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Corticosterone: A Critical Factor in an 
Opioid Form of Stress-Induced Analgesia 

Abstract. The finding that some opioid-mediated forms of stress-induced analge- 
sia are antagonized by hypophysectomy and dexamethasone has led to the sugges- 
tion that @-endorphin, released from the pituitary, may mediate these analgesic 
reactions. "Long-term analgesia" (an opioid-mediated form of stress-induced 
analgesia), which is blocked by dexamethasone and hypophysectomy, was also 
blocked by adrenalectomy and reinstated with corticosterone therapy. Corticoster- 
one is proposed to play a permissive role in long-term analgesia and to be a critical 
hormone mediating this phenomenon. 

Exposure to a variety of stressors pro- 
duces a subsequent decrease in pain re- 
sponsiveness (1). This stress-induced an- 
algesia has received considerable recent 
attention, largely because of its potential 
for providing insight into a possible func- 
tional role for endogenous opioids in 
behavioral and adaptive phenomena. 
The brain has pain-inhibiting systems in 
which endogenous opioids may play a 
role (2). The phenomenon of stress-in- 
duced analgesia suggested that endoge- 
nous opioids might be released by stress, 
thereby inhibiting pain and perhaps pro- 
tecting the organism in some way (3). 
More recent work, however, has sug- 
gested that some forms of stress-induced 
analgesia are mediated by opioid sys- 
tems [animals develop a cross-tolerance 
between the analgesic effects of mor- 
phine and the stress, and the analgesia 
can be reversed by opiate antagonists 
(4)], whereas others are mediated by 
nonopioid mechanisms (5). 

Since multiple opioid systems exist in 
both the brain and the pituitary (6) ,  re- 
cent research has been directed at deter- 
mining which system mediates the opioid 
form of stress-induced analgesia. The 
discovery that hypophysectomy (remov- 
al of the pituitary) reduces an opiate- 
mediated stress-induced analgesia has 
supported the proposal that pituitary @- 
endorphin may mediate this type of anal- 
gesia (1). In further support of this view, 
the synthetic glucocorticoid dexametha- 

sone has been shown to block both the 
stress-induced rise in plasma p-endor- 
phin (7) and opioid stress-induced anal- 
gesia (5). 

These and other findings led Baizman 
et al. (8) and Lewis et al. (5) to propose 
that pituitary @-endorphin might be mo- 
bilized by stress transported to the brain 
by retrograde flow through the portal 
system, and thus decrease responsive- 
ness to painful stimuli by interacting with 
central structures. Such an action by 
pituitary @-endorphin is possible, but dif- 
ficult to reconcile with reports that the 
hypothalamic content of 6-endorphin de- 
creases rather than increases after 30 
minutes offootshock, and that even large 
doses of intravenous @-endorphin have 
little effect on pain responsiveness (9). 
Both hypophysectomy and dexametha- 
sone treatment either eliminate or reduce 
the stress-induced release of pituitary 
adrenocorticotropic hormone (ACTH) as 
well as @-endorphin (7). This fact is 
noteworthy because corticosterone is 
under anterior lobe ACTH regulation, 
and corticosterone affects central pro- 
cesses associated with pain inhibition 
(10, 11). This line of reasoning suggests 
that the mani~ulations which seem to 
implicate pituitary @-endorphin may ac- 
tually produce their effects by altering 
pituitary-adrenocortical interaction. 

The purpose of our studies was to 
examine the role of the pituitary-adrenal 
axis in the production of the opioid form 
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of stress-induced analgesia. A number of 
different procedures result in an opioid 
stress-induced analgesia. We used a pro- 
cedure in which subjects are not tested 
until 24 hours after the stress session, 
but the pain responsivity test is preceded 
by a brief reinstatement procedure in 
which the subject is again exposed to the 
stressor (4). This allows for the dissipa- 
tion of nonspecific factors such as fa- 
tigue and local anesthetic effects and 
may result in a "purer" opioid form of 
analgesia. The long-term effect is com- 
pletely reversed by opiate antagonists 
and completely cross-tolerant with mor- 
phine, whereas these outcomes are not 
always complete under short-term test- 
ing soon after the stress session, even if 
the stress session is prolonged (5). 

We first examined the effects of hy- 
pophysectomy on long-term analgesia. 
Eight hypophysectomized rats and eight 
that had been subjected to sham surgery 
(12) were restrained and treated with 80 
5-second 1-mA shocks delivered through 
fixed tail electrodes on the average of 
one per minute. Eight more rats of each 
type were restrained for an equivalent 
period, but not shocked. Twenty-four 
hours later all rats received a shock 
reexposure procedure which consisted 
of five single-crossing shuttlebox escape 
trials. Immediately afterward, subjects 
were given three analgesia test trials (at 
4-minute intervals) in a tail-flick appara- 
tus in which latency to flick the tail from 
radiant heat served as the measure of 
pain sensitivity. These procedures are 
described elsewhere (4). Hypophysecto- 
my completely blocked the long-term 
analgesia effect (Fig. 1A). A 2 by 2 
analysis of variance confirmed this con- 
clusion by showing significant shock 
[F(l, 28) = 13.24, P < .01] and hypoph- 
ysectomy [F(I, 28) = 12.13, P < ,011 
main effects, and, most important, a sig- 
nificant interaction of hypophysectomy 
with shock [F(l, 28) = 10.66, P < .01]. 
Newman-Keuls individual group com- 
parisons (a = .05) indicated that the in- 
escapably shocked sham rats were more 
analgesic than the other three groups. 

In a second experiment, a 2 by 4 
factorial design was used with rats re- 
strained or inescapably shocked 2 hours 
after receiving an intraperitoneal injec- 
tion of dexamethasone [O mg per kilo- 
gram of body weight (saline), 0.25 mgikg, 
0.5 mgikg, or 1.0 mgikgl. As in the first 
experiment, 24 hours later all rats were 
given five shuttlebox trials and three 
analgesia test trials. 

Dexamethasone prevented the ines- 
capable shock-induced analgesia (Fig. 
IB), with blockage complete at 0 3  and 
1.0 mgikg. Newman-Keuls individual 
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control 

T T  Inescapable shock 

Hypophy- 0.0 0.25 0.50 1.00 
sectomy Dexamethasone (mglkg) 

EZk3 Inescapable shock 1 Restraint 

Adrenalectomy Adrenafectomy Adrenalectomy 
+ + 

corticosterone vehicle 

Fig. 1 (left). (A) Tail-flick latency for hypophysectomized and control subjects receiving either inescapable shock or restraint. (B) Tail-flick 
latency for subjects given either saline or different doses of dexamethasone before receiving either inescapable shock or restraint. Fig. 2 
(right). (A) Tail-flick latency for adrenalectomized and control subjects receiving either inescapable shock or restraint. (B) Tail-flick latency for 
inescapably shocked and restrained, adrenalectomized rats receiving either corticosterone or the vehicle before reinstating shock. 

group comparisons (a = .05) indicated 
that the inescapably shocked group in- 
jected with saline was significantly more 
analgesic than all other groups except 
the inescapably shocked group injected 
with the lowest dose (0.25 mglkg). 

Hypophysectomy and dexamethasone 
blockade implicate the anterior pituitary 
in the production of the long-term anal- 
gesia, but these observations do not re- 
solve the relative importance of ACTH 
and P-endorphin. If ACTH is critical and 
if its role is to induce the release of 
corticosterone, adrenalectomy should 
block the analgesic reaction. This is a 
strong test because adrenalectomy re- 
sults in an elevation of plasma concen- 
trations of p-endorphin (13). 

Sixteen sham and sixteen adrenalecto- 
mized rats (350 to 400 g) were subjects 
(12). Half of the rats were inescapably 
shocked, the remaining rats were re- 
strained, and 24 hours later all rats re- 
ceived five shuttlebox shock escape tri- 
als before three tail-flick tests. 

Adrenalectomy completely blocked 
the long-term analgesia (Fig. 2A). A 2 by 
2 analysis of variance revealed signifi- 
cant main effects of shock [F(l, 28) 
= 23.10, P < ,011 and adrenalectomy 
[F(l, 28) = 7.25, P < ,051 and, most im- 
portant, a significant adrenalectomy by 
shock interaction [F(1, 28) = 15.18, 
P < .01]. Newman-Keuls post hoc com- 
parisons ( a  = .05) indicated that the in- 
escapably shocked sham group was 
more analgesic than the other three 
groups. These data are consistent with 
the idea that corticosterone plays a criti- 
cal role in the production of long-term 
analgesia. The data also suggest that P- 
endorphin is not critical, since the ines- 
capably shocked adrenalectomized rats 
were not analgesic even though adrenal- 
ectomy elevates plasma concentrations 
of P-endorphin. However, the chronical- 
ly high concentrations of P-endorphin 
may have desensitized or induced a tol- 
erance in critical opioid processes (14), 
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thereby blocking analgesia. If adrenalec- 
tomy blocks the long-term analgesia by 
removing circulating corticosterone, re- 
placing corticosterone in adrenalecto- 
mized subjects might be expected to 
reinstate the analgesic reaction. 

~drenalectbmized rats were either 
inescapably shocked (N = 22) or re- 
strained ( N  = 22); half of each group 
received a subcutaneous injection of cor- 
ticosterone (0.75 mglkg), and the other 
half received the appropriate vehicle 6 
minutes before the reinstating shuttlebox 
escape-tail-flick testing procedure. Total 
time from injection to tail-flick testing 
was 15 minutes. 

Corticosterone reinstated the analge- 
sia that had been blocked by adrenalec- 
tomy (Fig. 2B). A 2 by 2 analysis of 
variance confirmed the existence of a 
shock main effect [F(l, 40) = 21.44, 
P < ,011, a corticosterone main effect 
[F(l, 40) = 5.59, P < .05], and a drug by 
shock interaction [F(1, 40) = 14.37, 
P < .01]. Subsequent Newman-Keuls 
comparisons ( a  = .05) showed that the 
inescapably shocked group that received 
corticosterone was significantly more 
analgesic than the other three groups. 

The results have relevance to the pro- 
cesses mediating short-term as well as 
long-term opioid stress-induced analge- 
sia. The observations that hypophysec- 
tomy and dexamethasone treatment pre- 
vented the long-term stress-induced an- 
algesia add to the previous opiate antag- 
onist and cross-tolerance results in 
strongly suggesting that the long- and 
short-term forms are mediated by the 
same underlying neural processes. 

Our results suggest that opioid stress- 
induced analgesia may not be mediated 
by pituitary P-endorphin. In addition, 
the results indicate that corticosterone 
plays a critical role in producing opioid- 
mediated stress analgesia. Since corti- 
costerone replacement was administered 
only before testing (24 hours after the 
inescapable shock session) and still re- 

stored the analgesic reaction, it would 
seem that corticosterone is not required 
before, during, or soon after the inescap- 
able shock. One might conclude, there- 
fore, that some system is sensitized dur- 
ing exposure to inescapable shock and 
that corticosterone or one of its active 
metabolites plays a later permissive role 
in interacting with this system to inhibit 
pain. An obvious candidate is the mid- 
brain system traditionally implicated in 
both opiate and stimulation-produced 
analgesia (2). Activating this system by 
opiates or electrical stimulation inhibits 
pain via descending serotonergic tracts 
terminating in the dorsal horn of the 
spinal cord (2, 15). Manipulations facili- 
tating serotonergic transmission enhance 
both opiate and stimulation-produced 
analgesia, whereas manipulations inter- 
fering with serotonin-mediated transmis- 
sion reduce both these and stress-in- 
duced analgesias (15, 16). Corticosterone 
is necessary for the stress-induced acti- 
vation of tryptophan hydroxylase activi- 
ty (lo), the rate-limiting step in the syn- 
thesis of serotonin. This issue is relevant 
since dosages of corticosterone compa- 
rable to those we used activate seroton- 
ergic processes in midbrain structures 
(10. 

Our results imply that central opioid 
systems may be involved in the media- 
tion of stress-induced analgesia in two 
different ways: (i) in its traditionally hy- 
pothesized role in modulating the above- 
mentioned midbrain pain inhibition sys- 
tem and (ii) in the regulation of corticos- 
terone. Opioid-innervated central struc- 
tures participate in the regulation of the 
pituitary adrenal axis. For example, en- 
kephalin-sensitive receptors in the hypo- 
thalamus aid in regulating corticotropin- 
releasing hormone (1 7), which in turn 
controls the activity of the pituitary- 
adrenal axis and thus corticosterone. 
This enkephalin-stimulated activation of 
pituitary-adrenal activity is blocked by 
opiate antagonists. Further, stress-in- 



duced elevations of corticosterone are 
accentuated by synthetic opiate agonists 
and enkephalin administration and 
blocked by opiate antagonists (17, 18). 
Chronic morphine administration, as in 
cross-tolerance experiments, seems to 
decrease pituitary-adrenal function (1 7). 
Thus, opiate agonists and antagonists 
may exert some of their influence on 
opioid stress-induced analgesia by ulti- 
mately regulating corticosterone through 
a direct effect on enkephalin-sensitive 
opiate receptors, as well as through ac- 
tion on midbrain pain pathways. 
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Widespread Periodic Intrinsic Connections in the 
Tree Shrew Visual Cortex 

Abstract. Intrinsic connections within the tree shrew (Tupaia glis) visual cortex 
(area 17) are organized in periodic stripelike patterns within layers I ,  11, and ZII. This 
anatomical network resembles the regularly organized stripes of 2-deoxyglucose 
accumulation seen after stimulation of alert animals with uniformly oriented lines. 
Such connections imply that widespread lateral interactions are superimposed on the 
retinotopic organization of area 17 and suggest alternative interpretations of cortical 
columns. 

A vertical or columnar organization of 
neocortex (I) has been suggested to un- 
derlie analysis of separate aspects of 
sensation (2, 3). In the primate visual 
cortex, this vertical organization is ex- 
emplified by two systems: ocular domi- 
nance and orientation specificity (3). 
Physiological recording (4) and 2-de- 
oxyglucose (5) experiments appear to 
demonstrate columns, but there are still 
many questions about their structure and 
function. In particular, there is no well- 
defined anatomical basis for a cortical 
column extending through layers I to VI. 
Only in the instance of ocular dominance 
has an anatomical substrate been detect- 
ed. The segregation of thalamic fibers 
according to ocularity has been clearly 
visualized in layer IV of the macaque (6),  
and it is then presumed that this segrega- 
tion is reflected onto the adjoining lay- 
ers, thus leading to a column influenced 
largely by one eye (3, 6). No anatomical 
basis has yet been delineated for the 
columnar organization of orientation 
specificity. 

Reports of regularly arranged peaks of 
cytochrome oxidase or glutamic acid de- 
carboxylase activity within layers I1 and 
I11 suggest even greater complexities in 
cortical organization (7, 8). The meta- 
bolically labeled patches appear to coin- 
cide with one another and can be related 
to patterns of ocular dominance and ori- 
entation specificity, as shown by accu- 
mulations of deoxyglucose. These find- 
ings suggest that the supragranular lay- 
ers (I1 and 111) have an intrinsic periodic- 
ity which must be taken into account in 
discussing the vertical organization of 
the cortex. 

We recently demonstrated that the 
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tree shrew (Tupaia glis) has a system of 
periodic intracortical connections within 
the supragranular layers which links 
widespread regions of primary visual 
cortex. Tree shrews, like monkeys, have 
a highly developed sense of vision and a 
complexly laminated visual cortex. Un- 
like the macaque, there is no physiologi- 
cal or anatomical evidence of ocular 
dominance domains in tree shrews (9, 
10). However, deoxyglucose experi- 
ments reveal regularly spaced columns 
of high glucose uptake following visual 
stimulation of alert animals with lines of 
uniform orientation (11). The labeled col- 
umns form parallel slablike arrays that 
are aligned in a pattern resembling the 
physiologically mapped bands of orienta- 
tion-specific neurons (12). 

To demonstrate these intrinsic cortical 
connections we injected small volumes 
of horseradish peroxidase (HRP) (0.02 p1 
of 20 percent aqueous Boehringer HRP) 
in the primary visual cortex of seven tree 
shrews; in most cases the injection did 
not involve the underlying white matter. 
Bilateral injections were made in four 
animals. After 42 to 48 hours, the ani- 
mals were anesthetized and perfused 
with mixed aldehydes followed by a su- 
crose buffer wash. The brain sections (30 
p,m) were reacted with tetramethyl ben- 
zidine (TMB) or diaminobenzidine chro- 
mogens. Effective injection sites-areas 
where dense reaction product obscured 
both neurons and neuropil-were esti- 
mated to be 0.5 to 1.2 mm in diameter. 

Figure 1A shows an HRP injection in 
striate cortex; periodic densities of trans- 
ported label extend for 2 to 3 mm on all 
sides of the injection site, and patches 
can be mapped over a distance of about 8 
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