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Abstract. We assessed the behavioral response to acute hypergravity
exposure in lactating mother mice, Mus musculus of the outbred CD-1 strain.
Primiparous or terziparous dams were exposed with their litters to a
centrifugal force equivalent to 2G hypergravity for 1 h daily from postnatal
day 2 (P2) to P9. We made detailed behavioral observations before, during
and after the rotation on selected days to identify elements of the maternal
behavioral repertoire vulnerable to 2G challenge. Licking and nest building
were reduced during rotation while mothers sniffed and snouted their pups
more. Nursing and total time in physical contact with pups were relatively
stable. The effects of rotation were most pronounced on P2, dams appearing
to habituate to the treatment with repeated exposure. Dam parity had a
limited effect on the behavioral response to rotation, primiparous mothers
tending to spend longer nursing their pups during the rotation and showing a
greater tendency to lick and nest-build in post-rotation. Differences between
parity groups diminished over days. Body weight was decreased in rotated
primiparous dams and their pups gained less weight than stationary controls.
Ultrasonic vocalization (USV) rates recorded on P2, P5 and P9 seemed to
indicate delayed behavioral development in rotated pups.
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INTRODUCTION

The conquest of space, numbering among its pio-
neers the she-dog Laika whose 1957 mission was fol-
lowed four years later by Yuri Gagarin, has witnessed a
growing variety of both vertebrate (tadpoles, frogs, rats,
mice, etc.) and invertebrate (flies, scorpions, protozoa,
etc.) species in zero gravity (0G). With the approaching
readiness of the International Space Station (a 16-
nation joint enterprise) the number of humans under-
taking space travel is predicted to rise, making studies
which improve our understanding of the biological
impact of gravity increasingly important.

An altered gravitational environment represents a
unique challenge for biological systems that have
evolved against a constant gravitational background.
Ground-based experiments use G-loads generated by
centrifugation with the expectation that behavioral and
physiological reactions to hypergravity help to explain
reactions to the microgravity challenge faced by orbit-
ing animals. Thus hypergravity models can be used to
proactively anticipate potential health problems for
both humans and animals in space. Disruptions in bio-
logical processes that occur upon exposure to an
altered gravitational environment may also shed light
on their normal regulation and integration.

Progress in gravitational research on animals will be
contingent on a mother-offspring unit that is reliably
functional in altered gravity (Alberts and Ronca 1999).
Continuous exposure to hypergravity is known to
diminish early postnatal survival in rat pups (Ishay and
Barr-Nea 1977, Megory and Oyama 1984, Oyama and
Platt 1967) and in 1998 around 50% of eight-day-old
rats failed to survive a two-week long space mission
(Reichardt 1998). A series of studies have been aimed
at investigating the physiology and behavior of preg-
nancy delivery and early postnatal mother-pup dyad
(Plaut et al. 1999, Ronca and Alberts 2000, Ronca et al.
2000) a focus which may also shed light on the regula-
tion of maternal behavior in rodents by disentangling
elements in the maternal pattern.

Mice and rats are altricial species whose young are
entirely dependent on effective maternal care during
the first few weeks of life (for extensive review see
Rosenblatt and Lehrman 1963). Previous maternal
experience is believed to contribute to qualitative and
quantitative changes in the maternal repertoire (for
example see Noirot 1972), experienced females being
more responsive to pup stimuli (Bridges et al. 1972,

Cohen and Bridges 1981, Cohen-Salmon et al. 1982,
Noirot 1974, Orpen and Fleming 1987) and Ronca
and coauthors (1999) reported that parity counteract-
ed hypergravity-induced pup mortality in the first
week postnatally for rats exposed to continuous cen-
trifugation.

Laboratory mice, by merit of their small body size,
are eminently suitable animal models for research in
space. Moreover, neonatal mice reportedly tolerate
chronic hypergravity better than rats (Oyama and Platt
1967).

The aim of the present study was to characterize the
behavioral response of mother mice upon acute expo-
sure to rotationally-generated hypergravity. Few data
are in fact available on short term or repeated exposure
to changes in gravitational environment. These kind of
exposure, which is generally aimed to gain insight on
the effect of short episodes of hypergravity mimicking
some effects of launch and re-entry into and from
space (Le Bourg 1999), may also evaluate specific vul-
nerability and identify elements of the maternal reper-
toire vulnerable to this environmental stress.

To this purpose, we made fine grain behavioral
observations before, during and after an hour of cen-
trifugation. Moreover, to determine the relevance of
parity in the mother’s behavioral response to rotation-
ally-generated hypergravity, we compared primiparous
and terziparous mothers. Finally, we monitored pup
body-weight and ultrasonic vocalization rate (USV) in
rotating (experimental group) and non-rotating (con-
trol group) pups to evaluate the possibility of pup-
mediated effects of rotation on the mother’s behavior.

METHODS

Animals

We used mice of the outbred Swiss-derived CD-1
strain obtained as young adults from Charles River
Italia (Italy). On arrival animals were housed in stan-
dard wire-topped Plexiglas cages (42 x 27 x 14 cm)
with up to 10 individuals per cage. Sawdust (pine shav-
ings type 20 purchased from Allevamenti Plaisant,
Italy) was used as bedding. The colony room was
maintained at 21°C and 60% relative humidity on a
12/12-hour reversed white-light/red-light cycle (red
lights on at 08:30 A.M.). Water and pellet food
(Enriched Standard Diet purchased from Mucedola,
Italy) were available ad libitum.



Apparatus

The centrifuge was custom-made by Isolceram
(Italy). It consisted of a circular aluminum table
mounted on a central motor. The table was 1 m in
diameter and fitted to accommodate up to six home
cages (33 x 13 x 14 cm) around its circumference.
During the rotation phase of the experiment we rotated
the turntable at a constant rate of 56 rpm (angular
velocity 336°/s) to create a linear acceleration of 2G
inside the home cages. In order to have the cage floor
perpendicular to the gravity, a wood wedge was putted
under each cage. We used video cameras (Sony Digital
Handycam DCR-TR7000E) fixed to the table to record
the mice’s behavior.

Breeding procedure

We moved young adult females in pairs to smaller
cages (33 x 13 x 14 cm) where they remained togeth-
er with a male for 15 days. Pregnant animals we there-
after housed individually and provided with 1.5 g of
shredded tissue as nesting material. They usually deliv-
ered around six days later. We checked dams for deliv-
ery daily at 11:00 A.M. and culled litters to six (three
females, three males) 24 hours after noting parturition.
The terziparous group underwent two cycles of preg-
nancy and lactation in preparation for the experiment.
Their pups were weaned on postnatal day (P) 21 (day
of birth = P0) and they were returned to group cages
and rested for at least 20 days.

The study involving experimental animals has been
carried out in accordance with the European
Communities Council Directive of 24 November 1986
(86/609/EEC).

Experimental procedure

Our subjects were 10 primiparous and 10 terzi-
parous females and their litters. The experimental
procedure was repeated daily for a total of eight days
(P2 to P9 inclusive). We took mother and litter in
their home cage from the colony room at 11:00 A.m.
and secured them to the centrifuge where they
remained for three hours; one hour stationary (Pre-
rotation), one hour rotating (Rotation) and a further
hour stationary (Post-rotation). We then removed the
home cage from the table, weighed dam and recorded
pup body weights and USVs (see below) before
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returning animals to the colony room. Video record-
ings of the mice over the three experimental hours
were taken on P2, P4, P6 and P9, days representing
key stages in pup brain/behavioral development
(Alleva et al. 1989, Fox 1965).

Behavioral observations

We scored the dams’ behavior using a keyboard
event recording system feeding to a computer for
analysis (The Observer 2.0, Noldus). A 7-minute focal
sample was taken from the beginning, middle and end
of every hour of the experimental procedure.
Throughout these samples we recorded the mother’s
position in the home cage relative to the pups and her
behavior according to the categories listed below
(Fleming and Sarker 1990, Laviola et al. 1994, Noirot
1965). Mother-pup contact categories are mutually
exclusive and exhaustive, as are behavioral items.

Mother-pup contact categories

Full Ventral Contact: dam is positioned so that her
ventral surface is in full contact with all her pups, she
is usually crouched above them or lying slightly on her
side next to them thus allowing maximum access to her
nipples, her limbs are often splayed to further accom-
modate the pups. Partial Contact: dam’s body is in
physical contact with the pups but one or more of the
pups do not have full access to her ventral surface. No
Contact: dam’s body is not in physical contact with the
pups (though she may be sniffing, snouting, licking or
retrieving them).

Behavioral items
PUP DIRECTED BEHAVIORS

Sniff: sniffing the pups; Snout: nudging the pups
with snout; Retrieve: carrying a pup in mouth, usually
engaged in transferring it from one part of the cage to
another; Lick: licking the pups, usually concentrating
on their ano-genital region; Nest-build: moving the
nesting material or sawdust to construct or rearrange
the nest, sometimes plunging head and shoulders into
the sawdust among the pups; Nurse: positioned over
the pups in the lactation position and otherwise inac-
tive, inattentive to surroundings, head often resting
with eyes partly or fully closed.
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OTHER BEHAVIORS

Active: moving about the cage floor and/or making
exploratory head movements and sniffing at the saw-
dust, nest material, cage or air; Rear: standing on hind
legs, front paws may rest on walls; Bar-hang: moving
about on the barred ceiling of the cage, no paws rest-
ing on the floor; Still: remaining completely still with
eyes open; Self groom; Eat; Drink; Sleep; self explana-
tory; Sawdust-root: rooting in the sawdust with snout
or front paws, often eating pieces of sawdust or feces;
Dig: digging frantically in the sawdust, kicking with
fore or hind legs so that it sprays or burrowing in it
with head and shoulders with no obvious nest arrang-
ing or sawdust-rooting function; Tail-chase: taking
own tail in mouth and starting to carry it towards the
nest, often repeating this action several times; Nest
(away): attempting to lodge pieces of nesting material,
sawdust or feces between the bars of the ceiling.

Body weights and pup USVs

We monitored a non-rotating control group of 10
primiparous dams and their litters alongside the primi-
parous rotated group to test for effects of rotation on
pup development. Whilst the experimental group was
secured to the centrifuge the control group was instead
placed on an adjacent surface where they were similar-
ly exposed to the environs and noise of the centrifuge.
Treatment of the two groups was otherwise identical.

We made measurements of pup USVs at the end of
the 3-hour procedure on P2, P5 and P9 (Brennan et al.
1999). A pup of each sex was randomly selected from
the nests of six primiparous rotated litters and six prim-
iparous control litters and placed in a Petri dish lined
with tissue. After waiting 15 seconds we counted
USVs emitted during two consecutive minutes using a
hand held bat detector (Ultrasound Advice, model
S25). In addition, we weighed all mothers and all their
pups to the nearest 0.1 grams (Mettler PK-300 balance
correcting for body movements) after every 3-hour
procedure.

Statistical analyses

We analyzed behavioral data using a mixed model
ANOVA considering parity as a grouping factor and
phases and days as repeated measures. To analyze dam
weight we used an ANOVA considering treatment as a

grouping factor and days as repeated measures. To
analyze pup weights and USVs we used a mixed
model ANOVA with treatment as grouping factor, lit-
ter as random blocking factor and sex and days as
repeated measures. We made post hoc analyses using
the Tukey test.

RESULTS

Mother-pup contact

As days progressed, duration of Full Ventral Contact
increased in all dams (F;5=5.64, P<0.05) (see Fig.
1A). Partial Contact was concomitantly reduced
though this trend was not statistically significant
(F;5=2.51, P=0.0686). Within days contact levels
changed over rotational phases; duration of Full
Ventral Contact decreasing upon rotation and remain-
ing suppressed afterwards (F,;=7.87, P<0.05) while
Partial Contact concurrently increased then tended to
fall back towards Pre-rotational levels (F,3=7.12,
P<0.05).

Furthermore, results suggest that parity is relevant to
how these phase effects change over days. On P2 all
mothers maintained a steady level of Full Ventral
Contact throughout the procedure. However, on suc-
cessive days terziparous dams always reduced Full
Ventral Contact during Rotation while primiparous did
not do likewise until P9. Similarly, terziparous mothers
increased Partial Contact during Rotation on every day
of observation while primiparous did so only from P6
onwards.

Duration of No Contact showed few significant
changes throughout the experiment. However, while
primiparous dams showed no fluctuations in levels of
No Contact throughout the experiment, terziparous had
a more irregular profile, reducing No Contact during
Rotation on P2 and increasing No Contact during
Rotation on P6 (parity x day x phase: Fs=3.22,
P<0.05).

Behavioral items
CHANGES OVER DAYS

Performance of all pup-directed behaviors other
than licking, as well as several non-maternal behav-
iors, changed over days (£, for duration and frequen-
cy respectively: Sniff = 4.23, 7.46; Snout = 3.36, 4.95;



Hypergravity and maternal behavior 155

Full Vel Commo *

'.JHJIJ_'m ..EII_mIJ] Jl_m_ﬂl JI]JE_[H
g- Partial " osiac mm
=§ W o R
i

i | Juum g

wis Pl P Rofabos e Piv Edadiin Posl  Pre Roldios Podl

A
| MO VA P L AR EITE

'Lulﬂul[l_fl_l__u._ _ﬂ |IJ_.-_II___1JI__.

i e i
EH B pus. 5_ i :
E. I_ i Wle L o E_l__JI JI_..JH J]_nJH e
Lick * Soawdosi-Hon* + 1
= -
N i+ *
Lrn HJJ_IIJﬂquJl" Bl .,_L, _J.
Piw Rogardi Poen Py Bodeon Poml Pie Ridaion P P Rosaias Paa nrm-mum Pre Rorenss Peu  Pie Ao Bl P Boleees Fag
Pz P4 P =
B C

Fig. 1. Behavioral responses (recorded on P2, P4, P6 and P9) of primiparous and terziparous mouse dams exposed daily to
hypergravity from P2 to P9. (A) Mother-pup contact; (B, C) behavioral items. Data are means + SE of total duration of
behavior observed in three 7-minute blocks (0-7, 27.5-33.5, 53—60) over the hour before, during and after rotation at 2G,
n=10. Significant (P<0.05) main effects and interactions: (*) phase; (1) day x phase; (§) parity x phase; (#) parity x day x
phase, were observed.
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Nest = 18.71, 36.64; Nurse = 6.79, 6.36; Active = 9.65,
8.38; Rear = 20.85, 27.89; Sawdust-root = 12.89, 8.46;
Still = ns, 4.75, P<0.05) (see Fig. 1B,C). Time devoted
to sniffing, snouting and nest-building was reduced
over days while duration of nursing was progressively
extended. Changes in frequencies of these behaviors
did not always mirror changes in duration. For exam-
ple while nursing duration extended steadily over days,
frequency rose until P6 but thereafter decreased (data
not shown for frequencies).

Active and rearing (data not shown) decreased as
days progressed, while sawdust-rooting increased. The
duration of Still showed a tendency to decrease as fre-
quency decreased significantly over days.

CHANGES OVER PHASES

Rotational phase significantly influenced all
behavioral items measured (F,; for duration and fre-
quency respectively: Active = 6.80, 4.43; Drink =
25.46, 22.34; Eat = 56.48, 20.44; Groom = 71.41,
39.30; Rear = 16.32, 9.03; Sawdust-root = 37.47,
19.66; Still = 122.24, 29.48; Sniff = 25.35, 6.79;
Snout = 3.80, 23.87; Lick = 13.20, 20.70; Nest =
32.14, 40.56; Nurse = 4.84, 4.48, P<0.05; data not
shown for frequencies). During Rotation sniffing and
snouting increased while licking and nest-building
were scarcely present. Nursing was also reduced but
this effect was comparatively minimal. Active was
performed for longer, though less frequently than in
Pre-rotation and Still behavior, scarcely present
before the rotation, was dramatically increased.
Eating and drinking (data not shown) were sup-
pressed almost entirely and grooming was markedly
reduced. In Post-rotation behaviors generally tended
towards their Pre-rotation baselines. While sniffing,
snouting, Still behavior, eating and drinking, only
partially recovered in this hour, licking, nest-build-
ing, nursing and Active were generally performed at
their original levels. Notably, mice performed groom-
ing and sawdust-rooting for longer after Rotation than
before, though frequencies tended to resemble Pre-
rotation levels.

The influence of rotation varied over days in many
cases (day x phase: F;, for duration and frequency,
respectively: Sniff = 2.41, 5.17; Snout = ns, 14.25;
Lick = ns, 2.34; Nest = 7.31, 10.31; Nurse = ns, 3.09;
Active =2.64, 3.86; Rear = 10.05, 10.61; Sawdust root
=2.53, 6.38; Still =3.38, 7.98; Eat = NS, 2.47; Groom

= ns, 6.55, P<0.05). All the phase-related changes in
pup-directed behaviors were particularly accentuated
on P2. The suppressive effect of rotation on licking,
though not nest-building, lessened over days, a pattern
also observed in eating and grooming, at least with
respect to frequency. Time spent Still during Rotation
gradually diminished over days while Sawdust-rooting
in Post-rotation, and to a lesser extent during Rotation,
increased over days. Corresponding frequency data
indicated that bout lengths of these behaviors were
shorter on P2 than on other days. Performance of
Active remained elevated after the rotation on P2 but
returned to Pre-rotation levels on other days.
Performance of rearing was unusually high before and
after the rotation on P2 but was otherwise stable over
phases.

Effects of parity

A significant main effect of dam parity did not
emerge for any of the pup-directed behaviors.
However we observed a reduced tendency to nest-
build and nurse in terziparous dams (F,=3.83,
P=0.066 and F,,=3.28, P=0.087, respectively) who
spent significantly longer performing Active than their
primiparous counterparts (F;5=5.52, P<0.05). This
disparity in Active levels lessened over days
(F55=3.00, P<0.05) and by P9 there was no longer a
difference between the two groups.

Differences between parity groups emerged in the
Post-rotation phase when terziparous mothers consis-
tently performed more sawdust-rooting (parity x phase
Fs: duration = 4.28, frequency = 4.59, P<0.05) and
primiparous spent longer nest-building (parity x day X
phase: F,5=2.40, P<0.05), particularly on P2 when
they similarly over-expressed licking and on P6 when
they also sniffed pups at elevated levels. Terziparous
dams showed Post-rotational over-expression of snout-
ing on P2.

Curiously, parity had a day-dependent effect on the
frequency of eating bouts (F5s5=5.08, P<0.05), terzi-
parous dams eating more frequently on P2 than on
other days while primiparous mothers ate more fre-
quently on the last two days of observation.

A number of behavioral items (Retrieve, Bar-hang,
Dig, Sleep, and Tail-chase) followed a random and
sparse pattern across parity status, days and phases
and we will not consider them here (results not
shown).



Body weights and pup USVs

Both rotated and control groups of primiparous
dams gained weight over experimental days
(F71=6.31, P<0.05), however rotated animals were
lighter than controls from the first day of rotation until
P9 (F\,7=20.85, P<0.05) (results not shown). By P21
there was no difference between groups.

All pups also gained weight steadily over the exper-
imental period (F,,,,=2299.26, P<0.05). Rotated pups
were significantly lighter than control pups
(F.,7~=11.34, P<0.05), the difference emerging over
days (£5,,=19.23, P<0.05) being evident from P3 until
P21. Differences in pup weights had disappeared by
P33. As expected, we observed sex differences
(F1,7=35.61, P<0.05) that augmented over days as male
pups of both groups gained more weight than females
(F.1=4.80, P<0.05).

Finally, USV rate was significantly influenced by
postnatal day (F,5=6.52, P<0.05, Fig. 2), vocaliza-
tions increasing in frequency between P2 and P5 and
thereafter decreasing. Rotated and control pups dis-
played significantly different USV profiles over exper-
imental days (rotation x day: F,;s=4.31, P<0.05) the
two groups diverging after P5 when rotated pups failed
to show the characteristic decline in USV rate that we
observed in controls (see post-hoc in Fig. 2).

DISCUSSION

The behavior of the mother mouse is dramatically
modified upon rotation at 2G, however nursing behav-
ior and time spent with the pups seem relatively
resilient to change. Dams spent a large proportion of
the time immobile, confirming reports of a reduction in
spontaneous activity in hypergravity (Ronca et al.
2000, Santucci et al. 2000), and movement was large-
ly confined to the performance of gross locomotory or
exploratory behaviors. Previous studies have reported
several behavioral alterations in rat dams subjected to
gravitational changes during pregnancy or lactation
including changes in locomotion (Lam et al. 1999),
labour contractions (Mills et al. 2000, Ronca and
Alberts 2000) and pup-directed behaviors (Megory and
Oyama 1984, Mills et al. 2000). In particular, Ronca
and coauthors (2001) reported that maternal reproduc-
tive experience afforded protection against neonatal
mortality in rats exposed to hypergravity from gesta-
tional day 11 either throughout birth or throughout the
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Fig. 2. Number of USVs emitted by pups in 2-minute test
one hour following exposure to one hour of 2G. Data are

mean = SE of six litters (one male and one female pup per
litter) for each group. * P<0.05.

first postnatal week. In the present study mothers
sniffed and snouted their pups more than usual but per-
formed almost no licking or nest-building. Though
nursing was reduced in some cases, overall it was rel-
atively stable. This is in contrast with the findings of
Mills and coauthors (2000) who observed no changes
in licking but increased nursing in lactating rat dams
exposed to continuous 1.5G centrifugation and
Megory and Oyama (1984) who noted a failure to
nurse in 50% of rat dams continuously centrifuged
above 2G.

Although alterations in the maternal repertoire
were generally still evident, though less pronounced,
in the hour following the end of rotation, licking,
nest-building and nursing recovered fully.
Interestingly, self-grooming and sawdust-rooting
were over-expressed after the rotation with respect to
their Pre-rotation baseline. A corresponding tendency
to self-groom immediately following rotation has
been previously reported in non-maternal rats
(McCaffrey 1985) and mice (Santucci et al. 2000),
which also ate sawdust at elevated levels following
rotation (unpublished data).

The impact of rotation on behavior of the mother
mouse changed over days, exploratory behaviors gen-
erally diminishing and several behaviors which were
initially suppressed during the rotation progressively
re-emerging. However, the possibility that repeated
exposures to 2G as well as the experimental procedure
per se have long lasting influence on the behavior of
the animals should be also considered.



158

M. Simeoni et al.

Small but consistent differences between parity
groups were evident, terziparous dams spending more
time Active. Primiparous dams, in contrast, tended to
spend longer in Full Ventral Contact with their pups
and performing pup-directed behaviors, particularly
on early postnatal days. This is consistent with previ-
ous observations that inexperienced dams tend to
spend more time in the nursing position than experi-
enced animals (Laviola et al. 1994), a tendency that
has also been noted in rats (Fleming and Sarker
1990). Although overall levels of No Contact were
stable across days and phases, terziparous dams were
less consistent. Specifically, they reduced time spent
away from their pups in response to the rotation on P2
while on other days showed the opposite, or no
response.

The diminution, or over-expression, of specific
behaviors confirms that there are elements in the
maternal repertoire particularly vulnerable to hyper-
gravity. Specifically, licking and nest-building were
heavily inhibited during the rotation. Both nest-build-
ing (Noirot 1974) and licking (Moore and Chadwick-
Dias 1986) are responsive to age-related pup cues that
are likely to be altered in the hypergravitational envi-
ronment. They also require rather fine motor coordina-
tion, known to be undermined by the rotational envi-
ronment (Lackner and DiZio 1998), while ano-genital
licking, which involves the recycling of fluids and
nutrients in the mother-pup dyad (Gubernick and
Alberts 1983), may be further constrained by the
repressive effect of rotation on fluid and food intake
(see also Yates et al. 1998). Noirot (1965) observed
that a given maternal behavior is more likely to be dis-
played if it has not been recently performed. Ano-gen-
ital licking and nest-building may therefore be expect-
ed to occur at elevated levels following their rotation-
induced suppression. We did not observe this rebound
but it would possibly emerge over a longer post-rota-
tional observation period. The relative resilience of
nursing may reflect a strong motivation to perform this
behavior, although during rotation dams anyway tend
to remain immobile in a position similar to that
assumed during nursing.

Elevated levels of exploratory-type behaviors such
as Active, rearing and sniffing and snouting the pups
were performed on P2, suggesting a reaction to the
novelty of the treatment, though proximity to parturi-
tion has a similar effect on dam locomotory and rear-
ing expression (Fleming and Sarker 1990). Although

further experiments would be required to account for
the influence of the concomitant variation in pup age,
the gradual decrease over days of sniffing and snout-
ing the pups during rotation and the concurrent
increase in the frequency of behaviors such as licking
the pups, self-grooming and eating suggests that as
days progress animals become habituated to the treat-
ment and are more likely to attempt a variety of dif-
ferent behaviors, although the fatigue of compensat-
ing for hypergravity may impede extended perform-
ance. These findings support those of Megory and
Oyama (1984) who reported that rat dams were more
successful in rearing pups under high G-loads if they
had been pre-exposed to hypergravity. Previous expe-
rience of rotation may therefore be an important
determinant of the extent to which the maternal
behavioral profile is disrupted upon exposure to this
treatment.

In terms of their response to rotation, the two parity
groups appeared to differently adjust their coping
strategies over successive days of exposure. Several
studies have observed that previous maternal experi-
ence renders a dam’s tendency to behave maternally
more resilient to exogenous or endogenous challenge
(Bridges et al. 1972, Cohen and Bridges 1981, Kinsley
and Bridges 1988, Mann and Bridges 1992, Mann et al.
1989). Conversely, in the present study terziparous
mothers readily reduced Full Ventral Contact and the
correlated nursing posture during and after the rotation,
while concurrently increasing Partial Contact. They
were also less likely to regain levels of nest-building
and licking after the rotation, particularly on P2, when
high levels of snouting were instead observed. A gen-
eral trend for the two groups to converge over time
meant that despite initial differences they were indis-
tinguishable by P9. Physiological disparities between
primiparous and terziparous animals may in part
explain behavioral differences observed between the
two groups. Factors related to body-weight, age and
previous pregnancies potentially influence the mother-
pup relationship, the animal’s ability to adapt to oper-
ate in hypergravity and its susceptibility to motion
sickness.

In rodents, motion sickness resulting from rotation-
ally-generated hypergravity is reported to induce the
ingestion of non-nutritive substances (for review see
Wade et al. 2000) a behavioral constituent of sawdust-
rooting in the present study, which was observed for
increasing periods in the Post-rotation phase over



experimental days. Still behavior, performed predomi-
nantly during the rotation, has also been associated
with motion sickness (Santucci et al. 2000).
Interestingly, both these behaviors were displayed at
more consistently elevated levels in terziparous dams,
suggesting that these mothers were either more sus-
ceptible to this condition than primiparous animals or
more readily used coping strategies.

Results on body-weights are consistent with previ-
ous studies (Kinsley and Bridges 1988, Megory and
Oyama 1984, Sondag et al. 1997) confirming that rota-
tion is associated with weight loss in adults and
impedes weight gain in pups.

Finally, rotational stimuli were further effective in
modulating the USV profile of early postnatal pups.
Changes in this behavioral response may in turn affect
maternal behavior and future studies could usefully be
aimed at investigating this interaction.

CONCLUSIONS

In conclusion, acute rotationally-generated hyper-
gravity has a disruptive effect on behavioral perform-
ance in lactating mothers which lessens over repeated
exposures. Maternal behavior proved remarkably
resilient, however, key elements like nursing and time
with pups, fluctuating little and other elements
rebounding rapidly after exposure. Previous experi-
ence in raising pups has a limited effect on the moth-
er’s ability to cope with rotation. Primiparous mothers
initially performed pup-directed behaviors more con-
sistently, though the two groups were indistinguishable
by the end of the experiment. The developmental delay
observed in pups exposed to hypergravity implies that
rotating pups on early postnatal days has effects which,
whether they operate directly or via deficits in mater-
nal behavior, may be long lasting.

This research is mainly focused on setting up an ani-
mal model to study the effects of exposure to altered
gravitational states with a smooth transfer of this ani-
mal model (which is being developed on Earth using
centrifuge-induced hypergravity) to studies under con-
ditions of microgravity aboard of the International
Space Station (ISS). To this purpose, the identification
of ad hoc modifications to be performed in the cage
environment in the animal housing facility placed
aboard of the ISS (Mice Drawer System, MDS) to
facilitate nesting and mother-offspring interaction and
reduce neonatal mortality and/or suffering, will be of
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crucial relevance. To succeed in space experiments,
further studies, also including appropriate rotating and
non-rotating controls, should be performed to assess
vulnerable items in maternal repertoire in hypergravi-
tational studies.
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