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ABSTRACT: One group of rats were bred and kept under hy-
pergravity (HG) conditions (2.5 g) in a centrifuge. Another group
were bred and kept under normal gravity conditions (1 g). Rats
from both groups were dropped from a supine position into a
water basin under infrared illumination leaving only gravity (1 g
for both groups) for orientation. The airrighting reflex and reap-
pearance at the water surface were examined. The success
rate for airrighting of HG rats is 47% versus 45% for controls,
and is performed about equally fast by both groups. The suc-
cess rate of HG and control hamsters is <25% and >80%,
respectively [22]. This interspecific difference does not appear
to support the conjecture that altered behaviour is caused by a
structural change of vestibular end organs during ontogenetic
development under HG. The success rate for surfacing of con-
trol rats is 100%. Surfacing of young HG rats is less successful
(36% at age 6 weeks) and requires more time. On average,
surfacing of adult rats of both groups is about the same. Ap-
parently, the repeated stay of centrifuge-bred rats at 1 g for
experiments and daily care suffices to recalibrate and improve
their orientation, which is essential for surfacing. © 2000
Elsevier Science Inc.
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INTRODUCTION

Traveling by car, boat or plane can disturb the sense of equilibriu
of people to such an extent that normal functioning become
impossible. This phenomenon is generally called ‘motion sick-
ness’. A related disorder can occur with people in space at zer

the assessment of its direction by the vestibular system contributes
to the process of spatial orientation. Because the exact relationship
between a prolonged change of gravity and either motion sickness
or SAS in man is still not understood, we devised an experiment in
which animals could be exposed to a decreased level of gravity.
This type of experiments has its limitations because (1) animal
studies cannot explain all motion sickness-related symptoms (sub-
jectively) experienced by humans, and (2) the otolith sense organs
will always be stimulated while prolonged zero gravity cannot be
simulated on earth. Nevertheless, our experimental set-up allows
investigation of the relation between vestibular functioning and
orientation-dependent behaviour after a gravity change.

For a wider research project focussing on the effects of altered
gravity on animal physiology, rats were bred under conditions of
2.5 times normal gravity. For these animals, normal gravitg)(1
can be considered as a hypogravity environment. It has been
shown that vestibular-induced behaviour of hamsters born and
raised at 2.5 is less adequate than that of control animals, and it
was conjectured that this was caused by structural changes in the
vestibular end organs [22]. If this hypothesis is correct, one might
expect a similar reduction of vestibular function in other species.
The centrifuge-bred rats of the present study were utilized to
investigate how their vestibular system is functioning under hy-
pogravity (1g) conditions. Two types of vestibular-induced be-
haviour have been studied, i.e., the airrighting reflex (turning from

| supine to a prone position during fall) and the reappearance at the
§urface after a fall into a basin filled with water. Because these

experiments are performed under infrared illumination, both types
8f behaviour only depend on the orientation capability of the
animal relative to the direction of gravity. The question is whether

g{]f;\:]l;yé tft;gms plag;: (etoA(;?grgélggds\yvg?g:?l?eess(ﬁgsss),. bAu?rgl\géy flfovnilthis .behaviour is affected by the Qntogenetic development of the
prolonged hypergravity (HG) to normal gravity (NG), can cause eStibular system under HG conditions.
symptoms of motion sickness [1,12]. The cause for SAS or motion
sickness in general is thought to originate from conflicting infor- MATERIALS AND METHODS
mation between vestibular input and input that relates to body Long—Evans rats were bred in our laboratory. One group lived
posture from other sensory systems (like the visual system and thender normal gravity conditions atdl(NG; 15 animals). Another
muscle spindles). group were conceived and born, and thereafter lived, at increased
The vestibular sensory organ provides information about thegravity (hypergravity) at 2.5 in a centrifuge (HG; 14 animals).
acceleration of the head, which includes angular acceleratiofror a detailed description of the acceleration animals experience,
(semicircular canals) and linear acceleration (otolith organs). Theee the Appendix. Weaning was at the age of 3 weeks for both
gravity vector is a constant factor in our normal environment andgroups. Housing of the rats consisted of acrylate boxes (8.36
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FIG 1. Growth of hypergravity (HG) males & 9) and femalesn= 5), and normal gravity

(NG) males ( = 8) and femalesrn( = 7). Weighing, at least once a week (but more
frequently when younger), started after weaning. The curves (solid lines) represent the
average body weight of each group as a function of age. The standard error of the mean
(SEM) is indicated by the dotted lines. Body weight is 6% less for HG females and 18% less
for HG males relative to the NG animals. Note the increase of growth rate of HG animals
in week 38 when the centrifuge was not operational.

0.44 X 0.30 m). Lighting was switched on during 12 h per day. attaining a prone position) were determined. Also, the time inter-
Food and water were always availalslé libitum vals between hitting the water surface and the subsequent resur-
The centrifuge comprises two horizontal arms (length: 1.10 m)facing were measured. Data from both experimental groups were
with aerated free-swinging gondolas (length: 1.10 m, width:statistically examined (significancp:< 0.05).
0.45 m, height: 0.725 m). The centrifuge constantly rotates at 34.3
cycles/min resulting in a hypergravity level at the bottom of the RESULTS
gondolaof | Z | = 2.5g, with the Z-vector always perpendicular
to the bottom. Dalily, the centrifuge was stopped during 20—60 min  During the first few days after the transfer of non-adapted rats
for animal care and experiments. Rotation was alternated fronfe.g., the parents of our HG rats) from NG to HG conditions the
clockwise to anti-clockwise (or vice versa) every day. During theanimals lose weight (10—-15%). The adaptation to the new situation
first 10 days after birth, gravity level in the centrifuge was set attakes approximately 1 week, after which the weight curves resume
1.8¢, thus increasing the probability of newborns being nursed bytheir course and the animals appear to resume their normal life
their mothers successfully [16]. Animals inside the gondolas couldncluding procreation. There appears to be no acute distress among
be observed by means of cameras. Animal treatment was in acentrifuge-bred or centrifuge-adapted rats when the centrifuge is
cordance with the Dutch law and the European Communitiestopped. Immediately when the centrifuge is being decelerated all
Council Directive (86/609/EEC; 24 November 1986) on the use ofanimals become very active (they start running, romping, climb-
animals in scientific research. ing, and stand on their hind legs). The growth rate of HG and NG
Experiments started 5-7 days after weaning (at the age of 4nimals involved in the present behavioural study is shown in Fig.
weeks) and were performed atglfor all animals. Every experi- 1. Animals in the centrifuge have a lower body weight than their
mental session, animals were successively dropped three timesunterparts at normal gravity (females6%, males:—18%). A
from a supine position (height: 0.65 m) into a water basin (tem-lower body weight of animals that live in a centrifuge is charac-
perature: 33°C). This test was initially performed every 2 weeksteristic for the HG condition [18,22]. Due to a technical failure the
and afterwards, when the animals had reached the age of 12 weelcgntrifuge was not operational for 5 days in week number 38. In
with intervals of 4 weeks. Although the airrighting reflex of rats is that period the growth rate for the HG animals suddenly increased
initiated by vestibular input and is only modulated by visual input (Fig. 1).
[19], infrared illumination was used to eliminate the latter. Inorder ~When a rat was released from a supine position it always
to minimize the distress for animals remaining under water, theeacted by realigning body posture. In almost all cases this realign-
light was switched o 3 s after the rat hit the water surface, and it ment was ended before the water surface was reached. Besides
was rescued. The time required for three trials per animal isattaining a prone position (a correct airrighting reflex), the most
generally, less than 1 min. The animal’s activity was recorded orfrequently observed touch-down was with the rat's long axis in
videocassette recorder with a temporal resolution of the videwertical direction (head up). We did not notice any difference
images of 20 ms. between HG and NG rats with respect to the sequence of body
Afterwards, the number of correct airrighting reflexes and theposture change while performing either a correct or an incorrect
time interval necessary to perform this reflex (from release taairrighting reflex. The percentages of correct airrighting reflexes
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FIG. 2. Airrighting reflex of 14 hypergravity (HG) rats and 15 normal gravity (NG) rats
as function of age. Experiments (three trials per animal) started at age 4 weeks.
Initially, experiments were repeated every 2 weeks but from age 12 weeks onward
every 4 weeks. (A) Percentage of correct airrightings; the overall success rate is 47%
for the HG and 45% for the NG rats. (B) Mean duration of the airrighting; upper dotted
line connects the values of the meanSD of HG rats; lower dotted line indicates the
values of the NGs mean SD.

are shown in Fig. 2A. The score for the HG group varies considthe age of 6 weeks, only a minority of the surfacings of HG rats
erably (between 24—-67%), but does not change much with ag&€36%) occurred withi 3 s after hitting the water. The success rate
The airrighting of the NG group was very successful in the firstfor surfacing for HG animals of 8 weeks and older was either
experimental session only (week 4), but thereafter dropped to 400% or a little less. The few unsuccessful surfacings of the older
level also shown by the HG group (Fig. 2A). HG animals &8 weeks) were all due to a single individual (see
The duration of the airrighting reflex (meanSD) for NG rats ~ below). Surfacings of the NG group were performed within 3 s
and HG rats is shown in Fig. 2B. The analysis of variance of thewithout any exception at any age.
data was performed by means of a two-way classification for The time interval (mean: SD) between hitting the water and
unweighted means [7]. The airrighting reflex of NG animals is areappearing at the surface (nose up) is shown in Fig 3B. Analysis
little faster than that of HG animals [Group effe&(1,455) = of the data was the same as for the duration of the airrighting reflex
11.3,p < 0.001]. [7]. In addition to the higher success rate of 4 and 6 weeks old NG
The success rate for reappearing at the water surface aftemimals (Fig. 3A), it is shown in Fig. 3B that 4—10-week-old NG
hitting the water, within the limit of 3 s, is shown in Fig. 3A. At animals complete their surfacing faster than HG rats of the same
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FIG. 3. Surfacings performed within 3 s. (A) Percentage of correct surfacings; the
success rate for surfacing for hypergravity (HG) animals of 8 weeks and older was
100%. or a little less. All ‘failures’ occurred with the same animal. The score for 4 and
6 weeks old HG rats was (much) less than 100%. For normal gravity (NG) rats
surfacings were always successful irrespective of their age. (B) Mean duration of
surfacings; upper dotted line connects the values of the me8b of HG rats; lower
dotted line indicates the values of the NGs mea®D. Note that the young HG rats
need more time to find the water surface.

age [Group effect(1,979)= 95.0,p < 0.001]. For NG animals were 872+ 259 ms and 1155 463 ms, respectively. So, after an
the time necessary for surfacing increases with age, while for HGunsuccessful airrighting the HG group needs relatively more time
animals the opposite happens [Interaction effétl1,979) = to find the surface again (cf. Fig. 4A and B).
11.2,p < 0.001). Another possible correlation we analyzed was that between the
Because in our experimental design three consecutive airrighthree consecutive surfacings which, for HG rats, lasted 8387,
ing reflexes and surfacings are measured, it is possible that soni®45 = 450 and 1176+ 451 ms (meant SD), respectively. In
kind of correlation exists in this sequence of occurrences. The-ig. 5A, the distribution of duration differences between the sec-
relation between a surfacing and the preceding airrighting reflexond and the first surfacing, and between the third and the first
was inspected. It turned out that on average a successful airrightingurfacing of HG animals, are shown. For comparison, the normal
reflex is followed by a faster surfacing (Fig. 4). The time necessandistributions around the respective means and around 0 are also
to reappear at the water surface after a successful airrighting washown. The latter distribution would be expected when the dura-
808 = 223 ms for NG animals and 900 396 ms for HG animals. tion of a surfacing was independent of a preceding trial. Thus, in
When the airrighting was not performed correctly surfacing timesour experiment the second surfacing of HG animals takes signif-
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FIG. 5. Difference between the duration of consecutive surfacings of
Qypergravity (HG) (A) and normal gravity (NG) (B) animals. The differ-
ences between the second and first surfacing (cross-hatched bars), and
etween the third and the first surfacing (black bars) have been calculated
or both groups. From the respective means and standard deviations, the
matching normal distributions were plotted. The solid curve shows the
normal distribution with zero mean, which is the distribution one would
expect when sebsequent surfacings were independent. Dotted curve: nor-
mal distribution for the measured mean and SD of the second minus the
first surfacing. Dashed curve: normal distribution for the measured mean
and SD of the third minus the first surfacing.

FIG. 4. Duration of surfacings subsequent to a correct airrighting (cross
hatched bars) and of surfacings preceded by an incorrect airrighting (blac
bars) of hypergravity (HG) rats (A) and normal gravity (NG) rats (B). A
correct airrighting reflex is usually followed by a faster reappearance at th
water surface; an incorrect airrighting reflex generally delays surfacing
especially for HG animals.

icantly longer than the firsttfest,p < 0.001), and the third
surfacing again takes longer than the secamd<(0.001). This
effect was present during the entire period in which these exper-
iments were performed. Consecutive surfacings of young HG rats

(4-16 weeks) lasted 997 466, 1150+ 542 and 1292 450 MS; g tacings at age>=20 weeks) systematically started spinning

for dolld(%r 2'16 4rzags (20-40 weeks) this was 764287, 950+ 347 around its body axis (even before reappearing at the surface) at one
an - ms. turn per second or faster. A few more HG animals showed similar

For NG animals, the distribution of duration differences be- - . -
P : . ~behaviour but to a lesser degree, i.e., spinning occurred onl
tween the second and first surfacing and between the third and fir viour b g : pinning ! y

surfacing are shown in Fig. 5B. Consecutive sufacings Iaste(?ccasmnally and much less vehemently.
806 = 253, 850+ 250 and 873* 229 ms, respectively. The DISCUSSION
second surfacing of NG animals takes a little longer than the first

(p < 0.05), but the third surfacing does not take significantly =~ Adaptation of human subjects to much slower rotation (and
longer than the second. In other words, the duration of a surfacingegligible gravity increase) takes days [10] and also NG rats need
of a NG rat hardly depends on a preceding trial while a surfacingseveral days to adapt to a hypergravity (and rotating) environment.
of a HG rat tends to take longer when it has been preceded by onEhe HG rats’ behaviour inside the centrifuge suggests that they do
surfacing and even longer when preceded by two. not suffer from ‘sickness induced by long duration centrifugation’

Between the three consecutive airrighting reflexes of neitheexperienced by many (unadapted) human subjects [1,10].

the HG group nor the NG group a similiar correlation was ob-  In a previous study on hamsters, a relation was found between
served. All NG rats and most of the HG rats showed normala disturbance of vestibular controlled behaviour (like swimming
swimming behaviour. One HG rat (the one of the few unsuccessfuand equilibrium maintenance) and malformations of the otoconia
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of the saccule and/or utricle [23]. It appears to be very likely thatconsistent with the results shown here. It has been reported that
the HG rats of the present study which showed spinning in waterHG hamsters have considerable problems with swimming [22,24],
especially the animal that developed this behaviour in an extrema problem which HG rats seldom have. NG rats have no problem
way, also suffered from a more or less impaired peripheral vesin finding the water surface at any age.
tibular organ. Probably, this has to be attributed to one or more The simulation of increased gravity during (and after) the
defective otolith organs [6,9,13,15,23]. Animals with impaired ontogenetic development alters the vestibular-induced behaviour
labyrinths also show typical spinning behaviour in conditions ofthat has been investigated (airrighting and surfacing). Apparently,
zero gravity during a parabolic flight on board an aeroplane [17]however, the degree of behavioural change and the characteristics
Our spinning HG rat displayed the same behaviour as soon as @f this change also depend on the species (e.g., rat vs. hamster) that
was released to float freely during a zero gravity period on such & investigated. Moreover, with rats age or, more likely, adaptation
parabolic trajectory of the aeroplane, while other HG rats and NGo normal gravity (see below) also plays a role. The most conspic-
rats did not show any spinning during zero gravity at all (unpub-uous differences between young HG rats and controls (success rate
lished results). Perhaps, the probability of peripheral deficiencieand duration of surfacing, see Fig. 3) disappear with age. At first
increases with hypergravity, although the effect that hypergravityglance, adult HG animals perform equally well as NG adults. This
has on, for instance, otoconial development appears to be limitethdicates that adequate vestibular input is available, and it seems,
[14,21]. therefore, that the ontogenetic development of the peripheral ves-
In our centrifuge, animals are bred and live under hypergravitytibular system can not have been disturbed dramatically by a
conditions. For a detailed description of the acceleration animal$iypergravity level of 2.5).
experience, see the Appendix. Every day, rotation of the centrifuge A closer analysis of the chronological order of occurrences in
has been reversed in order to prevent the possible development ofir experimental set-up indicates that the orientation of HG ani-
a unilateral compensation for the Coriolis force during locomotion.mals relative to the direction of gravity is much more affected by
It is important to realize, however, that each time an animal movegreceding events than for NG rats (Figs. 4 and 5). This also
it will experience a different acceleration depending on the chosesuggests that the alteration of vestibular-induced behaviour of HG
direction of movement (with the Coriolis component reversed onrats is of neuronal origin and is not caused by dysfunction of the
the next day). It is conceivable that under these circumstances thgsstibular sensory epithelia. This conjecture appears to be sup-
development of motor reflexes which depend on vestibular sensoryorted by studies demonstrating the plasticity of vestibular inner-
input is not optimal. Unfortunately, this complicates the interpre-vation. The number of synapses in the otolith organs of adult rats
tation of behavioural changes that are observed because they magapts to the level of gravity [20], and the activity of vestibular
not be exclusively the result of hypergravity. When simulating aprimary afferents is modified to a new gravity level [2,3]. The
hypergravity habitat, however, this cannot be avoided. amount of data on this subject, however, is scarce and ambiguous
None of the rats in the airrighting test reached the water surfacg4].
in the original supine position. This means that, if a rat's life-long It has been demonstrated that sensory functions can be recali-
stay at 2.5 has any effect on the sensitivity of the otolith system, brated to new situations. Localizing a sound source while wearing
its threshold for linear acceleration is not raised above the level ofrtificial external ears can be learned without interfering with the
1 g. In experiments by Daunton et al. [5] the otolith-spinal reflex system’s original capability [11]. Although, the otolith organs and
was measured from rats exposed to hypergravity 200 2.89)  semicircular canals detect linear and angular acceleration explic-
for a relatively short time (7—14 days). The authors conjecture thajtly (unlike sound localization which results from processing im-
the decreased amplitude of the otolith-spinal reflex of HG exposeglicit acoustic cues), the close integration of the vestibular system
rats which they observed is due to a sensitivity decrease of thiith other sensory and motor control systems also necessitates a
otolith system. Given the small differences between the airrightinggermanent readjustment to changing conditions [8]. At the age of
performance of the HG and NG rats of our study, it would be10 weeks, when resurfacing is about equally successful and
interesting to repeat the experiment of Daunton et al. [5] with ratsequally fast for both groups, the HG rats have spent more than 24 h
that have spent all their lives in a hypergravity environment.  ynder 1g conditions. Apparently, the repeated stay of centrifuge-
The results presented here are in sharp contrast with thosgred rats at 1g for experiments and/or daily care suffices to
obtained for hamsters, for which it was shown that airrighting isrecalibrate the vestibular system to this new situation and thereby
less successfully performed by HG-bred animals (25% or lessmprove orientation. But, although recalibrated to a new level of
correct airrighting reflexes for HG animals vs. more than 80% forgravity, their vestibular induced behaviour does not attain the same
NG animals [22]. The lower score of NG rats relative to NG efficiency as was observed for NG rats. Underwater orientation of
hamsters may be attributed to learning that a water basin wagiG rats becomes somewhat deteriorated with repeated surfacing
awaiting them (our experiments were every 2 weeks initially vs.(Fig. 5). Sustained conditions in which the relation between the
every 4 weeks for the hamsters). The better performance of H@nimal's motion and the detected acceleration is (partially) unpre-

rats relative to HG hamsters, however, indicates a better functiongictable may hamper the stability and/or fine-adjustment of motor
ing of the HG rats’ vestibular system in this experimental situation.reflexes.

Our results do not show remarkable differences between the du-
ration of the airrighting reflex of HG and NG rats, although at ages
4 and 6 weeks NG animals appear to be somewhat faster. It is ACKNOWLEDGMENTS

possible that this type of experiment is not the most conclusive for  \ye wish to thank Drs. N. A. M. Schellart and H. W. Kortschot for
discriminating between vestibular functioning of HG and NG rats. commenting on the manuscript. This study was financially supported by the
With respect to surfacing, HG rats seem to experience somgpace Research Organization of the Netherlands (SRON; project mg-044).
trouble in the first few weeks after weaning. Video recordings
show animals floating at the water surface, but with their heads
submerged. Young (4-10 weeks) HG rats take more time for a
successful surfacing than young NGs (Fig. 3B). From the age of 8 REFERENCES
weeks onward, HG rats almost always find their way to the 1. Bles, W.; de Graaf, B. Postural consequences of long duration cen-
surface. The data of three more HG rats (data not shown) are trifugation. J. Vestib. Res. 3:87-95; 1993.



BEHAVIOUR OF HYPERGRAVITY RATS 355

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Douglas, R. J.; Clark, G. M.; Erway, L. C.; Hubbard, D. G.; Wright,

Bracchi, F. T.; Gualtierotti, T.; Morabito, A.; Rocca, E. Multiday APPENDIX
recordings from the primary neurons of statoreceptors of the labyrinth L ] . . .
of the bullfrog. Acta Otolaryngol. 334(suppl.):5-27; 1975. Hypergravity is defined as the acceleration that is directed

. Correia, M. J.; Perachio, A. A.; Dickman, J. D.; Kozlovskaya, I. B.; perpendicular to the bottom of the gondola (and the bottom of the

Sirota, M. G.; Yakushin, S. B.; Beloozerova, I. N. Changes in monkeyb0X in which the rats live). Because the distance to the axis of
horizontal semicircular canal afferent responses after spaceflightrotation of the centrifuge differs with position inside the gondola
J. Appl. Physiol. 73:1125-120S; 1992. the magnitude of this HG acceleration will be a gradient rather

. Correia, M. J. Neuronal plasticity: Adaptation and readaptation to thethan a constant value. Furthermore, the centre of mass of the

environment of space. Brain Res. Rev. 28:61—-65; 1998. gondola will generally not coincide with the position of the ani-

- Daunton, N. G.; Corcoran, M.; Fox, R. A.; Wu, L. C. Chronic exposure mals and, thus, a shearing acceleration, perpendicular to the HG

to hyper-G suppresses otolith-spinal reflex in the rat. In: Research angector, will act upon the rats inside the centrifuge. To calculate the
tlelc;nfllcégy. NASA TM-112195. NASA Ames Research Center; 1996: 5 celeration as a function of position inside the gondola, the
e swing-out angle of the gondola) has to be calculated first. For
C. G. Effects of genetic vestibular defects on behavior related to spatia‘h's’ we have .to estimate the location of the centre of m‘.”‘ss of the
gondola (plus its contents). Because we put the boxes, with the rats

orientation and emotionality. J. Comp. Physiol. Psychol. 93:467—-480;2~". A
1979. inside, at the bottom of the gondola the centre of mass is located

. Ferguson, G. A. Statistical analysis in psychology and educationSomewhere between the bottom and halfway the gondola’s height,

Singapore: McGraw-Hill; 1981. i.e., between 0.725 and 0.725/2 m. Figure Al illustrates how we

. Fox, R. A,; Daunton, N. G.; Corcoran, M. L. Study of adaptation to calculateda.

altered gravity through systems analysis of motor control. Adv. Space  Calculations show what effect the exact position of the centre
Res. 22:245-253; 1998. of mass of the gondola has on the acceleration that occurs at, for

- Gray, L. E.; Rogers, J. M.; Ostby, J. S.; Kavlock, R. J.; Ferrell, J. M. instance, the centre of the bottom of the gondola (Table AL).

Prenatal dinocap exposure alters swimming behavior in mice due t‘?\pparently the effect om and on HG is small. For the shearing
complete otolith agenesis in the inner ear. Toxicol. Appl. Pharmacol.;-celeration’s magnitude the effect is more prominent. Because the
92:266-273; 1988. animals inside the centrifuge are free to move around in their

Graybiel, A.; Clark, B.; Zarriello, J. J. Observations on human subjectﬁ10 sing. it is relevant to know how these forces chanae with the
living in a “Slow Rotation Room” for periods of two days. AMA Arch. using, 9

Neurol. 3:55-73: 1960. animal’s position. Fo = 63.6°, we calculated the gradients of
Hofman, P. M.; van Riswick, J. G.; van Opstal, A. J. Relearning sound?0th the HG and the shearing acceleration (Fig. A2). It is shown
localization with new ears. Nat. Neurosci. 1:417—421: 1998. that on the floor of the boxes where the rats live, HG varies from

Homick, J. L.; Reschke, M. F.; Miller, E. F. The effects of prolonged 2.49 to 2.6g and shearing acceleration from @10 0.5g. Actual
exposure to weightlessness on postural equilibrium. In: Johnstonfneasurements of the acceleration, in three directions and at dif-
R. S.; Deitlein, L. F., eds. Biomedical results from Skylab. Washing- ferent positions inside the gondola, are in agreement with the
ton, DC: Scientific and Technical Information Office, NASA, 1997: model presented here.

104-112.

Huygen, P. L. M.; Fischer, A. J. E. M.; Kuijpers, W. The vestibular

functions of the manganese-deficient rat. Acta Otolaryngol. 101:19—

26; 1986.

Krasnov, |. B. The otolith apparatus and cerebellar nodulus in rats .

developed under 2-G gravity. Physiologist 34(suppl.):206—207; 1991. L o :p. -

Lim, D. J.; Erway, L. C. Influence of manganese on genetically 1

defective otolith: A behavioral and morphological study. Ann. Otolar- — 2

yngol. 83:565-581; 1974. do f=Muwn+n)

Megory, E.; Oyama, J. Hypergravity effects on litter size, nursing M r = L sin(x)

activity, prolactin, TSH, T3, and T4 in the rat. Aviat. Space Environ. q h = M3 cos(x)+f sin(x)
Med. 55:1129-1135; 1984. ! d=f

Oosterveld, W. J.; de Jong, H. A. A. The effect of weightlessness onh M9 o™ COS(°<)

the flight behavior of pigeons with canal lesions. Aviat. Space Environ. di = M3 sin{x)
Med. 58(suppl.):A250-A252; 1987.
Oyama, J.; Platt, W. T. Effects of prolonged centrifugation on growth MwZ(ﬁ + L)
and organ development of rats. Am. J. Physiol. 209:611-615; 1965.

Pellis, S. M.; Pellis, V. C.; Morrissey, T. K.; Teitelbaum, P. Visual Mg
modulation of vestibularly-triggered air-righting in the rat. Behav. Mw?n
Brain Res. 35:23-26; 1989.

Ross, M. D. Morphological changes in rat vestibular system following ——
weightlessness. J. Vestib. Res. 3:241-251; 1993. |equ|I|br|um. di"dﬂl
Sondag, H. N. P. M.; de Jong, H. A. A.; van Marle, J.; Willekens, B.; 0°
Oosterveld, W. J. Otoconial alterations after embryonic development

in hypergravity. Brain Res. Bull. 40:353-357; 1996. M sinfx) = Mw?(1 + Lsin(x)) cos(x)

Sondag, H. N. P. M.; de Jong, H. A. A.; Oosterveld, W. J. Altered

behaviour in hamsters conceived and born in hypergravity. Brain Resgig A1, A mass (M) is suspended on a free-swinging arm (L) which itself
Bull. 43:289-294; 1997. is attached to a horizontal arm,)r In this system, rotating ab = 3.6
Sondag, H. N. P. M.; de Jong, H. A. A.; van Marle, J.; Oosterveld, radians/s (34.3 cycles/min), equilibrium is achieved when the opposite
W. J. Behavioural changes in hamsters with otoconial malfOrmatiOnSforces di and do have equa| magnitudesl The equation with the Sing|e
Acta Otolaryngol. 118:86—89; 1998. unknown variablex cannot be solved analytically, buthas to be some-
Sondag, H. N. P. M.; de Jong, H. A. A.; Oosterveld, W. J. Behaviourwhere between 0° and 90°. Assuming the centre of mass of the gondola
of adult hamsters subjected to hypergravity. J. Vestib. Res. 9:13-18with its contents at 0.483 m, numerical analysis shows éhat63.6° (cf.

1999. Table Al).

7 h




356 WUBBELS AND DE JONG

TABLE Al hypergravity (x g) &> shear (xg)

SWING-OUT ANGLE (@) HYPERGRAVITY (HG) AND SHEARING FORCE
AT THE CENTRE OF THE BOTTOM OF THE GONDOLA AS A
FUNCTION OF THE POSITION OF THE CENTRE OF MASS OF THE
GONDOLA AND ITS CONTENTS

Centre of Mass Position « HG Shear 0.2
18 ] \
0.50 L (0.363 m) 61.8° 2.49 0.20g \ x (m)
0.67 L (0.483 m) 63.6° 2.54 0.13g 20 ] § 0.4 /‘
0.75 L (0.544 m) 64.5° 2.54 0.09¢ 064 \ | 0.0
1.00 L (0.725 m) 66.7° 2.58 0.00g ' \2-2\ \ 02
z(m)
[0.4- >~ . 0
7]
4 je o - i 0.2
When the animals move around in their boxes they experience 027 /v & 04
another force which is typical for a rotating system, i.e., the 04
Coriolis force. Its strength depends on the velocity 6f the 0- o8 '
animal and on the angle of the animal’s motion vector with the 0z 0 -02 y(m)‘i-z_O -02

plane of rotation (angular velocity = 3.6 radians/s). The Coriolis

accel.eratlon can be expre_ssed as the vector pro_dolot 2/.' At a FIG. A2. Acceleration gradients inside the gondola of hypergravity (HG) (left)
velocity Pf 1mis (a rgallstlc velocity for rats running or.jumplng) and shearing. Swing-out angle was chosem &t 63.6° (cf. Table A1) which

the maximum Coriolis force that can be experienced in our cenis g realistic estimate of the conditions in which our HG rats live.

trifuge is about 0.9. The direction of the Coriolis force depends

on the direction of rotation. When simulating a HG environment

(of particular magnitude), a large centrifuge radius is preferablecentrifuge housing is inherently anisotropic. Each time animals
because the acceleration gradients of hypergravity and shear, antbve they will experience a different acceleration depending on
the strength of the Coriolis force will be less. Nevertheless, as d@he chosen direction of their movement (with acceleration reversed
consequence of the remaining Coriolis force, space inside then the next day).



