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ABSTRACT. Corticosterone plays an important role in the 
regulation of postnatal development in the rat. Basal con- 
centrations of plasma corticosterone increase markedly 
during the 3rd wk of life. To date, however, the physiologic 
bases of this increase have remained unclear. To under- 
stand the determinants of circulating concentrations of 
corticosterone during this period, the plasma half-life of 
disappearance at steady state (tlh), the apparent volume of 
distribution, and metabolic clearance rate were determined 
after injection of a tracer dose of 3H-corticosterone in rats 
at 12, 16, and 22 days of age. The tlh for total plasma 
corticosterone decreased with increasing age. The volume 
of distribution decreased even more steeply and, conse- 
quently, the MCR displayed a highly significant decline 
between 12 and 22 days of age. As plasma concentrations 
of corticosteroid-binding globulin are known to increase 
markedly during this period, the t~ of protein-bound cor- 
ticosterone was measured and that of free corticosterone 
was computed. At all ages the tth of bound corticosterone 
was less than that of free corticosterone. Protein binding 
of the injected 3H-corticosterone increased significantly 
with development. Thus, increased binding of corticoster- 
one is associated with decreased t ~ .  The increasing asso- 
ciation of corticosterone with corticosteroid-binding glob- 
ulin during this developmental period is the most likely 
explanation for the steep decline of volume of distribution 
and thus of the metabolic clearance rate for corticosterone. 
The latter provides, for the first time, an understanding of 
the basis of the developmental increase in plasma concen- 
trations of corticosterone. (Pediatr Res 24: 595-599,1988) 

Abbreviations 

tnh, half-life of disappearance 
Vd, apparent volume of distribution 
MCR, metabolic clearance rate 
CBG, corticosteroid-binding globulin 
BW, body weight 

that increasing levels of the trophic hormone are not responsible 
for the ontogenic rise (4, 5). In addition, the developmental 
pattern for cholesterol ester hydrolase, the enzyme thought to be 
rate limiting in substrate supply for corticosterone production, is 
opposite that for corticosterone (6). Thus, it has been suggested 
that the developmental increase in plasma corticosterone may 
reflect reduced removal of corticosterone from the circulation 
rather than increased production. There are no data in the 
literature for corticosterone clearance in developing rats, so the 
first aim of this investigation was to determine the MCR for 
corticosterone at 12, 16, and 22 days of age. 

The Vd is an important determinant of the rate of clearance 
and thus of the circulating concentration of any hormone (7). 
To date there are no published values for the Vd of corticosterone 
in rats during the 2nd and 3rd postnatal wk. Because CBG, the 
high-affinity camer of corticosterone, exhibits an ontogenic in- 
crease during this same period (1, 2, 8, 9), Vd would be expected 
to decline progressively during development. Therefore, our sec- 
ond aim was to measure the Vd for corticosterone in rat pups at 
12, 16, and 22 days of age. 

Traditionally, protein-bound hormones have been thought to 
serve as inactive reservoirs of hormone in the circulation (10). 
This suggests that CBG binding should protect corticosterone 
from degradation. The third aim of the present investigation was 
to more fully assess the influence of hormone binding on the 
metabolism of corticosterone by determining the plasma t~ for 
bound and free forms as well as for total corticosterone during 
development. 

MATERIALS AND METHODS 

Chemicals. [ l  ,2,6,7-3H(N)]corticosterone (85.8- 104 Ci/mmol) 
was obtained from New England Nuclear Corp. (Boston, MA). 
All other chemicals were reagent grade. 

Animals. Timed-pregnant rats of the Sprague-Dawley strain 
(Charles River Crl:CD(SD)BR, Wilmington, MA) were received 
on day 15 of gestation and housed in individual opaque polysty- 
rene canes. The animal auarters were maintained at 2 1 + lo  C 
on a 12Y-h lightIl2-h dark cycle with lights on at 0600 h. Food 
(Rodent Laboratory Chow 5001, Ralston Purina Co., St. Louis, 
MO) and deionized water were available ad libitum. On the due 

In the neonatal rat, circulating concentrations of corticosterone date the cages were checked repeatedly for births, and the date 
increase markedly between 12 and 22 days of age (1,2). Previous of birth was designated as day 0. Approximately 24 h postpartum, 
studies using adrenal tissue in vitro have found no evidence for the litter size was adjusted to eight to nine pups. All pups 
increased production of corticosterone with increased age (3). remained with their dams until the time of the experiment. All 
Although negative data cannot be viewed as proof of constant litters were isolated in a separate room in the animal quarters 
production, there are other supporting data for this concept. The from the previous evening until the morning of the experiment 
circulating plasma concentration of ACTH remains approxi- SO as to minimize environmental stress before the experimental 
mately constant throughout the first 3 wk of postnatal life, so manipulations. 

Experiment I .  Kinetic parameters were determined in rats 
Received December 1, 1986; accepted July 12, 1988. aged 12, 16, and 22 days after a single injection, under ether 
Correspondence and reprint requests Dr. S. J. Henning, Department of Biology, anesthesia, of a trace quantity of [ ~ , 2 , ~ , 7 ~ 3 ~ ( ~ ) ~ ~ ~ i ~ ~ ~ t ~ ~ ~ ~ ~  in 

University of Houston, Houston, TX 77204. 
Supported by Grant ROI-HD-14094 from the National Institutes of Health and 0.9% saline via the femoral vein. Preliminary experiments estab- 

by a Grant-in-Aid of Research from Sigma Xi, the Scientific Research Society. lished that sequential blood sampling was not feasible in these 
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small animals. Thus, after injection with 3H-corticosterone (0.2 
pCi/g BW), groups of pups were killed at 2, 30, 60, 90, and 120 
min (0900 to 1 100 h). Trunk blood was collected in heparinized 
tubes on ice, and the fresh plasma was extracted with chloroform 
to separate corticosterone from its metabolites (1 I). The radio- 
activity remaining in the chloroform phase (total 3H-corticoster- 
one) was determined as a function of time. Due to the dual 
constraints of single-animal time points and the dose-dependent 
nature of pharmacokinetic analysis, the data were grouped so 
that closely matched doses of radioactivity (i.e. animals with 
closely matched BW) were followed with time. Each grouping 
was termed a trial. The area under plasma concentration-versus- 
time curves was computed using a method based on the Lagrange 
technique (12), and model-independent kinetic parameters  oft^^, 
Vd, and MCR for corticosterone were generated. The kinetic 
parameters were determined for each trial, then the mean k SE 
for each parameter was calculated from several trials (as given in 
figure legend). Because Vd and MCR are dependent on the size 
of the animal, these parameters were expressed on a BW basis. 
The elimination rate constant used to calculate MCR was deter- 
mined by the 60- through 120-min time points. 

Experiment 2. Plasma disappearance of CBG-bound and free 
forms of 3H-corticosterone during the period of steady-state 
elimination (30-120 min) was followed in the same rats used in 
experiment 1. Fresh plasma was treated with charcoal as de- 
scribed by Martin et al. (1 3) to remove corticosterone not bound 
to CBG. The charcoal supernatant was extracted with chloroform 
to determine bound 3H-corticosterone. Comparison with values 
for total corticosterone (from experiment 1) allowed computa- 
tion of the 3H-corticosterone that was in the free state at each 
time point. The logarithmic transformation of the radioactivity 
in both the bound and free state was plotted as a function of 
time. The resulting data were nearly linear and therefore straight 
lines of best fit for steady state were determined by the least- 
squares method. tj12 for both bound and free corticosterone were 
determined. Total t~ as calculated by area under the curve 
(experiment I) was compared to total tl12 (experiment 2) generated 
by least square analysis. Paired t tests showed the difference in 
tt12 to be nonsignificant. This indicates that, in agreement with 
studies in adult rats (14), the disappearance of corticosterone at 
steady state closely approaches first order kinetics. 

Experiment 3. The percentage of circulating corticosterone 
which was CBG-bound was calculated using the values for bound 
3H-corticosterone as compared to total 3H-corticosterone. By 
analogy with the in vitro method of Martin et al. (13), these data 
reflect the endogenous hormone occurring in the bound state. 

Statistics. Effects of age on kinetic parameters and binding 
profiles were assessed by the analysis of variance. The Student 
Neuman-Keuls test (p  = 0.05) was used to make post hoc 
comparisons between groups means. Paired t tests were used for 
a priori comparisons when appropriate. 

RESULTS 

Experiment 1. tt12 for total corticosterone declined through day 
22 (Fig. IA), with the period between days 16 and 22 showing 
the greater rate of decrease. With increasing age, Vd declined 
even more steeply such that by day 22, its value was less than 
25% that of the initial value (Fig. 1B). Most importantly, MCR 
for corticosterone (Fig. 1C) also decreased significantly with 
increasing age. Analysis of variance indicated that the effect of 
age on t~/>/,, Vd, and MCR was statistically significant (p < 0.001 
in each case). 

Experiment 2. The plasma clearance of total corticosterone as 
determined in experiment I was further investigated by following 
the individual fates of both CBG-bound and free forms of the 
hormone. Bound corticosterone was determined directly from 
plasma samples and is represented in Figure 2. Bound t~ declined 
significantly with increasing age as shown by analysis of variance 
( p  < 0.002). A disappearance curve for the free fraction of 3H- 
corticosterone was generated from the data for total and bound 

forms of the hormone. The free tn12 (Fig. 2) was found to be 
significantly greater than the bound t~ at all ages ( p  < 0.05 by 
paired t tests). 

Experiment 3. Circulating concentrations of CBG have previ- 
ously been reported to increase during the period 16-22 days (I, 
2, 8, 9). Such an increase should result in greater binding of 
endogenous corticosterone in the older animals. To verify that 
this was occurring, plasma from animals in experiment 1 was 
analyzed for the proportion of endogenous corticosterone that 
was CBG bound. Figure 3 shows that with increasing age of the 
animals, a significantly greater percentage of plasma corticoster- 
one was present in the CBG-bound state ( p  < 0.001). 

AGE (days) 
Fig. I .  Effect of age on kinetic parameters of plasma corticosterone 

in infant rats. A, ta for total corticosterone; B, Vd for total corticosterone; 
C, MCR for total corticosterone. Values are given as mean k SE (n = 7- 
9 trials). Absence of error bars indicates SE was smaller than symbol. 

AGE (days$ 
Fig. 2. Effect of age on disappearance of free and bound 3H-corticos- 

terone from plasma: closed symbols show bound form and open symbols 
show free form. Values are given as mean f SE (n = 7-9 trials). Absence 
of error bars indicates SE was smaller than symbol. 
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Fig. 3. Effect of age on CBG binding of plasma corticosterone in 
infant rats. The percentage of 3H-corticosterone in the bound state was 
determined at 30 min postinjection. Values are given as mean f SE (n 
= 7-8 trials). 

DISCUSSION 

We have previously suggested that the effect of postnatal age 
on circulating concentrations of corticosterone in the rat may be 
exerted largely through changes in the clearance of the hormone 
(3). The data in Figure 1C confirm this hypothesis. MCR de- 
creased sharply from day 12 through day 16 and then continued 
its decline at a slower rate. This pattern is the mirror image of 
that for endogenous plasma corticosterone, which increases 
markedly between days 12 and 22. Taken together with the lack 
of evidence for increased adrenal production of corticosterone 
during this age period, these MCR data make a convincing case 
that the developmental increase in circulating corticosterone that 
occurs in the rat during the 2nd and 3rd postnatal weeks is due 
entirely to declining clearance with increasing age. 

It is of interest to assess the physiologic basis of this decline in 
clearance. As noted in "Materials and Methods," although the 
MCR values were obtained by a model-independent analysis of 
the disappearance data, these data agreed very closely with those 
derived from a model based on first order kinetics. In such a 
model, MCR is given by the equation: MCR = ln2 V d / t ' / r .  This 
equation is useful in identifying the factors contributing to the 
decline in MCR with increasing age. Inasmuch as ta declines 
with age, it cannot be the principal determinant of the develop- 
mental pattern for MCR because the declining tl12 would cause 
an increase in MCR. Rather, it is clear that the declining Vd is 
the critical factor in that the effect of the Vd decline outweighs 
that of the tl12 decline. This is not surprising because the data in 
Figure 1 show that for trl2/,, the value at 22 days is 52% of the 12- 
day value whereas for Vd, the corresponding figure is 24%. 

Our data showing decreasing t~ for total corticosterone with 
development are in general agreement with those of Schapiro et 
al. (15). However, whereas Schapiro et al. (15) found widely 
varying values for tl12 until day 18, we find the variation in tj12 to 
be modest at all ages (Fig. 1A). The scatter in their data may be 
related to variability in equilibration of the exogenous steroid as 
a result of either the route of injection (intracardiac) or the 
vehicle (10% ethanol solution). Our values for t~ at 22 days of 
age are half those of Schapiro et al. (15) but compare well with 
those of other investigators using adult male animals and similar 
experimental techniques (14). Considering the sex difference in 
tl12 for adult animals (14, 16, 17), male rats constitute the more 
valid group for comparison with sexually immature animals. At 
the youngest age studied (day 12), our value for tl12 is very similar 
to that reported for rats aged 2, 6, and 7 days; moreover, Koch 
et al. found Vd, rather than tl12, to be the primary effector for 
decreasing MCR during days 2-7 (9, 1 1, 18). 

The sharp decrease in Vd (Fig. 1B) with development was 
expected, given the developmental increase of CBG under these 
conditions (1, 2, 9, 19). Koch et al. (1 1) found Vd to be: 1)  
reduced under conditions of a thyroxine-induced increase in 
plasma concentration of CBG at day 6; and 2) increased under 
conditions of a decrease in plasma CBG after birth due to the 
disappearance of maternally derived CBG (18). In a comparison 
of 2- and 7-day rats, an approximate 6-fold increase in Vd 

(expressed per g BW) coincided with a similar decrease in con- 
centration of circulating CBG (18). Our data for Vd (expressed 
in ml only) at day 12 agree reasonably well with published data 
(9, 18), although comparison is dificult because of lack of 
correspondence in ages and experimental design. Protein binding 
and tissue sequestration of corticosterone necessarily lead to 
unusual values for Vd which can be greater than total body water 
(20,2 1). As such, Vd becomes essentially a mathematical concept, 
but one that can be used to monitor changes occurring with 
development. Inasmuch as Vd is the principal determinant of the 
decline in the MCR for corticosterone with increasing age, the 
ultimate determinant of the developmental rise of circulating 
corticosterone would appear to be the concomitant rise of its 
plasma binding protein. This suggestion is consistent with the 
fact that during the developmental period, corticosterone and 
CBG respond in concert to hyper- and hypothyroidism (22). 

The effect of the stress engendered by the experimental method 
has been largely neglected in the literature. Any process involving 
anesthesia, intravenous injection, and a subsequent recovery 
period may perturb basal conditions. It is likely that individual 
stressors affect the hypothalamic/pituitary/adrenal axis differ- 
ently and that a generalized statement on the effect of stress as 
encountered in our system cannot be made. Other investigators 
have drawn conclusions as to the effect of specific stresses in 
their situations. Maickel et al. (23) have shown a lack of effect 
of cold stress on the metabolism and distribution of tracer doses 
of 3H-corticosterone in the adult rat. Manin and DeLost (24) 
demonstrated that neurotrophic stress increased MCR through 
increased Vd in the conscious guinea pig. Given the develop- 
mental increase in the stress response in the rat (1, 25), similar 
effects on MCR and Vd would result in a pattern of response 
opposite to that seen in Figure I .  Finally, Herbst et al. (26) 
showed that repeated anesthesia in adult rats had no effect on in  
vitro reduction of ring A of corticosterone. At best, the effects of 
the stress engendered by our system on the determination of all 
kinetic parameters are uncertain, and it remains to be seen if the 
MCR determined in such a manner is an adequate indicator of 
hormone clearance under basal conditions. 

It is commonly assumed that only free corticosteroid is avail- 
able for entry into tissue (10,27,28). There is an increasing body 
of evidence indicating that CBG-bound corticosteroids are avail- 
able for transport into rat liver (29-32) and peripheral tissues 
such as rabbit brain (33). Pardridge (34) suggests that in the rat 
there are microcirculatory mechanisms that catalyze the en- 
hanced dissociation of corticosterone from CBG. Thus, the con- 
centration of exchangeable hormone at the capillary/tissue level 
may be far greater than the concentration of unbound hormone 
as measured in plasma from trunk blood. Nevertheless, our data 
showing that the t~ for the free fraction of corticosterone is 
always greater than for the bound fraction suggest that bound 
corticosterone may be preferentially metabolized. Tissue uptake 
of CBG-bound corticosterone is consistent with the presence of 
intracellular CBG or CBG-like molecules in various glucocorti- 
coid target organs (35, 36). Immunocytochemical localization of 
intracellular CBG has been shown in rat (37) and guinea pig (38) 
tissues, but there has been some controversy as to the adequacy 
of experimental controls. More recently, in well-controlled stud- 
ies, CBG has been localized immunocytochemically in pituitary 
cells (28) of the guinea pig and in liver cells, among other organs, 
in the rat (39). In addition, a CBG-like molecule has been 
identified on plasma membranes of liver (40) and pituitary (4 1) 
in the rat. Hyrb et al. (42) have suggested that the presence of a 
CBG membrane receptor would simultaneously offer a mecha- 
nism for the internalization of CBG through receptor-mediated 
endocytosis and a reason for the intracellular localization of 
CBG. The demonstrations of specific binding of human CBG to 
cell membranes of the human prostate as well as several monkey 
tissues suggest that CBG may be involved in the transport of 
steroid hormones into target tissues (42). Such a mechanism 
could contribute to the shorter tm12 for total corticosterone in older 
animals having a greater proportion of bound corticosterone 
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Fig. 4. Proposed scheme for regulation of the developmental increase of circulating corticosterone in the infant rat. 

(Fig. 3). Increased CBG binding could serve to specifically deliver 
corticosterone to target cells with CBG receptors, such as the 
liver. 

In summary, we have confirmed our previous suggestion that 
the effect of postnatal age on circulating concentrations of cor- 
ticosterone in the rat is exerted through a decrease in MCR. The 
decrease in MCR is due to declining Vd which we suggest is 
effected through the increasing concentration of CBG with de- 
velopment. Taken together with previous studies which showed 
that the ontogenic rise of CBG is controlled by the prior surge of 
thyroxine (19, 22, 43), these data suggest that the increase of 
circulating corticosterone that occurs in the rat during the 2nd 
and 3rd postnatal wk is ultimately controlled by the hypothala- 
mus. As shown in Figure 4, the mechanism of this control would 
be via the pituitary/thyroid/liver axis rather than the pituitary/ 
adrenal axis. 
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