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expansion was studied in young harbor seals.
Negative pressure breathing did not increase
rate of urine flow. Expansion of plasma vol-
ume with seal plasma or with 1% gelatin in
saline caused a solute diuresis with increase
in glomerular filtration rate similar to the
changes seen in the post-prandial diuresis of
the seal. It is suggested that the post-pran-
dial diuresis of the seal is mediated via a vol-
ume receptor.

1. Hiatt, E. P.,, Hiatt, R. B, J. Cell & Comp.
Physiol., 1942, v19, 221.

2. Schmidt-Nielsen, B., Murdaugh, H. V., Jr., O'-
Dell, R., Bacsanyi, J., ibid., 1959, v33, 393.

3. Irving, L., Fisher, K. C., MacIntosh, F. C,, ibid,,
1935, v6, 387.

4. Hare, R. S., Proc. Soc. Exp. BrorL. anD MED,,
1950, v74, 148.

5. Welt, L. G, Orloff, J., J. Clin. Invest., 1951, v30,
751.

6. Bazell, H. C., Thurlow, S., Crowell, C., Steward,
W., Am. J. Physiol., 1924, v70, 430.

7. Gauer, O. H., Henry, J. P., Sieker, H. O,
Wendt, W. E., J. Clin. Invest., 1954, v33, 287.

8. Sieker, H. O., Gauer, O, H,, Henry, J. P,, ibid,,
1954, v33, §572.

9. Murdaugh, H. V., Jr., Sieker, H. O., Manfredi,
F., ibid., 1959, v38, 834,

Received May 4, 1961, P.S.E.BM., 1961, v108.

Adrenocortical Response to Stress in Rats with Lesions in Hippocampus
and Amygdala.* (26832)

KarL M. KNIGGE
Department of Anatomy, University of Cincinnati, Cincinnati, Ohio

A continually mounting volume of re-
search, summarized regularly(1-3), has ex-
plored mechanisms of neural regulation of
ACTH secretion. The most intense interest
is centered about isolation and characteriza-
tion of the ACTH-regulating neurohumor (4-
7) and identification of the hypothalamic
area(s) in the region of the median eminence
which represent the terminal link (s) between
the central nervous system and the adenohy-
pophysis(8-11). More recently attention has
been directed also to other regions of the
brain which may have direct connections with
the final hypothalamic effector sites or which
may influence indirectly the amount of
ACTH neurohumor produced there. Among
these areas are the cerebral cortex(12,13),
limbic system(14,15), brain stem and reticu-
lar formation(12,16-18). The present report
describes alterations in basal levels of plasma
free corticoids (PFC) and in the pattern of
PFC response to stress occurring in rats with
lesions of hippocampus or amygdala.

Materials and methods. Bilateral electroly-
tic lesions (3 ma, 30 sec) were placed by
stereotaxic means in hippocampus, amygdala

* Supported by US.P.H.S. and N.S.F. grants.

and habenular complex of adult male rats.
The insulated stainless steel needle used for
lesioning was bared approximately 1 mm at
its tip for placement of lesions in amygdala
and habenula; for hippocampus, the needle
tip was bared 1.5-2 mm. Using a stereotaxic
instrument with reference planes adjusted to
the atlas of de Groot(19), the anterior verti-
cal and lateral coordinates used for lesioning
amygdala, hippocampus and habenula were
(+5.4, 2.8, = 4.5), (+3.0, -2.5, = 5.0)
and (3.4, +0.8, =0.5) respectively. Two
months after lesioning, 1'3! uptake was meas-
ured by counting the external neck activity
18-24 hrs after intraperitoneal administration
of 5 uc carrier-free Nal'3'; a region of the
hind limb was counted as a measure of the
non-thyroidal neck activity. After one addi-
tional month, peripheral PFC levels were de-
termined. Basal PFC levels and PFC re-
sponse to 30 min and 4 hrs of continuous
physical immobilization (paws bound with
adhesive tape) were examined in both con-
trol and lesioned animals. Animals were sac-
rificed by decapitation, blood collected in
heparinized beakers and PFC determined
fluorometrically according to Guillemin et al.
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FIG. 1. Plasma free corticosterone response to
immobilization stress in rats with lesions in ha-
benula, hippocampus, amygdala.
(20). Brains of all lesioned animals were
fixed in 10% formalin and position of lesions
determined by reconstruction from 75 g
frozen sections. Sections of thyroid, adrenal
and testis of control and lesioned animals
were prepared also for histological examina-
tion.

Results. Thyroid and testis. Two months
after lesioning, thyroid I'3! uptake of all ex-
perimental groups was not significantly dif-
ferent from that of control animals (Table
I); also, thyroid weight and histological ap-
pearance were not changed when examined
at time of sacrifice 3 months after lesioning.
No impairment of pituitary gonadotropic ac-
tivity was evident as judged by testicular
weight or histology.

Adrenal. Resting PFC levels in normal
rats were 11.8 =+ 2.1 pg/100 ml; immobiliza-
tion stress evoked a 200% increase (35.1 pg/
100 ml) in PFC at 30 min which declined to
22.4 4g/100 ml after 4 hrs of continuous im-
mobilization (Table I; Fig. 1). PFC values
of similar magnitude have been reported to
occur in the rat after such stressors as ether
anesthesia, painful stimuli(21), formalin in-
jection(22) and electroshock(23). In ani-
mals with lesions in the habenular complex,
the mean PFC response after 30 min of stress
was not as great as in normal animals, nor
was the decline after 4 hrs of stress to the
same level as normal; at both time intervals,
however, PFC values were not statistically

different from normal. After electrolytic de-
struction of relatively large areas of hippo-
campus, resting PFC levels of 20.6 + 3.8
£2/100 ml were significantly higher than nor-
mal; in response to stress of immobilization,
PFC levels after 30 min and 4 hrs were in
the same range as in non-lesioned animals.
Bilateral destruction in the amygdaloid nu-
clei did not alter resting PFC levels (Table
I); the pattern of response to immobilization
stress, however, was notably different from
normal or hippocampal-lesioned animals.
Only moderately elevated and not statisti-
cally different PFC levels were observed after
30 min and this rose to 37.0 = 3.8 pg/100
ml after 4 hrs (Fig. 1).

Three months after placement of these
relatively large lesions in hippocampus and
amygdala, reconstruction of the exact extent
of the lesions was difficult because of collapse
of the nervous tissue around the lesion site,
involvement and destruction of the lateral
ventricular walls and distortion of the normal
contour of the temporal lobe. In Fig. 2 the
area common to the lesions placed in hippo-
campus and amygdala is presented as recon-
structed from the brains of 6 animals of each

FIG. 2. Localization of lesions in amygdala (upper

section) and hippocampus (lower section) which

produced : alterations in basal PFC levels and in
PFC response to immobilization stress.
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TABLE 1. Endocrine Function and Response to Stress in Rats with Lesions in the Limbie

System.
I'® uptake, PF.C,
Group No. Testis, g Thyroid, mg % A.D. Adrenal,mg ug/100 ml

Non-lesioned

a. Non-stressed 9 160 +=.71 16.7+19 9183+ 36 239+31 118+21

b. Stressed, .5hr 12 1.70 = .14 15.9 = 2.0 252+ 23 35.1+4.0

. A 12 1.66 = .10 139 + 2.0 238+ .7 224+ 3.8
Lesioned: Hippocampus

a. Non-stressed 10 1.68 + .08 17.3 3.2 10.09 +1.27 21.2+ 2.3 20.6 3.8

b. Stressed, .5 lhr 7 1.74 + .10 148 + 2.4 246 + 2.0 312 + 4.1

c. ” , 27 9 1.65 = .00 158 = 1.6 24,0 + 2.5 24225
Lesioned: Amygdala

a. Non-stressed 1o 1.67 + .17 165 +22 974+ 122 23834 10.6+ 2.6

b. Stressed, .5 hr 8 1.67 +.10 143 + 3.2 23.7+ 25 187 =62

c. ” 407 [§ 1.35 + .08 145 +19 26.7 + 5.1 37.0 =38
Liesioned: Habenula

a. Non-stressed 7 — 16.5+ 19 875+ .72 252+ 2.7 10.8=+3.3

b. Stressed, .5hr 9 170 = .07 15,6 = 2.0 245+ 1.2 27051

e. A S 7 1.52 + .28 14,8 + 2.0 25.2 + 1.2 24.6 + 3.6

All values represent mean =+ stand. dev.

I3 uptakes were determined on all animals of each group 1 mo after lesioning.

group sacrificed 12-25 days after lesioning.
No attempt was made using these prepara-
tions to define more closely the components
of hippocampus or amygdala involved in the
adrenocortical responses observed. Experi-
ments are in progress using progressively
smaller lesions in the amygdaloid nuclei to
identify the region which exerts this modu-
lating influence upon ACTH secretion.
Discussion. Although the role of afierent
nervous impulses in ACTH secretion, includ-
ing those from the limbic system, has been
reviewed(24,2), the amount of experimental
evidence is not great. Direct physiological
and anatomical evidence for such a role(Ma-
son, 14, 15; Nauta 25,26) is the observation
that stimulation of the amygdaloid nuclei in
the conscious, unrestrained monkey leads to
elevated 17-hydroxycorticoid levels. Addi-
tional work by these investigators indicated
that the adrenocortical response evoked by
stimulation of amygdala or of hypothalamus
may be inhibited by prior excitation of hip-
pocampus. Porter(27) observed a similar
inhibitory effect of hippocampal stimulation,
using eosinophil response as an index of
adrenocortical activation. In the dog and
cat, Martin et ¢/.(28) found elevated adreno-
cortical function after bilateral amygdalec-
tomy; and Yamada and Greer(29) noted

some increase in relative adrenal gland
weights of rats 1-15 days after massive lesion-
ing of the amygdaloid nuclei (but including
hippocampus and lateral hypothalamus also),
and suggested that this adrenal response was
due either to non-specific stress or to destruc-
tion of a brain region which normally exerts
some inhibitory influence upon ACTH secre-
tion. In view of the short interval between
lesioning and examination of the glands, the
former possibility seems more likely to be
correct.

Results of the present work add to the evi-
dence that hippocampus and amygdala have
a modulating influence upon the pituitary-
adrenal axis, and suggest separate roles for
these 2 components of the limbic system. The
amygdaloid complex (or some portion there-
of) is apparently required for acute, rapid
activation of the hypothalamo-hypophyseal
system; release of ACTH and adrenocortical
response are not necessarily prevented, but
are delayed following destruction of the
amygdaloid nuclei. After 4 hrs of continu-
ous immobilization, however, PFC levels were
comparable to those attained by non-lesioned
animals after 30 min or less of immobiliza-
tion. On the other hand, chronically high
resting PFC levels (without significant
changes in adrenal weight) observed in rats
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with lesions of hippocampus indicate that this
brain area normally contributes a suppres-
sive influence to the milieu of afferent stimuli
which reach the hypothalamus and maintain
the basal or resting ACTH secretion.

Neural mechanisms which interplay upon
‘the final source of ACTH-regulating neuro-
humor are both excitatory and inhibitory in
nature; further experiments are necessary to
determine the manner in which these neural
influences are integrated under normal and
stressful conditions into a resultant signal at
the terminal cells responsible for the ACTH
neurohumor.

Summary. Bilateral electrolytic lesions of
hippocampus, amygdala or habenula of the
rat did not produce notable changes in pitui-
tary gonadotropic or thyrotropic activity as
judged by testicular or thyroid weight and
histology and I'! uptake. In response to
immobolization stress, PFC levels of normal
rats increased 200% after 30 min; after
placement of lesions in amygdala, the re-
sponse to stress was markedly delayed, but
eventually reached a 200% increase after 4
hrs. Lesions of hippocampus did not alter
the temporal pattern of response to stress;
resting or basal PFC levels were, however,
significantly higher than normal.

The author expresses thanks to the Misses Dolores
Schock and Carol Lavell and Mr. Ramesh Shah for
excellent technical assistance.
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