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ABSTRACT

ACTH infusion at the time of unilateral adrenalectomy inhibits the early rapid compensatory growth
(CAG) in the remaining adrenal. We examined the hypothesis that different duration of surgery
and/or the enhanced response to the stress of surgery, induced by estradiol treatment, might mod-
ify CAG. Adult male rats untreated, estradiol benzoate treated (EB) 300 pug/kg or vehicle treated
(VE) for 3 days, were Sham or left adrenalectomized after 18 to 20 min procedure (prolonged
surgery) or after 14 to 16 min procedure (short surgery). The response to surgical stress was eval-
uated by comparison of the left adrenals between Sham and left adrenalectomized animals matched
for treatment, surgery and body weight. Autopsy was done 88-90h after surgery. The right adrenals
following prolonged surgery for unilateral adrenalectomy after EB or VE treatment were examined
histologically. The number of rats with enlarged zona glomerulosa was greater (p<0.01) in EB
than in VE-treated rats. Prolonged surgery induced significant stress response in untreated and
EB-treated rats in parallel with attenuation of CAG. Stress response of lower magnitude in VE
(22%) than in EB-treated rats (61.4%) was followed by significant CAG. After short duration sur-
gery, significant CAG, with an absence of stress response, was apparent in VE and EB rats. The
extent of CAG was found inversely related to initial adrenal size. In conclusion, these results sug-
gest that prolonged surgical stress, increased response to this stress and enlarged glomerulosa are
negatively related to CAG, possibly through CAG suppression by increased ACTH and/or adreno-
cortical secretion.
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INTRODUCTION

Until 1974"?, compensatory adrenal growth (CAG)
after unilateral adrenalectomy was attributed to the
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glucocorticoid-ACTH negative feedback system. Lat-
er a number of studies demonstrated that ACTH is
not required for CAG™, that the early proliferative re-
sponse triggered by unilateral adrenalectomy is neu-
rally mediated’’, and that CAG is inhibited by sym-
pathectomy®. Furthermore, it was found that injection
of ACTH at the time of left adrenalectomy inhibited
the usually observed increase in [*H] thymidine incor-
poration into the right adrenal DNA at 12 or 18h but
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increased the RNA content and prevented the increase
in adrenal DNA content at 24h. In Sham operated
(Sham) rats, ACTH caused a dose-dependent increase
in adrenal weight, in the RNA to DNA ratio at 24h,
and in adrenal DNA at 72h°. Grizzle and Dunlap*
found that aldosterone after intraperitoneal adminis-
tration blocks CAG. Philips et al" found no effect on
CAG after subcutaneous administration of aldoster-
one, in contrast to dexamethasone administration
which was followed by attenuation of CAG.

Other studies showed that a cleavage product of
the N-terminal glucopeptide N-POMC"” may be the
non-ACTH derived adrenal mitogen. It was suggest-
ed that this mitogenic peptide N-POMC (1-48/9) was
generated post-secretionally by a neurally mediated
cleavage of N-POMC"™ at the adrenal gland thus ini-
tiating CAG". It was also found that the insulin-like
growth factors (IGF1 and 2) were increased in extracts
of adrenal glands 24h following unilateral adrenalec-
tomy, whereas at the 68h the increase remained sig-
nificant only for IGF1".

In three later studies, another growth factor was
incriminated as mediator of the proliferation in the
CAG response, namely the basic fibroblast growth
factor (bFGF)'*'°. Interestingly, an earlier study'” had
demonstrated that in monolayer cultures of bovine
adrenocortical cells, angiotensin II as well as bFGF
stimulated cell proliferation and [’H] thymidine in-
corporation into DNA and their stimulatory effect was
blocked by ACTH.

The antagonism of ACTH to the two growth fac-
tors and the finding that ACTH administration at the
time of unilateral adrenalectomy prevented the growth
normally seen in the remaining gland 24h after sur-
gery’ stimulated our interest to examine the role of
surgical stress on CAG. Furthermore, since it has been
demonstrated that estradiol augments pituitary ACTH
secretion in male rats" and in order to enhance the
ACTH response to stress, we also examined CAG af-
ter estradiol administered for three consecutive days
before Sham or unilateral adrenalectomy.

We considered that an experimental study examin-
ing the effect of surgical stress on the growth of the
remaining adrenal after unilateral adrenalectomy
might prove useful in view of the high frequency of
adrenal incidentalomas in humans® and the need for
unilateral adrenalectomy in about 38% of patients with

such masses™. With this possible implication in mind
and because of the scarcity of pertinent information
in adult rats as compared to juvenile or immature
rats™*'1"1>* " we elected to perform our experiments
in adult male rats.

MATERIALS AND METHODS

Animals

Male Wistar rats raised in our laboratory were
studied at the adult age of 106-122 days under auto-
matically controled light cycle (light on from 7.00 to
21.00 hr) and unrestricted rat chow and water supply.
Estradiol benzoate (EB) fresh solution in olive oil (oil
sterilized at 120°C for 1 hour) was used (s.c.) at the
pharmacological dose of 300 ug/kg body weight daily
for three consecutive days. Controls were treated with
the vehicle (VE), sterilized olive oil (s.c.) 1 ml/kg body
weight. On the day following the last injection, in half
of the rats with similar treatment, the left adrenal was
removed under ether anaesthesia and in the other half
Sham adrenalectomy was performed. One group of
untreated adult rats was also studied after Sham or
unilateral adrenalectomy. One group of untreated rats
of similar age and weight was used as control to this

group.

The left adrenal gland immediately after removal
was trimmed of surrounding fat and tissues and was
weighed immediately to the nearest 0.01 mg. To pre-
vent possible dehydration, cleaning of the gland was
performed on filter paper saturated in 0.9% NaCl solu-
tion. The rats were autopsied 88-90 hours after sur-
gery and each adrenal gland was weighed. Seminal
vesicles, thymus and testes were also weighed after
removal and trimmed of surrounding tissues. Four in-
tact rats with a body weight and age representative of
the groups studied were sacrificed on the day follow-
ing the last injection of EB for measurement of se-
rum estradiol by RIA as described™.

Surgical stress

Surgery: The anaesthesized rat was removed after
1.5-2.5 min from a ventilated plexiglas chamber filled
with ether vapor. During surgery, when needed, ether
was administered again on the surgical table or the
rat was placed again in the plexiglas chamber.

The surgical procedure, alternatively left or Sham
adrenalectomy, was performed via a left dorsal later-
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al incision. This procedure lasted from 14 to 16 min
in VE or EB-treated rats with low body weight. In VE
or EB-treated rats with high body weight, because of
time needed for suturing the larger skin and retro-
peritoneal incisions, the procedure lasted from 18 to
20 min. In untreated adult rats despite lower body
weight, the duration of the surgical procedure and
ether inhalation were kept from 18 to 20 min pur-
posely so as to be similar to the duration in adult rats
with high body weight.

Care was taken that duration of the surgical pro-
cedure and ether inhalation be similar during left and
Sham adrenalectomy between similarly treated rats
of the same age and weight.

Histologic examination

Histologic examination of the right adrenals was
done in 35 left Adx and 8 Sham Adx rats. All these
rats were submitted to the 18 to 20 min surgical pro-
cedure. In 21 out of the 35 left Adx rats the surgical
procedure took place on the day following EB treat-
ment, 300 pg/kg body weight for three consecutive
days, and in the remaining 14 rats following VE treat-
ment.

Each adrenal, after being weighed, was fixed in
Bouin’s solution embedded in paraffin and serially sec-
tioned at 5-6 um. Sections were stained in hematoxy-
lin-eosin.

Measures of the response to surgical stress and
of the compensatory adrenal growth

For the evaluation of the response to surgical stress
of different duration after EB or VE treatment, we
compared the mean weight of left adrenals in Sham
with the mean weight of left adrenals removed in Adx
rats under operation of the same duration and after
the same treatment. One group of 6 untreated, un-
stressed adult rats of similar age and weight to un-
treated surgically stressed rats by the long duration
18-20 min Sham or left adrenactomy, was also stud-
ied for the evaluation of the stress response by com-
parison of the left adrenals among these three groups
of rats.

The analysis for compensatory adrenal growth was
done by two methods: 1) Comparison of the absolute
raw weights of the right adrenals between Sham and
similarly treated left adrenalectomized rats; 2) Com-
parison of the normalized right adrenal with left ad-

renal, between Sham and left adrenalectomized rats.
Comparison of the relative weights (mg/100 g body
weight) of right adrenals between Sham and Adx rats
gave less reliable results than the other two methods,
which is in accordance with the results of Grizzle and
Dunlap* and Philips et al. For this reason this meth-
od was not included.

The normalization of the right adrenal by left ad-
renal was initiated by Grizzle and Dunlap* and used
by Philips et al."” after modification. We preferred this
modification because the Q factor, after adaptation
to the design of our study, represents the stress re-
sponse as evaluated in our study. Accordingly, for cor-
rection of the left adrenal, which was removed at
adrenalectomy and was therefore uninfluenced by the
stress of the surgical procedure to which the remain-
ing adrenal was exposed, each left adrenal was multi-
plied by factor Q which was estimated as follows:

Mean weight of left adrenals from Sham-operated rats

Q=

Mean weight of the excised left adrenals from left Adx rats
matched for age, weight, treatment and surgical stress.

The normalized right adrenal in Adx rats is given
by the ratio right adrenal/corresponding left adrenal
corrected for the surgical stress to which the remain-
ing right adrenal was exposed. This ratio represents
the difference in weight of the remaining from the
removed adrenal mostly due to the neurally mediated
adrenal hyperplasia, since hypertrophy due to stress
is eliminated after dividing the remaining adrenal by
the removed adrenal corrected for stress.

For normalization of the right adrenal in Sham Adx
rats, we used the ratio: Right adrenal Sham/left adre-
nal Sham, of the corresponding age, weight, treatment
and surgical stress.

Statistics

Statistical analysis was done by the Student’s un-
paired t-test, X*> test and one way ANOVA followed
by the Sheffe test™. Logarithmic transformations were
used for the Student’s t-test when needed.

RESULTS

The concentration of serum estradiol on the day
following the 3" injection of estradiol benzoate in four
intact rats was 1441.2+24.6 pg/ml. This concentration
was extremely high compared to the levels of 40.0+3.6



168

NICHOLAS BIKAS ET AL

pg/ml found in eight untreated rats.

Estradiol treatment decreased seminal vesicle
weight by 60%, testicular weight by 13% and thymus
weight by 25% conversely to an increase of adrenal
weight of 31.8% (Table 1).

The results on the effect of estradiol in Adx rats
were similar to those in table 1 as far as the decrease
in seminal vesicle weight, which was of the order of
61%. On the other hand, there was a 28.76% increase
in the right adrenal weight following EB treatment,
(right adrenal weight 38.5=1.2 mg versus 29.9+1.0
mg in vehicle treated animals, p<0.0005).

The histologic examination of right adrenals in 21
rats, after unilateral adrenalectomy preceded by EB
treatment, showed increased thickness of the glomer-
ulosa (Figure 1) in 18. In 14 Adx rats, after VE treat-
ment only 4 showed hypertrophy of the glomerulosa.
The number of rats with enlarged glomerulosa was
significantly greater (by x* test, p<0.01) in EB-treat-
ed than in VE-treated rats. In six Sham rats treated
with EB, hypertrophy of glomerulosa was also present
(but to a lesser extent) at 0.057 mm, compared to
0.076-0.095 mm found after unilateral adrenalectomy
in 18 out of the 21 EB-treated animals. In 10 out of 14
VE-treated rats, the thickness of the glomerulosa
ranged from 0.038-0.047 mm.

Evaluation of the stress response to the long sur-
gical procedure in untreated rats (18-20 min) by com-
parison of left adrenals among untreated Sham, left
Adx and unoperated controls, revealed a significant
difference F=5.92 (p<0.05), indicating a significant
stress response. The weight of left adrenals from Sham

Table 1. Organ weights after estradiol benzoate or vehicle treatment
for three consecutive days prior to surgery in Sham adrenalectomized
adult rats.

Adult rats (106-122 days) Vehicle! Estradiol*
Body weight (gr) at sacrifice 282.4+16.9 281.6+12.2
Adrenal weight (mg) 50.8+2.0 67.0+2.6*
Seminal vesicle weight (mg) 1051.04108.8  417.2+43.1%
Testicular weight (mg) 3215.94199.6 2979.3+98.5%
Thymus weight (mg) 235.0+17.6 176.14+13.3%
Values are means+SE; Number of rats in parentheses.

" p<0.0005 vs vehicle

+ p<0.005 vs vehicle after logarithmic conversion of values

1 p<0.02 vs vehicle

§ p<0.01 vs vehicle

rats was found increased (p<0.01) compared to un-
operated controls, and higher compared to left
adrenals of left Adx rats (p=0.05), by Sheffe test.

The relation between the response to the stress of
surgery and the CAG demonstrated in Figure 2 shows
that in EB-treated and untreated rats the significant
stress response is paralleled by suppression of the
CAG. Conversely, in VE-treated rats, with a signifi-
cant stress response of 22.2%, versus 61.4% in EB-
treated littermates, CAG was found to be significant.
After a shorter surgical procedure (Figure 3) there
was a nonsignificant stress response in VE and EB-
treated rats, whereas CAG was significant (Figure 3).
The differences in body weight between the rats ex-
posed to surgery of different duration were highly sig-
nificant. There was no difference in body weight
among rats exposed to surgery of similar duration
(Table 2). In rats exposed to prolonged surgery, the
thymus weight of 206.34+19.6 mg in Adx rats after EB
was found lower (p<0.05) when compared to thymus
weight of 287.8+26.6 mg after VE administration.

In Figures 2 and 3 regarding the right to left adre-
nal weight ratio, one sees that right Sham/left Sham
ratio was less than 1 in all experiments. In the 20 adult
Sham rats, 70% had a larger left adrenal gland and
30% had a right adrenal larger than the left. Accord-
ing to measurements in 18 unoperated and untreated
adult rats of similar age, evaluation by the x*test did

Figure 1. Histologic sections of right adrenals in adult male rats
with left adrenalectomy carried out in 18 to 20 min, after treatment
with estradiol benzoate (B) or its vehicle (A); hematoxylin-eosin
x400. Note increased thickness of glomerulosa after estradiol treat-
ment, compared to vehicle treatment. Obvious lipid accumulation
in the cytoplasm of the cells of the zona glumerulosa in Figure B.
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not show a significant difference in the distribution
observed between Sham and control rats. The right to
left adrenal gland ratio 0.929+0.021 in 18 unoperat-
ed and untreated controls was not significantly differ-
ent from the ratio 0.9464+0.022 in Sham rats.

To find the relation between the initial adrenal size
and the extent of CAG as expressed by the right to
corrected left adrenal ratio, we combined the two
groups of adult rats with different body weight, both
in VE or EB-treated, into one in order to correct for
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Figure 2. Effect of the response to surgical stress on compensatory
adrenal growth (CAG). The response to stress (lower panel) ex-
pressed by the difference of adrenal weight in sham operated (Sham)
rats (S), when compared to left adrenal removed (R) after similar
treatment, at unilateral adrenalectomy of similar duration (18-20
min). CAG (middle panel) evaluated by comparison of the right
adrenal weight between Sham (S) and left adrenalectomized (A)
rats. CAG (upper panel) evaluated by comparison of the right/left
adrenal weight ratio in Sham (S) to the right/corrected left adrenal
weight ratio (see methods) in left Adx rats (A). Dotted columns
vehicle treated, striped columns estradiol benzoate treated, open
columns untreated rats. Data are means+SE for each group.
Number of rats in parentheses.

(8)(8) (6)(6)

the left adrenals, using one factor Q for similarly treat-
ed rats. Thus, the correction of the left adrenals corre-
sponded to the increase due to the surgical stress,
which was of the order of 18.9% (P<0.01) in vehicle
and 38.3% (P<0.001) in EB-treated animals.

The results of Figure 4 show a significant difference
in the extent of CAG between groups with different
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Figure 3. Lack of stress response (lower panel) paralleled by com-
pensatory adrenal growth (two upper panels) in adult male rats ve-
hicle or estradiol benzoate treated with duration of surgical proce-
dure at left unilateral adrenalectomy (A) and left Sham operation
(S) 14-16 min. Note lack of significant left adrenal enlargement af-
ter Sham operation (S) versus left adrenal removed (R) at surgery
(lower panel). Data are means+SE for each group (n=6 or 7/group).
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Table 2. Differences in body weight between rats exposed to pro-
longed and short surgery

Prolonged surgery Short surgery
Vehicle treated
Sham adrenalectomized  (7) 324+12 (7) 241 +11*
Left adrenalectomized ~ (7) 335+13 (7) 243471
Estradiol benzoate treated
Sham adrenalectomized  (8) 308+11 (6) 244+8¢
Left adrenalectomized — (8) 312+11 (6) 244+10*

Body weight in gr means+SE; number of rats in parentheses.
*p<0.01 p<0.0005 *p<0.001
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ilar treatment.

Figure 4. Inverse relationship of the size of removed adrenal, at left
unilateral adrenalectomy (upper panel) to the extent of compensa-
tory adrenal growth, expressed by right adrenals normalized by cor-
rected left adrenals after similar treatment (lower panel), vehicle:
open columns, estradiol treated rats: shaded columns. Each group
of similar treatment was separated into two subgroups of low and
high initial adrenal size respectively, according to the weight of re-
moved adrenal found in each rat, and the corresponding normalized
right adrenals in each subgroup. Data are means+SE for each group.
Number of rats at the bottom of each column.

initial adrenal size, namely decreased CAG in rats with
higher initial adrenal size, both in vehicle and EB-
treated rats.

DISCUSSION

According to the results of this study, a long dura-
tion surgical procedure, such as Sham adrenalectomy
or unilateral adrenalectomy under ether anaesthesia,
was followed by a significant adrenotrophic effect. In
contrast, there was no significant adrenal enlargement
in Sham rats submitted to a surgical procedure of short
duration. Since CAG is evaluated by comparison be-
tween the right/corrected, left adrenal ratio in left Adx
and the right/left adrenal ratio in Sham rats, our re-
sults showed that for an accurate evaluation of CAG
in the adult rat, the surgical procedure should be of
the same duration in Sham and Adx animals.

On the other hand, stress of similarly long dura-
tion in VE and EB-treated animals resulted in higher
adrenotrophic response after EB treatment than af-
ter VE treatment and in nonsignificant CAG after EB
treatment.

A decrease in testosterone after EB on the day of
surgery (results not included), shown by the decrease
in seminal vesicle weight**, would result in the
elimination of the androgen suppressive effect on
ACTH secretion and glucocorticoid clearance®. This,
in association with estradiol-induced shortening of cor-
ticosterone plasma half-life'®, might increase the
ACTH response to stress through decreased negative
feedback” and explain the difference found between
EB and vehicle treated rats after stress of a similarly
long duration. The increase in adrenal weight after
estradiol treatment, found in the present study and
the resulting thymolytic effect®, are in accordance with
the increase in adrenal weight found in adult male
rats and the increase in corticosterone after ether
stress™.

Our results also show that surgery for unilateral
adrenalectomy of long duration in untreated rats was
followed by suppression of CAG in parallel with a sig-
nificant stress response. Conversely, a short duration
unilateral adrenalectomy resulted in significant CAG
in vehicle and estradiol treated rats, with a body weight
similar to that of untreated rats with suppressed CAG.

The overall results suggest that increased release
of endogenous ACTH, due to prolonged stress at sur-
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gery and/or increased response to this stress, may have
an adverse effect on CAG. These data support previ-
ous findings’, which have shown inhibition of CAG
after pharmacological manipulation with ACTH.

Histologic sections of the right adrenals examined
after prolonged surgery showed increased thickness
of the zona glomerulosa present in a significantly high-
er number in EB compared to VE-treated rats. The
EB induced higher ACTH release in response to the
surgical stress compared to VE, suggested by the
61.4% in EB versus the 22% stress response in VE-
treated rats, might be one of the reasons for this dif-
ferentiation, since ACTH treatment in adult female
rats for one or three days had been found to activate
gene transcription of basic fibroblast growth factor
(bFGF) in the zona glomerulosa®. It was also shown
that exogenous bFGF stimulated cell proliferation in
capsule-glomerulosa preparations in vitro' and that
in the presence of estradiol but not in its absence bFGF
stimulated cell growth in cultured rat anterior pitui-
tary cell line™.

On the other hand, partial enlargement of glomer-
ulosa in EB treated Adx rats might be present at the
time of surgery since EB and the daily stress of its
administration preceded surgery for three consecu-
tive days. An increased secretion of aldosterone from
the already enlarged glomerulosa, in response to high
ACTH released by surgical stress®, might contribute
to the suppression of CAG in the goup of EB rats
with prolonged surgery, according to previous find-
ings*. This possibility is corroborated by the results of
another study™ showing activation of the renin angi-
otensin system on the third day after daily adminis-
tration of ethinyl estradiol s.c. to adult male rats, in a
dosage quite similar to that used in the present study.

Aldosterone synthase was recently detected in the
rat hippocampus®. A central effect of aldosterone af-
ter binding to hippocampal mineralocorticoid recep-
tors might result in inhibition of the hypothalamo-pi-
tuitary-adrenal system, an effect antagonized by es-
tradiol through suppression of these receptors®. Ac-
cordingly, an inhibitory effect of aldosterone after EB
on the neurally mediated adrenal hyperplasia should
be expected locally on the remaining adrenal and not
at the central level. Another study® favours the inter-
pretation of aldosterone involvement in attenuation
of CAG by demonstrating inhibition of CAG by
isoproterenol, which was shown to stimulate steroido-

genesis in perifused capsule-glomerulosa preparation,
causing greater increase in secretion of aldosterone
than corticosterone.

We should also consider the possibility of attenua-
tion of CAG by increased corticosterone' in the group
submitted to a longer duration of stress after EB treat-
ment through a synergistic effect of ACTH and inter-
leukin-6 on corticosterone release™. In favour of this
assumption are the production of interleukin-6 by the
zona glomerulosa® and its increase by ACTH® when
combined with three of our findings (the enlarged zona
glomerulosa, the higher response to prolonged surgi-
cal stress after EB, and the lower thymus weight com-
pared to VE treatment) suggesting higher ACTH re-
lease and corticosterone, respectively®.

As concerns the inverse relation between initial
adrenal size and the extent of CAG, our results in adult
rats confirm the results of Philips et al'. It is possible
that the interaction between initial adrenal size and
CAG in adult rats was facilitated by stress, which would
increase endogenous glucocorticoids and aldosterone
to a greater extent in the presence of larger adrenals.

On the other hand, if we accept that a neurally
mediated proteolytic cleavage of a circulating inac-
tive mitogenic precursor (N-POMC-1-76-) is one
mechanism for control of CAG', and consider the
present evidence of intra-adrenal release of CRH and
ACTH?Y, we may postulate that N-POMC (1-76) re-
leased by the adrenal at the time of surgery is not
cleaved to the mitogenic peptide N-POMC (1-48/9)
because substances released by stress locally by the
remaining adrenal may inhibit this proteolytic cleav-
age and ultimately CAG.

Our finding is that a short duration surgery for uni-
lateral adrenalectomy followed by significant CAG in
estradiol treated rats in parallel with no stress response
could be attributed to bFGF, a possible mediator of the
adrenocortical proliferation in the CAG response' ', and
to estradiol-induced increase in bFGF receptors™. This
assumption is supported by the phenotype of the pro-
liferating cells in the CAG response to unilateral
adrenalectomy, which were found between 24 and 96
hrs after unilateral adrenalectomy in the outermost
region of the zona fasciculata and not in the glomeru-
losa®.

In conclusion, the overall results of the present
study suggest that in adult male rats, prolonged surgi-
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cal stress, enhanced response to this stress and high
initial adrenal size have a suppressive effect on CAG,
apparently through increased ACTH and/or adreno-
cortical secretion. Furthermore our findings may have
implications for research concerning CAG in adult rats
as they show the importance of keeping equal timing
in surgical procedures at Sham and at unilateral
adrenalectomy in order to avoid an artifact due to
unequal duration of surgery.
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