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Abstract

w xExpression of c-fos has been shown to vary throughout the brain over the course of the 24-h day 17 . The magnitude of these changes
Ž . Ž .appear to be similar in a light : dark LD cycle or in constant dark DD . To further examine whether the diurnal and circadian changes in
Ž .c-fos and other immediate-early gene IEG expression in brain are related to waking behaviors such as locomotor activity, we conducted

three experiments using Northern analysis. First, we compared IEG expression in nocturnal vs. diurnally active species. Second, we
investigated IEG expression in a hibernating species during its active and inactive phases. Third, we examined the development of IEG
expression in the young post-natal rat. As a comparison to results obtained in extra-SCN brain regions, we also examined IEG and
vasopressin expression in the SCN itself across the circadian cycle. Animals maintained under a 12 : 12-h LD cycle were sacrificed in the

Ž . Ž . Ž .morning 10:00–11:00 h, ZT2–ZT3 or night 22:00–23:00 h, ZT14–ZT15 or at the corresponding circadian times CT when kept in
DD. Rats sacrificed in the morning always showed lower c-fos expression than at night in all brain areas examined while the reverse
pattern was seen in squirrels under both LD and DD conditions, suggesting a direct correlation between c-fos message and activity. The

Ž .cerebellum displayed the greatest magnitude change between morning and night often reaching 10-fold . Among other IEGs examined,
the expression of NGFI-A and junB are similar to c-fos, but of lesser magnitude, whereas c-jun appears to be invariant in the rat but is
increased during the active phase in squirrels. During the hibernation season, squirrels have lower levels of c-fos consistent with their low
levels of activity even during their euthermic interbout periods. c-fos expression in the cerebellum and rest of brain of 1-week-old rats
sacrificed at ZT3 and ZT15 showed low levels at both timepoints whereas 2- and 3-week-old animals had higher levels at night as do
adults. Among other IEGs, junB and NGFI-A again were similar to c-fos while c-jun and junD were more constant. Our observations
support the idea of a diurnal rhythm of IEG expression in the CNS that is related to waking behaviors. Among IEGs, c-fos exhibits the
greatest daily variation in expression.
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1. Introduction

The role of gene expression in diurnal and circadian
rhythms has been actively studied in several model sys-
tems, including Neurospora, Drosophila, Arabidopsis, Ac-
etabularia, Gonyaulaux, the Bulla eye, the vertebrate pineal

Ž .gland and the mammalian suprachiasmatic nucleus SCN ,
and, in many cases, transcription appears to be central to

w xthe circadian clock 14,40,53 . In mammals, the SCN is the
w xdominant circadian pacemaker 24 and, within the SCN,

) Ž .Corresponding author. Fax: q1 415 725-5356.

several mRNAs and proteins show circadian variation
Ž .vasopressin, somatostatin or changes under a light : dark
Ž . Ž .LD cycle vasoactive intestinal peptide . These changes
have generally been measured at steady-state levels
w x22,24,54 but nonetheless are suggestive that, at least in
some cases, gene transcription is under circadian control.
In addition to undergoing modest daily changes in protein

w xlevels 8,25 , c-fos and some other immediate-early genes
Ž .IEGs are dramatically induced by light pulses given
during the subjective night but not during the subjective
day, indicating circadian gating of gene expression
w x2,15,26,52 .

Although the SCN appears to be the dominant circadian
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pacemaker in mammals, most behavioral and physiological
outputs of the clock, such as the sleeprwake cycle, are
controlled largely by brain regions outside the SCN.
Therefore, circadian and diurnal changes in gene expres-
sion in brain regions outside the SCN are also of interest.
Relatively little data are available on changes in gene
expression across the day in mammals for brain regions
other than the SCN and pineal gland, although modest
changes have been reported for a number of mRNAs, such

w xas those coding for some of the serotonin receptors 21
w xwhich also undergo changes in ligand binding 60 along

w xwith changes in serotonin levels and metabolites 37,58 .
Recently, c-fos and other IEGs have been found to un-
dergo diurnal variations in multiple brain areas at both
mRNA and protein levels. In some cases, these changes
have been shown to persist under constant conditions,

w xsuggesting that they may be true circadian rhythms 17 .
Other studies indicate that sleep, wake andror the activity
of the animal influence the steady-state level of IEG

w xexpression 17,29 . Sleep deprivation, in particular, appears
to increase IEG expression and recovery sleep appears to

w xdecrease expression 18,36,48 . Interestingly, unilateral le-
Ž .sions of the locus coeruleus LC dramatically reduce IEG

levels in the hemisphere without LC input but are normal
w xin the other hemisphere 10 . To further address whether

such changes in IEG expression in brain are related to
diurnal variations in behavior and the development of
these behaviors, we conducted three experiments. First, we
compared IEG expression in nocturnal vs. diurnally active
species. Second, we investigated IEG expression in a
hibernating species during its active and inactive phases.
Third, we examined the development of IEG expression in
the young post-natal rat. As a comparison to results ob-
tained in extra-SCN brain regions, we also examined IEG
expression in the SCN itself across the circadian cycle.
Our results indicate that diurnal periods of higher activity
strongly influence the expression of IEGs in multiple brain
regions. Among IEGs, c-fos levels are most closely associ-
ated with periods of higher activity.

2. Materials and methods

2.1. Animals

2.1.1. Expt. 1: comparison of IEG expression in nocturnal
Õs. diurnal mammals

As a first test of the hypothesis that IEG expression was
related to periods of higher activity, we compared the

Žnocturnal rat to the diurnal ground squirrel Spermophilus
.lateralis . Sprague–Dawley rats were maintained under a

12 : 12-h LD cycle at 228C whereas ground squirrels
Ž . ŽSpermophilus lateralis were maintained at 78C lights on

.at 08:00 h and off at 20:00 h . Animals of both species
Žwere sacrificed at ZT2 Zeitgeber time 2, i.e. 2 h after light

.onset or ZT14 for the dayrnight comparison. To assess
whether the diurnal changes in IEG expression in the
squirrel persist under constant conditions as has been

w xestablished for the rat 17 , some squirrels were placed into
Ž .DD constant darkness 2 days prior to sacrifice at the

corresponding circadian times, CT2 and CT14, based on
the prior LD cycle. All animals were sacrificed by decapi-
tation and the brains were dissected into cerebellum, cere-
bral cortex, hypothalamus, pons, medulla, thalamus, hip-
pocampus, striatum and midbrain, frozen on powdered dry
ice and stored at y708C. Squirrels kept in DD and those at
ZT14 were sacrificed and their brains were removed under
red light to avoid the possible effects of a light pulse.

2.1.2. Expt. 2: comparison of IEG expression in a hiber-
nating species between its actiÕe and hibernating phases

Ž .Ground squirrels Spermophilus lateralis were im-
Žplanted with abdominal telethermometers Mini-Mitter,

.Sunriver, OR and maintained at an ambient temperature
Žof 78C on a constant 12 : 12-h LD cycle lights on at 08:00

.h and off at 20:00 h . Body temperature was monitored to
determine whether each squirrel was in its hibernation

Žseason marked by body temperatures near ambient levels
punctuated with periodic arousals every 3–7 days when
their body temperature returns to 378C for a period of

w x.usually 15–20 h 41 . Squirrels designated as winter
euthermic or interbout were determined to be in the hiber-
nation season but were sacrificed at ZT2 during the 15–20
h interbout period when body temperatures was f378C.
Squirrels designated as hibernating had body temperatures
of 88C and were also sacrificed at ZT2. Squirrels desig-
nated as summer-active had maintained a 378C tempera-
ture for at least 2 weeks. These squirrels were sacrificed

Ž .either at ZT2 or ZT14 2 h after dark onset . Brain regions
were handled as described in Expt. 1.

2.1.3. Expt. 3: deÕelopment of gene expression in the
young post-natal rat

To determine whether diurnal changes in IEG expres-
sion was related to development of circadian activity peri-
ods, pregnant Sprague–Dawley and Long–Evans rats were
maintained under 12:12-h LD cycle as above. The intro-
duction of males and subsequent conception was staggered

Fig. 1. A: expression of c-fos, c-jun and jun-B in the cerebellum of adult rats and squirrels determined by Northern analysis. f30 mg of total RNA was
Ž . Ž .loaded in each lane in all experiments examining extra-SCN brain regions. The lanes labeled as L light and D dark refer to animals sacrificed at ZT2

X X Ž .and ZT14 of rats sacrificed in an LD cycle; the lanes labeled as L and D refer to animals sacrificed at the corresponding CTs CT2 and CT14 under DD
conditions. b-Actin serves as a loading control and is used as denominator in the ratios presented in the graphs on the right side. B: expression of c-fos,
c-jun and NGFI-A in the cerebellum of four additional rats sacrificed at ZT2 and ZT14. RNA from a single individual was loaded in each lane in Figs.
1–3, 5 and 7.
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by f1 week, such that on 1 experimental day three
Sprague–Dawley litters were available for the experiment:

Ž .one at post-natal day 8 PD8 , one at PD15 and one at
PD22. For the Long–Evans strain, we also obtained three
litters, one at PD8, one at PD17 and one at PD23. Half of
each litter was sacrificed at ZT3 and the other half at
ZT15. For the Sprague–Dawley litters, the brains were
dissected into cerebellum and the rest of brain. In the
Long–Evans pups, the SCN was removed prior to any
further dissection. The ZT3 Sprague–Dawley litters were
dissected prior to the litters sacrificed at ZT15. For the
Long–Evans pups, this sequence was reversed to control

Žfor possible stress effects on the second set of pups which
.had been disturbed 12 h previously .

2.1.4. Expt. 4: assessment of circadian changes in gene
expression within the suprachiasmatic nucleus

To examine SCN gene expression across the circadian
cycle, 136 adult Sprague–Dawley rats were placed into
DD 2 days prior to sacrifice. At each of eight timepoints
Ž .CT1, CT4, CT7, CT10, CT13, CT16, CT19 and CT22 ,
17 rats were sacrificed and the SCN were dissected as

w xpreviously described 35 . Other brain regions were han-
dled as described in Expt. 1.

2.2. RNA isolation and analysis

RNA was isolated from all brain regions using the
w xguanidiniumrCsCl method 9 , fractionated on 1.2% for-

Fig. 2. Northern analysis of c-fos expression in five different brain regions of ground squirrels kept under 12 : 12-h LD cycle. Squirrels presented in the
lanes labeled I and H were sacrificed in different phases of the hibemation cycle during winter; squirrels presented in the lanes labeled D and L were

Ž . Ž .sacrificed in different phases of the light cycle during the summer active phase. I, interbout euthermic phase T s378C sacrificed at ZT2; H, deepb
Ž .hibernation phase T s7–88C sacrificed at ZT2; D, sacrificed at ZT14; L, sacrificed at ZT2. ns2 for each condition, however, the L vs. D squirrels inb

Fig. 1A are essentially the same as those here in Fig. 2.
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maldehyderagarose gels and transferred to Nytran mem-
Ž .branes Schleicher and Schuell . RNA was visualized by

ethidium bromide staining and cross-linked by UV irradia-
tion. Following pre-hybridization, membranes were hy-
bridized at 428C in 5=SSC, 50% formamide, 50 mM

Ž .sodium phosphate pH 6.8 , 1% SDS, 1 mM EDTA,
2.5=Denhardt’s, 200 mgrml herring sperm DNA and
5=106cpmrml of radiolabeled random-primed cDNA

w xprobe 16 . After mild washes in 1=SSC, membranes
were washed 2= for 30 min at 588C in 0.4=SSC and
0.5% SDS. Filters were then exposed to Kodak XAR5 film
for 1–12 days and the band intensity quantitated using a
MCID image analysis system. Filters were subsequently
stripped to remove old probe and re-hybridized with other
probes. Comparisons between samples were made relative
to b-actin mRNA for adult samples or junD mRNA levels
for developmental comparisons. b-Actin mRNA levels

w xdecline during development 33 while junD mRNA levels
were found to remain constant under our conditions. Both
probes served to control for unequal loading or transfer.

2.3. cDNA probes

For hybridization to c-fos message, a 2.1-kb EcoRI
w xfragment of rat c-fos was used 12 . To detect c-jun and

junB, 2.7- and 1.8-kb EcoRI fragments of the respective
w xmouse clones were utilized 42,43 . For NGFI-A, a 450-bp

w xPÕuIIrEcoRI fragment of a rat cDNA was used 30 .
w x w xHuman b-actin 20 and mouse junD 44 cDNA were

used as control probes. To examine vasopressin gene
expression, the probe AVPexCc containing only exon C of

Žthe rat was obtained from Dr. Thomas G. Sherman Uni-
.versity of Pittsburgh .

3. Results

3.1. Expt. 1: comparison of IEG expression in nocturnal
Õs. diurnal mammals

The expression of c-fos and other IEGs in the cerebel-
lum of rats and squirrels is shown in Fig. 1A,B. As shown

w xby previous investigators 17 , the nocturnal rat has higher
Ž .levels of c-fos at night Fig. 1A,1B . On the other hand,

diurnal summer-active ground squirrels have high levels of
Žc-fos during the early daytime CT2rZT2 vs.

.CT14rZT14 . In both species, higher levels of c-fos corre-
spond to periods of high locomotor activity. Other IEGs
show dayrnight changes that are less clear. In the squirrel,

Ž .Fig. 3. Northern analysis of five IEGs NGFI-A, c-fos, c-jun, jun-B and jun-D in the cerebellum of the developing Sprague–Dawley rat. The rats in the
lanes labeled L were sacrificed at ZT3; the rats in the lanes labeled D were sacrificed at ZT15.
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c-jun appears to be somewhat higher in the day, however,
there is almost no dayrnight difference in the six rats in

Ž .Fig. 1A,B nor in others not shown unpublished data .
Ž . Ž .NGFI-A Fig. 1B and junB Fig. 1A appear to be more

similar to c-fos but with smaller dayrnight changes. Other
brain regions examined show similar patterns but with

Žsmaller changes than the cerebellum unpublished observa-
.tions .

3.2. Expt. 2: comparison of IEG expression in a hibernat-
ing species between its actiÕe and hibernating phases

Levels of c-fos mRNA were also compared in the
Ž .brains of winter euthermicrinterbout ZT2 , hibernating

Ž . Ž .ZT2 , summer-active night ZT14 and summer-active
Ž . Ž .day ZT2 squirrels Fig. 2 . In all brain regions examined,

the highest c-fos levels were observed in summer-active
day squirrels, with the cerebellum and cortex exhibiting
the greatest changes. These data support the idea that c-fos
expression in the brain is correlated with periods of higher
activity.

3.3. Expt. 3: deÕelopment of gene expression in the young
post-natal rat

Fig. 3 presents the results of Northern analysis of five
IEGs in the cerebellum of the developing Sprague–Dawley
rat. A trend toward increasing IEG expression with age
was evident for all IEGs except jun-D which remained
constant or even decreased slightly with age. The expres-
sion of jun-D was much more constant over the age range
studied than, for example, expression of b-actin. Conse-
quently, jun-D was used as a reference or denominator in
all numerical analyses of gene expression presented below.
The appearance of a junB doublet in Fig. 3 and in Fig. 7
Ž .but not in Fig. 1 we believe is artifactual. It is probably
due to the variable migration of the 18S rRNA which has a
complex secondary structure that persists to varying de-
grees even under denaturing conditions. When it co-
migrates precisely with the junB mRNA, it appears to
cause band splitting. We have never observed this doublet

Ž .when using polyA RNA unpublished observations .
Fig. 4 presents the results of the densitometric analyses

Fig. 4. Densitometric analyses for the autoradiographs presented in Fig. 3. The expression of jun-D in Fig. 3 was used as denominator to calculate the
ratios presented in this figure since junD expression appears to be constitutive. P, post-natal day.
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Fig. 5. Northern analysis of the expression of the IEGs NGFI-A, c-fos and c-jun in the cerebellum of the developing Long–Evans rat. L, D and PD as in
Fig. 3. Do to the deterioration of this filter, junD was probed on a replicate Northern not shown.

for the autoradiographs illustrated in Fig. 3. Analysis of
variance revealed a significant change in expression of all

Ž . Ž .IEGs with age PF0.0003 . Post-hoc tests Fisher PLSD
indicated that all age groups differed significantly from
one another. Significant time-of-day effects were also evi-

Ž .dent for both c-fos P-0.0003; Fs24.594; dfs1,12

Ž .and jun-B P-0.01; Fs8.087; dfs1,12 as well as a
Žsignificant interaction of age by time-of-day c-fos: P-

0.02; Fs6.114; dfs2,12; jun-B: P-0.006; Fs8.127;
.dfs2,12 . There was also a trend toward increased

NGFI-A expression by time-of-day which did not quite
Ž .reach statistical significance P-0.07 .

Fig. 6. Densitometric analyses corresponding to the data presented in Fig. 5. JunD was used as denominator as in Fig. 4 to calculate the ratios presented in
this figure. P, post-natal day.
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Fig. 5 presents the results of Northern analysis similar
to that of Fig. 3 but from the cerebellum of the developing
Long–Evans rat. As in Fig. 3, there appears to be a trend
toward age-related increase in IEG expression and the
results of the corresponding densitometric analyses are
presented in Fig. 6. ANOVA confirmed the trend toward
age-related increase in IEG expression. For c-fos, post-hoc
tests revealed that all age comparisons were significantly
different. For all other IEGs, post-hoc tests revealed that
all age comparisons were significantly different except the

ŽPD17–PD23 comparison in contrast to the Sprague–Daw-
.ley rats . This observation may reflect the older ages used

Žin the Long–Evans rats than the Sprague Dawleys PD17
.v. PD15; PD23 v. PD22 . For c-fos, in addition to the

age-related effect, ANOVA revealed significant time-of-
Ž .day P-0.0001; Fs109.725; dfs1,12 effect and a

Žsignificant interaction of age by time P-0.0001; Fs
.31.329; dfs2,12 . ANOVA also revealed significant

Ž .time-of-day P-0.01 effect and a significant interaction
Ž .of age by time-of-day P-0.002 for both c-jun bands.

Curiously, however, the mean daytime values for c-jun
exceeded the mean nighttime values by PD23, in contrast
to the Sprague–Dawley rats.

Fig. 7 presents the expression of IEGs in the remainder
of the brain from the experiment presented in Fig. 5.
Again, the trend toward increasing IEG expression with
age is evident for all IEGs except jun-D and the results of
the corresponding densitometric analyses are presented in
Fig. 8. ANOVA confirmed the age-related change for all

Ž .IEGs except jun-D P-0.006 . Significant time-of-day
Žeffects were evident for c-fos P-0.0001; Fs64.379;

. Ž .dfs1,12 , NGFI-A P-0.0001; Fs37.374; dfs1,12
Ž .and jun-B P-0.004; Fs13.217; dfs1,12 and a sig-

nificant interaction of age by time-of-day was evident for
Ž .c-fos P-0.0005; Fs15.285; dfs2,12 and NGFI-A

Ž .P-0.009; Fs7.324; dfs2,12 . Among these latter
three IEGs, the mean nighttime values exceeded the mean
daytime values by PD17.

3.4. Expt. 4: circadian changes in gene expression within
the suprachiasmatic nucleus

Ž .Arginine vasopressin AVP mRNA in the SCN has
been shown to undergo dramatic changes in polyA tail
length resulting in an additional deadenylated mRNA size

w x w xat night in some studies 39 but not in others 4 . Our

Ž .Fig. 7. Expression of the IEGs NGFI-A, c-fos, c-jun, jun-B and jun-D in the remainder of the brain minus the cerebellum and SCN from the
Long–Evans rats presented in Fig. 5. L, D and PD as in Figs. 3 and 5.
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results in adult rats are consistent with the existence of this
Ž .circadian and diurnal variation Fig. 9A . We did not find

dramatic changes in abundance of AVP mRNA throughout
the circadian day, however, no statistical analysis is possi-
ble since each CT sample is a single pool of SCNs. We
then investigated the RNA from the PD17 and PD23 SCNs
of the Long–Evans rats used in Expt. 3 and again found
the diurnal size variation, although not as clearly as in

Ž .adults Fig. 9B . The SCN dissections at the PD17 and
PD23 timepoints were not as precise as our adult dissec-
tions which may account for the smearing since only the
SCN appears to produce a completely deadenylated AVP

w xmRNA 6,7,39 . PD8 SCN samples did not work in these
experiments. However, in other experiments, we have seen
the two band smear at inappropriate times in PD6 SCN at

Ž .ZT9 but not adult SCN at ZT9 unpublished observations .
In addition, we have never observed the doublet at any
timepoints in the mouse SCN.

Using the same RNAs as in Fig. 9, we examined c-fos
expression across the circadian cycle in the adult rat SCN
Ž .Fig. 10 . Unlike the cerebellum and the rest of brain, the
SCN appears to have higher c-fos expression during the
subjective day, although statistical analyses cannot be un-
dertaken due to the pooling of the tissue samples. In
comparison to the nocturnal increase in c-fos mRNA ob-

Ž .served in the cerebellum Fig. 1 , the elevation in the SCN
during the day is quite modest.

4. Discussion

The purpose of our studies was to further examine
whether the diurnal and circadian changes in IEG expres-

w xsion in brain initially described by others 17 may be
related to locomotor activity. The experiments presented
here provide correlational evidence that is consistent with
such a relationship. Among IEGs, c-fos appears to undergo
the greatest daily variation, with c-fos expression in the

Ž .SCN apparently being an exception see below . Our ex-
periments do not allow us to address whether the variation
in IEG expression in brain regions outside the SCN is
directly driven by the SCN or is a secondary consequence

Ž .of behavior such as locomotor activity whose timing is
controlled by the SCN but we favor the latter possibility.

The examination of c-fos and expression of other IEGs
in the brain is of interest for at least two reasons. Increased
IEG expression is often related to increased neuronal

w xactivity 3,11,32 , making IEGs a good general marker of
brain ‘activity’ regardless of their actual function. In this
regard, c-fos is probably the best IEG to examine since it

Fig. 8. Densitometric analyses corresponding to the data presented in Fig. 7 using jun-D as denominator. P, post-natal day.
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Fig. 9. A: expression of AVP mRNA in the suprachiasmatic nucleus
Ž .SCN of adult Sprague–Dawley rats. In each lane, 4 mg total RNA has
been loaded representing a portion of a pooled RNA sample from 17 rats
sacrificed under DD at each of the 8 CTs indicated. b-Actin serves as a
loading control. B: expression of AVP mRNA in the SCN of adult and
young post-natal Long–Evans rats. L sZT3 and DsZT15 for both the

Ž .adult and post-natal rats PD17 and PD23 .

has been the most extensively characterized with respect to
w xchanges in neuronal activity 32,50 . Our data showing that

c-fos mRNA levels are higher at night in nocturnal rats is,
thus, consistent with the fact that neural activity is gener-

ally higher when animals are awake, at least as compared
to the periods of slow-wave sleep which comprise 80% of

w xtotal sleep time 23,51 . Our data are also consistent with
previous work examining IEG expression in several brain

w xregions of the rat throughout the 24-h period 17 . We have
extended this work by showing that diurnal ground squir-
rels have higher levels of c-fos expression during the day
in contrast to the nocturnal increase observed in rats.
Furthermore, during the interbout intervals between hiber-
nation periods which are characterized by relatively low
levels of activity, squirrels have low levels of c-fos mRNA
as compared to summer animals. Winter squirrels display
little activity between their bouts of hibernation and spend
a large percentage of these periods in slow-wave sleep,
before their body temperature drops for the next hiberna-

w xtion cycle 57 .
The observations reported here are consistent with a

link between IEG expression and neuronal activity as well
as locomotor activity. In fact, the basal changes in c-fos
levels may correspond quite closely with the actual firing
rates in neurons. Variation in c-fos mRNA is on the order

Ž w x.of 5–10-fold see Figs. 1 and 2 and 17 and, despite
substantial variation throughout the brain, the average
firing rate of neurons is also probably f5–10-fold higher
in wake vs. slow-wave sleep. For example, EEG record-
ings reflecting thalamocortical activity have large amounts
of low frequency delta waves during slow-wave sleep
Ž .0.5–4 Hz while waking periods are dominated by much

w xhigher frequency waves 23,51 .
In addition to their role as functional markers, IEG

expression is of interest because of the role of IEGs as
transcription factors. Since IEGs are often the first genes
activated by various stimuli, they have been referred to as

w x‘master switch’ genes 32 . Therefore, it is important to
determine which IEGs increase, decrease or remain con-
stant in relation to behavioral or physiological events.

ŽIEGs interact at the protein level to form dimers referred
.to as AP-1 and it appears that the specific combination

w xconfers functional specificity 32,45 , presumably resulting

Fig. 10. Expression of c-fos mRNA in the adult SCN across the circadian cycle using the same RNAs as shown in Fig. 9A. b-Actin serves as a loading
control and is used as denominator in the ratios presented in the graph on the right side.
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in the activation of specific ‘target’ genes. For example, in
some instances, c-fos expression increases many-fold while

w xc-jun remains essentially unchanged 29,34 . Our results in
adult rats indicate that c-jun expression remains relatively
constant between the two timepoints examined and is

w xconsistent with Menegazzi et al. 29 who found no signifi-
cant changes in c-jun expression throughout the 24-h
period. Earlier in development, we observed no diurnal

Ž .change in c-jun mRNA in one experiment Fig. 3 but a
Ž .reverse pattern in the second experiment Fig. 5 which is

in clear contrast to c-fos expression. It is interesting to note
w xthat seizure increases c-jun expression in the rat 32 while

the more modest and subtle increase in neuronal activity
during wake produces no dectectable increase in the rat but

Ž .does perhaps cause an elevation in the squirrel Fig. 1 .
From our experiments, it appears that the junB gene is the
most responsive IEG in the JUN family, followed by c-jun.
JunD mRNA remains almost completely constant in all of

Ž .our conditions age, day vs. night , consistent with other
w xreports of junD 44 in addition to many unpublished

Žstudies this is based on our comparisons of junD levels
.with the amount of RNA loaded . Therefore, JUND and

C-JUN proteins may be present in the majority of AP-1
binding during sleep and periods of inactivity while junB
becomes more important during periods of higher activity,
assuming that changes in mRNA are reflected as changes
in protein levels. Since c-fos is low during periods of
inactivity, it is not clear what Fos protein might be domi-
nant during the day in rats. FosB appears to be even less

Žabundant during the day than c-fos mRNA unpublished
.observations and we did not examine Fra-1 or Fra-2. It

may be that during periods of inactivity, AP-1 proteins are
predominantly JUN-JUN dimers which have weaker bind-

w xing and enhancerrpromoter effects 45 while at night
there is a shift to c-fos-containing AP-1 proteins. In the
SCN, JUND has been shown to be a constitutive compo-
nent of AP-1 while complexes of JUNB and FOS required

w xphotic stimulation 55 .
If c-fos expression is related to locomotor activity, the

ontogeny of diurnal variation in this gene expression is of
interest. The circadian clock located in the SCN appears to

Ž . w xbe functioning by E19 embryonic day 19 in rats 38 and
the LD cycle can entrain at least the pineal melatonin

w xrhythm by PD8, if not sooner 13 . Clear locomotor activ-
ity rhythms, however, are not present until at least PD15 in
pups reared in isolation but may emerge earlier in develop-

w xment with maternal influence 1,56 . Our data showing the
appearance of diurnal changes in c-fos expression at 2 and
3 weeks of age, but not at 1 week of age, is consistent with
the development of activity rhythms. However, it is possi-
ble that expression of c-fos is simply too low in the
cerebellum and rest of brain for us to detect diurnal
variation at PD8. Our results and those of others show that
c-fos substantially increases its expression between the 1st
and 2nd post-natal week in the cerebellum and to a lesser

w x Žextent in other brain regions 19,27 . NGFI-A also known

.as zif268 and krox24 also appears to increase in the first
few post-natal weeks in both the cerebellum and rest of
brain, consistent with earlier reports in the rat and cat
w x28,59 . Among the JUN family members during develop-
ment, junB appears similar to c-fos, c-jun increases less
dramatically and junD is almost entirely invariant. These
developmental changes in IEG expression during develop-
ment seem to typify each member of the JUN family: in
most situations of which we are aware, junB expression
generally parallels c-fos, junD is invariant and c-jun either
is invariant or increases along with c-fos but to a lesser
degree. This was true for our dayrnight differences and in

w xour previous studies examining sleep deprivation 34 . The
most unusual pattern we observed was in Fig. 5 where
c-jun expression is reversed from c-fos; however, in the

Ž .rest of brain from the same animals Fig. 7 , the more
typical pattern is observed.

In general, the changes in expression observed in c-fos,
junB and NGFI-A in the three different comparisons con-

Ž . Ž .ducted here – 1 rats vs. squirrels in the day and night; 2
differing seasonal and hibernation phases in squirrels; and
Ž .3 day vs. night across post-natal development in rats –
are all correlated with locomotor andror neuronal activity.
Although stress and many other factors have also been

w xshown to alter IEG expression 7,46,47 , there is no obvi-
ous difference in stress under our conditions. Indeed, it is
possible that studies of stress may be inducing IEGs by
altering arousal state and locomotor activity. Even if ani-
mals are restrained, many of the same pathways are likely
to be activated. We have observed apparent stress effects
in some of our studies, however. For example, we have

Žobserved large variations in c-fos expression at ZT8 un-
.published data . Part of this variation is likely due to an

individual animal’s recent sleep and activity history, as
w xdocumented by Grassi-Zucconi et al. 18 , and our consis-

tent findings in rats of low c-fos mRNA at ZT2rZT3 and
high c-fos at ZT14rZT15 may reflect the high levels of
sleep in the early morning and high locomotor activity in
the early night among animals. However, in some in-
stances, we have also seen very high c-fos and other IEG
mRNA levels following stressful events, such as cage
changing and previous animal sacrifice in the same room
Ž .unpublished data .

The rat SCN may be one brain region in which the
interrelationship between IEG expression, locomotor activ-
ity and neuronal activity may be dissociated. The SCN has

Ž .its peak firing rate and metabolism at CT6 or ZT6 in
both nocturnal and diurnal species, even in the isolated

w xSCN slice 31 . Thus, if IEG expression is related to
neuronal activity rather than locomotion, we might expect
higher levels of c-fos expression in the day rather than
night in this structure, the opposite of most brain regions in
the rat. One attempt to distinguish neuronal from locomo-
tor activity was made by examining c-fos in the SCN. The
results presented in Fig. 10 show slightly elevated c-fos
expression in the SCN during the day which is consistent
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w xwith earlier reports at the protein level 8,25 . Since the
SCN is not involved directly in locomotor activity, it is not
surprising that c-fos would not always be correlated with
locomotor activity. It seems likely that neuronal activity is
most closely linked with c-fos expression but that locomo-
tor activity may, in many instances, be the driving force
for increased neuronal activity, especially in structures,
such as the cerebellum.

An independent measure that the SCN RNA examined
in Fig. 10 was indeed under circadian regulation is the

Ž .variation in polyA tail length in the AVP mRNA Fig. 9 .
This variation represents another level of regulation be-
yond controlling transcriptional rate and was first observed

w x w xby Robinson et al. 39 and later by Carter and Murphy 5
who also reported that transcriptional rate of this gene

w xdecreases at night 6 . The SCN produces a completely
deadenylated form of AVP at night with a size of 530 bp
in addition to a longer adenylated form of 740 bp. During
the day, only the 740-bp size is observed which is also the
only form present in other hypothalamic nuclei at both day

w xand night under normal conditions 5,6,39 . Aside from an
independent check that our SCN RNA was under circadian
regulation, we also wanted to replicate the previous find-
ings since there has been some inconsistencies in the
published literature as to both polyA tail length and quanti-
tative changes in steady-state AVP mRNA levels. Cagam-

w xpang et al. 4 report a sharp peak of AVP mRNA levels at
ZT8 and CT8 and a trough at ZT20 and CT20 but report
that they do not consistently observe the shorter AVP
mRNA at night. This quantitative change throughout the
day has been reported as early as E19, providing evidence

w xof SCN clock function before birth 38 . In contrast,
w xRobinson et al. 39 found no significant variation in

mRNA levels throughout the day despite a very clear
w xrhythm of polyA tail length. Carter and Murphy 5,6 find

both a quantitative and polyA change in AVP mRNA,
however, they often observe only the short mRNA at night
Ž .as opposed to both bands . Our results are essentially

w xidentical to Robinson et al. 39 with a clear shift from a
single band during the day to two bands at night. We
observed no clear change in mRNA levels in our around-

Ž .the-clock study Fig. 9A but each timepoint represents
only a single pooled sample from 17 rats. In other ‘two
timepoint’ comparisons, we have seen f2-fold greater

Žlevels of AVP mRNA in the day vs. night Fig. 9B adults
.and unpublished observations . We have extended the

above findings by showing the polyA tail length variation
Ž .in younger rats Fig. 9B but have seen considerable

variation in rats during the 1st post-natal week and have
Žnot observed the smaller band in mice unpublished obser-

.vations . Deadenylation is also critical in regulating the
level of c-fos mRNA since this is the first step in its rapid

w xdecay 49 . It may be of interest to note that in one of our
Ž .experiments Fig. 3, c-fos panel , we observe an apparent

size fluctuation in the six PD22 lanes, with the higher band
being present at night. This size difference is even more

apparent on shorter autoradiographic exposures than that
illustrated in Fig. 3. However, we have not seen this size
variation in any other samples of young or adults rats.

The expression and regulation of c-fos and AVP in the
SCN reflect the unique role of this structure as the domi-
nant circadian pacemaker in mammals. Our data from the
cerebellum and rest of brain, however, suggest important
changes in gene expression throughout the day in extra-
SCN regions. These changes appear to be correlated with
daily activity patterns. Each IEG studied here responds
differently to these presumed changes in activity. Given
the role of IEGs in AP-1 formation and transcriptional
regulation, it seems likely that variations in gene expres-
sion related to changes in daily activity are quite common.
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