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Abstract

In most mammalian species studied, two
distinct and successive phases of sleep, slow
wave (SW), and rapid eye movement (REM),
can be recognized on the basis of their EEG
profiles and associated behaviors. Both
phases have been implicated in the offline
sensorimotor processing of daytime events,
but the molecular mechanisms remain
elusive. We studied brain expression of the
plasticity-associated immediate-early gene
(IEG) zif-268 during SW and REM sleep in
rats exposed to rich sensorimotor
experience in the preceding waking period.
Whereas nonexposed controls show
generalized zif-268 down-regulation during
SW and REM sleep, zif-268 is upregulated
during REM sleep in the cerebral cortex and
the hippocampus of exposed animals. We
suggest that this phenomenon represents a
window of increased neuronal plasticity
during REM sleep that follows enriched
waking experience.

Introduction

Mammals spend a considerable portion of their
lives sleeping. In addition to its importance for
body repose, sleep appears to play a role in the
consolidation of daytime memories (Pearlman and
Becker 1974; Fishbein and Gutwein 1977; Smith
and Butler 1982; Winson 1993; Karni et al. 1994;
Hennevin et al. 1995; Smith 1996). Electrophysi-
ological studies revealed that hippocampal place
cells are reactivated during slow wave (SW) sleep
(Pavlides and Winson 1989; Wilson and McNaugh-
ton 1994) in a manner that recapitulates the neu-
ronal firing sequences that occur during the pre-
ceding wakefulness (WK) period (Skaggs and Mc-
Naughton 1996). Recent evidence also indicates

that the firing profiles of place cells are altered
during the rapid eye movement (REM) sleep that
follows exposure to a new environment (G.R. Poe,
W.E. Skaggs, C.A. Barnes, and B.L. McNaughton,
unpubl.). These observations support the notion
that brain reactivation during sleep is important for
the processing of sensorimotor information gath-
ered as a result of waking activity. It is unclear,
though, by which mechanisms this is accom-
plished.

Several lines of evidence indicate that the lay-
ing down of long-term memories requires long-last-
ing modification of neuronal connections, most
likely through the activation of gene expression
programs that lead to neuronal plasticity (Madison
et al. 1991; Bliss and Collingridge 1993). A particu-
larly interesting candidate for mediating long-last-
ing effects of experience on the brain is zif-268
(Milbrandt 1987), an immediate-early gene (IEG)
whose expression in the adult brain is highly sen-
sitive to neuronal depolarization (Sukhatme et al.
1988). Zif-268 protein binds to a specific DNA mo-
tif present in the promoters of a variety of genes
expressed in the nervous system (Christy and
Nathans 1989), and its up-regulation is thought to
initiate a program of gene regulation leading to
neuronal plasticity (Chaudhuri 1997). For instance,
Zif-268 has been directly shown to induce the ex-
pression of a synapse-specific protein, synapsin II
(Petersohn et al. 1995). zif-268 has been linked to
the induction of hippocampal long-term potentia-
tion (LTP) (Cole et al. 1989; Wisden et al. 1990;
Abraham et al. 1993; Roberts et al. 1996), neuronal
morphological changes after exposure to an en-
riched environment (Wallace et al. 1995), and
other plasticity-related phenomena (Nedivi et al.
1993; Kaplan et al. 1995, 1996). Finally, zif-268 is
up-regulated in several novelty or learning behav-
ioral paradigms, including two-way active avoid-
ance (Nikolaev et al. 1992), brightness discrimina-
tion (Grimm and Tischmeyer 1997), and enriched
environment exposure (Wallace et al. 1995). Be-1Corresponding author.
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cause zif-268 mRNA levels peak sharply 30 min
after a variety of stimuli (Richardson et al. 1992;
Cullinan et al. 1995; Honkaniemi et al. 1995; Mello
et al. 1995; Tanaka et al. 1997), its expression can
be used for a snapshot assessment of activation
throughout the brain (Chaudhuri 1997; Kaczmarek
and Chaudhuri 1997; Herdegen and Leah 1998).

In the present study, we tested whether a rich
waking sensorimotor experience can modulate zif-
268 expression levels during ensuing sleep states
by assessing the effect of a brief exposure to an
enriched environment on zif-268 mRNA levels dur-
ing SW and REM sleep in rats.

Materials and Methods

ELECTRODE IMPLANT AND BASELINE
EEG RECORDING

Adult male Sprague–Dawley rats (n = 6 per
group, total n = 36; Charles River) were housed in
individual home cages (12/12 hr light/dark sched-
ule; lights on at 9 a.m., food and drink ad libitum).
Animals were handled for 15–20 days so as to de-
crease the stress response to the experimenter,
and were then bilaterally implanted with chronic
electrodes in the dentate gyrus for EEG recording.
After a 3-day postoperative recovery period, base-
line EEG was recorded for 10–15 consecutive days
to identify typical WK, SW, and REM profiles. Re-
cording was performed inside a soundproof isola-
tion box equipped with one-way mirrors for behav-
ior observation. Surgical procedures, as well as ani-
mal care and handling, were in accordance with
institutional and National Institutes of Health (NIH)
guidelines.

ENRICHED ENVIRONMENT

The labyrinth was novel to all animals and con-
sisted of four cardboard boxes of different sizes
(total area = 2.5 m2), interconnected by plastic
tubes that allowed free access of animals to all
chambers. Platforms and wooden toys were pre-
sent in the four chambers. Scented corn flakes (five
different flavors) were randomly dispersed
throughout the labyrinth at semihidden places;
two water sources were provided. During the en-
tire stay of animals in the labyrinth, behavior was
observed under near-infrared light, to which rats
are blind (Neitz and Jacobs 1986).

SLEEP CRITERIA

REM sleep can be reliably identified in rats by

a combination of criteria, including the presence of
hippocampal theta rhythm, rhythmic movement of
the vibrissae, and highly irregular breathing during
sleep; all of these are absent during SW, which has
its own characteristic EEG/behavior profile
(Vanderwolf 1969; Winson 1974; Timo-Iaria et al.
1990). Animals that were awake for more than 60
min in the recording chamber without sleep epi-
sodes were grouped as WK; animals that had at
least 3 min of SW sleep but neither theta rhythm
nor any behavior associated with REM sleep were
grouped as SW; animals that after one or more pe-
riods of SW sleep had (1) behavioral signs of REM
sleep, and (2) more than 90 sec of theta rhythm
within a 5-min interval were grouped as REM. Ani-
mals that did not reach criteria for any group were
either retested another day (C animals), or dis-
carded from the experiment (EE animals; n = 5).

IN SITU HYBRIDIZATION

Animals were killed by decapitation and their
brains quickly removed and frozen in −30°C meth-
ylbutane. Frontal brain sections (10 µm) were
taken at approximately 2.80 mm from Bregma
(Paxinos and Watson 1986); particular care was
taken to ensure that all brains were cut in the same
plane. Sections were hybridized with a 33P-labeled
riboprobe specific for zif-268, following a previ-
ously described in situ hybridization protocol
(Mello et al. 1992). Test hybridizations were per-
formed so as to optimize stringency conditions;
absence of sense-strand hybridization was used as a
control for signal specificity. To minimize variabil-
ity, all sections used for densitometric measure-
ments were hybridized as a single batch. As further
specificity controls, adjacent sections were hybrid-
ized with riboprobes for krox-20 (Chavrier et al.
1988) and ngfi-b (Milbrandt 1988).

DATA ACQUISITION

X-ray films exposed to the hybridized sections
were imaged with a CCD camera (Hitachi) and den-
sitometric analysis was performed with NIH Image.
Adjacent cresyl-stained sections were used as a ref-
erence to identify the areas of interest in the X-ray
films. Twenty-five different areas were assessed
within six major brain subdivisions, as follows: hip-
pocampus [dentate gyrus (DG) and fields CA1,
CA2, CA3, and CA4 of Ammon’s Horn]; cerebral
cortex [retrosplenial granular (RSG), frontal (Fr),
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parietal (Par), perirhinal (Prh), and piriform (Pir)
cerebral cortices]; striatum [caudate-putamen
(Cpu)]; amygdala [lateral (La), basolateral anterior
(BLA), basolateral ventral (BLV), medial (Me), and
posterolateral cortical (PLCo) amygdaloid nuclei];
thalamus [posteroventral (VP), ventral (V), medio-
dorsal (MD), central medial (CM), and reuniens
(Re) thalamic nuclei]; and hypothalamus [dorsome-
dial (DMD), ventromedial (VMH), arcuate (Arc),
and lateral (LH) hypothalamic nuclei]. OD was
measured for the entire extent of each area of in-
terest, and averaged across hemispheres. Indi-
vidual values thus obtained were then normalized
to the mean group value obtained for each brain
structure. Values for the six major brain divisions
were obtained by pooling the normalized values of
the corresponding individual brain areas.

STATISTICAL ANALYSIS

Multivariate analysis of variance (MANOVA)
was used to reveal profile differences indicative of
state versus condition interactions (StatView 4.0);
for the regions in which significant interactions
occurred, protected t-tests (Bonferroni-Dunn, ad-
justed for the number of comparisons) were per-
formed to reveal differences across sleep states as
well as between C and EE groups. The same pro-
cedure was used for individual brain areas.

Results

Figure 1 shows the general scheme of our ex-
perimental paradigm. To avoid stress-related ef-
fects on gene expression (Cullinan et al. 1995;

Jarvis et al. 1995), we subjected animals to an ex-
tended period of daily handling and EEG recording
prior to the experiment. We also studied sponta-
neously manifested wake/sleep behaviors, avoid-
ing forced sleep deprivation. The experiment com-
prised three consecutive phases: an initial expo-
sure to the enriched environment, an intervening
period, and a final period of wake/sleep (Fig. 1).
Behavior was recorded continuously throughout
the entire experiment. At 6 p.m. (lights off) on the
day of the experiment, animals belonging to the
enriched environment group (EE) were individu-
ally placed inside a complex labyrinth for an expo-
sure period that spanned the last 3 hr of the normal
wakefulness period, whereas animals from the un-
exposed control group (C) remained in their home
cages. At 9 a.m. (as lights were turned on) animals
were placed in their individual home cages for an
intervening period of 30 min, and were then trans-
ferred to the isolation box in which their hippo-
campal EEG was continuously recorded. According
to the behaviors spontaneously manifested during
the recording session, animals were further divided
into WK, SW, and REM groups (n = 6 per group).
After reaching criterion for WK, SW, or REM, ani-
mals were left undisturbed for an additional 30 min
(behavior and EEG still monitored) and were then
killed. Their brains were processed for zif-268 ex-
pression, which was quantified for 25 brain struc-
tures within 6 major brain regions: cerebral cortex,
hippocampus, striatum, amygdala, thalamus, and
hypothalamus.

EE animals remained awake throughout the ex-
posure period, engaging in active exploratory be-
havior of all the labyrinth chambers. C animals also

Figure 1: Schematic flowchart of the experi-
mental design. All rats were allowed to get fa-
miliarized with the home cage, experimenter,
and recording conditions for several days, dur-
ing which baseline EEG was recorded. On the
day of the experiment, animals were either ex-
posed to a complex labyrinth (EE) or kept in
their home cages (controls) for the last 3 hr of
the waking period, followed by an intervening
period of 30 min back in the home cages. The
animals were then placed in the recording box
for monitoring of wake/sleep states until reach-
ing criterion for WK, SW, or REM; the typical
duration of this period was ∼80 min. Thirty
minutes after criterion, animals were killed and
their brains were processed for zif-268 expres-
sion by in situ hybridization.

Ribeiro et al.

&L E A R N I N G M E M O R Y

502



remained awake, displaying grooming and feeding
behaviors in addition to a low to moderate degree
of locomotion. All animals remained awake during
the intervening period, as well as during the last 30
min before sacrifice. The period between expo-
sure to the labyrinth and the moment of sacrifice
for the REM group did not differ significantly from
those of WK or SW groups (WK = 311 ± 8,
SW = 322 ± 10, REM = 325 ± 7; means ± S.E.M., in
minutes). Furthermore, the time spent in REM
sleep did not differ significantly between C and EE
animals (148 ± 40 and 137 ± 24, respectively;
means S.E.M., in seconds). No qualitative differ-
ences between the EEG patterns from EE and C
animals were observed within the WK, SW, and
REM groups.

zif-268 expression in control animals generally
decreased from the WK to the SW and REM groups
(Fig. 2, a–a88); this effect was most prominent in
the cerebral cortex (Fig. 3). Such a decrease after a
single episode of either SW or REM sleep is con-
sistent with previous studies showing that brain

expression of IEGs (including zif-268) is down-
regulated after several hours of sleep, in compari-
son with levels found in sleep-deprived animals
(Pompeiano et al. 1992, 1997; Basheer et al. 1997).

A very different picture emerges when one
analyzes animals exposed to an enriched environ-
ment, and teases apart the specific contributions of
SW and REM: Whereas zif-268 expression de-
creased from the WK to the SW group (Fig. 2, b to
b8), there was a clear rise from the SW to the REM
group (Fig. 2, b8 to b88). This effect was particularly
noticeable in the cerebral cortex and in the hippo-
campus; for both regions, as revealed by MANOVA
and protected t-tests (Fig. 3), zif-268 expression
levels in EE animals was significantly higher in the
REM group than in the SW group. In addition, zif-
268 levels during REM were higher for EE than for
C animals. Within the cerebral cortex and the hip-
pocampus, the individual structures that most con-
tributed to the effect were respectively the piri-
form and frontal cortices, and the dentate gyrus
(Fig. 4).

Figure 2: Effect of previous sensorimotor experience on zif-268 brain expression during waking and sleep states. Shown
are autoradiograms of brain sections whose gene expression levels best represent the means for each group studied. In
controls, zif-268 expression decreased from WK (a) to SW (a8) and REM (a88). In enriched environment animals, zif-268
levels decreased from WK (b) to SW (b8), but increased from the latter to REM (b88). This effect was particularly noticeable
in the cerebral cortex and the hippocampus. (c) Schematic diagram of a frontal section of the rat brain at the level studied;
the 25 regions for which expression was quantified are indicated (for abbreviations see Materials and Methods).
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Even though similar trends were observed for
the striatum and the amygdala, profile interactions
(as revealed by MANOVA; see Materials and Meth-

ods) did not reach statistical significance in these
regions; for the thalamus and the hypothalamus,
no up-regulation was observed (Fig. 3). The effects

Figure 4: Analysis of zif-268 expression during waking and sleep states in individual brain structures. (Top panels) Three
individual structures within the cerebral cortex and the hippocampus in which the most significant differences occurred.
Notice that a significant increase in zif-268 expression during REM in EE animals occurred in areas associated with sensory
(piriform cortex, P = 0.01), motor (frontal cortex, P = 0.03) and spatial (dentate gyrus, P = 0.03) processing. (Bottom
panels) Three individual brain structures in which no significant effect was observed. Ordinates, columns, and asterisks as in
Fig. 3.

Figure 3: Analysis of zif-268 expression dur-
ing waking and sleep states in six major brain
regions; cerebral cortex, hippocampus, stria-
tum, amygdala, thalamus, and hypothalamus.
Statistically significant interactions (MANOVA)
between expression profiles occurred for the
cerebral cortex (P = 0.04) and the hippocam-
pus (P = 0.03). Whereas zif-268 expression in
controls decreased from WK to SW and to
REM, in animals exposed to the enriched en-
vironment, zif-268 levels decreased from WK
to SW but increased from SW to REM. Values
on the y-axis represent normalized optical den-
sity (OD) measurements (means ± S.E.M.) of X-
ray film autoradiograms; statistically significant
differences (Bonferroni-Dunn) are indicated by
one (P<0.05) or two (P<0.01) asterisks. White,
gray, and black columns represent, respec-
tively, WK, SW, and REM. Asterisks inside col-
umns indicate state differences between C and
EE groups.
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above were not observed in adjacent brain sections
hybridized for two other genes encoding zinc-fin-
ger transcription factors, krox-20 and ngfi-b (data
not shown), and thus appear to be specific for
zif-268 within this category of genes.

Discussion

It has long been known that deprivation of
REM sleep—a physiological state characterized by
intense cerebral cortex activity, involuntary eye
movements, and dreaming (Winson 1993)—im-
pairs short-term or declarative memory in both rats
and humans (Pearlman and Becker 1974; Smith and
Butler 1982; Hennevin et al. 1995; Fishbein and
Gutwein 1977), as well as procedural memories in
the latter (Karni et al. 1994). Furthermore, both
formal training and exposure to enriched environ-
ments have been shown to increase the amount of
subsequent REM sleep in rats (Smith 1996). Our
study provides evidence showing that brain gene
expression during REM sleep depends on previous
waking experience.

A brief exposure to an EE had been known to
cause a fast and transient induction of various IEGs,
including zif-268 (Wallace et al. 1995). The most
parsimonious explanation for our present results is
that a reinduction of zif-268 occurs in the brain
during REM sleep that follows EE exposure. The
following supports this interpretation. (1) zif-268
levels in WK did not differ significantly between C
and EE animals. This accords with the well-estab-
lished transient nature of the IEG response, and
argues against the possibility that the high zif-268
expression seen during REM in EE animals stems
from a sustained up-regulation (several hours) of
zif-268 after the exposure. Also supportive of this
view is the fact that REM is always preceded by SW
sleep [both in the present study and as reported in
the literature (Fishbein and Gutwein 1977; Hen-
nevin et al. 1995; Smith 1996)], and the SW group
had consistently low zif-268 levels. (2) In EE ani-
mals, the time between exposure to the labyrinth
and the moment of sacrifice did not differ among
the WK, SW, and REM groups. This rules out the
possibility that the high zif-268 expression in the
latter represents a putative late wave of gene ex-
pression that would be independent of the WK/
sleep state, but simply associated with a longer
survival of the REM group after exposure to the
labyrinth. (3) The duration of REM sleep did not
differ between exposed and control animals. This
precludes the possibility that differences in the

amount of REM could account for the effects seen.
Furthermore, no significant differences in the time
spent in SW or WK were found between the
REM/C and REM/EE groups (data not shown), dis-
carding the possibility that less SW (or more WK)
could explain the up-regulation of zif-268 in REM/
EE animals. (4) For both the cerebral cortex and
the hippocampus, zif-268 expression during REM
was significantly higher in EE than in C animals.
Thus, the high zif-268 levels during REM in the
former are not just a reflection of a relative in-
crease with respect to WK and SW levels, but rep-
resent a real increase in zif-268 expression during
REM from unexposed controls to exposed animals.

The experience provided by exposure to an
enriched environment, as in our experimental
paradigm, is complex and contains sensory and
motor aspects, both of which may have contrib-
uted to the gene reinduction observed during REM
sleep. Increased motor and somatosensory activi-
ties are intrinsic to the exploration of a new envi-
ronment, and most probably account for a substan-
tial portion of zif-268 reinduction, particularly that
occurring in the frontal cortex (Donoghue et al.
1979; Donoghue and Wise 1982). In contrast, the
effect observed in the piriform cortex and the hip-
pocampus is likely related to the involvement of
these areas in olfaction (Haberly and Price 1978;
Schwob et al. 1984) and spatial navigation (Olton
et al. 1978; O’Keefe 1993) respectively. Multimo-
dal responses during the exposure period may also
have influenced the reinduction pattern described
here, as well as increased attentive behavior (in-
creased periods of u rhythm). A different experi-
mental design would be necessary to dissect out
the specific contributions of the various factors
listed above.

The brain expression of zif-268 and other IEGs
is highly dependent on the integrity of the norad-
renergic system (Cirelli et al. 1996). It has been
proposed therefore, that the sleep-related decrease
in IEG expression (Pompeiano et al. 1992, 1997;
Basheer et al. 1997) reflects the general decrease in
neuronal excitability caused by the silencing of the
locus coeruleus during sleep (Aston-Jones and
Bloom 1981a,b). Such a rationale accounts well for
the SW/REM down-regulation of zif-268 observed
in our control (unexposed) animals, but not for the
gene up-regulation seen during REM sleep in the
exposed animals. An intriguing possibility that
emerges from our results is that the locus coer-
uleus is active during REM sleep that follows rich
waking experience; to our knowledge, this spe-
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cific possibility has not yet been experimentally
tested.

Considering that induced expression of
zif-268 depends on neuronal depolarization, our
data implies that a rich waking experience affects
the brain firing patterns that occur during subse-
quent REM sleep episodes. This is consistent with
the long-held view that the SW/REM structure of
sleep is intimately related to previous waking ex-
perience (Lucero 1970; Leconte et al. 1974; Am-
brosini et al. 1988; Winson 1993; Smith 1996), and
attests to the importance of experimentally ma-
nipulating such experience to investigate the mo-
lecular events associated with REM sleep (Giuditta
et al. 1995). The present study constitutes a first
demonstration that the expression of an activity-
dependent gene is up-regulated during REM sleep
that follows exposure to an enriched environment.
The selective reinduction of zif-268 (but not other
zinc-finger IEGs such as ngfi-b or krox-20) allows,
in principle, for the regulation of specific subsets
of target genes. Given the association between zif-
268 expression and neuronal plasticity, the phe-
nomenon we described may represent a window
of increased plasticity during REM sleep that fol-
lows a rich waking experience. Our results thus
provide a possible mechanism whereby previous
waking experience can contribute to long-lasting
changes in the brain.
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