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Abstract In nocturnal rodents, exposure to light results in an increase in Fos
expression in two regions that receive direct retinal input: the suprachiasmatic
nuclei (SCN) of the hypothalamus and the intergeniculate leaflet (IGL) of the
thalamus. The induction of Fos within the SCN of nocturnal rodents is phase
dependent, with light presented during the subjective night increasing Fos
expression and light presented during the subjective day having little effect.
By contrast, Fos expression increases in the IGL when light is presented during
the subjective day or night. It is unclear whether Fos is part of the pathway
mediating light-induced phase shifts in diurnal rodents. In the present study, the
ability of light to induce immunostaining for Fos in the SCN and IGL was
compared in diurnal rodents, Octodon degus (degus), and nocturnal rats. Degus
and rats were either maintained in constant darkness or exposed to a 1-h light
pulse at circadian time (CT) 4 or 16. Degus exhibit robust phase shifts at each of
those circadian hours, whereas rats demonstrate phase shifts only at CT 16. In
degus, exposure to a 1-h light pulse at CT 16 resulted in an increase in the number
of Fos-immunopositive (Fos+) cells in the ventrolateral SCN. By contrast, a 1-h
light pulse at CT 4 resulted in a decrease in the number of Fos+ cells in the

dorsomedial portion of the SCN. In rats, a light pulse presented at CT 16 resulted
in an increase in Fos+ cells throughout the SCN, and a pulse at CT 4 had no effect
on Fos staining. Both degus and rats showed increases in Fos expression in the
IGL after light exposure at CTs 4 and 16. The authors conclude that light pulses
presented at times that produce phase shifts in activity rhythms also alter Fos
expression in the SCN and IGL of degus. Although these effects of light exposure
on Fos expression are not identical in diurnal and nocturnal rodents, it is likely
that Fos and other immediate early genes are part of the pathway mediating the
effects of light in both diurnal and nocturnal rodents.
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INTRODUCTION

In mammals, the endogenous circadian pacemaker
is located in the suprachiasmatic nuclei (SCN) of the
hypothalamus. The SCN not only generate the rhyth-
mic expression of behavioral and physiological pro-
cesses but also synchronize these rhythms to the
environmental light:dark (LD) cycle (Meijer and
Rietveld, 1989; Miller et al., 1996). The SCN receive
information about the environmental LD cycle di-
rectly from the retina via the retinohypothalamic tract
(Moore and Lenn, 1972; Pickard, 1982) and indirectly
via the intergeniculate leaflet (IGL) and the geniculo-
hypothalamic tract (Card and Moore, 1982,1988,1989;
Harrington et al., 1985, 1987). The exact mechanisms
by which the SCN synchronize circadian rhythms to
the LD cycle are unknown. However, numerous stud-
ies have examined the induction of immediate early
genes (IEGS) in the SCN in response to light stimula-
tion to determine whether activation of these tran-

scription factors is part of the cascade mediating
light-induced phase shifts. Although a number of
IEGS, such as NGFI-A, NGFI-B, c-jun, junB, and junD,
are induced by varying degrees within the SCN in
response to light stimulation (Rusak et al., 1992), the
gene that has been studied most extensively is c-fos
(for a review, see Komhauser et al.,1993). Light pulses
provided at specific times during the circadian cycle
stimulate the transcription of c-fos and its translation
to its protein product, Fos, within the SCN (Kornhauser
et al., 1990; Rea, 1989; Rusak et al., 1990). Fos forms
heterodimers with the protein products of the Jun
family, and these heterodimers are capable of binding
to the AP-1 response element to further alter gene
transcription (Vogt and Bos, 1990). Although specific
genes altered after Fos induction have not yet been
identified in the SCN, activation of IEGs and their
effects on gene transcription may be part of the pathway
mediating light-induced phase shifts in circadian
rhythms.

In nocturnal rodents (i.e., rats and hamsters)
housed under constant dark conditions, light pulses
given during the late subjective day and subjective
night produce phase shifts in activity rhythms and
result in an increase in Fos expression, primarily
within the ventrolateral portion of the SCN (Aronin
et al., 1990; Kornhauser et al., 1990; Rea, 1989, 1992;
Rusak et al., 1990; Schwartz et al., 1994). Light pulses
given during the subjective day (circadian times [CTs]
0-9) do not alter activity rhythms or induce Fos pro-
duction (Aronin et al., 1990; Kornhauser et al., 1990;

,.
Rusak et al., 1990). There also are a number of other
studies that strongly suggest that Fos may mediate
light-induced phase shifts. First, both the size of the
phase shift in activity rhythms and the levels of c-fos
gene expression positively correlate with the intensity
of the light stimulus (Kornhauser et al.,1990). Second, j
at specific times during the circadian cycle, adminis- &dquo;

tration of the glutamate agonist N-methyl-D-aspartate
mimics the effects of light on both behavioral rhythms
and the induction of Fos (Ebling et al., 1991). Treat-
ment with excitatory amino acid antagonists blocks
the effects of light on both activity rhythms and Fos
expression (Abe et al., 1992; Colwell et al., 1991; Rea
et al., 1993). Finally, administering antisense oligonu-
cleotides directed against c fos and junB to the SCN
blocks light-induced phase shifts in activity rhythms
(Wollnik et al., 1995). Thus, there appears to be a cor-
relation between light-induced increases in Fos within
the SCN and phase changes in circadian rhythms,
suggesting that the induction of Fos may be part of the
pathway involved in producing light-induced phase
shifts in nocturnal rodents.

The SCN also receive indirect information about the
LD cycle via the IGL. The IGL is a distinct region
located between the dorsolateral (dLGN) and ventro-
lateral (vLGN) geniculate nuclei that receives direct
retinal input (Hickey and Spear, 1976; Pickard, 1985).
Neurons within the IGL containing neuropeptide Y
(Card and Moore, 1982, 1988; Harrington et al., 1985,
1987), gamma-amino butyric acid (Moore and Card,
1994; Moore and Speh, 1993), and in some species
met-enkephalin (Morin et al., 1992) send projections to
the ventrolateral portion of the SCN and appear to be
involved in mediating photic- (Dark and Asdourian,
1975; Harrington and Rusak, 1986, 1988) and non-
photic-induced phase shifts (for a review, see Mrosovsky,
1995). Lesioning the IGL alters light-induced phase
shifts (Harrington and Rusak, 1986; Johnson et al.,
1989; Pickard et al.,1987) and entrainment to the envi-
ronmental LD cycle (Harrington and Rusak, 1986;
Johnson et al., 1989; Pickard, 1989). In nocturnal ro-
dents, the response of the IGL to light is similar to that
seen in the SCN; light exposure results in an increase
in Fos expression (Edelstein and Amir, 1996; Rusak
et al., 1990). However, the light-induced induction of
Fos in the IGL does not appear to be phase dependent.
Light pulses presented during both the subjective day
and subjective night result in an increase in Fos expres-
sion in this region (Edelstein and Amir, 1996).

Although the studies mentioned heretofore dem-
onstrate a relationship between the ability of light to
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induce Fos expression in the SCN and its ability to
induce phase shifts in activity rhythms in nocturnal
rodents, no experiments have been able to demon-
strate this relationship in diurnal rodents. In diurnal
Korean chipmunks (Eutamias asiaticus), 1-h light
pulses presented during both subjective day and sub-
jective night were capable of inducing Fos expression
in the SCN. However, light pulses given at the same
times did not produce consistent phase shifts in activ-
ity rhythms in these animals (Abe et al., 1995). The
effects of light on the induction of Fos in the IGL were
not examined in this study. Thus, based on the results
of this experiment, it is difficult to determine what
role, if any, Fos induction in the SCN plays in mediat-
ing light-induced phase shifts in diurnal rodents. It
also is not known whether the IGL in diurnal rodents

responds to light stimulation by inducing Fos expres-
sion or whether the Fos response to light is phase
dependent.

Octodon degus (degus) are diurnal rodents (Goel and
Lee, 1995b, 1996; Labyak and Lee, 1995) from South
America with a well-characterized phase response
curve to light (Lee and Labyak, 1997). Degus show
phase advances in activity rhythms when exposed to
light pulses between CTs 14 and 22 and show phase
delays when exposed to light pulses between CTs 0
and 8 (Lee and Labyak, 1997). This is in contrast to
nocturnal rodents, which exhibit no phase shifts in
response to light pulses presented during the early
subjective day. Because reliable phase changes in ac-
tivity rhythms in response to light have been docu-
mented in degus, the effects of light on IEG induction
in the SCN can be studied to determine whether cel-

lular mechanisms responsible for producing phase
shifts are similar in diurnal and nocturnal rodents.

Because retinal projections to the IGL also have been
described in degus (Goel and Lee, 1995a; N. Goel, T. M.
Lee, and L. Smale, submitted), light-induced Fos ex-
pression also can be examined in this region. In the
present experiment, we exposed rats and degus to a
1-h light pulse at CT 4 or CT 16 (times at which degus
show maximal responses to light pulses) and com-
pared the number of Fos-immunoreactive cells in the
SCN and IGL of animals receiving a light pulse to that
of animals that were maintained in constant darkness.
If Fos or one of the Fos-related antigens (FRAs) (e.g.,
FRA-1, FRA-2, FosB) is part of the pathway mediating
light-induced phase shifts in degus, then light pulses
presented at both times should alter the number of
Fos-immunoreactive cells in the SCN and IGL of

degus.

METHODS

Animals

Adult male degus (n = 18,2-4 years of age, mean life
span = 5-7 years) obtained from a breeding colony at
the University of Michigan and adult male Sprague
Dawley rats (n = 12, approximately 4 months of age)
obtained from Charles River (Kingston, NY) were
housed under a 12:12 LD cycle with lights on at 0400
h and lights off (dim red illumination of less than 5 lux)
at 1600 h for 2 weeks with food and water available ad

libitum.

Procedure

After 2 weeks in the 12:12 LD cycle, animals were
transferred to constant dim red illumination (DD) at
the time of lights off. Animals in the experimental
groups (n = 4/time/species) received a 1-h light pulse
(approximately 250 lux) beginning at either CT 16
(after 28 h of DD exposure) or CT 4 (after 40 h of DD
exposure). Immediately following the light pulse, ani-
mals were anesthetized with ketamine (120 mg/kg)
and xylazine (4 mg/kg) and were perfused via the
aorta with 200 ml of 0.9% saline containing heparin
(1000 U/L) followed by 250 ml of 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4).
Control animals (n = 2 rats/time, n = 5 degus/time)
remained in DD and were perfused at CTs correspond-
ing to the times used for the experimental animals.
Following perfusions, brains were postfixed in 4%
paraformaldehyde for 8 to 12 h at room temperature
and were stored at 4°C in 20% sucrose in 0.1 M PBS

until sectioning. Three series of coronal sections (40
fim) were cut on a freezing microtome starting at the
level of the striatum and continuing through the ra-
phe. Sections were stored in cryoprotectant (Watson
et al., 1986) until processed for Fos immunocytochemistry
(ICC).
ICC was performed on one series of tissue sections

from each animal (i.e., every third section) using stan-
dard protocols. First, sections were washed in PBS to
remove any remaining cryoprotectant. All sections
were then incubated in anti-Fos primary antibody
diluted at 1:1000 in PBS containing 0.2% Triton-X 100
(PBS-Tx) for 48 h at 4°C. The primary antibody used
was a rabbit polyclonal antibody directed against
amino acid residues 3 to 16 of the human Fos protein
(Santa Cruz Antibodies, Santa Cruz, CA). This anti-
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Figure 1. Representative drawings depicting the suprachias-
matic nuclei (SCN) from rostral to caudal (top to bottom) in degus
and rats. The dashed lines represent the division between dor-
somedial (DM) and ventrolateral (VL) SCN. These divisions were
made based on the location of retinal inputs in each species (see
Analysis section). 3V = third ventricle.

body recognizes Fos plus other FRAs. Sections were
then rinsed in PBS and incubated in anti-rabbit im-

muno-gamma globulin (IgG, Vectastain Elite Kit, Vec-
tor, Burlingame, CA) diluted 1:200 in PBS-Tx for 2 h at
room temperature. This was followed by an incuba-
tion in avidin-biotin complex (1:200 in PBS-Tx, Vectas-
tain Elite Kit) for 1.5 h, and finally labeled cells were
visualized using a peroxidase reaction with nickel
chloride (25 mM) intensified 3,3-diaminobenzadine
(0.1%) as the chromogen. All sections were mounted
onto gel-coated slides and coverslipped. To determine
specificity of the antibodies, sections were processed
as already described, but either the primary or the
secondary antibody was excluded. No labeled cells
were seen in the SCN or IGL under either of these

conditions.

Analysis

Sections containing the SCN were identified, and
camera lucida drawings were made at a magnification
of 200x. Sections were designated as rostral (2 sec-
tions/animal), mid (3-4 sections/animal), or caudal
(1-2 sections/animal) SCN based on the location of
retinal inputs and various peptides in degus (Fig. 1)
(Goel et al., submitted; Smale et al., 1993) and rats
(Johnson et al., 1988; Moore, 1983). Fos staining was

seen throughout the rostral-caudal extent of the SCN itand in the areas lateral and dorsal to the SCN. Each ~j)
section of the SCN was divided into dorsomedial and
ventrolateral portions, and Fos-immunopositive ’. 

z

(Fos’) cells were mapped and counted in each region. #
The ventrolateral portion of the nucleus was defined 

&dquo;~

as that region receiving the majority of retinal inputs,
and the dorsomedial portion was defined as that re-
gion adjacent to the ventricle that receives fewer reti-
nal inputs in degus (Fig. 1) (Goel et al., submitted;
Smale et al., 1993) and rats (Johnson et al., 1988). The
number of Fos’ cells in each subdivision (ventrolateral
and dorsomedial) of each region (rostral, mid, and
caudal) was counted by two experimenters blind to
the treatment of the animals. For degus, the data from
each region of the SCN were analyzed by a 2 (time) x
2 (condition) analysis of variance (ANOVA). Pairwise
comparisons were made using Student’s t tests. Be-
cause there were only 2 control rats used per time
point, and because previous work indicates that light
should increase Fos’ cells at CT 16 only, the number of
Fos’ cells in the SCN of pulsed and control rats was
analyzed using one-tailed Student’s t tests.

The IGL was defined as the region between the
dLGN and vLGN that receives retinal inputs in both
rats (Hickey and Spear, 1976; Pickard, 1985) and degus
(Goel and Lee, 1995a; Goel et al., submitted; Smale
et al., 1993). The number of Fos’ cells was counted
bilaterally at magnification of 400x by one experi-
menter blind to the treatment of the animals. The
number of Fos’ cells in the IGL of degus was analyzed
using a two-way ANOVA, and the data in rats were
analyzed using Student’s t tests as already described.
Differences with pH .05 were considered significant.

RESULTS

Figure 2 shows photomicrographs taken from the
mid-portion of the SCN of control (A,C) and pulsed
(B,D) degus. Neither light exposure nor time had a
significant effect on the number of Fos’ cells in the
rostral or caudal portions of the SCN. In the mid-
portion of the SCN, the two-way ANOVA comparing
the number of Fos’ cells in the ventrolateral region of
the SCN revealed that there was a significant interac-
tion between time and treatment (pulsed vs. control)
in degus, F(1, 14) = 6.29, p < .05. Exposure to a light
pulse at CT 16 resulted in an increase in the number of
Fos’ cells in the ventrolateral SCN of degus as com-
pared to controls (Figs. 2C,D and 3A), t(7) = 2.30, p =
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Figure 2. Photomicrographs showing Fos staining in the suprachiasmatic nuclei (SCN) of degus at circadian time (CT) 4 (A [control] and
B [pulsed]) and CT 16 (C [control] and D [pulsed]). At CT 16, the majority of Fos staining was seen in the ventrolateral SCN. At CT 4, Fos
staining was seen throughout the SCN in control animals, but staining was higher in the dorsomedial than in the ventrolateral portion of
the nuclei. Bar = 50 pm; 3V = third ventricle.

.05. Exposure to a light pulse at CT 4 had no effect on
the number of Fos’ cells in this portion of the SCN.
There also was an interaction between time and treat-

ment on the number of Fos’ cells in the dorsomedial

portion of the SCN, F(1, 14) = 4.97, p < .05. Animals

exposed to light pulses at CT 4 showed a reduction in
the number of Fos’ cells in the dorsomedial SCN as

compared to controls (Figs. 2A,B and 3B), t(7) = 2.46, p
< .05. However, pulses given at CT 16 did not alter Fos

staining in this region. It also appeared as if the num-
ber of Fos’ cells in the dorsomedial SCN of CT 4

controls was greater than the number of Fos’ cells in
the dorsomedial SCN of CT 16 controls, but this differ-
ence was not significant, t(8) = 1.91, p = .09.

In rats as in degus, time of day or treatment did not
significantly alter Fos staining in the rostral or caudal
SCN. Therefore, only the results from the mid-portion
of the SCN are presented. In both the ventrolateral (t(4) =
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Figure 3. Fos expression in the ventrolateral (A) and dorsomedial
(B) suprachiasmatic nuclei (SCN) of control degus or degus given
a 1-h light pulse at either circadian time (CT) 4 or CT 16 (means ±
SEMs of Fos+ cells/section). Animals receiving a light pulse at CT
4 had a decreased number of Fos+ cells in the dorsomedial SCN
as compared to controls. By contrast, exposure to a light pulse at
CT 16 resulted in an increase in the number of Fos+ cells in the
ventrolateral SCN. *Different from same timed controls (p <_ .05).

2.37, p < .05) and dorsomedial (t(4) = 2.40, p < .05) SCN,

pulses given at CT 16 increased the number of Fos’
cells (Figs. 4 and 5). Light pulses did not alter Fos
immunostaining in either the dorsomedial or ventro-
lateral SCN of rats at CT 4.

Photomicrographs of Fos labeling in the IGL of rats
and degus are presented in Fig. 6. In both degus and
rats, light exposure resulted in an increase in the num-
ber of Fos’ cells in the IGL. In degus, the two-way
ANOVA found a main effect of treatment (Fig. 7), F(l,
13) = 4.91, p < .05, with the number of Fos’ cells being
greater in the IGL of pulsed animals than control
animals, but no effect of time and no interaction. In
rats, there also was a significant effect of treatment on
the number of Fos’ cells in the IGL (Fig. 7), t(10) = 5.55,
p < .05), with pulsed animals having a greater number
of Fos’ cells in the IGL than controls, but no effect of
time of day

DISCUSSION I
In the diurnal rodent, the degu, the pattern of both

endogenous and light-induced Fos expression at CT
16 is similar to that seen in nocturnal rodents (Aronin
et al., 1990; Kornhauser et al., 1990; Rea, 1989, 1992;
Rusak et al., 1990; Schwartz et al., 1994) and to the
pattern reported in the diurnal Korean chipmunk
(Abe et al., 1995). At CT 16, endogenous Fos staining
is low, and exposure to a 1-h light pulse results in an
increase in the number of Fos’ neurons in the ventro-

lateral portion of the SCN in degus. These results are
consistent with the hypothesis that Fos induction is
part of the pathway mediating light-induced phase
shifts in diurnal rodents. Although induction of Fos by
light exposure at CT 16 is similar in degus and other
rodents, both endogenous and light-induced Fos ex-
pression at CT 4 are remarkably different from the
pattern that has been reported in other rodents.
We hypothesized that if Fos was part of the path-

way mediating phase shifts in degus, then light pulses
presented at CT 4, which result in strong phase delays
in activity rhythms (Lee and Labyak, 1997) should
result in an increase in the number of Fos’ cells in the

SCN. However, in degus, exposure to a 1-h light pulse
at CT 4 resulted in a decrease in Fos expression in the
dorsomedial portion of the SCN rather than an in-
crease (as we had expected). To our knowledge, there
are no other published reports of light stimulation
resulting in a decrease in IEG expression in the SCN.
In fact, in all animals examined, Fos immunoreactivity
is not influenced by light pulses presented during the
subjective day Therefore, although our results did not
completely confirm our predictions, it is clear that

light exposure does alter Fos expression in the SCN of
degus at both CTs 4 and 16 and that these changes in
Fos expression may be involved in mediating light-
induced phase shifts in these animals.

The mechanisms responsible for the decline in Fos
staining at CT 4 are unknown. However, it is possible
that exposure to light at CT 4 results in the activation
of the transcriptional regulator, Ca2+/cAMP response
element modulator (CREM) (Molina et al., 1993). Ac-
tivation of the cAMP pathway is capable of inducing
the transcription of both c-fos (Sheng and Greenberg,
1990) and a specific isoform of CREM named the
inducible cAMP early repressor (ICER), which is a
powerful inhibitor of cAMP-induced transcription
(Molina et al., 1993; Stehle et al., 1993). Light may
induce c-fos expression in the SCN by activating
Ca2+ / calmodulin or cAMP pathways, which results in
the phosphorylation of Ca2+/cAMP response element



407

Figure 4. Photomicrographs showing Fos staining in the suprachiasmatic nuclei of rats at circadian time (CT) 4 (A [control] and B [pulsed])
and CT 16 (C [control] and D [pulsed]). Little Fos staining was seen in control animals or in animals pulsed at CT 4. However, Fos staining
was seen throughout the nuclei in rats receiving a pulse at CT 16. Bar = 50 um; 3V = third ventricle.

binding protein (CREB) (Ginty et al., 1993; Golombek
and Ralph, 1994). CREB binds to the Ca2+/cAMP re-
sponse element on the c-fos promoter and regulates
transcription (Sheng and Greenburg, 1990). In the
SCN of degus, basal Fos expression is high at CT 4,
suggesting that some endogenous signal may already
be activating the cAMP pathway at this time. If expo-
sure to light results in further activation of the cAMP
pathway, it is possible that ICER also is induced and
that the induction of this transcriptional inhibitor pre-

vents further cAMP-induced transcription of c fos and
thus Fos levels decline. Although a number of studies
have shown that ICER induction and activity in the
pineal gland are regulated by photoperiod (Foulkes
et al., 1996; Stehle et al., 1993), experiments examining
the induction and regulation of ICER by light in the
SCN have not yet been performed. Thus, it remains to
be determined whether this mechanism may be in-
volved in the regulation of Fos transcription in the
SCN of degus.
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Figure 5. Fos expression in the ventrolateral (A) and dorsomedial
(B) suprachiasmatic nuclei (SCN) of control rats and rats receiving
a 1-h light pulse at circadian time (CT) 4 or CT 16 (means ± SEMs
of Fos+ cells). Light pulses presented at CT 4 had no effect on Fos
staining in either portion of the SCN. *Different from same timed
controls (p < .05).

It also is possible that the decline in Fos immu-
nostaining in response to light at CT 4 was due to an
interaction between light and activity at CT 4 in degus.
Because degus are diurnal, they normally see light
during the active period of their cycle. Thus, it is not
unreasonable to think that activity may modulate the
effects of light during the subjective day. One pathway
by which activity may alter the effects of light on Fos
staining is through the serotonergic (5HT) projection
from the raphe (Moore et al., 1978; Morin, 1994). In
hamsters, treatment with the 5HT precursor, trypto-
phan, reduces the size of light-induced phase shifts
and in Fos immunostaining within the SCN (Glass
et al., 1995). In in vitro slice preparations from rats,
basal expression of c-fos mRNA in the dorsomedial
SCN is high in untreated slices at CT 6, but treatment
with the 5HT agonist quipaizine results in a decrease
in Fos expression at this time (Prosser et al., 1994).
Thus, it appears as if 5HT can inhibit both light-induced
and basal expression of Fos in the SCN of nocturnal

rodents. The 5HT projection in degus is similar to that
reported for other species (Morin, 1994); 5HT termi-
nals are found primarily within the ventrolateral por-
tion of the nucleus (Goel et al., submitted). Therefore,
the pathway by which 5HT could modulate the effects
of light exists in degus. In hamsters, endogenous 5HT
release is higher during the dark phase of the cycle,
when animals are active. In fact, the highest levels of
5HT release are highly correlated with bouts of activ-4
ity (Dudley and Glass, 1996). Because degus are active
during the day, 5HT release in the SCN may be in-
creased during the day in these animals, and this
increase in 5HT release could in turn alter the process-

ing of light information coming in at this time. How-
ever, further studies need to be performed to
determine whether 5HT release is increased in the

SCN of degus during the active phase and whether
5HT can modulate the effects of light on Fos induction
as it does in nocturnal rodents.

Basal levels of Fos staining in the dorsomedial por-
tion of the SCN are high in degus at CT 4, suggesting
that there is some endogenous signal activating these
neurons. In degus, afferent projections from the retina
and IGL terminate primarily in the ventrolateral por-
tion of the SCN (Goel et al., submitted; Smale et al.,
1993). Thus, it is unlikely that inputs from the IGL are
directly responsible for the induction in Fos seen at CT
4. However, it is possible that input from the IGL may
be sending an indirect signal through neurons in the
ventrolateral SCN. It also is possible that a circadian
signal produced within the SCN itself is generating
this increase in Fos’ cells in the dorsomedial SCN. In

nocturnal rodents maintained in DD (Earnest et al.,
1990) and in in vitro slice preparations obtained from
rats (Prosser et al., 1994), there is a circadian rhythm in
Fos expression with Fos in the dorsomedial portion of
the nucleus being slightly higher during the day than
during the night. A similar but more robust circadian
rhythm in Fos expression in the SCN may be present
in degus. It also is possible that the increase in immu-
nostaining seen in the dorsomedial SCN of degus at
CT 4 was not due to an increase in Fos but instead was

due to the result of an increase in another FRA. For

example, in rats, Fos B expression is high throughout
the circadian cycle (Peters et al.,1994). To definitively
determine the mechanisms responsible for the high
endogenous expression of Fos immunoreactivity ir
the dorsomedial SCN of degus at CT 4, studies wil
need to be done to examine the circadian regulation o:
FRA expression using antibodies directed specifically
against Fos versus other FRAs.
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Figure 6. Photomicrographs showing Fos immunostaining in the intergeniculate leaflet of degus (A [control] and B [pulsed]) and rats (C
[control] and D [pulsed]) at circadian time 16. Bar = 50 J1m.

In this study, the patterns of endogenous and light-
induced Fos expression in the SCN and IGL of rats are
consistent with a number of other reports examining
Fos staining in these regions in nocturnal rodents
(Aronin et al., 1990; Edelstein and Amir, 1996;
Kornhauser et al., 1990; Rea, 1989, 1992; Rusak et al.,
1990; Schwartz et al., 1994). In the absence of light
stimulation, endogenous Fos expression in the SCN is
low at both CTs 4 and 16. Only light pulses at CT 16
result in a marked increase in Fos’ cells. However, in
contrast to previous studies that report that increases
in Fos in response to light occur primarily within the
ventrolateral SCN, in the present study light exposure
increased Fos staining in both the ventrolateral and
dorsomedial portions of the SCN in rats at CT 16. Two
factors may account for our findings. First, because the
induction of Fos in the ventrolateral portion of the
SCN of nocturnal rodents is so robust, and because

retinal projections terminate primarily in this area of
the SCN, many studies have focused on this region
(Kornhauser et al., 1990; Rusak et al., 1990; Schwartz
et al., 1994) and thus may not have reported the less
obvious changes occurring in the dorsomedial SCN.
Second, because our antibody recognizes Fos plus
other FRAs, it is possible that the increase in immu-
nostaining we saw in the dorsomedial SCN of rats was
due to a light-induced increase in one of the other
FRAs. In the IGL, light pulses presented at both CTs 4
and 16 resulted in an increase in Fos immunostaining
in rats. Other studies also have found that the ability
of light to induce Fos expression in the IGL of noctur-
nal rodents is not phase dependent (Edelstein and
Amir, 1996; Rusak et al., 1990). Therefore, our ability
to replicate many of the effects of light on Fos immu-
nostaining in the SCN and IGL of the rat, and the fact
that rats and degus were treated identically, indicates
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Figure 7. Fos expression in the intergeniculate leaflet of rats and
degus (means ± SEMs of cells/section) maintained in constant dim
red illumination or exposed to a 1-h light pulse. Exposure to light
at circadian time (CT) 4 and CT 16 resulted in an increase in the
number of Fos+ cells in both rats and degus. The effect of light
was not phase dependent; therefore, the data presented in the
figure are collapsed across time.

that our results with degus are not likely due to some
confounding factor in our experimental protocol.

In degus, light pulses presented at both CTs 4 and
16 resulted in an increase in the number of Fos’ cells

in the IGL. The light-induced increase in Fos expres-
sion was similar to that seen in rats in the current study
and to that reported in other nocturnal rodents
(Edelstein and Amir, 1996; Rusak et al., 1990). How-
ever, in rats, the number of Fos’ cells after light expo-
sure was approximately five times higher than that in
control animals. By contrast, in degus, Fos expression
only doubled after light stimulation. The blunted Fos
response in the IGL of degus may be due to the fact
that degus are diurnal rodents. In addition, because
they normally are exposed to light throughout most of
their active period, the IGL shows a blunted response
to light. It also is possible that the difference in the
magnitudes of the responses in rats and degus was
purely a species-related difference and that a doubling
of Fos expression in the degu IGL is sufficient for the
processing of light information in this species.

In summary, the pattern of light-induced Fos ex-
pression in the IGL of degus is similar to that seen in
rats. Thus, the role of the IGL in mediating light-
induced responses in degus and rats may be similar.
In the SCN of degus, endogenous and light-induced
Fos expression at CT 4 is markedly different from
expression in other rodents examined previously.
Based on these findings, we suggest that the differen-
tial response of the SCN to light at CT 4 and the

increased endogenous Fos expression may be related ~
to the fact that degus are diurnal rodents and are-
sensitive to the phase-shifting effects of light during
the early subjective day (Lee and Labyak, 1997). By
contrast, the patterns of basal and light-induced Fos
expression at CT 16 in the SCN of degus are similar to
those of other rodents. These data are consistent with

previous data indicating that Fos may be part of the
cellular pathway in the SCN mediating light-induced
phase shifts in mammals (Kornhauser et al., 1990;
Wollnik et al., 1995). However, in diurnal mammals
such as degus, which are sensitive to the phase-shift-
ing effects of light during the subjective day, the cellu-
lar and molecular pathways by which Fos is acting
may be different for light pulses presented during the
subjective day versus those presented during the sub-
jective night.
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