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PREFACE

The treatise presented here was conceived as an
idea of cooperative research between two graduate students,
Charles Lewils and myself, to design a research profosal
that would fulfill the requirement of original research
for The University of Arizona Graduﬁte College, and
acconplish our feeling for pertinent ressarch, applicable
to human problems, An animal nutrition study was proposed
with the intention of possible correlations to human
dietary inadequacies and consequent behavioral development,
It is hoped that these studies will help precipitate a
better understanding of human malnutrition,
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The guidance provided by Drs. Robert 0. Kuehl and Donald
E. Ray with the statistical analysis is greatly appre-
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cooperation during the courss of this research.
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ABSTRACT

Pregnent rats fed a diet of L% protein during the
second half of gestation (LPD II) produced offspring with
significantly lower body weights and smaller adrenals
when compared to the offspring of rats fed a diet of 20%
protein during gestation. However, adrenal activity in
LPD II rats, as measured by plasma corticosterone (B)
titers and relative in vitro release of adrenal corti-
coids, was greater than controls. A 4% protein diet fed
to pregnant rats during the first half of gestation was-
without measurable effect on the offspring. Body weight,
plasma B, and relative in vitro release of corticoid dif-
ferences between LPD II and controls were no longer sig-
nificant by postnatal (PN) day 7, but the adrenal weights
remained significantly less than controls until PN 21,
All neonatal adrenal glands were at thelr minimal level Qf
activity at PN 7, as evidenced by relative adrenal weights,
level of plasma B, and response to exogenous ACTH. Since
PN 7 rat pituitaries contain an adequate concentration of
ACTH (7-10 mU/ mg), the paucity of hypothalamic cortico-
trophic releasing activity assayed during the first two
weeks of postnatel life is suggested as the cause of this
adrenal nadir,
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Pituitary weights, pituitary ACTH concentration,
and hypothalamic corticotrophiec releasing activity in neo-
natal rats were not affected by the LPD II treatment. All
rats responded to exogenous ACTH in vitro and in vivo with
significant adrenal corticoid release over basal levels at
PN O, PN 7, PN 1, and PN 21, With one exception, sig-
nificant treatment differences were not found after exo-
genous ACTH administration. This exception was a reduced
in vitro adrenal corticoid release after an in vivo ACTH
injection in LPD II rats when compared to their controls.
It is concluded that a low protein diet fed to rats during
one -half of gestation is not detrimental to the subsequent

development of the neonatal adrenal axis,



INTRODUCTION

Ihadequate nutrition or excessive amounts of gluco-
corticoids during periods of hyperplastic development can
result in permanent changes in various tissues, especisally
the brain, These changes may be reflected in morpho-~
logical, physiological, biocheﬁical, and behavioral altera-
tions, Using brain deoxyribonucleic acid (DNA) content
as an index of cell number, postnatal malnutrition of rats
(Winick and Noble 1965), mice (Howard and Granoff 1968),
and children (Winick and Rosso 1969) caused a reduction in
the number of brain cells, Brain weight, ribopucleic
acid (RNA), and cholesterol are generally reduced by mal-
nutrition. The quantitative reduction of postnétal food
intake was also effective in reducing selected brain
enzymes in rats (Swaiman, Daleiden, and Wolfe 1970).

A single injection of cortisol in rats at two days
of age resulted in a complex of developmental abnormali-
ties on day LI including a decrease in brain cholesterol,
body weight, locomotor activity and a delayed development
of cerebral cortical dendritic spines (Schapiro 1968). At
60 to 70 days, these same rats exhibited a deficient re-
sponse to antigenic challenges.,: A deficit in hypothalamic
growth hormone releasing factor was reported in five to
six-week 0ld rats that had received an injection of

1
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cortisol at two days of age (Sawano, et al., 1969). Cor-
ticosterone pellets, implanted subcutaneously in two-day
0ld mice, caused a reduction in total brain weight,
cholesterol, RNA, and DNA when analysis was performed on
postnatal day 7 (Howard 1965)., Corticosterone implants in
young rats also caused a lasting reduction in body size
and impairment in the ability to maintain normal glucose
levels upon physiological demend (Taylor snd Howard 1971).
Despite the impairment in the regulation of blood glucose,
adult plasma corticosterone levels were not significantly
reduced from control rats,

The effect of protein restriction during prenatal
life is less well known, but the available results indi-
cate similar size and chemical impairment. Zamenhof, ven
Marthens and Margolis (1968), and Zeman (1970), have shown
that pregnant rats maintained on a low protein diet pro-
duced offspring with small body and brain weights and
their brains had fewer cells than their controls, Although
the total amounts of water, fat, protein, and ash were less
in these rats, the percent composition of these components
were not significantly different from that of their con-
trols (Allen and Zeman 1971). Cerebral weight and total
cerebral DNA were reduced in second generation progeny
(F2) of female rats (Fg) fed a diet of 8% protein during
gestation (Zamenhof, van Marthens, and Grauel 1971).

Dietary protein restriction to one generation of rats
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also caused retardation of growth and behavioral develop-
ment in the next generation (Cowley and Griesel 1966).
Rats given a diet of 8% protein beginning at mid-gestation
produced offspring with 25% less brain norepinephrine at
day 2l than that of their control litter mates (Shoemaker
and Wurtman 1971). Prenatal restriction by itself was

not effective in reducing brain norepinephrine, but it

did magnify the effect of postnatal malnutrition.

The hypothalamus is known to be influenced in its
development by several hormones. Thus, thyroxine enhan-
ces the development of the tadpole median eminence
(Etkin 1963) and androgens masculinize the hypothalamic
regulation of gonadotrophins in mice and rats (Barraclough
and Gorski 1961). The numerous correlations between
"emotionality" and adrenocortical activity suggest an
influence of adrenal steroids on neural organization.

The hypothalamus acts as a modulator of adrenocortical
function via its control over the pituitary release of
adrenocorticotrophic hormone in the adult and probably in
the fetus (Jost 1966; Jost, Dupouy, and Geloso-Meyer 1971).
For maternal corticoids to affect its regulation, the
fetal hypothalamus must be capable of concentrating cor-
ticosterone from maternal origin, This ability was demon-
strated by experiments of Zarrow, Philpott, and Denenberg
(1970) in which the relative uptake of luc-h-corticoster-

one injected into a pregnant rat was greater in the fetal



L
hypothalamus, after 30 minutes, than in the rest of the

brain. The ability of the hypothalamus to concentrate
corticosterone may indicate an influence of this steroid
over fetal hypothalamic development.

' The response of the neonatal adrenal axlis to a
chronic prenatal maternal stress has not been reported.
Alteration of adrenal regulation might explain behavioral
changes that were observed in offspring of pregnant rats
with adrenal hypersecretion in response to stress situa-
tions (Thompson 1957)., The present study will examine thel
adrenal axis of postnatal fats born of mothers fed a low
protein diet during one-half of gestation., A low protein
diet was chosen since it is known to depress neuron
development, induce behavioral changes, and elevate
maternal glucocorticoid levels, The quantification of
hypothalamic corticotrophic stimulating factor, pituitary
adrenocorticotrophic ﬁormone concentration, and basal and
stimulated release of corticoids from the adrenal glands

through the third week of postnatal life will be reported.



METHODS AND MATERIALS

Animal Care

Weanling female rats of the Sprague-Dawley strain
were maintained at 22°C with a lighting regimen of 13
hours light and 11 hours dark, Prior to experimentation,
all rats were given an antibiotic solution (Sulmet Drink-
ing Solution, American Cyanamid Co,) in their drinking
water to reduce bacterial infections, Dosage was 1 oz/
gal of water, Tap water was glven during the experimental
procedure, Rats were fed lab chow (Purina Lab Chow,
Ralston-Purina Co,) at all times, except when on an
experimental diet,

Pregnant femele rats were maintained in individual
cages, A wire mesh screen was fitted to the bottom of
each cage of a pregnant rat on the 2lst day to prevent
newborn pups from dropping through the cage floor. Paper

towels were added at this time for nesting materiel,

Diets
The diets used in these experiments were prepared

by The University of Arizona Department of Poultry Science



#nd adopted from those of Zeman (1970).% The'control
groups were fed a diet of casein, 27%; dextrose, 59%; corn
0il, 8%; and salt mix, 6% (purified vitamins, 2% and
minerals, 4%) ad libitum. The low protein diet was iden-
tical, except that casein was reduced to 6% and dextrose

was increased to 80%.

Experimental Procedurse

Three to five female rats were placed in large
cages with two males, Vaginal smears were taken each
morning and those females with sperm in their vagina were
assumed pregnant., Sperm positive females were randomly
assigned to treatments and placed on an experimental diet
(4% protein) or a control diet (20% protein) during either
the first half of gestation (day 1 through day 11), or
the second half of gestation (day 12 through day 22). Lab
chow was fed during the other half of gestation. The
dietary regimen of a low protein diet during the first
half of gestation is referred to as LPD I, and the dietary
regimen of a low protein diet during the second half of
gestation is designated LPD II.

#The control and experimental diets proposed by
Zeman contained 27% end 6% protein respectively. However,
the diets that were prepared for these experiments were
assayed in this lab and found to contain 204 protein for
the control diet and % protein for the low protein diet,



Data was initially collected on body and gleand
weights, plasme corticosterone, and adrenal release of
corticoids. The number of litters for each treatment and
at each postnatal period varied from five to nine. Several
litters were randomly discarded in order to balance sub-
claess numbers, Each trestment group was thus limited to
five litters, Litters consisted of various numbers of
individuaels, all of which were sacrificed on the assigned
day. Within each litter, three males end three females
were randomly selected for statistical analysis. Sample
sizes for the analysis of hypothalamic corticotrophic
releasing factor, pituitary adrenocorticotrophic hormone
(ACTH) concentration, and adrenal response to ACTH were
unequal, The maximal response to exogenous ACTH in vitro
end in vivo was obtained from one litter (of at least eight
pups) for each of the postnatal period-treatment combina-
tions, Since the results show no important differences
between rats on the control diet and LPD I, the samples
for analysis of hypothalemic corticotrophic releasing fac-
tor, pituitery ACTH concentration, and adrenal response to

ACTH were only collected from controls and rats on LPD II,

Tissue and Sample Collection

Young rats were decapitated at postnatal days O, 7,
1y, and 21, Samples for analysis thus obtained were desig-
nated by their postnatasl period as follows: PN O, PN 7,
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PN 14, and PN 21, Twenty-one day old rats were isolated
2l hours prior to use to minimize stress effects due to
transport., Individual pups were quickly Sexed, welighed,
and decapitated. Blood was collected in a heparinized
test tube on ice, snd after centrifugation at 2000 rpm
for 15 minutes in a Clinical International Centrifuge at
8°C, a 0.5 ml sample of plasma was removed and frozen at
~20°C., Blood was pooled from entire litters at PN O and
from three rats of each sex at PN 7., Adrenals were quickly
removed, trimmed of adhering fat, blotted, end weighed_to
the nearest 0,1 mg. Each adrenal pair was then halved and
pleced in 20 ml beakers containing 1.5 ml of 0°C Krebs-
Ringer-bicarbonate-~glucose buffer (Umbreit, Burris, and
Stauffer 1959). To determine the basal release of corti-
coids, the beakers. were placed in a water bath at 37.5°C
in a Dubnoff metabolic incushaker. All incubations were
run under an atmosphere of 95% oxygen and 5% carbon dioxide
at a flow rate of 3.5 liters per minute., After a 30
minute preincubation, the media was aspirated via a col-
lection bottle connected to a vécunm line, and 1.5 ml of
fresh buffered ringers was added. The final incubation
period ran for two hours. Following incubation, 1 ml of
the incubation fluid was removed and frozen in 15 ml test
tubes at -20°C until asssayed.

Anterior pituitaries were removed (except for PN O

rats), blotted, weighed to the nearest 0,1 mg. The glands



‘Wwere pooled in a small test tube (13 x 100 mm) on ice,
each containing a small amount of acid washed sand and
0.1 N HC1l at a concentration-of 1 pituitary per 0.625 ml
of HCl, Hypothalaml were removed and'pooled in a pro-
cedure similar to that used for pituitaries and at the
same concentration as that used for the pituitaries, The
tubes were set in an ice water bath and allowed to extract
in a refrigerator ét 20C for 2i4-48 hours. The tubes were
then centrifuged in a céld room and the extract was stored
at -20°C until assayed.

Meximal response to exogenous ACTH was studied in
vitro and in vivo. In the in vitro experiments, a 30-
ninute preincubation was followed by two one hour incuba-
tions, The first 60-minute incubation served to determine
2 basal corticoid release. ACTH was added for the second
incubation period at a concentration of 50 mU/ 10 mg of
adrenal tissue, One ml from each incubation was removed
and stored frozen at -20°C. ACTH was administered in
vivo to rats whose endogenous secretion of ACTH was blocked
by dexamethasone sodium phosphate (Decadron, Merck, Sharp,
and Dohme); The dexesmethasone was injected six hours prior
to the ACTH at a concentration of 100 pg/ 100 gm body weight,
ACTH (5 U/ 100 gm body weight) was given 30 minutes prior
to decapitaﬁion. Following decapltation, blood was col-
lected for plasma corticosterone assay, and the adrenals

were removed, cleaned, blotted, weighed, halved, and placed
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in beakers to test for corticoid release. After a 30~
minute preincubation step, the media was aspirated and
fresh media was added for the final one hour incubation
period. Plasma and incubates were frozen and stored

prior to use,

Hormone Ansalysis

Corticosterone in the plasma (plasma B) and corti-
coids released into the incubation media were assayed
fluorometrically by using the semi-micro-method of Guille-
min, Clayton, Lipscomb, and Smith (1959) modified as
follows:

1. The isooctane, water, and NaOH washes were
omitted since their removal from the procedure
did not affect the results of the assay,

2. Chloroform extraction of steroids was performed
by gentle inversions of the test tubes for 60
seconds, '

3. The development of fluorescence was made with
1.5 ml per sample of a fluorescent reagent
consisting of concentrated sulfuric acid and
absolute ethanol in a ratio (v/v) 65 to 35
respectively.

. A seriea of standards were run with the samples
and consisted of a distilled water blank, 25,
50, 75, and 100 ug of corticosterone standard.
The blank was set on O on the fluorometer and
the 100 ug standard was set on 100,

5. Centrifugationﬂuft@r each extraction was made
with a Sorvall GLC-1 centrifuge for S minutes
at 2500 rpm.
A Parrand Model A fluorometer with the optical systems
suggested by Guillemin, et al., (1959) was used for corti-

coid determinations.
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The in vitro assay for corticotrophin releasing
ebility from a crude hypothalamic extract was adopted from
Saffron (1961) as modified by Chan, deWied, and Saffron
(1969). Hypothalamic corticotrophic releasing activity is
estimeted by the ability of hypothalamic extract to stimu-
late the release of ACTH from incubated pituitary halves,
An aliquot of the pituitary incubate is then added to
incubated adrenal quarters and the release of corticoids
into the media is measured., A direct relationship is
assumed between the content of corticotrophic releasing
factor and the stimulation of ACTH release from the pitui-
tary. Purther modifications included a two step pituitary
preincubation period, The first step was a 30-minute
period followed by a second step of 60 minutes, Rinses and
fresh media were added after each step. Also, the release
of corticoids from adrenal quarters was assayed fluoro-
metrically. Hypothalamic extract was added at a concentra-
tion of one hypothalsmic equivalent per 0.025 ml of 0.1 N
HCl. Four rats were used for each assay. .

ACTH concentration in the extract of anterior pituil-
taries was assayed using an adaptation of the in vitro
method of Saffron and Schally (1955). Fluorometric values
of corticoids released from adrenal quarters after addition
of the pituitary extract were compared to values released

by the standard. ACTH (Acthar, Armour Pharmaceutical Co.)
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was used as the standard in doses of 10 mU for the high

dose and 3.3 mU for the low dose,

Statistical Treatment

Relative potency for both the pituitary ACTH con-
centration and the hypothalamic releasing activity were
calculated by the factorial method of Bliss (1952). The
hypothalamic potency is expressed as a percentage of the
ACTH released by the non-stimulated hemi-pituitaries whose
value was taken as 100%.

Data were'statiétically evaluated by analyses of

variance techniques utilizing the following general model:
Yijkl =p + Ty + PJ + sk + (TP)ij + (TS)y,,

Where, n = overall mean with equal subclass number

Ty = ith treatment (Control, LPD I, LPD I1I)

Pj = Jth postpartum stage (0, 7, 1llf or 21 days)
Sy = k1 sex (male, female)

(TP)ij, etc., = interactions among main effects
3 jk1 = random errors distributed normally and
independently, with means of 0O and common
variance
The three-~factor interaction was omitted for analy-
ses involving basal and stimulated corticoid release to

in vitro ACTH, basal and stimulated corticoid release to

in vivo ACTH, sand basal and stimulated plasma 'B' levels
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to in vivo ACTH., Analyses of relative potency of pitui-
tary ACTH and hypothalamic CRF data included only main
effects for postpartum stage and treatment. _

Duncan's New Multiple Range Test (Duncan 1955) was
used to test for significance among means where the F
test in the sanalysis of variance was significant.
Kramerts (1956) modification of Duncan's method was used
for unequally replicated treatments, All tests were made

at the P< 0.05 level.



\ RESULTS

Dietary Influence on Mother Rats

Although few analyses were made on the mother rats,
several sub jective notes were taken during the course of
the experiments, When placed on diets low in protein,
these animals exhibited signs of stress including hair
discoloration behind the neck, little or no body weight
gain, and a sluggish behavior, A general reduction in
ebdominal fat deposits at term was noticed in pregnant
rats on diet restriction during the second half of gesta-
tion. Mother rats placed on the experimental diet in the
second half of pregnancy had sbout 100% greater litter
loss than controls, Litter loss is expressed as a percent
“of the total known gravid rats within each treatment and
included those litters lost through fetal reabsorption,
death of the dam at birth, refusal or inability of the dam
to suckle the young, and cannabalism, The number of rats
per litter averaged 9,3 for controls, 8.8 for LPD I pups,
and 8.3 for LPD II litters,

All maternal rats examined had hypertrophied adrenal
glands at term, A sampling revealed that their mean rela-
tive adrenal weights were U8 mg/ 100 gm body weight when
fed the low protein diet during the second half of

1l
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gestation and 35 mg/ 100 gm body weight for those on a
control diet, Mean diurnal varlation of adult plasma
B was not altered by the diet since measurements at 8:00
A.M, and 8:00 P,M, revealed the normal degree of varia-
tion. Respective values for all rats measured were 8
snd 35 ng/ 100 ml of plasma with the values for tﬁe low
protein restricted rats not significasntly higher than

that of their controls.

Body and Gland Weights

The effect of a low protein diet during pregnancy
on the body weight of pups (Table 1) was not evident when
the four postnatal means were averaged within each treat-
ment and compared, However, Duncan's New Maltiple Range
Test (NMRT) revealed that young rats on LPD II had sig-
nificantly lower body weights at PN O than those of con-
trols. Aversaging the means at each postnatal day.disclosed
a difference in body weight between the sexes which was
found at PN O, PN 7, and PN 21, with the males being larger
than the females, Although not indicated in Table 1, the
mean body weight for all males was 20 gm, and for all
females 19 gm., The difference between the sexes proved to
be statistically significant.

An effect of protein restriction on the absolute
adrenal weights was revealed in rats from LPD II (Table 2),

There was a significant reduction in adrenal weight from



TABLE 1

MEAN BCDY WEIGHT

Treatments Average of
Postnatal Animals _ _ Postnatal
Day Used? Controls LPD 1 LPD Day Means
0 Totel | 6.2° 5.8 3.9° 5.3
Males 6.3 6.1 h.1 5.51
Femsles 6.0 5.5 3.8 S.1
7  Total [12.8 13.4 13.1 13.1°
Males 13.1 12,9 13.4 13.5
Females 12.6 12.9 12,7 12,7
1y  Total |26.8 24.9 2,3 25,37
Males 27.0 25.9 2L L 25,81
Females 26.7 23.8 2h.2 2.9t
21  Total |35.3 33.6 3.0 3).38
Moles 36.1 34.9 35.1 35.3;
Females 3.l ' 32.3 32.9 33.2t
Average of
Treatment Means 20.3 20.6 19,9 ] 19.4 20.2 18.6 | 18.8 19,3 18.4

8Thirty animals per treatment (15 of each sex) were used at each postnatal day.

ba11 values expressed in gm,

cSignificantly different from control value of the same postnatal day.

d,e,f,8C0lumn comparisons between means with a different superseript are
significantly different, P < 0,05,

R itnter-sex comparisons between means at each postnatal day.

9T
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TABLE 2
MEAN ABSOLUTE ADRENAL WEIGHT

————ﬂ—_——-—-————l———_——_—*——_——m—————_*

)
i

Treatments Average of
Postnatal Animals _4_ — Postnatal
Day Used?® Controls LPD 1 LPD 11 Day Means
0  Total 2.2b 2.0 0.9¢ 1.7
Males 2,2 2.1 1.0 1.7
Females 2.2 2.0 0.8 1.7
7 Total 2.6 2.8 2.3° 2.6°
Males 2.6 2.9 2.2 2.6
Females 2.7 2.7 2.3 2,6
1, Total 6.2 6.5 5,1° 5.of
Males 6.2 6.5 5.1 5.9
Females 6.3 6.5 5.1 5.9
21  Total | 11.9 11.1 10.8 11,38
Males 11.7 11,2 10.8 11.2
Females 12.1 11,0 10.8 11,3
Average of ¢
Treatment Mesns 5.7 5.7 5.8 5.6 5.7 5.6 | 4.8 1.8 4.8

8Thirty animals per treatment (15 of each sex) were used at each postnatal day.

Pp31 values expressed in mg.

°Significant1y different from control value at the same postnatal day.

d,e,f

significantly different,

*8001um comparisons between means with a different superscript are

LT
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5.6 mg for all LPD I rats to 4.8 mg for all those in LPD
II, The mean adrenal weight of all controls was 5,7 mg
which was not significantly different from LPD I. At
each postnatal day studied, there was & lag in adrenal
growth for rats on LPD II which was significant at PN O,
PN 7, and PN 1, There was no significant difference
between the sexes in the adrenal weights at any of the
postnatal periods,

The mean relative adrenal weights, expressed in
mg/ 100 gm body weight (mg#) are tabulated in Table 3,
An average of the control treatment means is 28.3 mg®,
which was not significantly different from LPD I. The
average value of 28,9 mg# for all pups on LPD I is sig-
nificantly different from the average treatment mean of
23,y mg% for all LPD II rats. This difference in rela-
tive adrenal weight ocecurs at all postnatal days except
the 21st., A comparison of the average of the means at
each postnatal day reveals that the lowest mean relative
weight of 19,7 mg# at PN 7 represented a one-third decrease
from the PN 0 value, A reestsblishment of the relative
adrenal weight occurred at PN 21 with values approximating
those at PN 0, Although there was no significant differ-
ence in adrenal weights between males and females at any
postnatal period, the mean relative weights for all males
(26.1 mg#), and all females (27.6 mg%), proved to be

significantly different,



TABLE 3
MEAN RELATIVE ADRENAL WEIGHTS

ne————

Sr—

Treatments ‘Averege of
Postnatal Animals . o Postnatal
Day Used? Controls LPD I LPD I1I Day Means
0 Total |35.4P9 35,09 23,2658 31,29
Males 34.3 33.5 23.8 30.5
Females 36.6 36.1 22.6 31.9
7  Total 20.7° 20,8° 17.6%,f 19.7°
Males 20,0 20,9 16,5 19,1
Females 21.5 20.7 18.6 20.2
1,  Total 23,3f 26,52 21,0%:8 23.6f
Males 22.9 25.3 20,8 23.0
Females : 23.7 27.6 21.1 24.1
21 Total 33,74 33.4° 31, 7% 33,04
Meles 32.1 32.4h 30.7 31.9
Females 35.1 3L 32,7 34.1
Average of e
Trestment Means 28.3 27.4. 29.2 | 28.9 28.1 29.8 | 23,4, 23.0 23.8

a
Thirty animals per treatment (15 of each sex) were used at each postnatal day.

Pa311 values expressed in mg/ 100 gm body weight.

¢
Significantly different from control value of the same postnatal day.

d,e,f

significantly different,

*8001umn comparisons between means with a different superscript are

61
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Mean absolute and relative pituitary weights are
given in Tables l} and 5 with the data expressed in mg and
mg/ 100 gm body weight (mg#) respectively. These tables
show no significant difference between experimentalé and
controls at PN 7, PN 1llj, and PN 21, Table 5 does show
that the avers. e of the means on PN 7 (3.8 mg%) was sig-
nificantly different from the average of the means at PN
1y (3.5 mg#%) and PN 21 (3.4 mg#). The respective mean
relative pitultary weights for all males and females used
in the experiments were 3.5 and 3,6 mg#, a difference |
which proved to be significant,

Plasma and Adrenal Basel Steroid Values

The basal values for plasma B (Table 6) show no
significant differences when the means at each postnatal
day were aversaged within each treatment and compared, How;
ever, intra-treatment comparisons of plasma B by Duncan's
NMRT at PN O revealed that the value of 24,6 pg/ 100 ml
plasma (pg#) was significantly different from the control
figure of 13.5 pg%. No significant difference was detected
at the other postnatal days., A comparison of the average
of the means from each postnatal period showed a signif-
icant decrease in plasma B levels from 18.4 pg% at PN 0 to
6.9 pe? at PN 7 and 9.l pg% on PN 1. Twenty-one day old
rats had a value of 18.0 pg%, which was comparable to
PN O values,



TABLE U
MEAN ABSOLUTE PITUITARY WEIGHTS

Treatments Average of
Postnatal Animels . _ _ Postnatal
Day Used® Controls LPD 1 LPD 11 Day Means
7 Total 0.5P 0.5 0.5 0.5°
Males 0.5 0.5 0.5 0.5
Femeales 0.5 0.5 o.L4 0.
d
1,..‘. Totel 0.9 1.0 0.8 0.9
Males 0.9 1.0 0.8 0.9
Females 0.8 1.0 0.8 0.9
21 Total 1.1 1.1 ' 1,2 1,1°
Males 1.1 1.1 1.2 1.1
Femeles 1.2 1.2 1.2 1.1
Average of
Treatment Means 0,8 0.8 0.8 0.9 0.9 0.9 0.8 0.8 0.8

8Thirty animals per treatment (15 of each sex) were used at each postnatal day,

bAll values expressed in mg.

c’d’e(}olumn comparisons between means with a different superseript are
significantly different, P« 0.05.

12



TABLE 5

MEAN RELATIVE PITUITARY WEIGHTS

Treatments Average of
Postnatal Animals Postnatal
Day Used? Controls LPD 1 LPD 11 Day Means
7  Total |4.0° 3.8 3.7 3,8°
Males 3.9 3.7 3.9 3.8
Fenmales L.O 3.9 3.5 3.8
1, Total [3.3 3.8 3.3 3,59
Males 3. 3.6 3.3 3.4
Females 3.2 4.0 3.3 3.5
21 Total 3.2 3.5 3.h 3.5d
Msles 3.0 302 3.3 302
Females 3.5 3,8 3.5 3.6
Average of
Treatment Means 3,5 3.4 3.6 3.7 3.5 3.9} 3.5 3.5 3.h

day.

significantly different, P¢ 0.05.

®211 values expressed in mg/ 100 gm body weight,

aThirty animals per treatment (15 of each sex) were used at each pbstnatal

°’dColumn comparisons between means with a different superscript are

ce



TABLE 6

MEAN BASAL PLASMA CORTICOSTERONE LEVELS

Post- Treatments Average of
natel| Animals . . Postnatal
Day Used No. Control LPD I LPD I1 Day Means

0 | Total 5 [3.525° 17.0° 2l 60 ¢ 18,4°
Males  -- ——- - -——- -
Females =-- -——- - ——- ——-

7 | Total 10 |35.8¢ 7.8 7.24 6.94
Males 5 5.4 7.7 6.8 6.6
Females 5 6.2 7.9 7.6 7.2

1 | Total 30 |9.2d 9.9% 9.14 9.,8
Males 15 9.1 10.3 8.8 9.4
Females 15 9.2 9.5 9.4 9.4

21 | Total 30 [17.8° 15.8° | 20.5° 18.0°
Males 15 17.6 14.2 21,3 17.7
Females 15 18.0 17.L 19.7 8.4

Aversge of
Treatment Means 11.3 10.7 11,1 |12.6 10.7 11.6 5.4 12,3 12,2

2A11 values expressed in pg/ 100 ml plasma,

b

¢,4501um comparisons between means with a different superscript are

significantly different, P< 0.05.

Significantly different from control value of the same postnatal day, P¢ 0.05.

€e
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Basal corticoid release (Table 7) at PN O was sig-
nificantly greater in pups on LPD II than from controls or
rats on LPD I, Significantly higher values of corticoid
release were obtained at PN 0 when compsred to the average
of the means for other postnatal periods, This difference
had disappeared by PN 7., No statistical difference in
corticoid release between the sexes was obtained at any of
the days studied or undér any of the dietary regimes.
However, the meens of 7.3 ng% for all males and 7.9 ng#

for all femsales were significantly different.

Hormone Content of Pituitary and Hypothelamus

The effect of diet restriction dﬁring the second
half of gestation on the mean relative concentration of
pituitary ACTH is i1llustrated in Figure 1. The anterior
pituitary concentration in the controls increased from
10 MU/ mg of wet tissue on PN 7 to 29 mU/ mg on day 1,
end finally to 69 mU/ mg on the 21st postnatal day. The
respective experimental concentrations of 7, 32, and 66
mU/ mg were not foﬁnd to be significantly different from
the control values. Analysis of the means within both
treatments indicated a difference between only PN 21 and
the other two postnatal periods studied.

A pattern similar to that of the pituitary ACTH
concentration was obtained when hypothalamic extracts were

gssayed for corticotrophin releasing activity., Figure 2



TABLE 7

BASAL CORTICOID RELEASE

Treatments Average of
Postnatal Animals _ . Postnatal
Day Used? Control LPD 1 LPD I1 Day Means
0  Total 8,94 8. 34 11.2¢.f 9,44
Males 8.9 8.0 10.2 9.0
Females 8.7 8.6 12.3 9.8
7  Total 7.64 7.2° 6.5d 7.1°
Males 7.6 6.6 6.0 6.8
Females ' 7.6 7.8 7.0 7.5
1, Total 8.4 6.6%:¢ 6.8¢5d 7.3°
Males 8.2 6.6 7.0 7.2
Females 8.6 6.6 6.7 7.3
21  Total 6.1° 6.6° 7.6° 6.7°
Males 5. 6.4 1.4 6.1
Females 6.7 6.9 7.5 7.0
Aversge of
Treatment Means 7.7 7.5 7.9 7.2 6.9 7.4 8.0 7.6 8.4

8Thirty animals per treatment (15 of each sex) were used at each postnatal day.

bAll values expressed in ug/ 100 mg adrenals.

°Slgn1ficant1y dlfferent from control value of the same postnatal day, P¢O. 05

d,e fGolumn comparisons between mesns with a different superscript are
significantly different, P ¢ 0.05.

T2
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Fig., 1. Mean Relative Concentration of Pituitary ACTH

Effect of low protein diet during the second half of
gestation on the ACTH concentration in the anterior pitui-
taries of postnatal rats, Vertical lines represent * standard
error of the means, and the numbers above each column refer to
the number of litters analyzed per meen., Letters above each
column mean indicate significance (P € 0,05). Comparisons
between means with different letters are significantly
different,
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Fig. 2. Mean Relative Potency of Corticotrophic Releasing
Activity in Hypothalamic Extracts

Effect of low protein diet during the second half of
gestation on the relative potency of corticotrophic releas-
ing activity from crude hypothalamic extracts, Verticsal
lines represent + standard error of the means, and the
numbers above each column refer to the numbers of litters
analyzed per mean. Letters above each column mean indicate
significence (P < 0,05), Comparisons between means with
different letters are significantly different,
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shows that hypothalamic extracts do not stimulate a sig-
nificant release of ACTH from the pituitaries until PN
1l}, when hypothalemic potency of controls averaged 148%,
compared to that of the non-stimulated pituitary halves
(100%). A comparison of the corticotrophic stimuléting
activity of hypothalamic extracts at each postnatal day
revealed no significant difference between controls and
LPD II rats, Further analysis revealed that although
extracts from él-day old rats had significantly greater
corticotrophic releasing activity then other days assayed,
the extracts of PN 0, PN 7, and PN 1l were not different

from each other,

Adrenal Response to ACTH

The effects of low protein diet during the second
half of gestation on the response of pup adrenal glands
to exogenous ACTH are presented in Tables 8 through 11,

Table 8 shows the maximal in vitro response to
ACTH, After a one hour incubstion to get a basal level of
corticoid release, ACTH added to an additional one hour
incubation significantly stimulated corticoid release at
all postnatal days for each treatment group. Adrenal
glands at PN O and PN 21 respond to ACTH by releasing
corticoids to a greater degree than those at PN 7 and PN
1l}. With one exception (PN 21), there was no significant

difference between control and experimental groups in the



TABLE 8
MEAN ADRENAL CORTICOID RELEASE IN RESPONSE TO ACTH ADDED IN VITRO

e

r—

Basal Stimulated Percent
Pos;z;tal Treatment No. cggiizgid Cﬁgiizgid g::?ugzzigg

0 Control 8 2.6 + 0,3% 10.1 + 0.8¢ 313 + 484

LPD II 8 2.6 + 0.3 10,1 + 0,84 320 + 189

7 Control 8 1.9 + 0.3 . 6.4 + 0,88 222 + 48d

LPD II 11 2.3 £ 0,2 7.3 +0,7° 232 + ¢

i1 Control 8 2.1 + 0,3 6.4 + 0,82 245 + 18d

LPD II 8 2.2 + 0.3 6.3 + 0.8° 203 + 484

21 Control 10 1.5 + 0.2 9.1 + 0,79 573 + }2°
LPD II 11 1.8 + 0.2 8.8 +0.7¢ b2l + y1c. ¥t

8411 corticoid release values * standard error are expressed in npg/ 100 mg
adrenals, :

bpercent stimulation calculsted in the manner: stimulated corticoid relesse -
basal corticoid release + basal corticoid release x 100,

;Slgniflcantly different from the control value of the same postnatal day,
P« 0.0

d,€,f501umn comparisons between means with a different superscrlpt are
significently different.
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release of corticoids by the stimulated gland as & per-
centage of basal corticold relemsse. The exception was a
lower percentage of corticoid release by rats on LPD 1l
when compared to their controls. |

The in vitro release of corticoids after an in vivo
injection of ACTH is given in Table 9, All rats responded
with a significant in vitro release of corticoids efter
ACTH was injected when compared tc saline injected litter-
mates, An average of the two treatment means at each
postnatal day showed a difference in response by Duncan'as
NMRT., The response at PN 7 is significantly lower than
the other postnatal days and PN 1l is significantly less
responsive than PN 0 (Table 10).

The percent of corticoid releass following ACTH
stimulation over that of the basal level was significantly
lower than that of controls for LPD II pups only at PN O
(Table 9). A reduced response to ACTH at PN 7 is again
indicated when the percent of stimulation of all rats 1s
combined within each postnatal period. These percent
values are 301, 217, 377, and 388 for PN O, PN 7, PN 1,
and PN 21 respectively. Although not indicated in Table 9,
absolute stimulated corticoid release averaged 9.3 + 0.3
pg/ 100 mg/ hour for all controls and 8.3 + 0.3 pg/ 100 mg/
hour for all LPD II rats. Their respective percent stimu-
lated values averaged 346% + 15 and 295% + 15. 1In each

comparison, these values were significantly different,



TABLE 9

MEAN ADRENAL CORTICOID RELEASE IN RESPONSE TO

ACTH INJECTED IN VIVO

Basal Stimulated Percent
Postnatal Treatment Corticoid Corticoid Stimulatio
Day Release? Release Over Basal
0 Control 2.y +0,2° 11.5 + 0,67 376 + 28F
(e (8) (8)
LPD II 3.1 + 0,3° 10.0 + 0,6%:8 226 + 28°:8
(2) (8) (8)
7 Control 2.2 + 0,3 6.3 + 0,7 189 + 338
(2) (%) (&)
LPD II 1.7 + 0.3 5.7 + 0,78 245 + 338
(2) (6) (6)
1l Control 1.9 + 0.2 9.9 + 0,68 409 + 2of
(5 (8) (8)
LPD II 1.7 + 0.2 8.0 + 0.6%°1 368 + 29f
() - (8) (8)
21 Control 1.9 + 0.2 9.6 + 0.6 y12 + 28F
() (8 | (8)
LPD II 2.2 + 0,2 9.6 + 0,68 342 + 28f
() (8) (8)

®Basal values were obtained by injecting saline into dexamethasone blocked

litter mates.

Pa11 corticoid release values *+ standard error are expressed in ung/ 100 mg

adrenals.

CRefers to number of rats per mesn,
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7 Control 2.2(325)0.3 6'3(6+’)O°7h 189(%:_)33g
LPD II 1.7(5)0.3 5.7(%)'0.7h 21;5(%)338

1l Control 1.9({50.2 9.9(5)0.63 uo9(§)29f
LPD II 1.7(+ 0.2 8.‘0(§_)0.€>"’1 3€>8(§_).29f

21 Control 1.9(50.2 9.6(§)o.§ ulz(g)zaf
LPD II 2.2(&)0.2 9.6(5_)0.63 3&2(5_)28f

®Basal values were obtained by injecting saline into dexamethasone blocked
litter mates,

bAll corticoid release values + standard error are expressed in ng/ 100 mg
adrenals,

CRefers to number of rats per mesn,
dpercent stimulation calculated as in Table 8,

eSignificantly different from the control value of the same postnatal day,

P € 0.05.

£,850,1001um comparisons between means with a different superscript are
significantly different,

153
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TABLE 10

MEAN STIMULATED IN VITRO CORTICOID RELEASE BETWEEN
TREATMENT MEANS AFTER IN VIVO ACTH INJECTION

om——————

Postnatal Day PN 7 PN 14 PN 21 PN O
Corticoid Release® 6.0b 8.9 9.6 10.7

2any two means underscored are not significantly
different.

Pyalues expressed in pg/ 100 mg/ hour,

There are no important differences in plasma B
levels between controls and LPD II pups following in vivo
ACTH injections (see Table 11). Differences at postnatel
days occur within basal, stimuleted, and percent stimula-
tlon over saline controls. The percent of stimulation of
plasma B in response to an injection of ACTH in rats at
PN 21 is 2.7 times greater than the rats at PN 1L and

5.7 times greater than PN 7 animals,



TABLE 11

MEAN PLASMA CORTICOSTERONE LEVELS IN RESPONSE TO
ACTH INJECTED IN VIVO

Percent
T er | Trestment coricosterons® | Gorbicosterone | Over Besald
£
7 Control 3.&(%)8.5b 6.9(%)2.8f 102(%3&&
f
LPD II 3.1(5)0.5 6.3(;_)2.8f 105&)141;
1l Control u.uu})o.u 13.5(5)1.73 207(5)27g
LPD II 3.8()})0.); 1:2.0(5)1.7g 221;(5)278
h
21 Control 6,.5“1;)0.1; hl.Z(g_)l.’(h 533(5727
»h ’
LPD II 6.&()})0.1; lﬂ.b(g_)l.?e 6h3(§_)27° i

8Basal values were obtained by injecting saline into dexamethasone blocked
litter mates.

ba1l plasma corticosteone values + standard error are expressed in pg/ 100 ml

plasma.

CRefers to number of rats per mean,

dpepcent stimulation calculated as in Teble 8.



ey 1008 LMeIlu vOI'LlCOoSLOrone ™ Lorvicostierone uver o5asalv
7 Control 3.l + 0.5P 6.9 + 2.8f 102 + uf
(2)¢ (3) (3)
LPD II 3.1 + 0.5 6.3 + 2,87 105 + yuf
(2) (3) (3)
1l Control L. + 0.4 13.5 + 1.7% 207 + 27%
(F) (8) (8)
LPD II 3.8 + 0.} 12.0 + 1.78 22 + 27%
(L) (8 (8)
21 Control 6.5 + 0.4 b1.2 + 1.7 533 + 271
() (8) (8)
LPD II ' 6.4 + 0.4 7.6 + 1.7"'h 643 + 27*”i
; (5 (8) (8)

®Basal values were obtained by injecting saline into dexamethasone blocked
litter mates,

Pa11 plasma corticosteone values + standard error are expressed in pg/ 100 ml
plasma,

CRefers to number of rats per mean.

dpercent stimulation calculated as in Teble 8.

_ ®significantly different from control value of the same postnatal day,
P< 0.05. - _

f’g'h’iColumn comparisons between means with a different superscript are
significantly different.
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DISCUSSION

Rats fed a diet deficient in protein during the
second half of pregnancy produced offspring that were
significantly smaller and lighter at birth than were
control rats, or those deficient during the first half of
pregnancy. This difference was eliminated during the
first postnatal week, It is probable that the lower body
weight at PN O is due to causes other than high corti-
costerone levels, although corticosteroids are known for
their growth inhibiting erfects (Schapiro 1968, Howard
1965, and others), Laine, et al. (1963) and Milkoviec,
Milkoviec, and Efendic (1968), have demonstrated that
hyperactivity of the maternal adrenal systgm by itself
does not reduce fetal body weight. Burton and Jeyes
(1968) have shown that the fetus has a high level of 11-
hydroxysteroid dehydrogenase which converts as much as
90% of compound B to an inactive metabolite. The inac-
tivation of this steroid thus may serve as & protective
mechanism against high maternal corticosterone titers,

There is little effect on the adrenal axis of
young rats by a prenatal diet deficient in protein. One
observed effect was a reduced absolute adrenal weight in

)pups whose mothers were fed a low protein diet during the

34
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second half of gestation. At PN O, these adrenal glands

were only 41% as heavy as the controls., However, by the
end of the ﬁhird week these experimentals had adrenals
equal to 91% of the weight of controls,

The restriction in adrenal development may be
+expleined by assuming that the low protein diet acted as
a stressor thus inducing an increase in free maternal
corticosteroids. These maternal steroids then entered
the fetal circulation and inhibited fetal ACTH output,
thus resulting in a decrease in adrenal weight., This
apeculation is supported by the following observations,

First, physical and behavioral signs of stress
were seen in pregnant rats on low protein diet as well as
adrenal hypertrophy and slight élevation in plesma B
levels (see Results), |

Second, several workers have established that
maternal steroids do cross the placental barrier
(Migeon, Bertrand, and Gemzell 1961; Zarrow, Philpott,
and Denenberg 1970; Bu;ton and Jeyes 1968).

Third, it is well known that the maternal steroid
feedback inhibits fetal pltuitary volume (Daikoku and
Saigo 196l; Milkovie¢, Milkovic, and Efendic 1968) and
pituitary ACTH content (Skelbelskaya 1968),

Fourth, fetal ACTH is known to stimulate the
growth of the adrenals in the fetus (Jost 1966).
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Finally, recent experiments implicate the fetal
hypothalamus as a possible link between maternal steroids
and the hypophyseal release of ACTH (Jost 1966; Jost,
Dupoy, and Geloso-Meyer 1971). This suggests that corti;
cotrophin release is regulated much the same way as it
is in the adult rsat,

It might be argued that the low adrenal weight
seen in neonatal mothers treated from mid-gestation
until birth is due to a proportional decrease in body
weight, If the difference in body weights between con=~
trols and LPD II rats st PN O is expressed as a percent
of the control value, the percent of body weight reduction
of offspring on LPD II is 374. This same calculation for
adrenal weights discloses a 594 reduction. The smaller
adrénal size is probably due to the inhibiting effect of
maternal steroids over and above the effect of an inade-
quate nutrient supply. Adrenal growth when fetal ACTH
is inhibited indicates some degree of autonomous growth,

Maternal gluéocorticoids are important between
gestational days 5 and 9 for the maintenance of pregnancy,
fetal body weight, and fetal protein stores in pregnant
rats fed a pgotein free diet (Berg, Sigg, and Greengard
1967; Morishige and Leathem 1972). The dietary regimen of
4% protein during days 1 through 1l of pregnancy as used

in these experiments was not effective in interrupting
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pregnancy nor were body weights reduced significantly in
the offspring at birth., This might be expected since the
competition for amino acids from the fetuses would be mini;
mal during the first helf of gestation. The lack of
influence on the adrenal axis of rats from mothers treated
during the first half of gestation supports the findings

of Roos (1967) who has shown that adrenal organogenesis
does not begin until the 12th daj of gestation. No
"earry-over" effects were seen in LPD I rats,

The values for absolute and relative adrenal weights
at various ages (Tables 2 and 3) indicate that all adrenal
glands are growing very little during the first week after
birth, Their activity is similarly depressed (Tables 6
eand 7). This reflects the well reported absence of adreno-
corticotrophic stimulation during the first postnatal week
(see review by Milkovic and Milkovic 1969)., It was shown
by Hiroshige and Sato (1971) that neonatal adrenals will
respond to as little as 2 mU of exogenous ACTH. The pitu-
itery at PN 7 contains an adequate supply of ACTH (7 to
10 mU/ mg) to stimulate the adrenal gland (Figure 1). It
might be inferred from the assay of hypothalamic extracts
(Pigure 2) that the failure to release ACTH is due to an
insufficient supply of a corticotrophic releasing substance,
This concept was suggested by Bartova (1968). Using an in

vivo assay, Hiroshige and Sato (1971) found no hypothalamic
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stimulator of ACTH on the 7th postnatal day, but they did
show its presence on the 2nd day after birth,

Plasma corticosteréne in all treatments follows
a pattern similar to that of relative adrenal weight. A
ratio of plasma B to relative adrenal weight has been
suggested as a measure of adrenal efficiency (Milkovic
and Bates 196lL). As illustrated in Teble 12, the adrenal
glands of rats subjected to LPD II produce steroids at a
faster rate (per mg of tissue) than do controls of the
same age. This hyperfunction is 2.5 times that of con-
trols at PN 0. Both trestments show the normal adult
ratio of 0,55 at PN 21.

TABLE 12
RATIO OF PLASMA B TO RELATIVE ADRENAL WEIGHT

Postnatal Deys

Treatments 0 7 1 21
Controls .38 .29 .36 « 5l
LPD II : 97 47 .42 .58

Since corticoid release is primarily a function of
ACTH the lack of adrenal stimulation is again evident at
PN 7. Although the fetal release of ACTH was suggested as
being repressed in LPD II rats, significantly higher

plssma B and corticoid release was obtained from these
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animals, It might be inferred from this evidence that
inhibition was to the release of ACTH rather than to its
storage. The stress of birth aﬁd the removel of this
inhibition allowed the releese of fetal pituitary AQTH
following parturition. Using pregnant, adrenalectomized
rats, the experiments of Hiroshige and Sato (1971) suggest
that the high level of plasma B at day 0 is due to the
release by the neonates adrenals during the birth process
rather than from maternal origin. This would appear to be
supportéd by the significant elevation of corticoids
released in vitro by all rats at PN O (Table 7).,

The mean relstive pitultary weight of all females
‘was found to bé significantly greater than fopr males
(Table 5). This difference in pituitary sizevis probably
due to the greater gonadotrophic activity in prepuberal.
femcle rats when compared to males of the same age (0O jeda
and Ramirez 1972),

No significant treatment difference was obtained in
either pituitary ACTH conczntration or hypothalamic corti-
cotrophic stimulating potency. Both follow a similar
pattern of hormone content., Significant hypothalamic
corticotrophic was not detected until PN 1. The hypo-
thalamic corticotrophic stimulating potency of 190%
obtained at PN 21 was approximstely two-thirds of the adult
levels of 250 to 300%.
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Rat adrenals are stimulated by ACTH to release
sterolds both in yitro and ig_gigg at all the postnatal
days studied, This demonstrates that adrenals are
responsive to ACTH even in periods in which they normally
release small amounts of steroids, It is of interest
that the response to ACTH at PN 0 and PN 21 is greater
than the response at PN 7 and PN 14, This can be
explained by the fact that ACTH maintains the fine
structure of the adrenal glsnd and promotes RNA and pro-
tein synthesis (Farese 1968)., The previous exposure of
adrenal tissue to endogenous ACTH at PN O and PN 21
assures adequate enzyme levels and amounts of endogenous
substrates to produce significantly more corticoids,
There is an insufficient level of circulating ACTH at PN
7.and PN 1l to maintain adequate substrate and enzyme
levels, m

Differences in response to exogenous ACTH between
treatments were generally not evident, The average in
¥itro release of corticolids in response to in vivo admin-
~istered ACTH and the percent of stimulation above the
basal level were both significantly greater in controls
than in LPD II rats., Since there is no difference in
plasma B levels between treatments (Taeble 11), the cor-

ticoid release in response to ACTH is unexplainable,



T
It is concluded thet offspring from mothers fed
a diet low in protein during one-half of gestation show
no lasting quantitative alteration of the adrenal axis.
It appears that the high degree of biological inacfiva-
tion of corticosterone in the fetus (Burton and Jeyes
1968) offsets the increased level of maternal corti-
costerone. This inactivation serves to protect the fetus
from detrimental effects of the steroid, There was no
direct effect of nutrient deficiency on the adrenal axis
of LPD II pups that may be separéble from high corticoid

titers.
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