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Summary-In certain circumstances the activity of cholesterol ester hydrolase (CEH) activity is believed 
to be rate-limiting for corticosterone production by the adrenal. The principal aim of the current study 
was to determine whether the activity of CEH displays a developmental incmase in the infant rat which 
could, in part, account for the marked increase in serum corticosterone which begins at the end of the 
second postnatal week. The data show that the specific activity of CEH (tmits/mg cytosolic protein) during 
development is actually a mirror image of the pattern seen for serum corticosterone, i.e. CEH activities 
are high when serum corticosterone concentrations are low and then fall when serum corticosterone is 
rising. Even when total activities of CEH in the adrenal were calculated, there was no increase in parallel 
with the initial rise of serum corticosterone. At each age studied, stressed pups displayed significant 
increases of serum corticosterone; however, their CEH activities were no different from those in the 
non-stressed littennates. It is concluded that the activity of CEH is not the rate-determining factor for 
the developmental surge of basal concentrations of serum corticosterone nor for stress-induced elevation 
of corticosterone during the developmental period. A second aim of the current study was to address the 
more general question of whether steroidogenesis in the developing adrenal is limited by substrate supply. 
Measurement of the cholesterol content of adrenal mitochondria showed no ontogenic increase, suggesting 
that substrate supply, from any source, is not rate-limiting for steroidogenesis at these ages. 

INTRODUCTION 

It has been demonstrated previously that, in infant 
rats, circulating concentrations of corticosterone are 
almost undetectable at 6-12 days of age and then 
increase markedly, peaking at approx 24 days [l-4]. 
The developmental increase in serum concentrations 
of this hormone cannot be due to decreased turnover 
because the half-life of corticosterone has been shown 
to slowly decline during the postnatal period [5]. 
Thus, to account for the developmental rise of serum 
corticosterone, it is reasonable to propose increased 
synthesis and secretion by the adrenal gland. Al- 
though there have been several studies of steroido- 
genie enzymes in developing adrenals [6-81, none of 
the enzymes investigated have shown a develop- 
mental pattern that would account for increased 
synthesis beginning between days 12 and 14. 

In the adult rat it has been shown that the rate of 
adrenal steroidogenesis may be limited by the supply 
of substrate, cholesterol [9]. The adult adrenal has 
abundant lipid droplets containing cholesterol esters. 
Cholesterol is released by the action of cholesterol 
ester hydrolase (CEH) located in the adrenal 
cytosol [lo]. The activity of CEH is increased follow- 
ing stress, and this is believed to be important in 
allowing increased production of corticosterone [ 111. 
The effect of stress on adrenal CEH activity cannot 
be mimicked by administration of ACTH [1 11. The 
effector of CEH changes during stress is thus pre- 
sumed to be some other neuroendocrine factor, pos- 
sibly y,-MSH [12, 131. In the infant rat, circulating 
concentrations of ACTH have been shown to be 

unchanged from 1 through 21 days of age [14]. Thus, 
to account for the dramatic increase in circulating 
corticosterone between days 12 and 21, an ACTH- 
independent parameter such as CEH activity becomes 
an attractive possibility. Moreover, as cytoplasmic 
lipid droplets are abundant in adrenal cytoplasm of 
rats aged + through 14 days [15], mobilization of 
the cholesterol esters stored in these droplets would 
provide a likely mode of regulation of the steroido- 
genie pathway. The specific hypothesis investigated in 
the current study was that during post-natal develop- 
ment, the activity of CEH in adrenal cytosol would 
increase just prior to or in parallel with serum 
concentrations of corticosterone. An additional aim 
was to determine the age at which this enzyme begins 
to display stress responsiveness. 

EXPERIMENTAL 

Materials 

Cholesteryl oleate (oleate-l-‘4C) and [3H]oleic acid 
were obtained from New England Nuclear (Boston, 
MA). The purity of the cholesteryl [14qoleate and the 
[3H]oleic acid were checked by thin layer chro- 
matography using hexane-diethyl ether-glacial acetic 
acid (90 : 10 : 1, by vol) as solvent. Nonlabelled choles- 
teryl oleate and oleic acid were obtained from Sigma 
Chemical Company (St Louis, MO). For assay of 
cholesterol in adrenal mitochondria, [ 1 ,2-3H(N)]- 
cholesterol was obtained from New England Nuclear 
(Boston, MA) and silica gel TLC plates (Si250F) were 
from Baker Chemical Co. (Phillipsburg, NJ). 
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Animals 

Timed-pregnant Sprague-Dawley rats [Charles 
River Crl:CD (SD)BR] were received from Charles 
River Breeding Laboratories (Wilmington, MA) on 
day 15 of gestation. They were housed individually in 
opaque polystyrene cages and provided with food 
(Rodent laboratory chow 5001; Ralston Purina, St 
Louis, MO) and water ad l&turn. Animal quarters 
were air-conditioned (22 +_ 1’C) and maintained on a 
12-h light/dark cycle with lights on at 0500 h. On the 
due date, cages were checked every 2 h for births. The 
birth date was regarded as day 0. Approximately 24 h 
postpartum, litters were culled to 8 pups. Pups were 
housed with their dams until 25 days of age, when 
weaning was completed by removal of the dams. 

Procedures 

The studies of CEH at 9, 16, 21 and 24 days 
employed 6 litters of rat pups. To ensure basal levels 
of corticosterone, the 6 cages were isolated overnight 
prior to each experimental day. At the time of 
isolation, pups were weighed and in each litter a pair 
of pups with close body weights was marked for use 
the next day. For sacrifice, cages were quietly re- 
moved from the isolation room one at a time. In each 
litter at each age, one of the marked animals was 
sacrificed immediately, i.e. in a non-stressed con- 
dition. The second marked pup was purposefully 
stressed by i.p. injection of 0.1 ml physiological saline 
and was sacrificed 1Omin later. At all ages, sacrifice 
was completed between 0830 and 0930 h. For all 
animals, trunk blood was collected and adrenals were 
removed and placed in ice-cold physiological saline. 
The blood was allowed to clot at room temperature 
for 30 min then centrifuged at 3000g to obtain serum. 
Sera were frozen (- 10°C) for future corticosterone 
assay. Adrenals were trimmed of fat, blotted, weighed 
and then used immediately for assay of cytosolic 
CEH activity. At 9 days of age, adrenal weights from 
individual animals were insufficient for the standard 
assay. Therefore, at this age in the original series, 
adrenals from 2 pups were pooled. An additional 6 
stressed and non-stressed pups at 9 days were there- 
fore utilized to maintain n = 6. 

At 35 days of age the procedure was basically the 
same as described above, except that pups from 5 
litters were used. On the day before the experiment, 
the pups were weight-paired and housed 2 per cage, 
giving a total of 10 cages. On the day of the experi- 
ment, each cage was then treated as described above, 
i.e. 1 pup was killed immediately (non-stressed) and 
the other was killed 10min after i.p. injection (pur- 
posefully stressed). Thus, for each group at this age, 
n = 10 with 2 pups from each of the 5 litters. 

Assay of CEH activity 

Adrenal cytosol was prepared as described by 
Pederson and Brownie[l l] using 1 ml homogen- 
ization medium for every 5 mg adrenal tissue. A most 

important aspect of this method is that it eliminates 
all endogenous cholesterol esters, thus avoiding the 
dilution of the [‘4C]cholesteryl oleate with variable 
amounts of unlabelled substrate [I 11. In our protocol, 
this was achieved by overlaying the adrenal homoge- 
nates with corn oil prior to centrifugation in thin-wall 
polyallomer tubes (30min at 250,OOOg). After cen- 
trifugation. the lipid-free cytosol was removed by 
piercing the tube (approx 2 mm above the pellet) was 
a 23 g needle attached to a 5 ml syringe. The corn oil 
prevented the lipid layer from breaking up as the 
lower aqueous layer was removed. 

The conditions for assay of cytosolic CEH were the 
same as those used by Pederson and Brownie[l l] 
except for reaction time and amount of tissue (see 
Results). In this method cholesteryl [i4C]oleate is used 
as substrate. The reaction is stopped by the addition 
of chloroform-methanol (2: 1, v/v). After addition of 
alkali, the [‘4C]oleic acid released in the reaction is 
extracted from the substrate which remains in the 
organic phase. The extraction efficiency is determined 
by addition of [‘Hloleic acid. The protein content of 
each cytosol sample was determined by the method of 
Lowry et a1.[16] using bovine serum albumin as 
standard. The activity of CEH was expressed as units 
per mg cytosol protein where 1 unit = 1 nmol oleic 
acid released per min. 

Assay of serum corticosterone 

Serum corticosterone was determined by a com- 
petitive protein-binding assay as described 
previously [ 171 with two modifications. The pH of the 
sodium phosphate buffer was changed from 7.2 to 7.9 
and the amount of dextran used to make dextran- 
coated charcoal was increased from 375 mg per 
1OOml phosphate buffer to 1OOOmg. These changes 
greatly improved the stability of binding. 

MitochondriaI cholesterol content 

Adrenal mitochondria were prepared by 
differential centrifugations in 0.25 M sucrose [18]. 
The final mitochondrial pellet was resuspended in 
1.65 ml of 15 mM triethanolamine buffer, pH 7.3. 
Twenty ~1 of [3H]cholesterol (54.8 Ci/mmol; 
100,000 dpm/20 p 1) was added to estimate recovery. 
After incubation at 23°C for 30min to allow the 
[3H]cholesterol to equilibrate with endogenous pools, 
an aliquot (0.8 ml) was extracted with 
chloroform-methanol (2 : 1, v/v). The organic phase 
was evaporated to dryness under N, and then dis- 
solved in 20 ~1 ethanol and subjected to thin-layer 
chromatography (TLC) in petroleum ether-diethyl 
ether-glacial acetic acid (75 : 25 : 2, by vol) according 
to the method of Simpson and Boyd[l9]. The spot 
corresponding to cholesterol was scraped from the 
TLC plate and eluted with ethanol. For color devel- 
opment, 25~1 of the ethanol extract was added to 
0.45 ml of an 18 : 1 (v/v) mixture of concentrated 
H,SO,concentrated HCl. The absorption at 350 nm 
was read after 30 min at room temperature. Stan- 
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Fig. 1. Linearity of the CEH reaction with time (panel A) and tissue (pane1 B). The number of assays 
(n) for each point range from 2-4. Values are given as means f SE when n > 2, means f range when n = 2. 
Lack of error bars indicates that the SE or range is smaller than the symbol. Panel A shows data obtained 
using either a fresh substrate emulsion (0-O) or a substrate emulsion that had heen allowed to stand 

30min at 37°C prior to use (O---O). 

dards containing 0, 2.5, 5.0 and 7Sng cholesterol 
were subjected to identical treatment (including 
TLC). Recovery of [~H~holest~ol was typically 80%. 
Values for endogenous cholesterol were corrected 
using the individual recovery figures. The protein 
content was determined on a separate aliquot of the 
mitochondrial suspension using the method of Lowry 
et af.j16]* 

Statistics 

Results are reported as mean + SE. The differences 
between stressed and non-stressed animals were 
evaluated by a two-tailed Student’s t-test. 

RESULTS 

Conditions of assay of CEH activity 

Since the assay of CEH activity was described for 
adult adrenals [Ill, for the current study it was 
necessary to modify the method, making it 
sufficiently sensitive to detect CEH activity in the 
small amounts of adrenal tissue available from infant 
rats. The simplest way to make an enzyme reaction 
more sensitive is to allow it to run for a longer time. 
However, preliminary studies using adult adrenal 
tissue (Fig. 1A) showed that the reaction was not 
linear beyond 20 min. The loss of linearity was not a 
property of the adrenal cytosol, but rather of the 
substrate emulsion. As can be seen in the figure, 
substrate emulsion that was allowed to stand for 
30min prior to use gave a substantially slower reac- 
tion rate than did substrate which had been freshly 
prepared. Presumably, with time the emulsion drop- 
lets coalesce, causing lowering of the surface area 
available for the enzyme reaction to occur. It was also 
found (data not shown) that vortexing the reaction 

mixture reduced the rate, probably due to loss of 
emulsion droplets on the sides of the reaction tube. 
In view of these findings, the standard approaches 
were: (1) to always use freshly-prepared substrate 
emulsion; (2) to shake the tubes gently by hand after 
substrate addition; and (3) to allow the reaction to 
proceed for only 10min. 

The original assay [l 1] used adrenal cytosol equiv- 
alent to approx 5 mg adrenal tissue in each reaction 
mixture. The study shown in Fig. 1B shows that this 
amount of cytosol is probably excessive, because the 
reaction is linear with tissue amount only up to 
1.5 mg. For the deveiopmen~l studies described be- 
low, each reaction tube contained cytosol equivalent 
to 1 mg adrenal tissue. This made the reaction 
sufficiently sensitive to allow individual assays on 
adrenals from single animals of age 16 days and 
older. As described in the Experimental section for 
animals aged 9 days, adrenals from 2 pups were 
pooled to create each cytosol sample. 

Developmental studies with CEH 

The results for serum corticosterone (Fig. 2A) 
show that basal (non-stressed) concentrations of the 
hormone increased substantially between 9 and 21 
days of age and then declined through 35 days of age. 
This developmental pattern for corticosterone is very 
similar to that described previously [l]. In the stressed 
animals, serum concentrations of corticosterone were 
significantly elevated (P < 0.05) at all ages. 

The specific activity of CEH in adrenal cytosol 
(Fig. 2B) showed a developmental pattern that was 
almost the mirror image of that for basal concen- 
trations of serum corticosterone. CEH activity de- 
clined between days 9 and 16, i.e. during the begin- 
ning of the ontogenic rise of serum corticosterone. On 
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Fig. 2. Serum corticosterone (panel A) and CEH specific 
activity (panel B) in non-stressed and stressed rats of various 
ages. Values are given as means + SE, n = 6 at all ages, 
except day 35 when n = 10. Lack of error bars indicates the 

SE is smaller than the symbol. 

the other hand, between days 21 and 35, CEH activity 
increased while basal concentrations of serum corti- 
costerone decreased. Only between days 16 and 21 
did CEH activity increase in parallel with basal 
concentrations of serum corticosterone. CEH activi- 
ties in adrenal cytosol from stressed animals were 
slightly lower than those from non-stressed animals 
at all ages. However, the differences were not statisti- 
cally significant (P > 0.2). 

It could be argued that total activity of CEH in the 
adrenal pair of each pup has more physiological 
relevance than the specific activity of the enzyme. 
When expressed in this way (Fig. 3A), the activity of 
the enzyme declined only slightly between 9 and 16 
days of age and then showed a steady increase 
through 35 days. This pattern primarily reflects adre- 
nal growth which parallels that of body weight. Thus, 
when total CEH activity was expressed per unit body 
weight (Fig. 3B), values remained relatively constant 
from 9 through 21 days of age, increased between 21 
and 24 days, then plateaued to 35 days. Here again 
(Figs 3A and 3B), there were no differences between 
values obtained from stressed animals as compared 
with non-stressed animals (P > 0.2). 

Mitochondrial content of choIestero1 

To address the more general question of whether 
steroidogenesis in the developing adrenal is limited by 
substrate supply, we measured the cholesterol content 

of adrenal mitochondria from rats aged 9, 15 and 21 
days. For each measurement we pooled adrenals as 
follows: at 9 days of age, 27 animals were required to 
give sufficient tissue; at 15 days, 18 animals and at 2 1 
days, 9 animals. The values obtained (means f SE for 
3 pools of tissue at each age) were 16.2 f 1.7, 
15.3 + 1.7 and 15.5 t_ 1.4 (n = 3) pg cholesterol/mg 
mitochondrial protein, respectively, indicating that 
there is no developmental increase in this parameter. 
Values at all three ages are approximately half those 
reported for basal conditions in adult rats [9]. 

DISCUSSION 

The surge of serum corticosterone that occurs in 
the neonatal rat at the end of the second postnatal 
week appears to be responsible for coordination of 
biochemical changes in a number of tissues including 
salivary gland, gastric mucosa, pancreas, small intes- 
tine and liver [20]. Thus, understanding the biochemi- 
cal basis of the ontogenic increase of corticosterone 
production has considerable importance to mam- 
malian development. The simplest explanation for 
increased adrenal corticosteroidogenesis would be 
increased release of ACTH from the pituitary. 
However, the available data indicate that circulating 
concentrations of ACTH remain relatively constant 
in the rat from age 1 through 21 days [14]. As 
indicated in the Introduction, the possibility of corti- 
costerone production during development being con- 
trolled by the activity of CEH was an attractive 
possibility because this would be an ACTH- 
independent mechanism [I l-131. However, the data 
in Figs 2 and 3 indicate that CEH activity is not 
rate-limiting for corticosterone production during 
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Fig. 3. Total CEH activity expressed per animal (panel A) 
and per unit body weight (panel B). Data are from the same 
animals shown in Fig. 2. Lack of error bars indicates SE is 

smaller than symbol. 
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development. The specific activity of the enzyme (Fig. 
2) is, in fact, very much higher at 9 days (i.e. prior to 
the corticosterone surge) than at 16 and 21 days (i.e. 
during the corticosterone surge). Likewise, the total 
activity of the enzyme (Fig. 3) does not increase 
between 9 and 16 days and therefore cannot account 
for increased corticosterone production. 

These findings regarding CEH activity do not 
eliminate the more general possibility that steroido- 
genesis in the developing adrenal is limited by sub- 
strate supply. Since the cholesterol used for steroido- 
genesis can be derived from plasma lipoproteins or 
from de nova synthesis, these aspects of cholesterol 
physiology in the developing adrenal also need to be 
considered. Rather than assess each of these indepen- 
dently, we measured the mitochondrial content of 
cholesterol in rat pups at three critical ages of devel- 
opment. Although this is a static measurement, stud- 
ies in adult rats have shown that at times of elevated 
corticosterone synthesis (e.g. following ACTH treat- 
ment) there is a significant increase in the cholesterol 
content of adrenal mitochondria [9]. Thus, if ste- 
roidogenesis in the developing adrenal were con- 
trolled by substrate supply (from any source), we 
would have expected an increase in the cholesterol 
content of adrenal mitochondria as age increased 
from 9 to 21 days. As such an increase was not 
observed, we conclude that changes in substrate 
availability are unlikely to account for the devel- 
opmental surge of circulating corticosterone. 

The data for serum corticosterone concentration in 
stressed animals (Fig. 2) confirm earlier reports that 
the stress-responsiveness of the infant rat gradually 
increases with age [2,21,22]. This increase has been 
shown to be due, in part, to increased production of 
CRF-like activity by the hypothalamus [22] and, in 
part, to increasing ACTH responsiveness of the 
adrenal [2, 141 with increasing age of the animals. The 
present study indicates that elevated activity of CEH 
is not necessary for the stress-induced elevation of 
corticosterone during this period of development in 
the sense that there were no detectable differences in 
the activities of CEH in stressed pups as compared 
with non-stressed littermates (Figs 2 and 3). This lack 
of correlation between CEH activity and corti- 
costerone production in the developing rat is not 
surprising, because even in the adult rat, there is not 
a 1: 1 relationship between these two parameters. For 
example, non-stressed serum concentrations of corti- 
costerone show a 7-fold diurnal variation in the 
absence of any change in CEH activity [ll]. More- 
over, during the early part of the light cycle, a 
1.5fold stress-induced increase in CEH activity is 
associated with a 9.5fold increase in serum corti- 
costerone, whereas at the onset of darkness, a 
l.Bfold stress-induced increase in CEH activity is 
associated with only a 2.4-fold increase in serum 
corticosterone [ 111. Comparison of the 35-day CEH 
activities (Fig.2) with those of stressed and non- 
stressed adult rats killed at the same phase of the 

light/dark cycle [1 1] shows that our values in 35-day 
old animals are much closer to the stressed values 
reported for adults (2.99 + 0.05 units/mg protein) 
than the non-stressed values (2.01 f 0.06 units/mg 
protein) despite the fact that the mode of stress in the 
adult study was identical to that used in the current 
study, i.e. i.p. injection 10 min prior to sacrifice. This 
suggests the possibility that what develops between 
day 35 and adulthood is an inhibitor of CEH activity 
in non-stressed animals. The effect of stress would 
then be to remove the inhibitor, thus allowing the 
enzyme activity to return to levels seen in both 
non-stressed and stressed animals at day 35. Studies 
designed to investigate this suggestion are currently in 
progress. 
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