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We have utilized a redox chemical delivery system (CDS) for the brain targeting of estradiol (E,) to
ascertain its effects on GH secretory patterns in adult intact male rats. The E,-CDS (1.0 mg/kg)
dissolved in 20% hydroxypropyl-cyclodextrin (HPCD), E, (1.0 mg/kg) alone in 20% HPCD, or 20%
HPCD was administered intravenously. GH secretory profiles, plasma steroid levels, and anterior
pituitary levels of hormones were determined 1 week following steroid injection. Whereas E, in HPCD
and HPCD treatment did not alter masculine GH secretory patterns, animals administered the E,-CDS
displayed disrupted GH patterns with attenuated individual pulse amplitudes and significantly elevated
GH baseline levels. Moderate pituitary hyperplasia was evident only in the E,-CDS group of animals.
Plasma testosterone (T) concentrations were reduced in only the E,-CDS group. T replacement re-
duced E,-CDS-associated pituitary hyperplasia and preserved the masculine GH secretory profiles,
with only a slight reduction in individual GH peak amplitudes being observed. T replacement did not
prevent the increase in pituitary and plasma levels of PRL associated with E,-CDS treatment but did
block both the increase in pituitary GH content and the hyperplasia associated with prolonged E,
exposure. E, given alone induced a significant increase in both GH and PRL in the pituitary without
establishment of pituitary hyperplasia or elevated plasma PRL levels. These data indicate that E,-CDS
is an effective mode of steroid administration. Changes in GH secretory dynamics, pituitary levels of
GH, and degree of hyperplasia are dependent upon the chemical design of the delivery system for E,.
Concomitant T therapy can prevent some of the changes in GH secretion associated with high-dose E,
exposure.

KEY WORDS: growth hormone; anterior pituitary; estradiol; chemical delivery system; episodic
hormone secretion.

with individual pulses occurring approximately every hour in
females and every 2.5-3 hr in males. Further, GH peak am-

Using the chronically cannulated rat model we and oth-
ers have previously demonstrated that physiological growth
hormone (GH) secretion is both episodic and sex dependent
(1-9). Adult male rats display a low-frequency, high-
amplitude pattern of GH secretion, whereas females exhibit
a high-frequency, low-amplitude GH profile (1-9). Computer
analysis of these GH secretory profiles indicate that females
generally display twice as many GH pulses as adult males,
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plitudes are generally two to three times higher in males than
females. Characteristic of the masculine GH secretory pro-
file is the prolonged basal periods of GH secretion, where
circulating GH levels remain at or below the -assay sensitiv-
ity (<5.0 ng/ml) for up to 1 hr. In females, however, basal
GH secretion both is shortened and contains higher GH lev-
els compared to males.

It is apparent that gonadal steroids play a critical role in
the expression of the GH secretory pattern and that these
agents act at the level of the hypothalamus and anterior pi-
tuitary to modulate GH secretion (10-14). In adult male rats
chronic exposure to estradiol (E,) via either daily subcuta-
neous injections or E,-filled Silastic subcutaneous implants
feminizes the GH secretory profile by reducing individual
GH pulse amplitudes and elevating GH baseline levels (6,7).
Conversely, chronic testosterone replacement masculinizes
GH secretory profiles in adult female animals (6,7).

In the present study we utilized a redox-chemical deliv-
ery system (CDS) to deliver E, preferentially to the brain
following intravenous administration of E,-CDS in an aque-
ous, sustained-release formulation to determine the effects
of prolonged exposure to the E,-CDS on GH secretory pat-
terns in adult intact male rats (15). The present E,-CDS sys-
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tem has been shown to block the postcastrational rise in
luteinizing hormone as well as inhibit body weight gain in
female rats (16-22) and reduce serum testosterone levels in
male rats (22).

The mechanism of this CDS is based upon the intercon-
vertible dihydropyridine & pyridinium salt carrier (15).
Figure 1 schematically shows the structures and mechanisms
leading to both brain-enhanced and sustained release of E,
using this system. After administration of the E,-CDS, the
carrier system is rapidly oxidized to the corresponding qua-
ternary pyridinium salt (E,-Q "), thus preventing its efflux
from the brain. Although it has not been tested directly, the
E,-Q™ moiety most likely displays very little, if any, biolog-
ical activity, since C-17-substituted analogues of E, do not
bind to the cytosolic estrogen receptor until hydrolyzed to
E, (23). Thus, subsequent hydrolysis of the E,-Q* with non-
specific esterases provides sustained release of the active
species (E,) in both the brain and the peripheral tissues.
Since the E,-Q* is hydrophilic, its elimination rate from the
periphery is predictably much faster than from the brain.

METHODS

Animals

Adult young male (aged 34 months), Sprague-Dawley
rats were obtained from Charles River Breeding Laborato-
ries, Wilmington, MA. All animals were housed individually
in an environmentally controlled room on a 12-hr light, 12-hr
dark cycle (lights on at 0700). The animals were maintained
ad libitum on water and rodent laboratory chow (Ralston
Purina Co., St. Louis, MO).

Drugs

E,-CDS (3 hydroxy-17@-[[1-methyl-1,4-dihydropyridin-
3-yl)-carbonylloxylestra-1,3,5 (10)-triene (estradiol 17-
(1,4)-dihydrotrigonellate) was synthesized as previously de-
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Fig. 1. Schematic representation of the synthesis and distribution of
the estradiol-chemical delivery system. The estradiol-chemical de-
livery system (E,-CDS) is oxidized to its quaternary form, E,-Q™*,
which is locked into the brain and quickly eliminated from periph-
eral tissues. Estradiol (E,), the biologically active steroid moiety, is
then released from the E,-Q* by nonspecific hydrolysis.
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scribed (16-18). The 3, 17B-dinicotinate ester of estradiol
was prepared by refluxing 178-estradiol with either nicoti-
noyl chloride or nicotinic anhydride in pyridine and then
hydrolyzed to the estradiol-17 monoester with potassium bi-
carbonate in 95% methanol. The estradiol-17 monoester was
quartenized with methyl iodide, and the E,-CDS was pre-
pared by reduction of the quaternary salt with Na,S,0,.

The E,-CDS and 17B-estradiol (Steraloids, Wilton, NH)
were dissolved in 20% hydroxypropylcyclodextrin (HPCD)
on the day of injection and administered intravenously
through the intraatrial cannula at a dose of 1.0 mg/kg. The
vehicle (20% HPCD) served as the control injection.

Subcutaneous implants of testosterone were prepared
following previously described procedures (24,25). Medical-
grade Silastic tubing (od, 3.18 mm; id 1.57 mm; Dow Corning
Corp, Midland, MI) was cut into 15-mm lengths and packed
with testosterone (Steraloids, Wilton, NH). The ends were
sealed with Medical Adhesive Silicone Type A (Dow Corn-
ing Corp., Midland, MI) and permitted to dry. Capsules were
incubated for 48 hr in 0.01 M phosphate-buffered saline prior
to subcutaneous implantation along the back. Implantation
of the steroid-filled capsules was performed in animals
lightly anesthetized with methoxyflurane (Metofane, Pit-
man-Moore, Washington Crossing, NJ).

Experimental Procedures

To facilitate blood sampling from undisturbed, unre-
strained animals, a Silastic catheter was positioned in the
right atrium under pentobarbital (Butler Co., Columbus,
OH) anesthesia (40 mg/kg, sc) following previously de-
scribed procedures (26,27).

After recovery from the surgical procedures (usually
within 1 week) animals were administered through the atrial
catheter either the E,-CDS (1.0 mg/kg) dissolved in 20%
HPCD, E, (1.0 mg/kg) in 20% HPCD, or 20% HPCD as the
control injection. An additional group of E,-CDS animals
received two 15-mm testosterone (T)-filled capsules. Previ-
ous studies have shown that two 15-mm T-filled implants
were sufficient to normalize plasma T levels (32,33). The
implants were positioned 48 hr prior to drug treatment.

Five days after drug treatment animals were transferred
to special sampling chambers and permitted to adapt to their
new environment for 48 hr prior to monitoring GH secretory
profiles. One day prior to GH profile sampling a 0.5-ml blood
sample was withdrawn via the jugular catheter between 0900
and 1000 for plasma gonadal steroid level determinations by
radioimmunoassay (RIA). On the day of experimentation,
blood samples (0.3 ml) were removed at 15-min intervals for
8 hr (0800-1600). At each sampling time the blood was im-
mediately centrifuged and the plasma collected for GH by
RIA. Red cells were resuspended in heparinized saline (40
units/ml) and returned to each respective animal after the
next blood sample.

At the end of the study animals were sacrificed by de-
capitation, and anterior pituitary glands removed and
weighed. Anterior pituitary glands were placed in 1.0 ml cold
0.1 M sodium borate, pH 9.0, the tissue was homogenized by
sonication (30 sec) and centrifuged, and the resultant super-
natant was frozen at —35°C for later assay of GH, PRL, and
TSH. At the time of pituitary harvesting trunk blood was
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collected, and the serum separated and frozen at —35°C for
PRL and TSH determinations by RIA.

During the course of this study additional HPCD- and
E,-CDS-treated animals were prepared as described above
except that they did not have GH secretory patterns deter-
mined; instead they were sacrificed, and their hypothalami
removed for the determination of somatostatin and GRF
mRNA levels (to be reported separately). However, the pi-
tuitary and trunk blood was collected, processed, and as-
sayed for anterior pituitary hormones along with the tissue
and serum from all other animals. Statistical analysis of the
data determined that there were no significant differences in
the two subsets of data from the HPCD- or E,CDS-treated
animals either within a group or between the four groups of
experimental animals. Therefore, the additional HPCD- and
E2-CDS-treated animals were added to their respective
groups and incorporated into the data in Tables III and IV.

Hormone Assay

All plasma samples for CLUSTER analysis of episodic
GH secretion were assayed in triplicate. All other plasma
and/or pituitary samples were assayed in duplicate and in
appropriate dilutions for GH, PRL, and TSH by RIA using
materials supplied by Dr. A. F. Parlow and the National
Hormone and Pituitary Program (NIDDK, Baltimore, MD).
Unknown values are expressed as nanograms per milliliter in
terms of the respective NIDDK reference preparation (rat
GH-RP-2, rat PRL-RP-3, or rat TSH-RP-1). Values for un-
knowns were derived from the 10-90% inhibition portion of
the respective standard curve.

The range of GH assay detectability in 25 pl undiluted
plasma was 2.5-320 ng/ml. To minimize nonspecific effects
of plasma in the GH RIA, 25 pl plasma from hypophysecto-
mized rats was added to each GH standard, reference and
nonspecific binding tube in the assay. Undetectable plasma
GH levels were assigned the assay sensitivity (2.5 ng/ml).

The range of PRL and TSH assay detectability in 50 pl
undiluted plasma was 0.25-50 and 25-2500 ng/ml, respec-
tively. Plasma samples containing undetectable PRL or TSH
were assigned the respective assay sensitivity (0.25 for PRL
and 25 ng/ml for TSH). Plasma samples with PRL levels
greater than 50 ng/ml or TSH levels greater than 2500 ng/ml
were appropriately diluted in EDTA phosphosaline buffer
and assayed at a volume of 50 pl.

The intraassay coefficients of variation for the GH,
PRL, and TSH RIA were 4.7, 4.9, and 4.7%, respectively.
Interassay coefficients of variation for GH, PRL, and TSH
were 8.6, 9.8, and 9.9%, respectively.

Blood concentrations of the gonadal steroids testoster-
one and estradiol were assayed in duplicate by RIA using
commercial kits supplied by Diagnostic Products Corp (Los
Angeles, CA). The assay sensitivity of the testosterone as-
say was 0.2 ng/ml and 20 pg/ml for estradiol. Previous stud-
ies from our laboratory have established that primary antise-
rum to estradiol shows less than 0.3% cross-reactivity to the
E,-Q* (28).

Data Analysis

Identification and analysis of the individual GH peak
amplitudes, basal or trough levels, and mean integrated
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plasma GH concentrations were performed using the
CLUSTER program developed by Veldhuis and Johnson
(29). The variance model used in applying this statistical
program was based on the actual variation of the individual
samples (samples were assayed in triplicate). The definition
of a cluster size was set at one for identifying peaks and three
for trough levels. The ¢ statistic was set at 2.00 for testing
both increases and decreases in plasma GH concentrations.

Statistical analysis of all data except for the blood go-
nadal steroid concentrations was performed using one-way
analysis of variance (ANOVA) and Scheffe’s multiple-range
test (30). Homogeneity of variance was tested prior to each
ANOVA, and whenever possible, analysis was performed
on the untransformed data. When the variances were found
to be unequal, individual hormone values were transformed
to their natural logarithms prior to statistical analysis. This
transformation normalized the variances and allowed for
ANOVA analysis. Significance was set at P < 0.05.

Because log transformation of the serum gonadal steroid
values did not normalize these data, they were analyzed by
the Kruskal-Wallis nonparametric one-way ANOVA and
multiple-comparisons test (31). Significance was set at P <
0.05.

RESULTS

GH Secretory Profiles in HPCD-Treated Animals

HPCD-treated adult male rats displayed the typical mas-
culine GH secretory pattern where individual GH pulses
were interspersed with prolonged baseline periods of low
GH levels (at or below 5.0 ng/ml) for periods up to an hour
(see Fig. 2 and Table 1). The episodes of GH secretion either
consisted of a single peak or were multiphasic, with two or
more defined GH peaks (Fig. 2). Peak amplitudes generally
exceeded 150 ng/ml rGH-RP-2 and, on occasion, reached
levels exceeding 500 ng/ml (mean, 174.6 ng/ml; Table 1).

Effects of E, Alone in HPCD on GH Secretory Dynamics

Male rats given 1.0 mg/kg E, in 20% HPCD displayed
normal male GH secretory patterns 1 week after receiving
the steroid (Fig. 3 and Table 1). Both the high-amplitude GH
secretory episodes and the prolonged periods of basal GH
secretion were observed (see Table 1) even in the face of a
significant reduction in plasma T levels (Table II). On the
other hand, E, was completely cleared from the plasma 1
week following injection as evidenced by the undetectable
plasma levels (Table II).

GH Secretory Profiles in Animals Administered E,-CDS

In contrast to both HPCD- and E,-treated animals, adult
male rats displayed disrupted masculine GH secretory pat-
terns 1 week after receiving 1.0 mg/kg E,-CDS (Fig. 4). Al-
though mean plasma GH levels were not affected, individual
GH secretory peaks were somewhat blunted, although not
significantly, and baseline levels significantly elevated in
these animals (Table I). No significant increase in pulse fre-
quency (number of GH pulses/8 hr) was observed in E,-
CDS-treated animals. Associated with this alteration in GH
secretory profiles in E,-CDS-treated males was a significant
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Fig. 2. GH secretory profiles in three individual randomly chosen
HPCD control adult male Sprague-Dawley rats. HPCD-treated
adult males displayed masculine episodic GH secretion patterns
with high-amplitude pulses and low baseline levels. Animals were
sampled 1 week following HPCD administration and at 15-min in-
tervals for 8 hr. Samples were assayed in triplicate for GH by RIA.

elevation in plasma E, levels and a severe reduction in
plasma T (Table II).

Effects of T Replacement on GH Secretion in
E,-CDS-Treated Animals

When plasma T levels were normalized (Table II) in
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E,-CDS-treated rats, the male typical GH secretory pattern
was again observed. T-replaced, E,-CDS-treated animals
displayed low-frequency GH surges and prolonged periods
of low basal GH secretion (Fig. 5 and Table I). Individual
GH peak amplitudes were slightly but not significantly re-
duced in these animals (Table 1).

Effects of Steroid Treatment on Pituitary and Plasma
Hormone Levels

The administration of E,-CDS induced a moderate but
significant increase in anterior pituitary weight which was
reversed by concomitant T replacement (Table III). E, in
HPCD did not affect the size of the anterior pituitary relative
to HPCD-treated control animals. Because the steroid treat-
ment induced a change in pituitary size, both the content
(pg/pituitary) and the concentration (pg/mg wt) of GH, PRL,
and TSH have been presented. It is clear that E,, whether
administered alone in HPCD or complexed to the CDS, sig-
nificantly increased GH and PRL content in the pituitary
without affecting TSH content (see Table III). However,
when expressed in terms of hormone concentration GH lev-
els were not significantly elevated in animals given E,-CDS
but remained higher in those animals given E, in HPCD.
PRL concentrations remained elevated in all three groups of
animals compared to HPCD-treated animals. A significant
reduction in pituitary TSH concentration was observed in
E,-CDS-treated male rats.

A significant elevation in plasma PRL levels was ob-
served in E,-CDS-treated animals (Table 1V). Despite the
reversal of pituitary enlargement observed by T replacement
in E,-CDS-treated male rats (see Table III), T replacement
did not lower circulating plasma PRL levels (Table IV). Nei-
ther E, in HPCD, E,-CDS, nor concomitant T replacement
in E,-CDS-treated animals resulted in an alteration in circu-
lating TSH levels (Table 1V). However, plasma TSH levels
were significantly higher in T-replaced E,-CDS-treated ani-
mals compared to those animals receiving E, in HPCD.

DISCUSSION

The regulation of moment-to-moment GH secretion is
accomplished by a complex interaction of the two neuropep-
tides, somatostatin and GH-releasing hormone (GHRH). A
number of studies have clearly established that somatostatin

Table I. GH Secretory Pattern Parameters and Mean Plasma Levels in Gonadal
Steroid-Treated Intact Adult Male Rats?

Mean

Peak Baseline plasma

No. of amplitude level level
Group peaks/8 hr (ng/ml) (ng/ml) (ng/ml/min %)
HPCD (10) 2.30 £ 0.15 174.6 = 45.0 5.0+ 0.8 423+ 7.1
E,CDS (12) 2.67 £ 0.36 87.9 = 17.7 22.6 = 3.7* 393+ 6.2
E,CDS + T (5) 2.00 + 0.45 98.6 =+ 17.9 7.4 28 29.2 + 2.7
E, (6) 2.33 £ 0.21 246.7 = 127.4 89+ 19 44.7 = 18.5

4 Values are the mean = SE; numbers in parentheses indicate sample size. Prior to
statistical analysis (one-way ANOVA and Scheffe’s multiple-range test) individual
data points were normalized by In(x) transformation.

* p < 0.05 vs HPCD-, E,CDS + T-, and E,-treated animals.
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Fig. 3. GH secretory profiles in three individual randomly chosen
adult male rats given 1.0 mg/kg E, alone in HPCD. One week fol-
lowing administration of E, adult male rats displayed masculine ep-
isodic GH secretion patterns similar to those of HPCD-treated ani-
mals (Fig. 2). Both high-amplitude GH pulses and low-GH baseline

levels were consistently observed in these animals.

is responsible for the low interpeak baseline GH levels and
GHRH is primarily responsible for the spontaneous surges
of GH secretion (1-4). As a consequence of the interplay
between these two peptides, GH is released from the ante-
rior pituitary in an intermittent fashion, with the pattern of

Table II. Plasma Steroid Levels in Steroid-Treated Male Rats?

Estradiol Testosterone
Group (pg/ml) (ng/ml)
HPCD (10) <20 22+0.2
E,CDS (12) 59.8 = 9.7* <0.2**
E,CDS + T (8) 69.9 * 4.9% 23 0.2
E, (6) <20 1.2 £ 0.3%%%

@ Values are the mean *+ SE; numbers in parentheses indicate
sample size. Statistical significance was determined via the
Kruskal-Wallis nonparametric one-way ANOVA and multiple-
range test.

* P < (.05 vs HPCD- and E,-treated animals.

** P < (.05 vs HPCD- and E,-CDS + T-treated animals.
%% p < 0.05 vs HPCD-, E,-CDS-, and E,-CDS + T-treated ani-
mals.
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Fig. 4. GH secretory profiles in three randomly chosen individual
adult male rats given 1.0 mg/kg E,-CDS. In contrast to HPCD- and
E,-treated animals, intact male rats given E,-CDS showed disrupted
GH secretory profiles with both diminished individual GH peak am-
plitudes and elevated basal GH levels. Animals were sampled 1
week following E,-CDS administration.

hormone secretion being established as sex dependent in the
rat (1,3,6,7). Previous studies have clearly demonstrated that
the sex-dependent GH secretory pattern observed in adult
rats is modulated by gonadal steroids (1,7,10,12,13).

With respect to E,, prolonged exposure (1-8 weeks) to
this steroid hormone, whether by daily subcutaneous injec-
tions or steroid-filled Silastic implants, severely elevates
trough or basal GH levels and reduces individual GH pulse
amplitudes in male rats (1,7). The results of the present
study, utilizing a chemical delivery system (CDS) which pro-
vides a sustained release of E, in the brain (15-22), confirm
the effects of prolonged E, exposure on physiological GH
secretion in the rat (1,7).

A significant elevation of basal GH secretion was ob-
served in E,-CDS-treated animals 1 week after administra-
tion of 1.0 mg/kg of steroid—carrier complex. These data im-
ply that estrogens act to alter either the synthesis or the
release of somatostatin from the hypothalamus (32,33) or
they may interfere with the effects of the inhibitory peptide
on somatotrope function at the level of the anterior pituitary.
The latter effect has recently been demonstrated as evi-
denced by the observation that the addition of 1 nM somato-
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Fig. 5. The effects of testosterone replacement on GH secretory
profiles of three randomly chosen intact male rats given 1.0 mg/kg
E,-CDS. Testosterone replacement prevented the alteration in GH
secretory patterns observed in E,-CDS-treated animals (cf. Fig. 4) 1
week following drug administration. Low-frequency individual GH
surges were observed as well as prolonged basal or trough periods
where GH levels remained near the sensitivity of the GH RIA (2.5
ng/ml). However, there was an attenuation of individual GH peak
amplitudes in the T-replaced E,-CDS-treated animals.

statin to E,-treated pituicytes in vitro was ineffective in in-
hibiting GH secretion (34).

The observation that concomitant T replacement, in the
face of elevated plasma E, levels, normalized baseline GH
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levels in E2-CDS-treated rats indicates that, in addition to
the possible direct effects of E, on somatostatin regulation of
GH secretion, inhibition of T secretion by the testes plays a
significant role in the elevated GH trough levels observed in
E,-CDS-treated animals. These data support the notion that
T is integral to the efficacy of somatostatin in modulating
basal GH secretion (1,5-7,35). Further, T increases median
eminence concentrations of somatostatin and somatostatin
mRNA and sensitizes the somatotroph to the inhibitory ac-
tions of the peptide on GH secretion (32-34).

With respect to the effects of prolonged E, exposure on
individual GH pulse amplitudes, the present data conflict
with previous findings in castrate male rats or intact male
rats exposed to E, for periods of up to 8 weeks, in which a
significant reduction in peak amplitudes has been observed
(1,7). We found that, although GH peaks were somewhat
dampened (=45%), the reduction did not reach statistical
significance in E,-CDS-treated animals 1 week after steroid
exposure. We have previously found that in adult intact male
rats a 1-week exposure to E, using Silastic steroid-filled cap-
sules gave variable results, with some rats showing a reduc-
tion in GH peak amplitudes and no effect in other animals (7;
our unpublished observations). A consistent reduction in
GH pulse amplitudes has been observed after 2 weeks of E,
exposure (7). Perhaps, allowing the animals to be exposed to
E,-CDS for a period longer than 1 week may induce a sig-
nificant reduction in GH peak amplitudes.

Further, we did not observe any increase in individual
GH pulse frequency in intact male rats given E,-CDS in the
present study. This may not be surprising given the fact that
we observed a concomitant increase in basal GH with a de-
crease in individual peak amplitudes, which may have di-
minished the GH excursions enough to not be recognized by
cluster analysis.

It appears unlikely that any residual testicular function
may have provided a counterregulatory effect on the indi-
vidual GH pulse amplitudes, since normalization of circulat-
ing testosterone levels by concomitant testosterone replace-
ment in E,-CDS-treated male rats did not significantly influ-
ence the GH peak amplitudes in the present study. In fact,
individual GH peak amplitudes remained somewhat damp-
ened in T-replaced E,-CDS-treated animals compared to
HPCD-treated controls and similar to those of animals given
E,-CDS. This implies that chronic exposure to E, interferes
with GHRH-induced GH secretion, a phenomenon that has

Table III. Anterior Pituitary (AP) Weight and Hormonal Changes in Steroid-Treated Male Rats?

Content (ug/pituitary)

Concentration (pug/mg wt)

AP wt (mg) GH PRL TSH GH PRL TSH
HPCD (19) 10.7 = 0.3 430.1 = 38.8 12.7 £ 1.2 6419 =430 403 £3.7 1.2 = 0.1 60.0 = 3.6
E.CDS (22) 15.1 = 0.5* 606.9 = 51.3** 31.3 £ 2.0%%* 670.7 = 54.1 397 =27 2.0 = 0.1%** 46.0 = 4.7*
E,CDS + T (8) 11.7 £ 0.7 455.6 = 39.4 24.2 £ 2.8x** 692.2 = 52.1 38.6 1.9 2.1 £ 0.2%** 59.4 = 3.5
E, (10) 11.1 £ 0.5 660.5 = 51.6%* 20.1 £ 2.6%** 788.0 = 65.7 59.6 = 3.5%%xx 1.8 & 0.2%** 728 £ 69

@ Values are the mean *= SE; numbers in parentheses indicate sample size. Prior to statistical analysis (one-way ANOVA and Scheffe’s
multiple-range test) individual data points were normalized by In(x) transformation.

* P < 0.05 vs HPCD-, E,CDS + T-, and E,-treated animals.
** P < 0.05 vs HPCD- and E,CDS + T-treated animals.
*** P < 0.05 vs HPCD-treated animals.
*hxk P < 0.05 vs HPCD-, E,CDS-, and E,CDS + T-treated animals.
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Table IV. Plasma PRL and TSH in Steroid-Treated Male Rats®

PRL TSH
Group (ng/ml) (ng/ml)
HPCD (21) 7.0 £0.7 4327 = 44.6
E.CDS (22) 50.6 = 4.8* 384.2 = 65.6
E.CDS + T (8) 55.3 = 7.9* 683.1 = 143.8**
E, (10) 9.8 +39 255.2 = 33.5

¢ Values are the mean = SE; numbers in parentheses indicate sam-
ple size. Prior to statistical analysis (one-way ANOVA and
Scheffe’s multiple-range test) individual data points were normal-
ized by In(x) transformation.
* P < 0.05 vs HPCD- and E,-treated animals.
** P < 0.05 vs E,-treated animals.

been clearly documented both in vivo and in vitro (10~
13,34,36). Although a definitive site of action of estrogens on
GHRH-induced GH secretion has not been firmly estab-
lished, the somatotrope appears to be a major target where
the steroid reduces the secretory capacity and sensitivity of
somatotrophs to GHRH (12,13) as well as the potency of
GHRH to clicit GH secretion (34). Whether E, also alters the
synthesis and release of GHRH from hypothalamic neurons
has not been firmly established.

It should be noted that alteration of the GH secretory
patterns occurs only in animals in which the steroid was
chemically designed for prolonged or sustained release of the
steroid. This is evidenced by the fact that adult male rats
administered a dose of E, (1.0 mg/kg) in the vehicle (HPCD)
showed no alteration in their GH secretory patterns at 1
week. Since these animals were not sampled at earlier time
points, we cannot be assured that this dose of E, did not
disrupt GH secretory patterns for a period after steroid treat-
ment. Clearly, data from the present study indicate that
these animals were exposed to E, for a sufficient period of
time to affect the T production but it was not sufficient to
alter GH secretory dynamics.

It is known that following the iv administration of E, in
dimethyl sulfoxide (DMSO) and at doses (=2.0 mg/kg)
higher than those used in the present study (1.0 mg/kg), E, is
virtually cleared from the plasma within 24 hr of injection
(17,20). Similarly, E, in HPCD at a dose of 1.0 mg/kg is
cleared from the plasma within 24 hr of injection (our un-
published data). We have previously shown that despite the
rapid clearance of E, following the administration of E,-
CDS, residual E, can be observed in the plasma for at least
3 weeks (28). The source of this E, is likely the brain, since
brain levels of E, exceed plasma E, levels by 41-fold at 7
days after E,-CDS administration (28). Further, our calcu-
lations indicate that there is sufficient E, and E,-Q™ in the
brains of rats at 7 days post-E,-CDS administration to ac-
count for all of the steroid present in the plasma. After hy-
drolysis of E,-Q™* to liberate E,, the free steroid can redis-
tribute down a large concentration gradient from the brain to
the plasma. Thus, the high concentrations of E, in the brain
at 7 days post-E,-CDS injection or the modest elevation in
plasma E, could account for the feminization of GH secre-
tory patterns observed in the present study.

Pituitary enlargement or hyperplasia as a result of the
prolonged exposure to E, may also be causative to the al-
teration of GH secretory patterns in these animals by an
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alteration of sensitivity to both somatostatin and GHRH
(24). There is evidence that hyperplastic pituitaries develop
abnormal responses to dopamine (37).

Associated with this time- and dose-related enlargement
(hyperplasia) of the anterior pituitary gland is an increase in
both pituitary and plasma PRL levels (12,38). These phe-
nomena (increase in pituitary weight and PRL levels within
the pituitary and associated hyperprolactinemia) were ob-
served in E,-CDS-treated animals, indicating a proliferative
effect of estrogens on lactotrophs. However, recent evi-
dence indicates that the population of somatotrophs and a
population of non-PRL- or non-GH-secreting cells are also
increased following E, exposure (12).

T replacement blocked both the pituitary hyperplasia
and the increase in pituitary GH content associated with
E,-CDS treatment but it did not prevent the increase in pi-
tuitary PRL levels or associated hyperprolactinemia. It is
possible that concomitant T replacement may selectively
block the known proliferative effects of E, on both so-
matotrophs and the non-PRL- and non-GH-secreting cells
(12) without affecting lactotroph proliferation. This, in ef-
fect, could reduce the enlargement of the pituitary gland
without affecting the associated hyperprolactinemia. The
identity of this population of non-PRL- and non-GH-secre-
ting cells remains unknown at present. It is unlikely that they
are thyrotrophs as evidenced by the fact that prolonged E,
exposure did not alter the pituitary content of TSH. Further,
when expressed as pituitary concentration, a significant reduc-
tion in TSH levels was observed in E,-CDS-treated male rats.

Ho and co-workers (12) have proposed that the effects
on somatotroph function may be time dependent, with early
effects favoring the expression of somatotroph function and
later effects directed toward lactotroph function. This pro-
posal, in part, may explain the significant elevation in both
pituitary content and concentration of GH in animals given
E, in HPCD. However, it does not explain the observation
that both pituitary PRL content and concentration were el-
evated in these animals despite an absence of pituitary hy-
perplasia or hyperprolactinemia.

One problem that we are still faced with is attempting to
discern whether the steroids act at the level of the pituitary
and/or within the hypothalamus to alter GH secretion. De-
spite our documentation of high levels of brain E, following
E,-CDS administration (15-19,21,22,28), the persistence of
plasma E, at levels of 50-60 pg/ml prevents us from ascribing
the E, effect specifically to the brain or the anterior pitu-
itary. Further studies with lower doses of E,-CDS, at which
plasma E, levels are not increased, are needed. Additionally,
assessment of pituitary responsiveness to GHRH and so-
matostatin is essential to help discern the role of the anterior
pituitary in theE,-CDS alteration of GH secretion.
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