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The present study examined the effects of hypergravity expo-
sure on the developing brain and specifically explored the pos-
sibility that these effects are mediated by altered thyroid status.
Thirty-four timed-pregnant Sprague-Dawley rats were exposed
to continuous centrifugation at 1.5 G (HG) from gestational Day
11 until one of three key developmental points: postnatal Day
(P) 6, P15, or P21 (10 pups/dam: 5 males/5 females). During the
32-day centrifugation, stationary controls (SC, n = 25 dams)
were housed In the same room as HG animals. Neonatal body,
forebrain, and cerebellum mass and neonatal and maternal thy-
roid status were assessed at each time point. The body mass of
centrifuged neonates was comparatively lower at each time
point. The mass of the forebrain and the mass of the cerebellum
were maximally reduced In hypergravlty-exposed neonates at
P6 by 15.9% and 25.6%, respectively. Analysis of neonatal
plasma suggested a transient hypothyroid status, as indicated
by Increased thyroid stimulating hormone (TSH) level (38.6%)at
P6, while maternal plasma TSH levels were maximally elevated
at P15 (38.9%). Neither neonatal nor maternal plasma TH levels
were altered, suggesting a moderate hypothyroid condition.
Thus, continuous exposure of the developing rats to hypergrav-
Ity during the embryonic and neonatal periods has a highly
significant effect on the developing forebrain and cerebellum
and neonatal thyroid status (P < 0.05, Sonferronl corrected).
These data are consistent with the hypothesized role of the
thyroid hormone In mediating the effect of hypergravity In the
developing central nervous system and begin to define the role
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of TH In the overall response of the developing organism to
altered gravity.
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A lthough the effects of hypergravity on the central
nervous system (CNS) are well established, the
mechanisms involved in these changes are not com-

pletely understood. In the present study we explored the
possibility that the status of the thyroid hormone (TH) is
compromised by altered gravity and in tum affects CNS
development. Such a possibility of the involvement of the
TH in the physiological response of humans and animals to
altered gravity has been suggested by the results of both
hypo- and hypergravity experiments. Hypothyroidism has
been observed in astronauts (1) and rats exposed to micro-
gravity (2-4). A transient change in TH levels was observed
in rat dams exposed to hypergravity during the 48 hr of
peripartum (5). It is likely that changes in plasma TH levels
in response to altered gravity affect the function of a number
of systems, including the CNS.

Because up to 70% of astronauts experience some form
of motion sickness and disturbances in motor coordination
and movement (6), most of the animal studies to date have
targeted the response of the peripheral vestibular system to
altered gravity (7). A number of ground-based experiments
employing hypergravity generated in a large-radius horizon-
tal centrifuge (8) have suggested that hypergravity is a good
model to evaluate potential effects of reduced gravity during
space flights. Altered function of the vestibular system has
been observed in adult rats (9) and hamsters raised under
hypergravity (10). Since even a short exposure to altered
gravity encountered by astronauts (6) or adult animals (7, 8)
affects CNS function, prolonged exposure to altered gravity
during embryonic and early neonatal development is ex-
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pected to have much more dramatic and long-lasting con-
sequences. As the possibility of long-term space travel and
habitation is becoming a reality, understanding the devel-
opment of the CNS under microgravity is increasingly
important.

In the present study we explored the possibility of uti-
lizing the developing rat cerebellum in studying global
changes in the CNS developing under altered gravity. A
number of factors make the cerebellum a particularly attrac-
tive system in which to study the mechanism of hypergrav-
ity-induced changes in the CNS. Altered gravity compro-
mises the functions of the cerebellum, which, as part of the
vestibular system, receives input relevant to gravitational
level and body position. In the rat, the cerebellum develops
postnatally between birth and weaning, and during that pe-
riod, all the developmental processes of cell proliferation,
migration, and differentiation can be addressed. Further-
more, regulation of cerebellar development in the rat has
been extensively studied, and the critical role of the TH is
well recognized. However, despite the fact that the relation-
ship between thyroid status and CNS development has been
well established, neither cerebellar development, thyroid
status, nor the relationship between the two under altered
gravitational conditions has previously been addressed.

Cerebellar development is regulated by thyroid hor-
mones (3,5,3'-L-triodothyronine, T3; 3,5,3,5'-L-
tetraiodothyronine, T4; TH; [II, 12]). The active form, T3,
depends to a great extent on intracellular generation from
T4 (13). Deficiencies in plasma TH levels result in de-
creased TH in the neonatal brain (14) and lead to cytoar-
chitectural abnormalities and the mental retardation known
as cretinism in humans (15, 16). The results of several stud-
ies involving rats (17-20) pointed out that during gestation
through postnatal Day 15 (PIS), brain development is par-
ticularly vulnerable to TH deficiency. Propylthiouracil-
(PTU) induced hypothyroidism following exposure before
PIS has a dramatic effect on the animal's growth and cer-
ebellar development, manifested in morphological abnor-
malities and by a reduction in size (17). PTU administration
following PIS does not affect cerebellar development. Fur-
thermore, even moderate hypothyroidism during gestation,
characterized by increased plasma TSH but normal T4, has
a negative effect on the availability of T4 to fetuses (21) and
is likely to affect brain development. The hypothyroid rat
model has been used in our studies to provide us with im-
portant reference points while we explore the potential in-
volvement of TH in the hypergravity response (22).

On the basis of independent observations of changes in
both the CNS and TH in response to altered gravity and of
the well-recognized role of TH in the regulation of cerebel-
lar development, we formulated the hypothesis that the ef-
fect of hypergravity on cerebellar development is mediated
by altered thyroid status. As a first step in testing this hy-
pothesis, we examined the effect of perinatal hypergravity
(1.5 G [HGD exposure, on the developing CNS and on the
thyroid status of rat neonates and dams. Specifically, fore-

brain and cerebellar size and plasma TSH, T3, and T4 were
compared in rats exposed to HG and stationary controls
(SC, 1.0 G) at critical neonatal ages: P6 (neonatal/peak of
cell proliferation), PIS (preweaning/time of cell migration),
and P21 (weaning/time of neuronal differentiation). The re-
sults, presented here, suggest that hypergravity-induced
changes in the developing cerebellum are associated with
altered thyroid status.

Materials and Methods
Subjects. All procedures were reviewed and ap-

proved by Institutional Animal Care and Use Committees at
Harvard Medical School and at NASA Ames Research Cen-
ter. Eighty-three primiparous timed-pregnant Sprague-
Dawley dams were shipped from Taconic Farms (German-
town, NY) to NASA Ames Research Center (ARC) at ges-
tational Day (G) 2 (spermatozoa observed in a vaginal
lavage at Gl). Dams were individually housed under stan-
dard vivarium conditions (12:12-hr light.dark cycle, with
lights on at 0600 hr and off at 1800 hr, at 21° to 24°C).
Standard laboratory rat chow and water were available ad
libitum. Chow was placed in both the food rack and the cage
bottoms from G8 throughout the remainder of the experi-
ment to facilitate access to food for parturient dams and
preweanling/weanling neonates.

Procedures. Before centrifugation, animals were
handled and weighed daily, thereby acclimatizing them to
the handling procedures during the experiment. Three days
before centrifugation, at G8, dams were weight-matched
and assigned to either HG (n = 32 litters) or SC (n = 25
litters) conditions and were adapted to the NASA ARC 24-ft
centrifuge facility by being placed in the centrifuge rotunda.
Both HG and SC dams were placed 1 per cage in regular
shoebox-type maternity cages (119 x 66 x 21 em) and
loaded were 2 or 4 cages per cab; all animals were exposed
to the same environment. At PI, all neonates were pooled
and randomly assigned to dams within each experimental
group (10 neonates/dam; 5 males and 5 females). During the
subsequent days, the number of SC neonates was adjusted to
match the HG group by removal of pups to compensate for
a possible effect of litter size. Dams' body weights were
measured daily from G2 until P21, and litter weights were
measured daily after birth.

Centrifugation. At G II, continuous centrifugation
(15.94 RPM, 7.3-m diameter, resultant 1.5 G) was initiated
with brief «1 hr) daily stops for animal health checks and
data collection. This device and associated procedures have
been used previously in numerous experiments investigat-
ing physiological and behavioral responses of rats to cen-
trifugation (5, 8, 23). The cabs housing rats were suspended
from the ra~ial arms o~ the cen~fuge by a yoke, allowing
them to swing out dunng rotation. The HG animals were
thus subjected :0 the resultant gravitational and centrifugal
force of 1.5 G 10 the normal direction (i.e., perpendicular to
the cage floor).
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Tissue Collection. At P6 (HG, n = 16, SC, n =
12), P15 (HG, n = 7; SC, n = 6), and P21 (HG, n = 8; SC,
n = 7), dams and offspring from each group were removed
from their cabs and weighed individually. Dams and neo-
nates were euthanized by live decapitation without anesthe-
sia within 3 hr of stopping of the centrifuge. Trunk blood
was collected from both dams and neonates for TH and TSH
analysis. The samples were centrifuged for 10 min at 4°C.
The resulting plasma was stored at -80°C until analyzed for
T3, T4, and TSH. The neonatal brains were then rapidly
removed, cerebella were dissected out, and both forebrain
(brain-cerebellum) and cerebellar tissue were weighed.

Plasma T3, T4, and TSH Content. Plasma TSH,
total T3, and total T4 were measured by commercial assays
according to the manufacturer's instructions. Coefficients of
variation for the TSH assays (Amersham Pharmacia Bio-
tech, Piscataway, NJ) were 9.6% within assay and 4.9%
between assays. For total T3 and total T4 (Diagnostic Prod-
ucts Corporation, Los Angeles, CAl, the within-assay vari-
ability was 5.9% and 8.1%, and the between-assay variabil-
ity was 6.6% and 7.7%, respectively. For the P15 and P21
neonates,equal volumes of plasma were used from littermates
to produce pooled representativesamples. For the P6, neonates
equal volumes of plasma were pooled from two litters.

S.tlstical Analysis. An initial three-way ANOYA
was performed with gravitational condition, age, and either
body, forebrain, or cerebellum mass as a factor to determine
whether the effect of hypergravity on the CNS is indepen-
dent of general effect on body mass. The results of this
analysis indicated a different effect of gravity on each of
these parameters. Consequently, for separate analysis of
body, forebrain, and cerebellar mass, a two-way ANOYA
was run on litter averages, following log transformation of
data to normalize the distribution, to determine the relation-
ship between gravitational condition and age. If a statisti-
cally significant interaction was found between age and
gravitational condition, then two-sample t tests were carried
out at each age and the values were adjusted for multiple
comparison by the Bonferroni correction. All values are
reported as means ± SEM. Simple regression analysis of
relationships also was performed with the same software.
For all statistical tests, the 0.05 level of confidence Bonfer-
roni corrected was accepted for statistical significance.

Results
Effect of Hypergravity on Pregnant Dams and

Pregnancy Outcome. During pregnancy (GIl to G21),
HG dams consumed less food (208.6 ± 3.06 g) than did SC
dams (260.7 ± 3.85 g, OF = 57, t = -10.734, P = 0.0004,
Bonferroni corrected) and gained less weight (87.8 ± 1.99 g)
than did SC dams (108.35 ± 2.89g, OF = 57, t = -6.031,
P < 0.0004, Bonferroni corrected). It is possible that this
difference reflects the decrease in food intake observed in
HG dams during the first 3 days of centrifugation. The
relative food consumption (adjusted to body mass) was de-
creased from 0.97 ± 0.016 gig body wt in SC dams to 0.87

± 0.018 gig body wt in HG dams (OF = 57, t = -3.766,
P = 0.0016, and the relative gain in body mass was also
decreased from 0.402 ± 0.009 gig body wt in SC dams to
0.365 ± 0.009 gig body wt in HG dams (OF = 57, t =
-2.89, P = 0.022).

A greater proportion of HG dams (61.8%) than SC
dams (20%) gave birth at G23, but the average number of
neonates per litter was not affected (HG, 11.29 ± 0.43; SC,
11.88 ± 0.59; OF = 57, t = -0.87, P = 0.42).

Effect of Hypergravity on Neonates. Neonates
born to HG mothers were smaller at birth at 6.28 ± 0.12
g/neonate than those born to SC mothers at 7.02 ± 0.14
g/neonate (OF = 57, t = -4.094, P < 0.0001). At PI, to
minimize the litter variability, all neonates within the group
were pooled and randomly distributed to dams within the
group, with an equal female-to-male ratio. Following cross-
fostering, the average litter body mass at PI was 6.57 ±
0.046 g/neonate in the HG group compared with 7.67 ±
0.052 g/neonate in the SC group (OF = 56, t = -15.862,
P < 0.0001). The overall attrition between PI and P5 was
0.4% ± 0.4% per litter and 10.91% ± 2.06% per litter in SC
and HG neonates, respectively (OF = 56, t = 4.388, P <
0.0001). No further losses beyond that point were observed.

Effect on Body, Forebrain, andCerebellar Mass
Are Independent of Each Other. The results of initial
three-way ANOYA, with gravitational condition, age, and
either body, forebrain or cerebellum mass as a factor sug-
gested that the effect of hypergravity on neonatal CNS is
independent of the general decrease in body size of HG
neonates and that changes in the two components of the
CNS are also independent of each other. Consequently, the
effects of hypergravity on neonatal body mass, forebrain,
and cerebellum weight are presented separately.

Body Size of Hypergravity-Exposed Neonates.
Although all animals gained weight, at P6 the body mass

of the HG neonates (Fig. 1) was decreased by 24.4% from
16.64 ± 0.238 g/neonate in the SC group to 12.56 ± 0.245
g/neonate in the HG group (OF = 26, t = -11.635, P <
0.0003). The difference in the neonatal body mass (16.8%
reduction) was also significant at P21; the average neonatal
mass was 58.96 ± 1.712 g/neonate in SC group as compared
with 49.42 ± 1.322 glneonate in HG group (OF = 13, t =
-4.458, P = 0.0018). At P15 (11.95% reduction) the dif-
ference approached significance (HG = 32.73 ± 1.145
g/neonate, SC = 37.17 ± 1.215 g/neonate; OF = 12, t =
-2.626, P = 0.066). The relative neonatal body mass (ad-
justed to forebrain mass) was decreased at P6 by 10.2% (HG
= 24.26 ± 0.282, SC = 27.02 ± 0.310; OF = 26, t =
-6.535, P < 0.0003) but was not affected at P15 or P21.

Brain Mass of Hypergravity-Exposed Rat Neo-
nates. The neonatal forebrain mass (Fig. 2A) was reduced
at P6 from 0.616 ± 0.005 g/neonate in the SC group to 0.518
± 0.008 g/neonate in the HG group (OF = 26, t = -9.182,
P < 0.0003), with a smaller reduction from 1.166 ± 0.012
glneonate in SC group to 1.086 ± 0.013 g/neonate in the HG
group at P15 (OF = 12, t = -4.604 P = 0.0018), and from
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Figure 1. Effect of hypergravity on neonatal body mass. Data rep-
resentmeanand SEMof litterbodymass(gramsper neonate). Each
group contained 6 to 8 litters with 6 to 10 neonates per litter. The
difference between HG and SC is indicated when significant ("P <
0.005, ***P < 0.0005).

1.326 ± 0.015 glneonate in se group to 1.212 ± 0.008
g/neonate in the HG neonate at P21 (OF = 13, ( = -6.917,
P < 0.0003). When the forebrain size was adjusted to body
size (grams of tissue per gram of body weight neonate),
there was a relative 10.8% increase in forebrain mass at P6
(HG = 0.041 ± 0.0005, se = 0.037 ± 0.0004; OF = 26,
( = -6.195, P < 0.0003) and no significant difference at
PI5 (HG = 0.033 ± 0.001, se = 0.031 ± 0.001; OF = 12,
I = 1.388, P = 0.5712) or at P21 (HG = 0.025 ± 0.001,
se = 0.023 ± 0.001; OF = 13, ( = 2.184, P = 0.1437).

The cerebellar size (Fig. 2B) was reduced at P6 from
0.043 ± 0.001 g/neonate in the se group to 0.032 ± 0.0005
glneonate in the HG group (OF = 26, ( = -10.60, P <
0.0003) with a nonsignificant reduction at PI5 from 0.157 ±
0.002 g/neonate in the se group to 0.150 ± 0.002 glneonate
(OF = 12, I = -1.798, P = 0.2919) in HG group, and a
reduction from 0.203 ± 0.002 g/neonate in the se group to
0.188 ± 0.001 g/neonate in the HG group at P21 (OF = 13,
I = -4.435, P = 0.0021). The percent reduction in cer-
ebellar size was greatest at P6 (25.6%), the reduction (7.8%)
was less pronounced at P21, and was not significant at P15.
When the cerebellar size was adjusted to brain mass (grams
of cerebellar tissue per gram of brain mass per neonate), the
relative reduction at P6 was 11.59% (HG = 0.253 ± 0.001,
se = 0.069±0.01;OF = 26,( = -6.435,P<0.OOO3) and
no significant difference was observed at either PI5 (HG =
0.139 ± 0.001, se = 0.135 ± 0.002; OF = 12, ( = 1.917,
P = 0.2382)oratP21 (HG = 0.155±0.OOI,Se = 0.154
± 0.003; OF = 13, t = 0.418, P = 2.0481). The cerebellar
size relative to neonatal body mass was not altered in HG
neonates on P6 and increased both at PI5 (HG = 0.005 ±
0.0001, se = 0.004 ± 0.00006; OF = 12, I = 2.909, P =
0.0393) and at P21 (HG = 0.004 ± 0.00008, se = 0.0003
± 0.00005; OF = 13, t = 3.619, P = 0.0093).

Figure 2. Effect of hypergravity on neonatal brain mass. (A) Fore-
brain.(B) Cerebellum. Data represent meanand SEMof litter neural
tissuemass(gramsper neonate). Eachgroupcontained 6 to 8 litters
with 6 to 10 neonates per litter.The difference betweenHG and SC
is indicated when significant (**P < 0.005, "*p < 0.0005).

Effect of Hypergravity on Thyroid Status. The
results of TSH and total T4 and T3 analysis, performed on
the dam's plasma obtained (from trunk blood) at the time of
sacrifice at P6, P15, and P21, are presented in Figure 3, A
through e. TSH level, the most reliable index of hypothy-
roidism in humans, was elevated (not significantly when
Bonferroni corrected) from se values of 4.753 ± 0.123
nglml to 5.986 ± 0.440 nglml in HG dams at P6 (OF = 12,
I = 2.352, P = 0.1098) and from 5.078 ± 0.356 nglml in
the se group to 7.051 ± 0.535 nglml in the HG group at PI5
(DF = 12, t = 2.886, P = 0.0411), respectively. This
increase in TSH levels suggests that dams were hypothy-
roid. The T4 level was not altered at P6; the increased TSH
without a change in free T4 level is characteristic of mod-
erate (subclinical) hypothyroidism. At P15, an increased
TSH level was accompanied by a decreased T4 level from
3.418 ± 0.170 ug/ml in SC dams to 2.837 ± 0.204 J.Lg/ml in
HG dams (OF = 12, ( = -2.083, P = 0.1779), but the
difference was not statistically significant when Bonferroni
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Figure 3. Effect of hypergravity on maternal and neonatal thyroid status: TSH, T4, and T3. Data represent mean and SEM of hormone
concentration for each treatment group at each age. For P6 plasma analysis, the determination was based on pooled blood from two litters
because of a low blood volume at this age. The difference between HG and SC values is indicated when significant (*P < 0.05).

corrected. The maternal T3 values were not significantly
different at any time point.

Our findings indicate that until P15, the neonates' thy-
roid status is affected by that of the nursing dams. This

relationship is further supported by a regression analysis
between the maternal TSH and neonatal TSH levels (r =
0.487, P = 0.0011, Fig. 4). Elevated TSH levels in HG
neonatal plasma at P6 from 3.732 ± 0.274 ng/ml in SC
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0.712 ± 0.014 gig body wt; DF = 53, t = -0.406, P =
2.7452) or the second neonatal week (HG = 1.94 ± 0.06 gig
body wt, SC = 1.77 ± 0.044 gig body wt; DF = 26, t =
2.244, P = 0.13344.

During the first two postpartum weeks, HG dams
gained more weight (Fig. 58), both in absolute and relative
terms (adjusted to body mass), than did the SC dams. Gain
in maternal body mass at the end of each postpartum week
(1st: PI to P6; 2nd: P6 to P15, 3rd: PI5 to P21) is shown in
Figure 58. During the first postpartum week, HG dams
gained 42.4% more weight than did the SC dams (HG =
33.3 ± 1.53 g, SC = 23.39 ± 1.74 g; DF = 56, t = 4.27,
P < 0.0004) and during the second postpartum week, HG
dams gained 120.5% more weight than did SC dams (HG =
32.2 ± 2.81 g, SC = 14.59 ± 2.42, DF = 28, t = 4.568, P
< 0.0004). During the third postpartum week, both HG and
SC dams lost body mass (HG = 7.7 ± 4.29, SC = 62 ±
32.34; DF = 14, t = 1.663, P = 0.4744), butthe difference
was not significant. The relative gain in body weight at the
end of the first postpartum week was increased by 65% in
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Figure 4. Relationship between neonatal and maternal TSH levels.
Regression analysisindicates a significant correlation between neo-
natal and maternal TSH levels; r=0.0487, P < 0.001.

neonates to 5.19 ± 0.274 nglml in HG neonates (DF = 12,
t = 3.599, P = 0.011) suggests that the neonates exposed
to hypergravity are hypothyroid (Fig. 3D). Although a small
reduction in plasma total T4 levels from 1.418 ± 0.184
J.Lg/ml in SC neonates to 1.262 ± 0.060 J.Lg/ml in HG
neonates could be observed at this time, the difference be-
tween the HG and SC neonates was not statistically signifi-
cant. Thus, like their mothers, neonates are moderately
hypothyroid.

A secondary reduction in plasma T41evel from 3.355 ±
0.093 ug/ml in SC neonates to 2.89 ± 0.144 ug/ml in HG
neonates was observed at P21 (DF = 13, t = -2.482, P =
0.0825). No significant difference in plasma T3 level could
be observed during the course of the experiment. The in-
terpretation of these results is confounded by the dramatic
developmental fluctuations in T3 and T4 levels during the
early postnatal period. Thus, the difference in plasma thy-
roid profiles between HG and SC neonates, which has not
been characterized to date, may be of importance. Such a
difference is suggested by a two-way (age and gravitational
condition) ANOVA with data normalized by log transfor-
mation, TSH (F = 4.335; P = 0.0609) and T4 (F = 4.453;
P = 0.055).

Effect of Hypergravlty on Maternal Food Con-
sumption and Body Weight. During the postpartum
period, HG dams continued to consume less food, but the
difference was significant only during the first neonatal
week (PI to P6). Food consumption (Fig. 5A) was signifi-
cantly reduced during the first postpartum week (HG =
171.7 ± 4.1 g, SC = 203.1 ± 3.26 g; DF = 53, t = -5.751,
P < 0.0004), but was not affected during the second post-
partum week (HG = 536.3 ± 13.83 g, SC = 547.2 ± 12.08
g; DF = 26, t = -0.585, P = 2.268) or the third postpar-
tum week (HG = 457.7 ± 16.51 g, SC = 469.5 ± 17.21 g;
DF= 13, t = -0.496, P = 2.716). The relative food con-
sumption adjusted to body mass was, however, not affected
during the first (HG = 0.701 ± 0.02 gig body wt, SC =
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HO dams (HO = 0.136 ± 0.007, SC = 0.082 ± 0.007; OF
= 56, t = 5.65, P < 0.0004), and at the end of second week,
increased by 146.8% (HG = 0.116 ± 0.010 gIgbody wt, SC
= 0.047 ± 0.008 gig body wt; OF = 28, t = 5.134, P <
0.0004). By the end of the third postpartum week, the HO
dams lost less weight (-0.025 ± 0.014 gig body wt) than the
SC dams (-0.204 ± 0.114 gig body wt), but the difference
was not significant (OF = 14, t = 1.562, P = 0.562).

Discussion
Results presented in this study indicate that exposure to

hypergravity (1.5 0) during gestation and the early postna-
tal period affects neonatal growth, the developing CNS, and
the thyroid status of rat neonates.

Hypergravity-exposed neonates weighed less, and both
their brain size and cerebellar size were decreased. The
reduction in cerebellar size at P6 was greater than in the
forebrain, as suggested by both absolute decrease in mass
(cerebellum, 25.6% decrease; forebrain, 15.9% decrease)
and the decrease in relative cerebellar mass (adjusted to
forebrain mass), suggesting that the cerebellum may be
more sensitive to hypergravity during this period corre-
sponding to the most active cerebellar development. The
use of any of the relative bases for evaluating changes in
organsaass, such as a percentage of body weight or fat-free
body weight (FFBW), has been suggested for adult animals
(24) in which growth is not a contributing factor. Similarly,
the CNS mass has been used as a weight-stable organ and as
a reference for changes in mature organs (24). In the case of
the developing CNS,the use of such relative values may not
be appropriate. Brain mass is not stable at this time, and the
brain growth reflects the increase in the number of neuronal
cells, fibers, and myelin, whereas general body growth is
induced as a result of an increase in a number of different
types of cells (i.e., muscle, fat, and bone), extracellular ma-
trix, and cellular volume. Furthermore, general body and
neuronal growth are regulated by different mechanisms, and
growth hormone does not play a major role in neuronal
growth. For these reasons, we have used absolute-mass val-
ues rather than relative values for the comparison between
SC and HO animals.

When adjusted to body mass, there was a 10.8% in-
crease in forebrain mass at P6 and no significant change at
PIS or at P21. An increase in the ratio of forebrain to body
mass at P6 suggests that at this time, the hypergravity may
exert a brain-sparing effect. On the other hand, when the
cerebellar results are expressed relative to body mass, the
ratio is similar in HG and SC neonates, suggesting that the
hypergravity, unlike undernutrition, does not result in "cer-
ebellum-sparing" effect. Furthermore, when the cerebellar
mass was adjusted to forebrain mass, the overall effect of
hypergravity on cerebellum size at P6 persisted even if the
magnitude of change was less pronounced, further support-
ing the claim that during neonatal development, the cerebel-
lum is more sensitive to hypergravity exposure than is the
rest of the brain.

Although a few studies have explored the effect of
altered gravity on the developing CNS, none of them has
dealt systematically with changes in the developing CNS. In
the present study, the hypergravity paradigm was selected
because it can best accommodate the requirements of the
developmental studies to include a large number of pregnant
and lactating dams, births, and nursing offspring. Many or-
gans and functions affected by exposure to hypergravity are
also known to be sensitive to microgravity, although some
show changes in the opposite direction. Thus, it is important
to stress that changes in both the thyroid status and the CNS
in response to micro- and hypergravity appear to be similar.
In comparing the results of altered gravity on the CNS in
developing animals, several factors, such as the duration of
exposure and the phase of development, as well as the CNS
region, are of importance. Most of the microgravity studies,
limited to the prenatal period, showed neuronal degenera-
tion in various brain regions, retarded synaptogenesis in the
vestibular nuclei (25, 26), and altered morphology of cortex
and cerebellum and vestibular system (27-29), but the ef-
fects of exposure to microgravity were transient (29, 30).
Studies of the functional development of rats exposed to
microgravity toward the end of gestation (5 days) showed
no abnormalities (31), but a longer exposure to microgravity
(9 to 11 days) during that period resulted in changes of some
vestibular functions (32). On the other hand, exposure to
hypergravity (1.8 0) for 26 days from 011 to Pl5 (33)
resulted in a substantial delay in monoaminergic projections
to the spinal cord. In the present study, exposures to hyper-
gravity ranging in duration from 17 to 32 days and encom-
passing the second part of embryonic and the entire neonatal
development to weaning covered the critical period of cer-
ebellar development. It also coincides with the period of
maturation of posture and locomotion (34).

The changes in the neonatal developing CNS observed
in the present study are accompanied by altered thyroid
status of both neonates and dams. The increase in plasma
TSH level, the most reliable index of thyroid status in hu-
mans (35-37) and in rodents (48), is consistent with a hy-
pothyroid state in the HO neonate at the end of the first
week, a time of maximal difference in cerebellar size. The
fact that plasma TSH elevations are not accompanied by T4
changes indicates a moderate hypothyroidism (39). How-
ever, even moderate hypothyroidism in dams, characterized
by increased plasma TSH but normal T4, has a negative
effect on the availability of T4 to fetuses (14). It is thus
possible that the subnormal TH levels reaching the devel-
oping CNS in the hypergravity-exposed neonates contribute
to the observed reduction in the size of the brain and, spe-
cifically, the cerebellum. Although dams can mitigate TH
deficiency in the fetal brain (40), the maternal TSH levels
indicate that dams are also hypothyroid at this time, in
agreement with earlier findings (5). Moderate hypothyroid-
ism in pregnant women is, however, sufficient to affect the
neurological development of human fetuses (44).

In the neonate, the pituitary-thyroid axis and TH levels
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are established during the early neonatal period to accom-
modate rapid growth and development (42). Previous re-
sults reported for control Sprague-Dawley rats (43) indicate
that neonatal plasma T4 levels, low at birth, rise by the end
of the second postnatal week, and that plasma T3 levels
double during the first month of life. Our results are in
general consistent with these findings. Changes in both T4
and T3 during the neonatal period suggest that in addition to
point-by-point comparisons, the alteration in the TH devel-
opmental profile is relevant in evaluating the effect of hy-
pergravity on the neonate's thyroid status. Analysis of the
time course of T3 and T4 suggests changes in TH develop-
mental periodicity in HG neonates. Low levels of plasma
TH during the first postnatal week limited the previous (43)
and present analyses to total T4 and T3. In the developing
CNS, it is the circulating free T4 level that contributes to the
T3 found within brain cells (44). During pregnancy, the
maternal T4 is transported to the fetus and is crucial to fetal
CNS development (45). The results of ANOVA suggest that
the developmental profile of plasma TH is altered in hyper-
gravity-exposed neonates.

The effect of hypergravity on neonates is especially
pronounced at P6. The neonates, already of smaller size at
birth, remain smaller than the controls, as evidenced by a
persistently low body weight. Forebrain and especially cer-
ebellum size are decreased maximally at P6, and these
changes coincide with the hypothyroid state of the neonate,
thereby supporting our hypothesis of TH involvement in the
mediation of the effect of hypergravity on the CNS.

It is also possible, however, that undernutrition may
contribute to the effects of hypergravity observed in the
developing neonates. Nutrition during early development
affects growth in general, including that of the CNS (46).
Data on food consumption and gain in body weight suggest
that during pregnancy, the hypergravity-exposed dams con-
sumed less food and gained less weight. It is thus possible
that during pregnancy, undernutrition may contribute to the
lower body mass of HG neonates. However, two points
argue against the direct contribution of maternal undernu-
trition to the effect of hypergravity on the developing neo-
nates. First, during lactation, despite lower food consump-
tion during the first postpartum week and similarly low food
consumption during the second postpartum week, HG dams
gained significantly more body mass (and lost less mass
during the third postpartum week) than did SC dams. Fur-
thermore, when the neonatal values of cerebellar size are
adjusted to either maternal food consumption or body mass,
hypergravity-exposed neonates still show a significant dif-
ference from SC neonates. Second, in undernourished rats,
TSH is usually lower because of a disrupted pituitary axis;
in both fasting adults (47, 48) and newborn (49) rats, plasma
TSH and TH were decreased. However, in the present study,
TSH was actually increased in the HG neonatal plasma (Fig.
3C). Thus, while the maternal nutritional status is not af-
fected, the transient neonatal hypothyroidism coincides with
maximal changes in the cerebellum, lending support to our

hypothesis that TH is involved in mediating the effect of
hypergravity on the CNS.

From the preceding discussion, it is apparent that the
mechanism(s) involved in hypergravity-associated changes
in CNS are complex, but the role of TH in hypergravity
effects on the developing CNS merits serious consideration.
The developing rat cerebellum, which shares many charac-
teristics of human brain during the last trimester of preg-
nancy and the first several months of life, has been used
extensively as a model for the study of the effect of various
environmental factors on the CNS. The data presented here
suggest that the developing rat cerebellum may also be con-
sidered a good model for predicting changes in the devel-
oping human CNS under altered gravity. The present study
begins to define the physiological mechanisms involved in
the overall response of the developing organism to altered
gravity. Future studies of rat cerebellar development under
hypergravity are critical in developing an understanding of
how altered gravity in space may affect human brain devel-
opment, and they may help to predict the feasibility of long-
term human survival in space.
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