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INTRODUCTION

The amount and quality of sleep are significantly affected during the space flight.
Most space crew members suffer from insomnia, fragmentation of sleep, fatigue, and
alterations of the circadian pattern of the sleep/wake cycle (53, 58, 86, 95, 110, 151).
The amount and quality of sleep in space are critical to the astronaut performance. Just
a few hours of sleep loss significantly affect brain function, leading to sleepiness and
transient cognitive impairment (75). Also chronic sleep restriction leads to cumulative
sleepiness, mood disturbance, and performance decrements (44).

The most important factors affecting sleep quality in space appear to be ambient
noise, unscheduled operational events, and dual-shift work. Some of the sleep prob-
lems due to misalignment of circadian rhythms have been partially corrected in
recent space missions, for example by maintaining a 24 h-day based on earth time
(29). However, it remains to be determined whether changes in the gravity force per
se can affect sleep and its homeostatic regulation. A few studies performed in space
by using polygraphic recordings seem to support this hypothesis (ct. 73 for ref.). For
instance, Frost et al. (53) reported that microgravity can directly influence the per-
centage of slow-wave sleep (SWS) and of paradoxical sleep (PS) or rapid eye move-
ment (REM) sleep (REMS). The number of REMS episodes increased during the
first sleep period in microgravity, and it returned to normal levels by the second
night (137). An increase in REMS time and a decrease in REMS latency consistent-
ly occurred also after return to 1 G (43, 53).

Recently, it has become clear that, in addition to patterns of electrical activity (71,
72, 83, 123, 124), several cellular and molecular variables are also correlated with
behavioral states. Such variables include activity of receptors, G-proteins and sec-
ond-messengers, protein phosphorylation state and most remarkably gene expres-
sion in the brain (18, 19,22, 23, 120, 121). These genes can be grouped in functional
categories, coding for example for transcription factors. metabolic enzymes, and
growth factors suggesting that several basic cellular functions are affected during the
sleep-waking state (23).

Immediate early genes (IEGs) are one of the first and largest groups of genes so
far identified as differentially expressed between sleep and wakefulness. IEGs are
so-called because they are rapidly induced by a large number of extracellular stim-
uli, without need for de nove protein synthesis. Among the IEGs, the most studied
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is certainly c¢-fos, which is considered a marker of neuronal activity and genomic
activation (25, 141). c-fos-mRNA levels increase after 20 min of stimulus onset,
while the corresponding protein product, Fos, which is synthesized shortly there-
after, peaks within 2-4 hours after the stimulus, and returns to the baseline within 6-
8 hours (14, 69, 104, 156).

¢-Fos and other IEGs are transcriptional regulators (25, 70, 77, 104, 156) and may
modulate the transcription of a number of “late™ target genes.

Previous work performed in our (18, 19, 120, 121) and other laboratories (4, 59,
60, 92, 113, 114, 157) showed that ¢-fos expression is low or absent in most brain
tegions, if the animals had spent most of the previous 3-8 hours asleep. Fos cxpres-
sion increased during sleep in two hypothalamic areas, the ventrolateral preoptic
area vIPOA (157) and the median preoptic nucleus, MnPN (57, 67), where
GABAergic neurons are located. ¢-Fos levels are high in many areas of the cercbral
cortex, hypothalamus, thalamus and brainstem of animals that had been either spon-
taneously awake or sleep deprived for a few hours before sacrifice (18, 19, 120, 121;
cf. 22, 23). The brainstem areas included the noradrenergic locus coeruleus (LC). If
sleep deprivation continues for longer periods, the expression of Fos is significant-
ly reduced in most brain arcas, but remains high in the vVIPOA and the MnPN of the
hypothalamus, where Fos levels are roughly proportional to the duration of sleep
deprivation (up to 24 hrs, 119, 120).

If rats are allowed to go back to sleep after a long period of sleep deprivation, a
signiticant sleep rebound is observed, mainly characterized by the occurrence of
episodes of REMS (139). Rats submitted to 4-8 days of total sleep deprivation by
Cirelli et al. (21) showed an increase in Fos expression which affected not only pon-
tine and medullary reticular structures possibly involved in REMS; but also regions
of the limbic system such as the cingulate, retrosplenial and entorhinal cortex, later-
al septum, amygdala, supramammillary nucleus (SuM), dentate gyrus, CAl region
of the ventral hippocampus and the subiculum. In these experiments, however, stress
might have partially contributed to the observed pattern of Fos expression. To avoid
this condition, prolonged episodes of REMS could be induced following activation
of specific neurochemical systems.

In particular, observations made in cats have shown that REMS episodes could be
induced by microinjection either of the cholinergic agonist carbachol in the peri-
L.Ca, the laterodorsal (LDT) and pedunculopontine nuclei (PPN) (145) or of GABA
agonist in the periaqueductal gray (PAG) matter and adjacent areas (as shown by
Sastre er al., 152, 153, 153b). Similar results were also obtained after microinjec-
tions of the same agents in the homologous structures of rat (Boissard et al., 8, 9),
such as the SLD, sublaterodorsal nucleus and the PAG, as identified in the atlas of
the rat brain (117, cf. also 163). It is of interest that in the experiments by Sastre ef
al., originally published in 1998 (153), REMS episodes were associated with an
increase in Fos expression which affected not only the latero-dorsal tegmental struc-
tures of the pons, but also most of the structures of the limbic system, a finding
which was later confirmed in the rat during the REM episodes following prolonged
periods of sleep deprivation (Cirelli ef al., 1999, 21). These structures involved the
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supramammillary nucleus (SuM), lateral septum, hippocampus, amygdala and cau-
date nucleus, indicating that the rinencephalon and striatum are targets of the exci-
tatory system originating in the pons. Observations made by Jouvet (83, 84) had pre-
viously reported that this ponto-limbic system may induce prominent REM-related
theta activity in mammals (cf. 118).

The main aim of our study was to use 1EG expression as a marker of behaviour-
al state in order to see: 1) whether rats of the STS-90 NASA Neurolab Space Mission
showed either a pattern of normal sleep/waking activity or a pattern of sleep depri-
vation during space flight, and 2) whether they showed signs of sleep rebound after
return to 1G. However, during the mission it was impossible for technical reasons to
sacrifice the animals shortly after launch or the re-entry. For this reason, in addition
to Fos, we studied the expression of Fos-related antigens (FRA), another class of
IEGs whose expression persists in cells for longer periods of time (98, 108, 109,
155; ¢f. 128). These genes could then play an important role to detect the occurrence
of long-term adaptive changes in the brain under different conditions.

A preliminary report on the Fos expression findings has been previously pub-
lished (129).

METHODS

We examined two groups of adult male albino rats (Fisher 344, n = 24/group): a flight (FLT)
group and a ground control group. Control rats were maintained at | G under the same tempera-
ture (23 = | °C) and light conditions as FLT rats, and were housed in small cages similar to those
used for FLT rats (Asynchronous Ground Control [AGC] group) (128). FLT rats were sacrificed
at four different time points of the space flight (128): 1) FD2 = flight day 2, i.e. 24 h after launch
(n =4), when the gravity force increased in about 9 min from 1 G to 3 G before stabilizing to ~0
G: 2) FD14 = flight day 14, anticipated by two days. i.e. 12 days after launch (n = 9), when adap-
tation to microgravity had occurred: 3) R + | = re-entry day 1, i.e. 24 hrs after landing (n = 5),
when gravity torce increased in about 28 min from ~0 G to 1.5-1.6 G, before stabilizing to 1 G:
and 4) R + 13 = re-entry day 13, actually delayed by one day. i.e. 14 days after landing (n = 6),
when readaptation to | G had occurred. Control animals were sacrificed at corresponding time
points.

All animals were maintained in a 12h: 12h light-dark (LD) cycle, with the exception of those
of the R + 13 group, which were submitted to a constant dim red-light (LL). Prior to sacrifice, 50%
of FLT and AGC rats were exposed to a light pulse of 300 lux for 60 min (light pulse, LP rats),
while the others were not (no light pulse, NLP rats). The number of Fos and FRA-positive cells
was usually slightly higher in LP than in NLP group (128, cf. also 129), but with a similar pattern
of expression in either AGC rats and FLT animals. The present work refers to data obtained by
comparing FLT and AGC animals in NLP conditions.

FLT and ground control rats were implanted by Dr. Fuller group with a small biotelemetry unit,
which allowed monitoring body temperature and heart rate continuously. The telemetry intorma-
tions were particularly measured from LD animals (n = 6 at launch; n = 4 at landing; Dr. C.A.
Fuller, personal communication). Dr. Fuller group examined Fos induction by LP in the suprachi-
asmatic nucleus (SCN), which is the circadian pacemaker. The conclusion of Dr. Fuller group was
that FLT rats in LD remained synchronized with the LD cycle except for their body temperature
rhythm, which was markedly phase-delayed (55). As to the motor activity, no particular effect was
found at FD2 (Dr. C.A. Fuller, personal communication). However, after landing, motor activity
virtually ceased for 30 min, and was attributed in part at least to stress (arrest reaction ref. 11; or
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Sfreezing reaction ref. 148). This finding was likely to be associated and/or followed by episodes
of postural atonia typical of PS. Once activity finally resumed, it remained at a lower level than
measured at FD14.

In the Neurolab mission. launch occurred 2 hours after light-off (i.e. early in the rat’s active
phase), and landing occurred very close to the light-off transition. This timing was chosen to not
confuse changes induced by launch or landing with the normal increase of all variables during the
rat’s active phase. In addition, all animals were sacrificed within the first 6 hours of their active
period.

The brains were removed from the skull and dissected. In particular, a retrocollicular transec-
tion between the forebrain and the brainstem was made either by crew members in flight at FD2
and FD 14, or by NASA technicians trained on the ground by members of our team, at R + 1 and
R + 13 and all controls. Figure | represents schematically the level of transection of flight (FLT)
and contro} (AGC) rats sacrificed at the different time points of the space flight. Both the forebrain
and the brainstem were placed in separate vials containing appropriate fixative and maintained at
4° (128).

Coronal sections 40 um thick of the entire brain were cut on a cryostat and Fos and FRA pro-
tein expression were visualized on free-floating sections using standard immunocytochemistry
protocols (128). A polyclonal antibody against Fos (1:10.000: Oncogene Research Products,
Cambridge, MA, USA) and a polyclonal antibody against FRA (1:2.000, kindly provided by Dr.
ladarola, NIH, Bethesda, MD. USA) were used. Qualitative evaluation of the intensity of Fos and
FRA staining was performed in brain structures identified following the Paxinos and Watson atlas
(117). Animal care was provided by a veterinarian crew member in flight and by specialized per-
sonnel on ground. All animal procedures complied with the National Institute of Health Guide for
the Care and Use of Laboratory Animals.

RESULTS

1. Changes in Fos expression.

At FD2, both FLT and AGC rats showed a large number of labeled cells in several
brain areas including most cortical areas, septum, and hippocampal formation.
Several hypothalamic areas were labeled like the medial preoptic area, septohypo-
thalamic nucleus, arcuate nucleus, dorsomedial and ventromedial nuclei, posterior
hypothalamic area. and supramammilary nucleus, SuM. The paraventricular thala-
mic nucleus was also labeled in both animal groups. Labeling was present in all
areas of the (central) periaqueductal gray in AGC rats and mostly in its dorsomedi-
al part in FLT rats.

At FD14, Fos expression was high in several brain areas of AGC rats, including
the cerebral cortex, caudal part of the caudate-putamen, claustrum, septum and
paraventricular thalamic nucleus. FLT animals showed a moderately increased
Fos expression with respect to AGC rats in most cortical areas (Fig. 2, upper left)
lateral septum, caudate-putamen, ventral pallidus, dorsal endopiriform nucleus,
horizontal and vertical limbs of the diagonal band, dorsal dentate gyrus (special-
ly in the upper blade), dorsal CA2 and 3, ventral dentate gyrus and subiculum. In
the hypothalamus, Fos expression moderately increased in FLT with respect to
AGC rats in the medial preoptic area, supramammillary, arcuate nuclei and pos-
terior hypothalamic area. It decreased slightly in the median preoptic nucleus.
Fos expression increased also in the dorsomedial periaqueductal gray (Bregma -
5.30; 117).
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Fig. 1. — Schematic representation of the levels of transection of the brainstem ar mesoponiine level per-
Sformed at differenrt time points of the space flight (FD2, FDI4, R + [, R + 13) both in FLT rats (left side)
and conirol (AGC) rats (right side).

The number of the rats used is indicated at the bottom of each transection level. Most of the transections
are located just ventrally to LC.

Abbreviations used: LC, locus coeruleus (and subcoeruleus a: MVN, medial vestibular nucleus; M,
medial (fastigial) nucleus, dorsolateral part; Int A, IA. interpositus anterior; [P, interpositus posterior.
The schemes are taken from the Paxinos-Watson atlas (cf. ref. 117).
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Fig. 2. — Fos and FRA protein levels in two representative rafs of the FLT group (no light pulse, NLP
rats) sacrificed at FD14 (R7) (left side panels) and at R + T (R + 15) (right side panels), respectively.

Notice the large number of Fos-positive cells in the somatosensory cortex at FD 14, indicative ol a state
of waking. and the scarse Fos labeling in the corresponding cortical areas at R + 1. indicative of a
rebound period of deep sleep. possibly SWS, as revealed 24 hours after the re-entry. Corresponding sec-
tions of the same rats stained with the FRA antibody showed only some slight FRA expression at FD 14,
still indicative of a beginning episode of waking, and a more prominent FRA labeling at R + 1, indica-
tive of a state of very active waking, possibly associated with a state of stress, which occurred during
the early part of the re-entry. Scale bar = 100 pm.
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At R + 1, AGC rats showed a pattern of Fos staining similar to the one described
above for FDI4 AGC rats. Surprisingly, FLT rats showed lower levels of Fos
immunostaining in most cortical areas (Fig. 2, upper right), caudate-putamen, later-
al septum, some thalamic regions, such as the paraventricular and ventrolateral thal-
amic nuclei, dorsal and ventral dentate gyrus, dorsal CA2 and CA3 with respect to
AGC rats. Fos staining slightly increased in FLT rats in the arcuate nucleus of the
hypothalamus, as well as in the central nucleus of the amigdala (CeA), i.e. ~15 cells
x section x side with respect to the controls, i.e. (1-2 labeled cells x section x side)
(Fig. 3, upper right). This structure was poorly labeled in FLT rats sacrificed at FD2

FD14 R+

FOS

Fig. 3. — Fos and FRA protein levels in the central nucleus of the amvedala (CeA) and the lateral and
basolateral nuclews of the amygdala (BLA) of two representative rats in the FLT group (NLP rats)
sacrificed at FDI4 (R7) (left side panels) and at R + 1 (R15) (right side panels), respectively.

Notice the very limited number of Fos-positive cells in the FLT rats sacrificed at FDD 14, i.e. when the
animal was presumably awake, and the increased number of Fos-positive cells observed in the FLT
rat sacrificed at R + 1, i.e. when the animal showed a condition of sleep (possibly SWS) as detected
after landing, i.e. during the early part of the reentry. As reported in the Discussion this episode was
likely to be followed by a period of stress followed by a rebound of REM sleep, which most likely
occurred during the late part of the re-entry. Corresponding sections of the same rats stained with the
FRA antibody showed some expression in the CeA at FD14, still indicative of a waking state and a
more prominent Jabeling at R + 1, indicative ol a very active waking, possibly associated with a state
of stress. In this case the labeling extended also to the lateral and the baso-lateral nuclei of the amyg-
dala. Scale bar = 100 um. This figure corresponds to Figure 8 of the paper by Pompeiano et al. 2004
(cfr. ref. 127), with the permission from Elsevier, Science, NL.
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and FD14 (Fig. 3, upper left, cf. also 127). In the periaqueductal gray, Fos labeling
decreased in the dorsolateral and dorsomedial parts and increased in the lateral part
(0 vs. 8 cells x section x side) in FLT with respect to AGC rats (Bregma -5.30/-5.80,
following Paxinos and Watson (117).

Rats sacrificed at R + 13 showed generally low levels of Fos expression in several
forebrain structures. In both AGC and FLT groups, one animal showed a slightly
stronger labeling in the cerebral cortex, caudate-putamen and hippocampal forma-
tion.

2. Changes in FRA expression.

It was impossible to evaluate FRA labeling in FD2 animals, because many slides
showed freezing damage. specially from the FLT animals.

At D14, a moderate FRA expression was observed in both AGC and FLT rats in
several areas of the cerebral cortex (Fig. 2, lower left) and the limbic system (later-
al septum, hippocampal formation ventral aspects), the caudate-putamen, claustrum,
the amygdala (Fig. 3, lower left) and the paraventricular, thalamic and some hypo-
thalamic nuclei. An increase in FRA expression in FLT with respect to AGC rats was
also observed in the ventral part of the dentate gyrus and of CA1-3 (the dorsal aspect
being difficult to evaluate), as well as in the supramammillary nucleus (SuM). FRA
labeled cells also appeared to slightly increase in the lateral periaqueductal gray in
FLT with respect to AGC rats (Bregma-5.30/-6.30 following Paxinos and Watson,
117).

At R + 1, FRA expression in FLT with respect to AGC rats was very high not only
in some areas of the neocortex (Fig. 2, lower right), but also in some limbic fore-
brain regions, such as the cingulate, the retrosplenial (Fig. 4), and the entorhinal cor-
tex, several components of the amygdaloid complex, such as the central, lateral and
basolateral subnuclei (Fig. 3, lower right and Fig. 5A), the caudate-putamen (Fig.
5A), the lateral septum (Fig. 6A and Fig. 7), the bed nucleus of the stria terminalis,
in particular the lateral part (Fig. 7) and the paraventricular and anterior hypothala-
mic nuclei (Fig. 8).

Some increase in FRA expression with respect to AGC controls also affected the hip-
pocampal formation. particularly the ventral part of CA1-CA3 fields of the dorsal
hippocampus (Fig. 9). An increase in FRA expression was also seen in the medial
preoptic area (Fig. 6B and Fig. 7). a structure involved in the homeostatic regulation
of REMS (cf. 67) as well as in the SuM, supramammillary nuclei (Fig. 5B). Labeling
decreased in FLT with respect to AGC rats in the anterodorsal thalamic nucleus. but
increased in the paracentral thalamic nucleus and in a restricted area of the lateral
periaqueductal gray located immediately ventrolateral to the aqueductus (Bregma -
6.04: 1.8 and 16.3 cells in AGC and FLT rats, respectively; Bregma -6.80/-7.04: 4.4
and 41.1 cells in AGC and FLT rats, respectively). Labeled cells were not seen in
this area at any other time point of the mission.

Rat sacrificed at R + 13 showed low to moderate levels of FRA expression in sev-
eral brain areas, including the cerebral cortex and caudate-putamen of both FLT and
control rats.
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Fig. 4. — In A, FRA immunore-
activity in the cingulate cortex,
area | (Cgl) and area 2 (Cg2),
in the primary (M/!) and sec-
ondary (M2) motor cortex and
in the somatosensory cortex (S1
cx) of a rat (RI17) sacrificed at
the re-entry (R + 1) (Bregma
—1.30).

In B the FRA immunoreactivity
also affects the retrosplenial
agranular cortex (RSA), the sec-
ondary visual cortex (V2) and
the parietal association cortex
(PtA) (Bregma —4.52). Scale
bar is 200 pm.

DISCUSSION

Section I. Effects of space flight on the sleep-waking activity.

Studies conducted in human subjects had previously shown that sleep can be con-
siderably disrupted during space mission (53, 58, 86, 95, 110, 151). This has practi-
cal implications since sleep loss affects performance by causing attention deficits,
decrease in short-term memory, speech impediments, perseveration and inflexible
thinking (cf. 68). Not only total sleep deprivation but also sleep restriction causes
cumulative sleepiness, mood disturbance and performance decrements (44).

Polygraphic recordings of sleep and assessment of subjective sleep quality during
Skylab Misstons (53), space shuttle missions (103, 151) and Mir missions (62, 63)
have documented that on average sleep is of shorter duration in space with respect



6 €. CENTINI AND O. POMPEIANO

Fig. 5. — In A, FRA
[umunoreactivity in most
amygdaloid nuclei. such
as central amygdaloid
nucteus, lateral division
(Cel.), medial division
(CeM. and capsular divi-
sion (CeC). FRA labeling
affects also caudate-puta-
men (CPu, striatum), as
well as the agranular
insular cortex, posterior
area (AIP) of a NLP rat
of the FLT group (R17)
sacrificed at the re-entry
(R + 1) (Bregma —2.30).

In B the FRA immunore-
activity affects the supra-
mammillary nucleus
(SuM), the medial mam-
millary nucleus, lateral
part (ML) and medial
part (MM): pm corre-
sponds to the principal
mammillary tract
(Bregma -4.52). Scale
bar is 200 pum.

B-4.52

to controls (cf. 73). Crew members of the Neurolab mission were shown to experi-
ence also changes in sleep structure, in circadian phase and amplitude, with reduc-
tion of subjective sleep quality and decrement of neurobehavioral performance (43).
Interestingly, after return to earth, REMS markedly increased, REMS latency sig-
nificantly decreased, and SWS was reduced (43).

The increase of REMS on return from space flight may either represent a response
specific to space flight or alternatively may depend on a delay of the sleep episode
relative to the timing of sleep in space thus resulting in sleep on return being sched-
uled later in the circadian cycle, i.e. closer to the crest of REM sleep propensity
rhythm (cf. 42).

To investigate the first hypothesis, sleep during and after space flight should be
scheduled to nearly identical circadian phases. This requirement was neither met in
the experiments by Dijk ef al. (43), nor in those by Frost ef al. (53), who postulated
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Fig. 6. — Iniense FRA immunoreac-
tivity appears in the lateral septeal
nucleus, dorsal part (LSD) and
intermediate part (LSI), as well as
in the caudate putamen (striatum)
(CPu) of a rat (RI15) sacrificed at
the re-entry (R + 1) (Bregma 0.20).

The FRA immunoreactivity affects
also the medial preoptic area
(MPA), lateral part (MPOL), rather
than the lateral preoptic arca (LPO)
of the same rat (Bregma -0.40); ac.
anterior commissure. Scale bar is
200 um.

that the post-flight REMS increase observed after long-duration Skylab missions
was unlikely to be due to circadian rhythm changes. So far, sleep in space, as dur-
ing the STS-90 Neurolab Mission, was polygraphically studied only in few subjects
and for limited short periods of time (43).

Section 2. Fos immunostaining during the Neurolab mission.

All rats during the mission were sacrificed during their active period, when they
were likely to be awake. AGC (control) rats also showed a pattern of Fos expression
indicative of a state of wakefulness.

At £D2, the pattern of Fos immunostaining in FLT rats was similar to that in AGC
rats and to that observed in rats after periods of spontaneous-wakefilness or short
periods of sleep deprivation with moderate or high expression in all or most brain
areas (18, 19, 23, 120, 121).
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Fig. 7. = FRA immunoreactivity occurring in several forebrain structures of a NLP rat of the FLT group
(RI7) sacrificed at R + 1.

In particular, a prominent number of FRA positive cells was observed in the lateral septum, dorsal part
(LSD), intermediate part (LSI), ventral part (LSV), the caudate-putamen (CPu), the bed nucleus of the
stria terminalis (BST) and the medial preoptic area (MPA) (Bregma -0.40): ac. anterior commissure.
MPOL, LPO, as in Figure 6. Scale bar is 200 pm.
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The pattern of Fos immunostaining in FLT rats at £'D/4 was also similar to that
normally seen after a period of spontaneous wakefulness or rather of a short period
of sleep loss as suggested by the moderately increased labeling in forebrain areas,
including the cerebral cortex, the medial preoptic area of the hypothalamus and a
decrease in the median preoptic nucleus with respect to the controls. No signs of
long-term sleep deprivation were seen, like high Fos labeling in the medial preoptic
area of the hypothalamus (19, 23), a structure which seems to play a major role in
the regulation of sleep (165).

At R + 1, we also expected to find signs of active waking in FLT rats, with high
levels of Fos expression in most forebrain structures since the animals were sacri-
ficed in their active period. Surprisingly, FLT rats showed a much decreased Fos
immunostaining in most forebrain structures with respect to controls. These obser-
vations suggest that at this time point, rats were actually sleeping before sacrifice,
probably recovering from a previous period of sleep loss. As reported in a previous
paper (cf. 128) moderate levels of Fos expression occurred at FDI4 in some
medullary and pontine reticular structures, which are known to project caudally to
the spinal cord and rostrally to hypothalamic and non-specific thalamic nuclei.
Similar results were also found at the reentry (R + 1). At this time point of the space
flight an increase in Fos expression also affected several autonomic areas of the
brain as shown in Section 4. Moderate levels of Fos expression were also observed
at R + 1 in the noradrenergic locus coeruleus (LC) nucleus (cf. 122), a finding which
was also confirmed in rats exposed to hypergravity, following centrifugation at 2G
(48, 54, 87).

Rats sacrificed at R + /3 were maintained in constant dim red light. Some rats
showed very low levels of Fos expression indicative of a state of sleep (cf. also 129),
while others showed higher levels. Since changes in the duration of the sleep and
waking phases seem to be induced by dim light (178), we cannot exclude that some
R + 13 rats were indeed sacrificed in their sleep phase.

Section 3. FRA immunostaining during the Newrolab mission.

For reasons indicated in the Results, we could not evaluate to changes in FRA
expression which occurred in rats sacrificed at FD2.

At F'DI14, FRA expression was high in different neocortical and forebrain regions
of FLT rats.

A very prominent difference between Fos and FRA expression in FLT rats was
found at R + /. At this time point, Fos expression strongly decreased with respect to
controls (cf. also ref. 129), while FRA expression generally increased. In particular,
FRA expression reached high levels in some areas of the neocortex and the limbic
forebrain regions. the amygdala, lateral septum, the hippocampal formation and the
caudate-putamen nucleus. Most of these areas, which are known to display promi-
nent REMS related theta activity in rodents (83, 84, 118), showed an increase in c-
los expression after 4-8 days of total sleep deprivation in rats (21). Thus, while in
the present experiments FLT rats sacrificed 24 hrs after landing, displayed a promi-
nent decrease in Fos expression in several areas of the neocortex, indicative of a
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Fig. 8. — Frontal section of the hypothalamies of the FLT rat (R17) sacrificed at R + I (Bregma -2.12).

3V, third ventricle; PaMP, paraventricular hypothalamic nucleus, anterior magnocellular part; AHP,
anterior hypothalamic area. posterior part: {, fornix. Scale bar is 200 pm.

state of SWS, increased levels of FRA expression affected in the same population of
FLT rats several areas of the limbic system, which are indicative of a state of REMS
(153, 153b). In addition to these findings previous experiments had shown that a
moderate increase in Fos and FRA expression affected at the reentry (R + 1) ponto-
medullary reticular structures (cf. 128), which are likely to contribute to both the
descending and the ascending manifestations of REMS (83, 123) characterized by
postural atonia and the EEG desynchronization, namely the REM related theta activ-
ity which affected the limbic forebrain regions. Unfortunately due to our brainstem
transection which passed through the pontomesencephalic tegmentum (Fig. 1), we
could not study the effects of the space flight on the presumptive cholinergic pon-
tine area, which is critically involved in the generation of REMS (cf. 96, 145).
Interestingly, at the reentry FRA expression decreased in the anterodorsal thalamic
nucleus, but increased in the paracentral thalamic nucleus and in a restricted area of
the lateral periaqueductal gray in FLT with respect to control rats.

The different patterns of Fos and FRA expression particularly observed at R + 1
can 1n part at least be attributed to the different time course in the expression of the
corresponding proteins. Fos persists only for a few hours (~6 hrs) in the brain tissue,
thus reflecting phenomena occurring in the few hours before sacrifice, when the rats
seem to be sleeping. FRA proteins persist for longer periods of time reflecting phe-
nomena occurring several hours before and closer to landing, when rats certainly
were awake. However, at variance with Fos and other FRAs, fra-2 mRNA was
shown to increase in the cerebral cortex alter 4 hrs of rebound sleep in the absence
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cf ¢-fos mRNA (168). So, we cannot exclude that high FRA expression in sleeping
animals at R + | may reflect an active recent induction rather than a delayed or con-
tinued expression.

Section 4. Evidence of stress, autonomic activation and steep at the reentry (R + [).

During the Neurolab mission the rat showed an inactivation period characterized
by immobilization, which lasted for about 30 min after landing (cf. C.A. Fuller, per-
sonal communication). This represents a “freezing reaction” which is typical of
stress (148).

A remarkable rebound of REMS can be elicited by appropriate stressors, such as
immobilization stress, even if applied for short periods of time (39, 46, 97, 138) and,
possibly, acceleration stress, as obtained also after exposure of rats to gravito-iner-
tial force changes induced by means of a centrifuge (64, 154).

At the re-entry, the increase in gravity force and the related stress induce an acti-
vation of the autonomic system as shown by the increase in gene expression report-
ed in autonomic areas of the brainstem [such as the lateral parabrachial nucleus
(122) the nucleus of the tractus solitarius (NTS), and the area postrema (127)] and
of the forebrain, such as the central nucleus of the amygdala (CeA) (127).
Observations made in ground-based experiments have shown that stimulation of
baroceptive afferents in the cat acute encéphale isolé preparation produced a pattern
of SWS (10, 116). In the semichronic encéphale isolé the same stimulation also
induced PGO waves, associated either with SWS (136) or REMS (51, 135). A pat-
tern of SWS could also be induced by stimulation of either the NTS (94) or CeA (26,
161). There is now anatomical evidence that the NTS projects to the amygdala and
other forebrain structures in the rat (140).

Here we found that Fos expression was quite low in the neocortex and most
regions of the forebrain at R + 1. suggesting that these rats were asleep probably dis-
playing a SWS before sacrifice (19, 121). Animals experienced also REMS, which
was enhanced by the acceleration stress of reentry (see above), possibly associated
with immobilization induced by the quick increase of gravity at the reentry (cf. 138).
Signs of an increase in REMS could be the increased Fos and FRA expression at R
+ 1 observed in the medial vestibular nucleus (128). We previously suggested that
this increase could be attributed not only to labyrinthine signals triggered by the per-
sistent increase in gravity force, but also to extralabyrinthine signals related to
REMS episodes occurring after landing (128, cf. also 126). In fact, vestibulo-ocular
neurons of the medial vestibular nucleus have been shown to discharge during
REMS (7), being triggered by the pontine waves typical of the PGO waves (105, cf.
124, 125).

Section 5. Role of amvgdala at the reentiy.

The amygdala is a component of the limbic system involved in the processing of
emotions, particularly fear and anxiety (33, cf. for ref. 81). It is comprised of four
subnuclei which are characterized by different afferent and efferent connections
(164) and different sensitivity to various neuromodulators (143). The central nucle-
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us of the amygdala (CeA) shows increased Fos expression following exposure to
stress (35). It also represents the major source of output from the amygdala to basal
forebrain, hypothalamus and brainstem. In our experiments the FRA expression
which occurred at the reentry (R + 1) involved not only the central, but also the baso-
lateral and lateral subdivisions of the amygdaloid complex (Fig. 2). It is of interest
that different subnuclei of the amygdala, respond to different types of stressors {35).

CeA could also play a role in the control of sleep and waking (106, 107, 149), as
supported by the existence of reciprocal connections with REMS generating areas in
the brainstem (106, 148; cf. 81 for ref.) and with waking-inducing areas in the
cholinergic basal forebrain (82). Inhibition or inactivation of CeA (166) decreased
REMS. On the other hand, CeA stimulation increased REMS (159) and PGO fre-
quency (in cats, [2) or amplitude (in rats, 37, 38) (cf. also 32). CeA stimulation also
activates PGO wave-related parabrachial neurons (cf, 11b, 80, 142b, 150). In addi-
tion, these pontine neurons send afferents to the lateral geniculate nucleus (cf. 144),
as well as to the medial vestibular nucleus (107, 132, 133) which contributes to the
occurrence of both isolated ocular jerks and bursts of REM (cf. 125) (see Section 4).
It is of interest that PGO waves are present both during waking, where they seem to
represent a neural marker of alerting and during episodes of REMS, where they are
related to bursts of REMs (cf. 106, 148, 149).

In our experiments, the increased Fos expression in CeA of FLT rats sacrificed at
R + 1 may thus be related to REMS episodes. FRA expression also increased in CeA
at R + 1. However, this increase may refer not only to the stress and autonomic acti-
vation of reentry, but also to the generation, regulation and expression of emotional
states (143).

The possibility that sleep states can be related to learning periods has been dis-
cussed in previous review articles (159, 159b). In 1970, Pompeiano (124) hypothe-
sized that endogenous signals possibly related to PGO waves typical of REMS exert
a role in learning and memory. This possibility was further developed by Ullor and
Datta (170), who postulated that these PGO waves contribute to long-term neural
plasticity and long-term memory formation. There is in fact evidence that pontine
waves increased the phosphorilation of ¢-AMP response element binding protein
(CREB) and gene expression in several structures (hippocampus, hypothalamus)
including the amygdala (142).

Section 6. FRA expression in brain structures projecting CRF fibers to the nora-
drenergic LC neurons at the reentry.

In flight rats sacrificed at R + 1, the reduced discharge of LC neurons which
occurred during sleep (3, 71, cf. 5, 6, 49, 50, 72) was likely to be counteracted by
excitatory influences due either to activation of macular labyrinth receptors (130,
131) following the increase in gravity force at the reentry, or to activation of auto-
nomic afferents (46b) possibly related to stress (cf. 1, 14, 16, 162), a condition which
increases the NE turnover in the forebrain (112). Noradrenergic LC cells receive a
major glutamatergic excitatory input originating from the nucleus paragigantocellu-
laris lateralis (PGi) (47, c¢f. 31, 173). The same neurons also receive corticotropin
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Fig. 9. — FRA immunore-
activity in the medial (A)
and lateral (B) aspect of
the hippocampus (Bregma
-4.30) of a NLP rat (R15)
of the FLI group sacri-
Sficed 24 h after the re-
entry (R + 1).

Notice the great number
and high density of
labeled cells in the DG, as
well as in CAl, CA2 and
CA3.

DG. dentate gyrus; CAl.
CA2, CA3, field CAIL,
CA2, CA3 of the hip-
pocampus; IBL,  inner
blade of dentate gyrus;
OBI, outer blade of den-
tate gyrus: PoDG, poly-
morph layer dentate gyrus.
Scale bar 1s 200 pm.

releasing factor (CRF) afferents (174-177). CRF is the neuropeptide promoting the
synthesis and release of adrenocorticotropin hormone (ACTH) in the rat brain and
its release increases during stress. CRF activates noradrenergic LC neurons during
stress (cf. 27, 28, 173) and could then contribute to the increased FRA expression
observed in LC neurons at R + | (122). The main brain regions sending CRF affer-
ents to the LC are the PGi and CeA (91, 146, 147, 171-173, 176, 177, 180, 181; cf.
102 for ref.).

Interestingly, in our study FRA expression increased in the LC (122), PGi (31)
and CeA (127) at the reentry. The PGi in the ventrolateral medulla projects also to
autonomic areas of the spinal cord (171, 180). CeA as well as the medial amygdala
(173, cf. 102 for ref.) may thus contribute to LC activation via release of CRF. Other
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structures contributing CRFE afferents to the noradrenergic LC neurons (cf. 91, 176,
177) and showing an increase in FRA expression at the reentry corresponded to the
BSt, bed nucleus of the stria terminalis (Fig. 7), and also to hypothalamic structures
such as the anterior hypothalamic area and the paraventricular nucleus (Fig. 8). The
distribution of CRF receptors in several brain structures of rat has also been investi-
gated (41, 134). An increase in Fos expression in the rat brain including both telen-
cephalic and diencephalic structures was also found to occur after exposure of the
rat to gravito-inertial changes obtained by a centrifuge (64). In our experiments FRA
expression observed in the LC and all the structures which send to this structure
CRF afferents occurred only at R + 1, i.e. when the gravity force increased from
about O G to 1.5-1.6 G, before stabilizing to 1 G, but not at FID2, i.e. at launch, when
the gravity force increased from 1 to 3 G, before stabilizing to ~0 G. It is of interest
that single and repeated stress increase the expression of transcription factors in sev-
eral stress-related limbic forebrain target regions, such as the central and medial
amygdala, lateral bed nucleus of the stria terminalis, medial prefrontal cortex and
lateral septum (104b). Repeated stress also increased the biosynthesis of norepi-
nephrine (NE) in the LC (16. 68b, 101) as well as the synthesis and release of NE
and tyrosine hydroxylase (TH) in the hippocampus (111, 112). We postulate that
activation of the noradrenergic LC neurens at launch ensures a more prominent
effect on target areas in response to a novel stressor represented by the reentry. This
may account for part of the bigger increase in Fos and FRA expression at the reen-
try than at launch. The other reason could be represented by differences in the grav-
ity signals occurring at these two time points of the space flight.

Section 7. Possible role of the hippocampus during the space flight.

The hippocampus exerts a critical role in learning and memory (7b) and is
involved in the formation of spatial maps (99, 100, 160, 167). Such cognitive maps
are plastic or modifiable as the animal acquires new information about the environ-
ment (7¢). Changes in neuronal firing (88) and in gene expression (63, 66) have heen
shown in the rat hippocampus during spatial learning and as a result of a novel expe-
rience not directly related to stressfulness of that experience (115). Gravity-induced
signals are thought to stabilize spatial maps (ref. in 89, 90). Changes in these signals
are thus likely to affect hippocampal space maps and ‘place’ cell activity (cf. ref. 85,
182). In fact, hypergravity has been shown to affect hippocampal synaptic plastici-
ty, as shown by the observed change in the long-term potentiation (LTP), the neu-
ronal correlate of learning and memory (45, 169: cf also 34), which occurred after
exposure of rodents to 4G (79), but not to 2G (61). There is also evidence that the
LC neurons exert a prominent role in the regulation of cognitive performance
(170b). Hypergravity may also modulate gene expression in the hippocampus of
mice (40). Hippocampal CA1 ‘place’ cells were recorded in rats navigating in a 3D-
track in microgravity during the Neurolab mission by McNaughton et af. (89, 90).
Place cell firing was abnormal on FD4 and it returned to normal on FD9. It was sug-
gested that the 3D-navigation in microgravity leads to an inconsistency in the hip-
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pocampal ‘place’ code, which may account for the disorientation experienced by
astronauts during the first days of space flight (89, 90). A longer period of adapta-
tion/experience seems o be necessary for the eventual formation of stable maps in
microgravity than on the ground, possibly involving changes in the vestibular sys-
tem and use of visual cues.

We found that Fos expression moderately increased in the hippocampal formation
of Neurolab FLT rats at FD[4 with respect to controls, The animals were sacrificed
while awake and possibly exploring their 3D environment. This increase in hip-
pocampal Fos expression may be due to a certain degree of sleep deprivation of FLT
rats (see Section 2). However, Fos protein increases in CA1-3 after a short period of
sleep deprivation (6 hrs; 19), while here we did not find any change in CAl of FLT
rats sacrificed at FD 14 with respect to controls. It would be of interest to see
whether Fos expression changes in CAl at FD14 when place cells show an abnor-
mal pattern of firing (89, 90). The observation of no change in Fos expression in this
arca at FDD 14 can possibly be related to the (act that place cell firing returned to nor-
mal by FD9 (89, 90) .

Another observation against the hypothesis of FDI14 rat suffering from sleep
deprivation is that Fos protein increases after 6 and 24 hrs of sleep deprivation mod-
estly and equally in both blades (cf. 19, 120). Here, we observed an increased Fos
expression in the upper blade. We believe that this increase may be related to the rat
novel 3D spatial experience. Recent work demonstrated that the upper blade shows
equal expression of another plasticity related gene following exploration of a novel
or a familiar environment, with respect to cage controls (15). The lower blade of the
dentate gyrus instead is not activated after spatial behavioural experience (15).
Anatomical observations support the higher responsiveness of the upper blade (15).
One of these, is that the supramammillary (SuM) projections are twice as dense in
the upper than in the lower blade (ref. in 15). Several studies have shown that neu-
rons of the SuM region and adjacent structures like the medial mammillary nucleus
are related to spatial training (149b) and possibly also to spatial learning and mem-
ory (2b, 91b, 154b). Both the SuM and adjacent region are profoundly connected
with the hippocampal formation (93¢, 179) and modulate the frequency of the hip-
pocampal theta rhythm (87b, 169b). Interestingly FLT rats sacrificed at FDI14
showed an increase in Fos expression also in the supramammillary nucleus. An addi-
tional finding in our experiments was that at the reentry FRA expression occurred in
the rhinencephalon and striatum as shown either after microinjection of a GABA
agonist in the periaqueductal gray of cat (ref.153, 153b) or after a long-term (4-8
days) period of total sleep deprivation (ref. 21). This finding could be attributed to
the occurrence of episodes of REMS.

[t is worth to notice that unilateral labyrinthectomy (UL) produces in guinea pig an increase
in the NE levels in the CA2 region but not in the CA1 region of the contralateral hippocampus
(183). This effect can be attributed to asymmetric activity which affects the noradrenergic 1.C
neurons after UL (17, 30).



136 C. CENTINI AND O. POMPEIANO

Section 8. Evidence that noradrenergic LC neurons induce Fos and FRA expres-
ston in their targel structures at the reentry.

The discharge of noradrenergic LC neurons increases: 1) during natural stimula-
tion of macular labyrinth receptors (130, 131); 2) during wakefulness in the sleep-
waking cycle (3. 71, cf. 5, 6, 50, 72). 3) during sleep deprivation (ct. 19, 21). and 4)
during stress (1) (usually associated with autonomic activation (cf. Section 4).
During waking, the increased activity of LC neurons is associated with an increase
in Fos expression in this area (18, 121). Many other brain areas show an increase in
Fos expression during waking (19, 121), which in part depends on the noradrener-
gic LC activity (20, cf. 24). Experimental anatomical studies have actually shown
that most of these areas receive in the rat afferent projections from the LC (93b).

During the Neurolab mission, an increase in both Fos and FRA expression in the
LC was seen particularly at the reentry (122). We think that this expression is driven
by the reentry-associated stress and increased gravity and autonomic signals.
Interestingly, in many forebrain areas Fos expression decreased in R + 1 FLT rats,
while FRA expression showed moderate or higher levels with respect to controls.
This increase in FRA expression affected not only several areas of the neocortex but
also the limbic system and the hippocampus, as well as the amygdala and the stria-
tum (caudate + putamen). This can be explained by the fact that FRA has a longer
time course of expression than Fos and so it may act as an integrator of salient events
happening in the previous hours (or days). In particular, as indicated above, these
findings were related to stress of reentry, followed by a rebound of REMS (Section
4). Thus FRA expression may be in a more complex relationship with changes in
neural activity than Fos.

Experimental studies have shown that Fos regulates in the L.C the expression of
tyrosine hydroxylase (‘TH), the rate-limiting enzyme responsible for the synthesis of
NE (52, 55, 56) and that the TH gene 1s a potential gene of Fos (13, 93). There is
also evidence that not only c¢-fos but also FRA such as FRA 2 may, through the acti-
vating protein 1 (AP1) like site, regulate TH gene expression (140b). Thus a short-
term (Fos) and also a long-term (FRA) regulation of TH expression may sustain an
increased release of NE following activation of the LC neurons. This would finally
lead to the induction of IEGs in several target structures, such as the hippocampus
(2,74,76,78, 111, 112) and the amygdala (36) (cf. 6 for ref.). which could then con-
tribute to the occurrence of plastic events in these brainstem structures.

SUMMARY

1. Electrophysiological and behavioural observations have shown that changes in
the sleep-waking activity occur in astronauts during the space flight. Experiments
performed in ground-based experiments have previously shown that the immediate
early gene (IEG) c-fos, a marker of neuronal activation, can be used as a molecular
correlate of sleep and waking. However, while Fos expression peaks within 2-4
hours after the stimulus and returns to baseline within 6-8 hours, other IEGs as the
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FRA proteins which are also synthetized soon after their induction, persist in the cell
nuclei for longer periods of time, ranging from 1-2 days to weeks.

2. Both Fos and FRA expression were evaluated in several adult albino rats sacri-
ficed at different time points of the space flight, i.e. either at FD2 and FDI14, i.e. at
launch and about two weeks after launch, respectively, or at R + | and R + 13, i.e.
at the reentry and about two weeks after landing. The changes in Fos and FRA
expression were then compared with those obtained in ground controls. These exper-
iments demonstrate activation of several brain areas which varies during the differ-
ent phases of the space flight. Due to their different time of persistence, Fos and
FRA immunohistochemistry can provide only correlative observations. In particular,
FRA expression has been quite helpful to identify the occurrence of short-lasting
events such as those related either to stress or to REM-sleep, whose episodes last in
the rat only a few min and could hardly be detected by using only Fos expression.

3. Evidence was presented indicating that at FD2 and FD 14 Fos-labeled cells were
observed in several brain areas in which Fos had been previously identified as being
induced by spontanecus or forced waking in ground-based experiments. In contrast
to these findings FLT rats sacrificed at R + 1 showed low levels of Fos immunos-
taining in the cerebral cortex (ncocortex) and several forebrain structures such as
the hypothalamus and thalamus. Some Fos staining was also present in limbic cor-
tical areas, the septum, and the hippocampus. The main area of the forebrain of FLT
rats sacrificed at R + [, showing an increased expression of Fos. was the central
nucleus of the amygdala (CeA) (cf. 127), as well as the noradrenergic locus
coeruleus (LC) nucleus (cf. 122). At R + 13 Fos immunostaining was variable
among FLT rats. However, none of these rats showed a significant number of Fos-
positive cells in CeA.

4. Most of the rats studied for Fos expression were also tested for FRA expression.
In particular, a scattered amount of FRA expression occurred at FD14 in different
areas of the neocortex and in limbic forebrain regions (such as the cingulate, retros-
plenial and entorhinal cortex). It included also the hippocampus, the lateral septum,
the caudate/putamen, as well as some hypothalamic regions. At the reentry (R + 1) it
was previously shown that a prominent increase in FRA expression occurred in the
LC of FLT rats (cf. 122). This finding was associated with an increase in FRA expres-
sion which affected not only the nucleus paragigantocellularis lateralis of the medul-
la, which sends excitatory glutamatergic afferents to the LC (cf. 31 for ref.), but also
structures which are known to produce corticotropin-releasing factor (CRF), a neu-
ropeptide which activates the noradrenergic LC neurons during stress.

5. These findings which result from acceleration stress were followed by REMS
episodes, which probably occurred after a long period of sleep deprivation follow-
ing exposure to microgravity. It was previously shown that an increase in Fos and
FRA expression occurred at the reentry in some pontine and medulfary reticular
structures (cf. 128), which are likely to be involved in both the descending (postur-
al atonia) and the ascending manifestations of PS. These findings can be integrated
by results of the present experiments showing that at the reentry high levels of FRA
expression occurred in the hippocampus and the limbic system, i.e. in structures
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which are involved in the generalized pattern of EEG desynchronization and the
theta activity, typical of REMS (cf. 83, 84). A prominent increase in FRA expression
also affected at the reentry some components of the amygdaloid complex, particu-
larly the CeA, as well as some related structures, such as the lateral parabrachial
nucleus (cf. 122) and the nucleus of the tractus solitarius (cf. 127). These structures
are known to contribute to the PGO waves, which drive the oculomotor system
either directly or through the medial vestibular nuclei (128, cf. also 126).
Unfortunately due to our brainstem transections we were unable to evaluate the
changes in gene expression which could affect the dorsolateral pontine structures
during the occurrence of REMS episodes. Further experiments are thus required to
investigate the role that these pontine structures exert in determining adaptive
changes following exposure to microgravity after launch as well as readaptation to
the terrestrial environment after landing.

Abbreviations.

ACTH adrenocorticotropin hormone
AGC asynchronous ground control group
API activating protein 1

BSt bed nucleus of the stria terminalis
CALl, CA2, CA3 fields of the dorsal hippocampus
CeA central nucleus of the amygdala
CREB c-AMP-response element binding protein
CRF corticotropin releasing factor
EEG electroencephalogram

FLT flight group

FRA Fos related antigens

G gravity

IEGs immediate early genes

LC locus coeruleus

LL constant dim red-light

LD light-dark cycle

LDT laterodorsal tegmental nucleus
LP light pulse rats

LTP long term potentiation

MnPN median preoptic nucleus

NE norepinephrine

NLP no light pulse rats

NTS nueleus of the tractus solitarius
PAG periaqueductal gray

PGi nucleus paragigantocellularis
PGO ponto-geniculo-occipital waves
PPN pedunculopontine nucleus

PS paradoxical sleep

REM rapid eye movement

REMS rapid eye movement sleep
SCN suprachiasmatic nucleus

SLD sublaterodorsal nucleus

SuM supramammillary nucleus

SWS slow wave sleep

TH tyrosine hydroxylase

vIPOA ventrolateral preoptic area

3D three-dimensional
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