice spent investigating objects in a 
novel environment without consistent effects on locomotor ac- 
tivity. This effect was mimicked by the cy,-selective agonist phen- 
ylephrine, injected i.c.v. (Fig. 6), and the q-antagonist idazoxan 
(Berridge and Dunn, 1987b). In contrast, treatments that inhibit 
NE release (DSP-4, clonidine; Fig. 1) or block q-receptors (pra- 
zosin; Fig. 2) increased this exploratory activity and diminished 
or prevented the restraint-induced decrease in this behavior. 
The ability of phenylephrine to mimic the restraint-induced 
change in behavior and that of prazosin to prevent it suggest 
that the effect of restraint involves an activation of cerebral LX,- 
adrenoreceptors. 
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CRF given i.c.v. elicited a dose-dependent, stress-like de- 
crease in the mean time per contact with a minimum effective 
dose of 5 ng (Fig. 5). Conversely, the CRF antagonist ahCRF 
blocked the restraint-induced decrease in the mean time per 
contact, indicating a role of endogenous CRF in this behavioral 
effect of restraint (Berridge and Dunn, 1987a). Thus, these re- 
sults taken together, suggest that activations of both CRF and 
NE systems are involved in the restraint-induced decrease in 
exploratory behavior in the MCC. 

Neither prazosin nor DSP-4 altered the CRF-induced de- 
crease in exploratory behavior (Fig. 6). However, ahCRF re- 
versed the phenylephrine-induced decrease in stimulus-contact 
time (Fig. 7). These results suggest that NE and CRF systems 
interact, such that NE stimulates the release of CRF to influence 
behavior in the MCC. Because there was no additivity between 
the behavioral effect of either prazosin or,DSP-4 and that of 
CRF, CRF and NE apparently do not act as independent parallel 
systems. 

Untreated animals exposed to the MCC displayed increased 
accumulations of MHPG (Table 1) and MHPG:NE ratios (Fig. 
4) in a number of brain regions, presumably indicating an in- 
creased release of NE. This would explain why treatments that 
inhibit noradrenergic activity (e.g., DSP-4 and clonidine, Fig. 
1) increased stimulus-contact times in unrestrained animals. In 
addition, the plasma corticosterone concentrations and the ra- 
tios of DOPAC:DA and 5-HIAA:5-HT were also increased in 
a number of brain regions (Fig. 4). Because an increased release 
of corticosterone and brain monoamines are responses char- 
acteristic of stress, exposure to the MCC can be considered a 
stressor (Dunn and Kramarcy, 1984). This would explain why 
ahCRF slightly elevated the mean time per contact in unre- 
strained mice (Fig. 7; Berridge and Dunn, 1987a). 

It is unlikely that the behavioral effects of the treatments used 
in these studies result from peripheral actions. Although both 
stress and i.c.v. CRF activate the pituitary-adrenal axis, hy- 
pophysectomy did not attenuate the effect of either restraint or 
CRF observed in the MCC (Berridge and Dunn, 1989). More- 
over, the dose of CRF used in these studies is below that required 
to increase either adrenal sympathetic nerve activity (Kurosawa 
et al., 1986) or blood pressure and heart rate in the rat (Fisher 
et al., 1982). Furthermore, phenylephrine (50 or 100 ng) injected 
i.c.v. decreased stimulus-directed behavior, whereas 100 or 200 
pg/kg was devoid of behavioral effects when injected i.p. (data 
not shown). 

Amsten et al. (198 1) examined the effect of 6-OHDA lesions 
of the noradrenergic bundle on exploratory behavior of rats in 
the MCC. They observed a significant decrease in the mean time 
per contact in lesioned animals, an effect opposite that we ob- 
served using DSP-4. However, their rats were tested at least 14 
d after the 6-OHDA injection, at a time when compensatory 
responses within noradrenergic systems are known to occur 
(UPrichard et al., 1980; Logue et al., 1985). When the 6-OHDA 
rats were tested 2-4 d postlesion, an increased mean time per 
contact was observed (Amsten et al., 1981). Although this in- 
crease in the mean time per contact was not statistically signif- 
icant, it was similar in magnitude to that we observed in DSP- 
4-treated mice. Further, when we observed mice 10 d after 
DSP-4 treatment, they displayed a significantly decreased mean 
time per contact (1.5 + 0.2 vs. 2.3 + 0.2 set), an effect opposite 
that observed 3 d after DSP-4 treatment and consistent with 
that observed by Amsten et al. Thus, we believe that the effects 
observed lo-14 d following treatment with either 6-OHDA or 

ICV PHENYLEPHRINE (ng) ICV PHENYLEPHRINE (ng) 

Figure 7. Effect of ahCRF on the i.c.v. phenylephrine-induced changes 
in behavior in the MCC. Mice were injected i.c.v. with either saline 
(open bars) or 20 pg ahCRF (solid bars). Five minutes later they were 
injected i.c.v. with either saline or phenylephrine (50 or 100 ng). Saline- 
saline (n = 8) saline-50 (n = 8), or saline-100 ng phenylephrine (n = 
7), ahCRF-saline (n = 8) ahCRF-50 (n = 8) ahCRF-100 ng phenyl- 
ephrine (n = 7). Animals were tested 10 min following the second 
injection. *Significantly different from saline-saline (*p < 0.05, **p < 
0.0 1). 

DSP-4 reflect a lesion-induced hyperresponsivity of norad- 
renergic systems. 

Our conclusion that noradrenergic neurons stimulate CRF 
release to influence behavior is opposite that predicted based 
on the i.c.v. CRF-induced increases of locus coeruleus firing 
(Valentino et al., 1983) and brain MHPG (Dunn and Berridge, 
1987). However, these stimulatory effects of CRF on noradren- 
ergic activity were observed only at doses substantially higher 
than those needed to elicit a behavioral effect in the MCC. At 
these higher doses, mice tested in the MCC show a very different 
response profile, including a pronounced hypoactivity and as- 
sociated postural changes (Berridge and Dunn, 1987a). Thus, 
although NE and CRF may interact mutually (i.e., NE-mediated 
release of CRF and vice versa), each interaction may affect 
different responses. 

The stimulatory effect of NE on CRF release suggested by the 
present studies is consistent with the known mechanisms reg- 
ulating CRF release into the portal blood supply in both the rat 
(Plotsky, 1987; Szafarczyk et al., 1987) and man (Al-Damluji 
and Rees, 1987). Stimulation of the ventral noradrenergic bun- 
dle (Plotsky, 1987) or injection of NE into the lateral ventricles 
or directly into the PVN stimulated the release of CRF into the 
portal blood supply (Plotsky, 1987; Szafarczyk et al., 1987). The 
stimulatory effect of these treatments on CRF release was pre- 
vented by the Lu,-antagonists prazosin (Szafarczyk et al., 1987) 
and coryanthine (Plotsky, 1987). Thus, the pharmacology of 
this system resembles that involved in stress-related changes in 
exploratory behavior. It is possible that collaterals from CRF- 
containing cells within the PVN are involved in regulating this 
behavioral response. Consistent with this hypothesis, the PVN 
has been shown to be a critical site in regulating the CRF- 
induced decrease in feeding behavior and injection of CRF into 
the PVN increased grooming and locomotor activity (Krahn et 
al., 1988). Alternatively, noradrenergic terminals in other re- 
gions could regulate the release of CRF elsewhere in the brain. 
For example, certain telencephalic structures that receive a par- 
ticularly dense innervation from the dorsal noradrenergic bun- 
dle (see Nieuwenhuys, 1985) also contain high densities of CRF- 
containing cells (e.g., the amygdala and portions of the neocortex 
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(Merchenthaler, 1984)). The fact that DSP-4 primarily affects 
fibers ofthe DNB (Jonsson et al., 198 1) suggests that CRF affects 
exploratory behavior by acting within the telencephalon, al- 
though other sites cannot be excluded. 

The involvement of NE in stress-induced behavior in the 
MCC is consistent with the reported involvement of NE in 
emotional and behavioral responding associated with anxiety 
in humans (Hoehn-Saric et al., 1981; Charney et al., 1984) and 
nonhuman primates (Redmond and Huang, 1979). For exam- 
ple, monkeys in which the locus coeruleus was electrically stim- 
ulated or that received the oc,-antagonists piperoxan or yo- 
himbine displayed fear-associated behaviors (Redmond and 
Huang, 1979). In rats, clonidine decreased the potentiated startle 
response (Davis et al., 1977) and increased punished responding 
in the Geller-Seifter conflict test (Kruse et al., 198 1). Consistent 
results were obtained in the elevated X-maze (Handley and 
Mithani, 1984). These effects are all consistent with an anxio- 
genie action of noradrenergic systems. The results obtained with 
mice in the MCC extend the hypothesis that NE is a mediator 
of behavioral responding associated with anxiety by suggesting 
that NE stimulates the release of CRF, which through an as yet 
undefined mechanism affects behavior. 

There is evidence suggesting that stress (Anisman and Za- 
charko, 1982) and NE (Stone, 1983; Weiss et al., 1985) are 
etiological factors in depression. Recently, abnormalities in CRF 
functions have also been implicated in this disorder. Thus, a 
high proportion of patients with depression exhibit a hyperac- 
tivity of the hypothalamic-pituitary-adrenal axis and an insen- 
sitivity to CRF-induced ACTH secretion (Gold and Chrousos, 
1985). Further, elevated concentrations of CSF CRF were ob- 
served in depressed patients but not schizophrenics, and there 
was a reduction in the number of CRF-binding sites in the 
frontal cortex of suicide victims (Nemeroff, 1988). Furthermore, 
a significant positive correlation between the CSF concentration 
of CRF and urinary NE and its catabolites was observed in 
depressed patients (Roy et al., 1987). A trend for a significant 
correlation between CSF CRF and CSF NE was observed in 
these same patients. These results suggest that CRF may be 
associated with the dysregulation of noradrenergic systems 
thought to occur in depression. Therefore, the possibility that 
NE regulates CRF release, which in turn modifies behavior in 
the MCC, provides further support for studies examining dys- 
regulation of NE-CRF interactions in depression. 
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