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Abstract. Immunoreactive ,&endorphin (IR-BE) levels in the plasma, antenor pituitary (AP), 
the neurointermediate lobe of the pituitary (NIL), and the hypothalamus were determined in 
castrated female rats and castrated female rats treated with estradiol benzoate (estrogen), after 
exposure to acute (once for 45 min) or chronic (45 min each day for 15 consecutive days) 
immobilization stress. Acute and chronic stress increased plasma levels of IR-BE to the same 
extent in castrated female rats and castrated female rats treated with estrogen. In castrated 
female rats, acute stress produced an increase in the concentration of IR-BE in the AP, which 
was attenuated by the administration of estrogen. Although IR-BE in the NIL was not in- 
fluenced by acute stress in castrated animals, exposure to acute stress resulted in an elevation in 
IR-BE levels in the NIL of rats given estrogen. Chronic stress did not affect the concentration of 
IR-BE in the AP of castrated females or castrated females treated with estrogen. Chronic stress 
did, however, increase the concentration of IR-BE in the NIL of castrated animals. This affect of 
stress on IR-BE levels in the NIL was potentiated by estrogen administration. IR-BE levels in 
the hypothalamus were reduced by estrogen and were not affected by acute or chronic stress, 
regardless of the gonadal steroid environment. As determined by column chromatography, 
administration of estrogen, as well as subjection to chronic stress, promoted the processing of 
the proopiomelanocortin precursor to form 0-lipotropin rather than 0-endorphin in the AP. By 
these methods, the only immunoreactivity detected in the NIL and the hypothalamus was 
0-endorphin. These data indicate that IR-BE levels in the plasma, the AP, and the NIL of female 
rats are affected by immobilization stress and that estrogen modulates the effects of acute 
immobilization stress on IR-BE levels in the AP and the NIL and the effects of chronic 
immobilization stress on the levels of IR-BE in the NIL. o 1988 Society for Experimental Biology and 
Medicine. 

Immobilization is a potent form of stress 
in the rat (1). Stress induced by immobiliza- 
tion has been shown to markedly alter the 
metabolism of dopamine (2, 3), norepineph- 
rine (3, 4), and serotonin (2, 5) in the hypo- 
thalamus, and to promote the synthesis and 
release of hypothalamic corticotropin-releas- 
ing factor (CRF) (6). In the rat, dopamine (7, 
S), norepinephrine (9, lo), serotonin ( 1 1, 
12), and CRF (1 3, 14) modulate the release 
of the endogenous opioid peptide @-endor- 
phin from the pituitary. It appears that the 
dopaminergic ( 1 5, 16) and noradrenergic 
( 15) systems may also influence @-endorphin 
levels in the hypothalamus. Subjection of 
male rats to immobilization results in an in- 
crease of @-endorphin in the plasma (7, 1 1, 
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17, 18). It has been suggested that the in- 
crease in plasma levels of @-endorphin in re- 
sponse to immobilization reflects stress- 
induced changes in the activity of those 
hypothalamic nerotransmitters and neuro- 
peptides which modulate @-endorphin levels 
and release (7, 11). Despite the observed ele- 
vation in @-endorphin levels in the plasma 
produced by immobilization stress, there 
have been no published reports, to our 
knowledge, of the effects of immobilization 
stress on @-endorphin levels in the anterior 
pituitary (AP), the neurointermediate lobe of 
the pituitary (NIL), or the hypothalamus. 

Recent studies demonstrate that in female 
rats, estrogen modulates @-endorphin levels 
in the AP (15, 19, 20), NIL (1 5, 19, 20), and 
hypothalamus (15, 21). Estrogen also ap- 
pears to regulate the ability of dopamine to 
control @-endorphin levels in the AP and the 
NIL, and the ability of the noradrenergic 
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system to modulate @-endorphin levels in the 
AP and the hypothalamus (1 5) .  Considering 
that immobilization stress alters ,&endorphin 
levels in the plasma and the activity of hypo- 
thalamic neurotransmitters and neuropep- 
tides, and that estrogen participates in the 
regulation of ,&endorphin levels and the 
modulation of ,&endorphin levels by neuro- 
transmitters, the present study proposed to 
test the hypothesis that acute and chronic 
immobilization stress may alter immunore- 
active ,&endorphin (IR-BE) levels in the AP, 
NIL, and hypothalamus and that estrogen 
may modify the effects of immobilization 
stress on levels of IR-BE. 

Materials and Methods. Animals. Sprague- 
Dawley female (225-250 g) rats were ob- 
tained from Ace Animals, Inc. (Boyerstown, 
PA). Animals were maintained in a tempera- 
ture-controlled room (22 * 2°C) and kept on 
a 12: 12 1ight:dark cycle (lights on at 0700 hr). 
Food (Ziegler Diet, Buckshire Farms, Lands- 
dale, PA) and water were available ad li- 
bitum. 

Gonadal steroids. Estradiol benzoate (es- 
trogen) was obtained from Sigma Chemical 
Co. (St Louis, MO). A solution for injection 
was prepared by dissolving the steroid in 
ether and resuspending in corn oil. The ether 
was evaporated by continuous mixing under 
a stream of forced air for 48 hr. Estrogen was 
administered subcutaneously at a dose of 5 
pg/rat/day in 100 pl of corn oil ( 15). Controls 
received 100 pl of the corn oil vehicle alone. 

Castration and pretreatment with gonadal 
steroids. Female rats were surgically cas- 
trated under ether anesthesia and were al- 
lowed to recover for 3 weeks prior to being 
administered EB or vehicle for 1 week. 

Induction of stress. Stress was adminis- 
tered by immobilizing each animal in a 
Plexiglas restrainer for 45 min. 

Acute immobilization stress. Castrated fe- 
male rats were continued on their respective 
treatments (gonadal steroid or vehicle; see 
above) for an additional 14 days. On Day 15, 
half of the female rats receiving gonadal ste- 
roids and half of the female rats treated with 
vehicle were stressed and sacrificed. The re- 
mainder of the female rats served as non- 
stressed controls, and were sacrificed alter- 
nately with a stressed animal receiving the 
same treatment (steroid or corn oil). At the 

time of sacrifice, female rats had been cas- 
trated for a period of 6 weeks. 

Chronic stress. As in the previous set of 
experiments, castrated female rats were con- 
tinued on their respective treatments (go- 
nadal steroid or vehicle; see above) for 14 
days. Half of the female rats treated with ste- 
roid and half of the animals treated with ve- 
hicle were also immobilized for 45 min on 
each of the 14 days. The remaining animals 
served as nonstressed controls. On Day 15, 
the stressed female rats were immobilized 
and sacrificed. The sacrifice of a stressed ani- 
mal was alternated with the sacrifice of a 
nonstressed animal receiving the same treat- 
ment (gonadal steroid or corn oil). Similar to 
the experiment involving acute stress, female 
rats had been castrated for a period of 6 
weeks at the time of sacrifice. 

Collection of plasma. Animals were decap- 
itated and blood was collected into 200 p1 of 
200 IU heparin (Sigma Chemical Co.) in 
sterile saline. The blood was centrifuged at 
lOOOg for 10 min at 4°C. The resulting 
plasma was removed and stored at -80°C 
until assayed for @-endorphin. 

Collection of pituitaries. The procedure for 
the collection of pituitaries has been de- 
scribed previously (1 5) .  Briefly, the AP was 
separated from the NIL in situ, using a dis- 
secting microscope. Each lobe of the pitu- 
itary was placed in 2 ml of phosphate buffer 
containing 1 mM N-ethylmaleimide. Pitu- 
itary portions were then homogenized and 
frozen at -80°C. Pituitary protein content 
was measured by the technique of Lowry et 
al. (22). 

Collection of hypothalami. A description 
of the collection of hypothalamic tissue ap- 
pears in a prior publication (1 5) .  In sum- 
mary, the whole brain was removed and 
packed in ice at the time of decapitation. 
After approximately 1 min, the hypothala- 
mus was exposed and dissected. Cuts were 
made 3 mm anterior to the optic chiasm and 
posterior to the mammillary bodies. Sections 
were bordered laterally by the lateral hypo- 
thalamic sulci and dorsal by a cut at the top 
of the third ventricle. The sections included 
the anterior hypothalamic area, the median 
eminence, the infundibular stalk, and the ar- 
cuate nucleus. Tissues were homogenized in 
phosphate buffer containing 1 mM N-ethyl- 
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maleimide and stored at -80°C. Hypotha- 
lamic protein content was measured by the 
technique of Lowry et al. (22). 

Radioimmunoassay (RIA) of immunore- 
active 0-endorphin (IR-BE). IR-BE was mea- 
sured by a double antibody RIA as pre- 
viously described (1 5) .  In summary, the an- 
tibody to ,&endorphin was raised against 
human ,&endorphin,-3, (the generous gift of 
Dr. C. H. Li, University of California at San 
Francisco). On a molar basis, the antibody to 
human ,@endorphin cross-reacted 85% with 
camel and 100% with 
human P-lipotropin (generously supplied by 
the National Pituitary Agency). The refer- 
ence preparation and hormone for iodin- 
ation was camel (Peninsula 
Laboratories, San Carlos, CA). Camel ,&en- 
dorphin was iodinated using the chloramine- 
t method as described by Wilkes et al. (23). 
The sample volumes used produced parallel 
displacement to the standard curve. The 
minimal detectable dose of the assay was 30 
pg/tube and 50% displacement of the tracer 
occurred at a dose of approximately 300 pg/ 
tube. The intra- and interassay coefficients of 
variation were 7 and 13%, respectively. 

Gel chromatography. Samples were chro- 
matographed in a 1.6 X 70-cm glass column 
packed with Sephadex G-50 fine (Pharmacia 
Fine Pharmaceuticals, Piscataway, NJ). Ali- 
quots of either diluted pituitary (AP = 1 : 100; 
NIL = 1:500) or hypothalamic ( 1  :3) samples 
were taken from each of the 10 animals in 
any one group to form a pool. The column 
was eluted with 0.1 N acetic acid, 0.05% bo- 
vine serum albumin, and 0.02% sodium 
azide, and fractions of 1.5 ml were collected 
and lyophilized. The elution profiles were 
obtained by determining the immunoreac- 
tivity of each fraction using the ,&endorphin 
RIA, which recognized P-endorphin (BE) 
and 0-lipotropin. The elution profiles of the 
samples were compared to those obtained for 
either camel (ovine, bovine rat) &endorphin 
or human P-lipotropin. Immunoreactivity 
eluting in the void volume was presumed to 
represent the high-molecular-weight precur- 
sor of 6-endorphin and 6-lipotropin, proopi- 
omelanocortin (POMC). The recovery of p- 
endorphin and P-lipotropin from the column 
ranged from 80 to 85% ( n  = 5 ;  mean = 82 
zk 2). 

Statistical analysis. Statistical analysis of 
the data was performed using a 2 X 2 
ANOVA, which indicated the effects of im- 
mobilization stress, the effects of gonadal ste- 
roid treatment, and the presence of an inter- 
action between the effects of stress and go- 
nadal steroid treatment on IR-BE levels (1 5) .  
A significance level of P < 0.05 was used to 
establish significant differences or interac- 
tions. 

Results. The efect ofacute immobilization 
stress on IR-BE levels in the plasma, AP, 
NIL, and hypothalamus of castrated female 
rats and castrated female rats treated with 
estrogen. Plasma levels of IR-BE were not 
different in castrated female rats and cas- 
trated female rats given estrogen, and were 
increased to the same level in both groups in 
response to acute immobilization stress. 
IR-BE levels in the AP of castrated female 
rats rose significantly after acute immobili- 
zation. Treatment with estrogen diminished 
the concentration of IR-BE in the AP of cas- 
trated rats, and attenuated the increase in 
IR-BE in the AP produced by acute stress. 
Acute immobilization did not affect IR-BE 
levels in the NIL of castrated female rats. In 
castrated animals given estrogen, the con- 
centration of IR-BE in the NIL was signifi- 
cantly diminished as compared to non- 
treated castrates, and was increased signifi- 
cantly in response to acute stress. A 
significant interaction was determined be- 
tween the effects of estrogen and acute stress 
on IR-BE levels in the AP and the NIL. The 
concentration of IR-BE in the hypothalamus 
was reduced by administration of estrogen, 
and was not altered in animals treated with 
estrogen or vehicle, subsequent to acute im- 
mobilization (Table I). 

Column chromatography of the AP, NIL, 
and hypothalamus. Acute exposure to im- 
mobilization stress decreased the relative 
amount of BE in the AP. Treatment with 
estrogen also decreased the amount of BE in 
the AP. Exposure to acute stress produced a 
slight increase in the amount of RE relative 
to P-lipotropin and POMC in the AP of ani- 
mals treated with estrogen (Table 111). Mate- 
rial coeluting with BE was the only immuno- 
reactivity observed in the NIL and hypothal- 
amus, regardless of the treatment (data not 
shown). 
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TABLE I .  THE EFFECTS OF ACUTE IMMOBILIZATION STRESS O N  IR-BE LEVELS IN THE PLASMA, PITUITARY, AND 
HYPOTHALAMUS OF CASTRATED FEMALE RATS AND CASTRATED FEMALE RATS TREATED WITH ESTROGEN (E)" 

Oil Oil + stress E E + stress 

Plasma 

AP 

NIL 

Hypothalamus 

(pg/ml) 893 f 70 1481 4 158' 897 f 92 1350 f 133' 

protein) 0.71 f 0.10 1.10 4 0.11' 0.33 f 0.02' 0.58 -t 0.05C.d 

(Pg/mg protein) 1 1.83 _+ 0.8 1 12.52 4 1.03 7.03 f 1.22' 15.63 4 I .26',d 

(ng/mg protein) 2.79 f 0.15 2.52 f 0.10 2.02 4 0. 12b 2.08 f 0.15 

a Each value represents the mean 4 SEM of 10 determinations. ' Differs significantly from oil-treated, nonstressed animals. 
Differs significantly from estrogen-treated, nonstressed animals. 
A significant interaction between the effects of acute stress and estrogen was determined. 

The efect of chronic immobilization stress 
on IR-BE levels in the plasma, AP, NIL, and 
hypothalamus of castrated female rats and 
castrated female rats treated with estrogen. 
The concentration of IR-BE in the plasma of 
castrated rats was not affected by treatment 
with estrogen, and castrated animals and 
castrated animals given estrogen demon- 
strated a significant and equivalent elevation 
in plasma IR-BE in response to chronic ex- 
posure to immobilization stress. The basal 
concentration of IR-BE in the AP was di- 
minished by administration of estrogen, and 
chronic immobilization stress did not alter 
the level of IR-BE in the AP of castrated rats 
or castrated rats treated with estrogen. The 
concentration of IR-BE in the NIL of cas- 

trated female rats was significantly increased 
by chronic exposure to stress. Administra- 
tion of estrogen produced a significant re- 
duction in the concentration of IR-BE in the 
NIL of castrated animals. Treatment with 
estrogen potentiated the increase in IR-BE 
demonstrated in castrated animals in re- 
sponse to chronic stress, indicating a signifi- 
cant interaction of the effects of estrogen and 
chronic stress on the NIL of castrated female 
rats. Administration of estrogen significantly 
lowered IR-BE levels in the hypothalamus. 
Chronic immobilization stress did not affect 
the levels of IR-BE in the hypothalamus of 
castrated animals or castrated animals 
treated with estrogen (Table 11). 

Column chromatography of the AP, NIL, 

TABLE 11. THE EFFECTS OF CHRONIC IMMOBILIZATION STRESS ON IR-BE LEVELS IN THE PLASMA, PITUITARY, 
AND HYPOTHALAMUS OF CASTRATED FEMALE RATS AND CASTRATED FEMALE RATS 

TREATED WITH ESTROGEN (E)" 
~ ~~ ~ ~ 

Oil Oil + stress E E + stress 

Plasma 

AP 

NIL 

Hypothalamus 

(pg/ml) 920 4 77 1398 k 105 807 f 35 1257 f 146' 

(Pg/mg protein) 0.64 f 0.04 0.62 4 0.04 0.42 f 0.05' 0.39 2 0.06 

(Pg/mg protein) 13.38 f 0.78 17.42 f 0.95b 8.99 f 1.23' 18.32 4 1.42c3d 

(ng/mg protein) 3.36 f 0.17 3.39 k 0.22 2.47 f 0.1 1' 2.69 4 0.15 

* Each value represents the mean f SEM of 10 determinations. ' Differs significantly from oil-treated, nonstressed animals. 
' Differs significantly from estrogen-treated, nonstressed animals. 

A significant interaction between the effects of chronic stress and estrogen was determined. 



194 STRESS AND ESTROGEN AFFECT BE 

and hypothalamus. BE in the AP of castrated 
female rats was reduced by treatment with 
estrogen. Chronic exposure to stress de- 
creased the amount of BE relative to 0-lipo- 
tropin and POMC to the same extent in cas- 
trated female rats and castrated female rats 
treated with estrogen (Table 111). Alterations 
in IR-BE in the NIL and the hypothalamus 
represented changes in BE, with 0-lipotropin 
being undetectable (data not shown). 

Discussion. Acute exposure to immobili- 
zation stress produced a significant elevation 
in the concentration of IR-BE in the AP of 
castrated female rats which was attenuated 
by treatment with estrogen. This effect is 
similar to our previous observation that in 
castrated female rats, estrogen diminishes the 
increase in IR-BE in the AP resulting from 
the chronic administration of the a-adrener- 
gic agonist, clonidine ( 1  5) .  It may be sug- 
gested that the attenuation of the effect of 
acute stress on IR-BE levels in the AP results 
from a steroid-induced inhibition of IR-BE 
synthesis and possibly release. Steroid inhibi- 
tion of IR-BE synthesis and release is demon- 
strated by the synthetic glucocorticoid, dexa- 
methasone, which decreases the formation of 
POMC messenger RNA in the AP (24, 25) 
and diminishes the release of IR-BE from the 
AP subsequent to immobilization stress (26). 

Chronic exposure to immobilization did 
not affect IR-BE levels in the AP of castrated 
female rats or castrated female rats treated 

with estrogen. An effect of chronic stress on 
the AP cannot be ruled out since IR-BE 
levels in the plasma were elevated and the 
synthesis and release of IR-BE from the AP 
may have been increased, with no net change 
in concentration. 

Acute stress increased the level of IR-BE in 
the NIL of castrated female rats only in the 
presence of estrogen and chronic stress pro- 
duced a greater increase in the concentration 
of IR-BE in the NIL of castrated animals 
treated with estrogen than castrated animals 
given vehicle alone. These differences may 
represent an interaction between estrogen 
and those neurotransmitters which regulate 
0-endorphin synthesis and release (7- 12). In 
an earlier report we present data which indi- 
cate that estrogen modulates IR-BE levels in 
the NIL in response to chronic dopaminergic 
inhibition and chronic a-adrenergic stimula- 
tion ( 1  5) .  

Although elevated in response to stress, the 
effect of acute or chronic stress on plasma 
levels of IR-BE in castrated female rats was 
not influenced by gonadal steroid treatment. 
Mueller (27) has found that in intact male 
rats, testosterone did not affect the elevation 
in the IR-BE levels in the plasma produced 
by acute stress. Plasma levels of IR-BE reflect 
IR-BE release from the AP and the NIL (28, 
29). It is possible that differences in the re- 
lease of IR-BE from the AP and the NIL may 
result in no apparent changes in IR-BE levels 

TABLE 111. THE EFFECTS OF ACUTE AND CHRONIC IMMOBILIZATION STRESS ON PROOPIOMELANOCORTIN- 
DERIVED PEPTIDES IN THE AP OF CASTRATED FEMALE RATS AND CASTRATED 

FEMALE RATS TREATED WITH ESTROGEN (E)" 

Oil Oil + stress E E + stress 

Acute immobilization stress 
 BE^ 77 72 66 68 
B-LPH' 19 24 30 29 
POMCd 4 4 4 3 

Chronic immobilization stress 
 BE^ 79 66 63 50 
B-LPH' 18 31 32 42 
POMCd 3 3 5 8 

a Each value represents a percentage of the total immunoreactive @-endorphin as determined by radioimmunoas- 
say and column chromatography. 

BE, @-endorphin. 

POMC, proopiomelanocortin. 
' B-LPH, @-lipotropin. 
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in the plasma when stress is administered to 
castrated animals treated with gonadal ste- 
roids. 

In the AP, POMC is cleaved to form BE 
and P-lipotropin (29). In castrated female 
rats, acute stress and administration of estro- 
gen decreased the relative amount of BE in 
the AP. Acute stress produced a slight in- 
crease in the relative amount of BE in the AP 
of animals treated with estrogen. In response 
to chronic stress, the amount of BE relative 
to @-lipotropin showed a major decrease in 
castrated animals and decreased to a greater 
extent in castrated animals administered es- 
trogen. Thus, acute stress in the absence of 
estrogen and chronic stress in the presence or 
absence of estrogen appeared to decrease the 
accumulation of BE in the AP, which may 
reflect an increase in BE secretion by the 
gland. In interpreting these data, how- 
ever, it is necessary to consider that the chro- 
matograms reflect BE, P-lipotropin, and 
POMC in an aliquot of pooled samples 
rather than as a composite of determinations 
made on each individual sample. 

Acute and chronic stress did not affect 
IR-BE levels in the hypothalamus of cas- 
trated animals or castrated animals given es- 
trogen. Estrogen did, however, decrease hy- 
pothalamic IR-BE levels. This finding con- 
firms our previous report of a decrease by 
estrogen in hypothalamic levels of IR-BE 
(15) and is in agreement with the report by 
Wardlaw et al. (16) of a reduction in hypo- 
thalamic IR-BE levels in response to estro- 
gen. The decrease in IR-BE in the hypothala- 
mus produced by estrogen may reflect a de- 
crease in IR-BE synthesis, since POMC 
messenger RNA levels are also reduced by 
estrogen (30). 

A comparison of the effects of immobili- 
zation stress on IR-BE levels in the pituitary 
with the effects of other forms of stress on 
pituitary IR-BE levels is difficult since the 
duration of the exposure to stress, and in the 
case of studies involving chronic stress, the 
frequency with which the stressor was ap- 
plied, often vary greatly. In addition, past 
studies did not involve the use of female rats 
and did not address the issue of gonadal ste- 
roid modulation of the effects of acute and 
chronic stress on pituitary and hypothalamic 
@-endorphin levels. Hulse and Coleman (3 1) 
have reported an interaction between go- 

nadal steroids and ,&endorphin levels in the 
plasma but not the AP or the NIL in re- 
sponse to acute stress. The differences in the 
data reported by Hulse and Coleman (31) 
and those data obtained in the present study 
may result from the use of different protocols 
for gonadal steroid treatment, the type of ste- 
roids administered (estrogen in the present 
study and estrogen plus progesterone in the 
study by Hulse and Coleman (3 I)), and the 
stress used (intermittent footshock in the 
previous report and immobilization in the 
present study). Furthermore, the ability of 
gonadal steroids to modulate the effects of 
chronic stress on BE levels was not investi- 
gated in that study. 

The results of the present investigation in- 
dicate that acute and chronic immobilization 
stress affects IR-BE levels in the AP and the 
NIL. The effects of acute stress on IR-BE 
levels in the AP and NIL appear to be modu- 
lated by estrogen, while estrogen influences 
the effects of chronic stress on IR-BE levels 
in the NIL and not the AP. The effects of 
immobilization stress on IR-BE levels and 
the modulation of those affects by estrogen 
may reflect the documented ability of im- 
mobilization stress to influence hypotha- 
lamic neurotransmitter metabolism (2-5) 
and possibly CRF (6) and the ability of es- 
trogen to affect the regulation by neurotrans- 
mitters of IR-BE levels (1  5 ) .  @-Endorphin 
may play an important role in the physiolog- 
ical response to stress (32). The data obtained 
in this study suggest that the endorphinergic 
response and possibly the physiological re- 
sponse to stress are modulated by gonadal 
steroids. 
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