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ABSTRACT

The oscillating properties of the mammalian circadian system are generated by a molecular
mechanism that involves the clock genes mPer1, mPer2, mCry1, and mCry2. Entrainment of the
circadian system and its property to follow daylength are mediated by light input, but the
precise mechanisms are still under debate. Light induced phase shifts of the circadian system
are accompanied by induction of the c-Fos gene in the suprachiasmatic nucleus (SCN, the
circadian pacemaker). Here we examine the role of the mammalian Per and Cry genes by
means of c-Fos expression in genetically modified mice after entrainment to a light-dark cycle
and in continuous dim light. Under continuous dim light, light induced c-Fos expression in
mCry1-/- and mCry2-/- mice is about half that of wild type controls, and in mPer2Brdm1 mice, but
not in mPer1Brdm1 mice, it is almost absent. Results after entrainment differed from continuous
dim light in both mCry strains, but not in the mPer strains. Quantification of melanopsin
containing ganglion cells and rod outer segment length in retinae of these mice revealed no
differences that can be related to observed differences in light induced c-Fos in the SCN. This
suggests that observed variation in light response between these genotypes is not driven by
retinal photoreceptor density, but is likely to be an intrinsic property of the SCN. The SCN
specific function in light response regulation of the analysed mCry and mPer genes is discussed
in the frame work of the dual oscillator hypothesis (Evening Morning oscillator).



Introduction

The molecular basis of circadian oscillations in mammals is an auto-regulatory
feedback mechanism, involving circadian clock genes mPeriod1 and mPeriod2
(respectively mPer1 and mPer2; Albrecht et al. 1997; Shearman et al. 1997)
mCryptochrome1 and mCryptochrome2 (respectively mCry1 and mCry2; Kume et al.
1999; Van der Horst et al. 1999). The proteins derived from these genes elicit a
negative feedback signal suppressing their own transcription (Hastings et al. 1999;
Zheng et al. 1999; Shearman et al. 2000; Nuesslein-Hildesheim et al. 2000; Reppert &
Weaver 2001; Zheng et al. 2001). Light responses of the circadian system (behavioural
phase shifts, c-Fos induction, Per induction) are limited to the subjective night (Daan &
Pittendrigh 1976; Pittendrigh & Daan 1976a; Rea 1989; Rusak et al. 1990; Kornhauser
et al. 1990). From this ‘circadian gating’ it can be deduced that the circadian system
regulates its own responses to light. The molecular mechanisms behind this gating are
largely unknown. The differential role of the Per and Cry genes has been studied by
behavioural phase shifts in knock-out mouse strains (Albrecht et al. 1997; Albrecht et
al. 2001; Cermakian et al. 2001; Bae et al. 2001; Zheng et al. 2001; Bae & Weaver
2003; Spoelstra et al. 2004). The overall conclusion from these studies is that self-
regulation of the clock’s light response is generally altered when the functionality of
one of the clock genes is abolished. Behavioural phase shifts in Per deficient mice have
been studied by Albrecht et al. (2001) and Spoelstra et al. (2004). In different designs
(during free-running conditions and after entrained conditions; respectively Aschoff
type 1 and Aschoff type 2 experiments) both studies showed a reduced ability to phase
delay in the early subjective night in Per2 mutants, and a reduced ability to phase
advance in the late subjective night in Per1 mutants. It remains unclear whether this
effect is the result of Per gene function within the cells of the main circadian
pacemaker (suprachiasmatic nucleus, SCN), or in the input pathway to the SCN. 
To study the function of the different Per and Cry genes in the circadian light response
and its temporal gating, we used light induced c-Fos expression in the SCN. This
immediate early gene is known to be induced by light in the SCN at those phases of
the circadian rhythm where phase shifts of the behavioural activity rhythm can be
elicited by light stimulation. Moreover, when mRNA translation is blocked by local
application of c-Fos anti-sense oligonucleotides, behavioural phase shifts are also
attenuated (Wollnik et al. 1995). Correlations between light induced c-Fos expression
and behavioural phase shifts exist when stimulations of different duration and
intensity are compared at a single phase of the rhythm (Rea 1989; Rusak et al. 1990;
Kornhauser et al. 1990; Rea et al. 1993a; Rea et al. 1993b; Dkhissi-Benyahya et al.
2000). It thus provides a trace of the light effects to the core oscillator of the mammalian
circadian system. 
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MATERIAL AND METHODS

Animals
The mouse strains used in this study originated from the laboratory of U.Albrecht,
Fribourg, Switzerland (mPer1Brdm1, mPer2Brdm1, and their corresponding wild type strain,
mPerWT; Zheng et al. 1999; Zheng et al. 2001) and from the laboratory of G.T.J. van der
Horst, Rotterdam, the Netherlands (mCry1-/-, mCry2-/-, and their corresponding wild
type strain, mCryWT; Van der Horst et al. 1999). They were inbred for 3-4 generations at
the laboratory of Behavioural Biology, Groningen, the Netherlands. Mice were kept in
the breeding colony (LD 14:10; 50-200 lux; temperature 20-22°C) until 3-12 months of
age. Thereafter, they were kept in a climate controlled experimental room (ambient
temperature 19.7-20.3°C) at lighting conditions as explained below. Pain and
discomfort in the animals used in this study was minimized by the application of gas
anaesthetic (halothane). Experiments were carried out in accordance with the
European Communities Council Directive of 24 November 1986 (86/609/EEC) and
were approved by the ethical comittee of the university of Groningen (DEC# 2595).

Light pulses in free run (Aschoff’s type I protocol)
Adult male mice (Per genotypes: average age 218 days SD=86 days; Cry genotypes:
Average age=136 days SD=33 days) were individually kept in running wheel cages
under LD 12:12 (500 ± 10 lux at cage level) for 14 days followed by continuous dim
red light conditions (dim:dim; <1 lux) for 3-4 days in the case of mPer deficient mice
and 7-10 days in the case of mCry deficient mice. Running wheel activity was recorded
continuously in 2 min intervals and analysed no more than 24 h before the light
stimulations started. Timing of individual light stimulations was calculated relative to
the onset of activity (defined as Internal Time 18: InT18) on the day of stimulation,
taking into account the circadian period of each individual. Individual circadian periods
were estimated using 3-4 activity onsets prior to the day of stimulation (Aschoff 1965).

Light pulses following entrainment (Aschoff’s type II protocol)
Adult male mice (average age 202 days SD=85 days) were stimulated in the second
cycle following entrainment (Aschoff type II; Aschoff 1965), by a 15 minute light pulse
at External Time ExT20 (ZT14) and ExT4 (ZT22) . All animals were kept under a 12 h
light : 12 h dark cycle for 10 days with food (Hopefarms rodent pellets) and normal tap
water available ad libitum. During the LD cycle light was provided by fluorescent tube
lights, with light intensities between 100-300 lux at the level of the cage. The time at
which the lights would normally go on was defined as ExT6 (beginning of the
subjective day) and stimulations at ExT20 and ExT4 occurred respectively 14 and 22 h
after this time point. In total there were 12 groups of mice: mPer1Brdm1, mPer2Brdm1, and
mPerWT stimulated at ExT20 (n=6 per group); mPer1Brdm1, mPer2Brdm1, and mPerWT

stimulated at ExT4 (n=6 per group); and two dark controls for each of these groups. 
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Light stimulation and perfusion protocol
In the light stimulation apparatus (for details see: Dkhissi-Benyahya et al. 2000; Rieux
et al. 2001) 500 nm monochromatic light was applied by using a collimated light source
(24 V / 150 W, Tungsten-halogen; Osram) in combination with an infrared filter and an
interference filter (half band width in apparatus = 9.34 nm; P10-500-S; Corion,
Franklin, MA, USA). The irradiance level was chosen to be slightly above the half
saturation value for light induced c-Fos expression at 500nm in C57bl mice (C. Rieux
personal communication), using a neutral density filter (8x; A154; Cokin). 1.5 Hours
after the onset of the light stimulation, mice were killed by an overdose of halothane in
combination with 0.2 ml i.m. injection of 0.2% sodium-pentobarbital. Dark controls
were treated identically, except that the light source was not switched on during the
stimulation period. Within 5 min after the overdose application mice were trans-
cardially perfused with saline (S) for 4 minutes followed by a 15 min fixative perfusion
(3.4% paraformaldehyde and 15% picric acid in 0.1M phosphate buffer (PB)). After
perfusion, the heads were placed in the same fixative for 48 h at 5°C for post-fixation
after which they were stored in PBS with 0.1% sodium-azide (A) at 4°C for one week. 

Immunocytochemical staining protocol and optical density analyses
Brains were dissected and the brain region containing the suprachiasmatic nucleus
(SCN) was sectioned in 40mm sections on a freezing microtome at -20°C. 24 sections
around the region of the SCN were collected and every second section was used for
immunocytochemical staining of the FOS protein, yielding 5-7 SCN containing
sections stained per animal. Free-floating sections were treated with 50% ethanol in
saline with 0.03% H2O2 to suppress all endogenous peroxidase activity, rinsed with
PBS and pre-incubated with 1.5% normal goat serum (NGS) for 3 h. They were
incubated with the primary anti-FOS anti-body (1:20,000; Ab-5 rabbit antiserum,
oncogene research products, Calbiochem, La Jolla, DA, USA) in PBSA with 0.3% triton
(T) for 68 h at 4°C. After rinsing with PBST, sections were incubated with a
biotinylated goat-antirabbit antibody (1:200; Jackson ImmunoResearch Laboratories,
Inc. West Grave PA, USA) in 1% NGS for 2 h at 20°C and, after rinsing with PBST, the
sections were incubated with a Avidin-Biotin complex (1:100, ABC-kit Vector
laboratories, Burlingame, CA, USA) for 2 hours. After thoroughly rinsing with Tris
buffer (0.05 M; pH 7.6) the protein-antibody complex was visualized with 0.02%
3,3=-diaminobenzidine (DAB) as a chromogen in Tris buffer (0.05 M; pH 7.6) with
0.5% ammonium-nickel sulphate and H2O2 (300 µl; 1%) for initializing the staining
reaction. All free-floating sections were stained in one reaction bath with a total
volume of 700 ml for a total reaction time of 23 min. After staining sections rinsed in
Tris buffer, mounted, and glass covered for microscopy. 
Optical density analyses were performed using a cooled camera (Photonic Science)
mounted on a Leitz Aristoplan microscope with a 10x objective. Light levels were
adjusted to standardize non-specific background staining intensity. Optical density
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(OD) for each SCN section was calculated by image software and integrated optical
density for each individual was calculated as the sum of all optical densities for that
individual (Rieux et al. 2001).

Arginine-Vasopressin counterstaining
In order to link light induced c-Fos expression to different sub-regions of the SCN, we
immunostained alternating sections for Arginine-Vasopressin (AVP). This neuro-
peptide is considered to be a marker for the shell area of the SCN (Silver et al. 1996;
Leak et al. 1999; Moore et al. 2002), responsible for the production of output factors
to the rest of the brain. Non-stained SCN tissue of one coronal section in the middle of
the SCN was marked as the core area of the SCN. For the AVP immunocytochemial
staining procedure we used a similar protocol as mentioned above, using a polyclonal
primary antibody raised against mouse AVP (Dr. A. Tessonneaud, university of Tours,
France).

Retina staining
Cell counting of melanopsin positive retinal ganglion cells was performed on sections
from the eyes of perfused mice (see above). After perfusion the eyes were immediately
dissected and post-fixed for 24 h with 4% PFA in PBSA at 4°C followed by 24 h in 30%
sucrose in PBSA before sectioning. Best staining results were obtained when storage
duration after post-fixation was kept to a minimum. The eyes were sectioned either at
20 µm or 40 µm sections and while all sections were collected and stained, only
sections from the mid region of the eye were analysed. 40 µm sections were immuno-
cytochemically stained in a protocol similar as described above, but using polyclonal
mouse melanopsin anti-body UF007 (1:5.000; a generous gift from Dr. I. Provencio)
with a biotinylated anti-rabbit secondary antibody (Jackson Immuno-Research
laboratories, West Grove PA, USA). Melanopsin positive cells were visualised by Ni-
DAB oxidation reaction. Melanopsin positive cells were counted in 5-15 full intact
retinal sections around the mid-region of the eye using a 10x40 magnification
microscope. The thickness of the retinal outer segment layer was revealed in 20 µm
sections stained with standard cresyl-violet staining (0.5%) for 3 min. The outer
segment layer was measured using 10x40 magnification in combination with
calibrated camera lucida sketches at 5 position along the retinal section: one central,
two peripheral (+90º and -90º), and two intermediate (+45º and -45º). These
measures were averaged per section and section averages were averaged over 10-20
sections per individual. 

Statistical procedures
Data obtained from Aschoff type II experiments (entrained conditions) had to be log
transformed before they could be tested in parametric ANOVA tests because of non-
normality within, and variance differences between different experimental groups.
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Post-hoc analysis test (Least Significant Difference test) was subsequently performed
to indicate which group means significantly differed from each other. Data obtained
from Aschoff type I experiments (free running conditions) were not binned to the
aimed time of sacrificing, but instead harmonic regression analyses was performed
using the actual circadian time at which each individual animal was sacrificed.
Harmonic regression was used to statistically detect rhythmicity in light induced c-Fos
expression over the circadian cycle and calculate its wave form by using a fundamental
sine function with the addition of significant harmonics. Also differences between
groups were evaluated by linear harmonic regression models (Hut et al. 2005
submitted). Anatomical quantifications obtained in retinal tissue was tested using
ANOVA tests.

RESULTS

mPer1 and mPer2 deficient mice
In the studies following entrainment (Aschoff type II), we found the lowest levels of
FOS-labelling in the dark controls (Fig.7.1). Within the light stimulated animals at
ExT20, there was a significant inter-group variation among all group means (Fig.7.1
left panel; p=0.0001): The mPer2Brdm1 animals had lower SCN-FOS labelling than
mPer1Brdm1 animals, which in turn had lower levels of labelling than mPerWT animals, as
indicated by post-hoc testing. Within the animals stimulated at ExT4, the group means
also varied significantly (Fig.7.1 right panel; p=0.0014). Post-hoc comparisons showed
that this difference can be attributed to the low levels of labelling in the mPer2Brdm1

animals, whereas mPer1Brdm1 do not differ significantly from mPer2WT animals at this
time point.
In the free run protocol (Aschoff type I) the animals were released in continuous dim
red light and their onset of activity, rather than the onset of the dark phase, served as
the reference marker for ExT18 . These results corroborated the results obtained in the
entrainment protocol with mPer2Brdm1 showing a strongly reduced light induced c-Fos
expression at all time points in the late subjective night in comparison with their wild
type controls (Fig.7.2). mPer1Brdm1 were very similar compared to their wild type
controls, with only a slight non-significant reduction in their induced c-Fos expression
around InT3 (Fig.7.2). This follows the trend found in the entrainment protocol,
except that the significant reduction of c-Fos expression at ExT20 in mPer1Brdm1 mice
was not confirmed in the free run data (Fig.7.1 vs. Fig.7.2).
In order to show the sub-SCN localisation of the light induced c-Fos expression we
used AVP counter staining in alternating slices to define the borders of the core and
the shell region of the SCN (Silver et al. 1996; Leak et al. 1999; Moore et al. 2002).
This showed no deviation from the expected result that most of the light induced SCN
c-Fos expression is confined to the non-AVP stained core region of the SCN (Fig.7.3).
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mCry1 and mCry2 deficient mice
Under entrained conditions (Aschoff type II) the mCry knock out mice may show
reduced c-Fos staining after a light pulse depending on the phase of the stimulation.
The results show a remarkable difference between both mCry genes. mCry2 ablation
reduces c-Fos expression at ExT20 (p = 0.0037), but not at ExT4, while mCry1 ablation
reduces c-Fos expression at ExT4 (p = 0.0024), but not at ExT20 (Fig.7.4).
In conditions of free run (Aschoff type I) light induced c-Fos expression in the SCN
showed a similar reduction in mCry1-/- and mCry2-/- mice when compared with the
wild type control strain (Fig. 7.5). No differential effects of the mCry genes were found
in the phasing of FOS staining in the SCN of these mice. The reduction relative to the
wild type strain was only significant around the late subjective night.
Sub-SCN localisation of light induced c-Fos expression was quantified for one SCN
section. Harmonic regression curves fitted to these data show the majority of c-Fos
induction took place in the core (i.e. non AVP immunoreactive area) of the SCN
(Fig.7.6). Data presented in figures 7.3 (Per genotypes) and 7.6 (Cry genotypes) were
obtained from brain sections stained in one batch (identical reagentia solutions) and
are therefore comparable with each eachother. 
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Figure 7.1 Light induced c-Fos expression in the SCN at ExT20 and ExT4 following entrainment.
Average dark control integrated optical density (IOD) levels (c) were typically lower than the light
stimulated groups (s; T-test on log transformed data: T=-5.73; df=46; p<0.00001). Within the
stimulated animals at ExT20 the mPer1Brdm1, mPer2Brdm1, and mPerWT groups differed significantly
from each other (ANOVA on log transformed IOD’s: F2,17=17.7; p=0.0001). Post-hoc testing
revealed three distinct groups. Within the stimulated animals at ExT4 the mPer1Brdm1, mPer2Brdm1,
and mPerWT groups differed significantly (ANOVA on log transformed IOD’s: F2,17=10.5;
p=0.0014). Post-hoc testing showed that SCN-c-Fos induction in mPer2Brdm1 was significantly lower
than mPer1Brdm1 and mPerWT mice.
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Figure 7.3 Localisation of light induced c-Fos expression in sub-regions of the SCN. Integrated
optical densities for core (solid line) and shell (dashed line). Optical densities were measured in
core (corresponding to the AVP stained SCN area in a subsequent section) and shell
(corresponding to the AVP unstained SCN area in a subsequent section) areas of a coronal section,
taken from the rostral-caudal middle region of the SCN. Most of the light induced c-Fos expression
takes place in the core area of the SCN in all three genotypes.
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Figure 7.2 Light induced c-Fos expression in the SCN throughout the circadian cycle measured in
free running conditions . Harmonic regression curves determined following Hut et al (Hut et al.
2005) with SE ranges for Per1Brdm1 (left graph continuous curve), Per2Brdm1 (right graph, continuous
curve), and their wild-type control mice (dashed curves). Harmonic regressions: Per1Brdm1 single sine
wave: r2=0.57, F2,24=15.78, p=4.10-5; Per2Brdm1 single sine wave: r2=0.26, F2,27=4.64, p=0.02;
PerWT single sine wave + 1st harmonic: r2=0.67, F4,28=14.26, p=0.009.Time frames where curves
showed significant differences were identified by post-hoc testing (least significant difference test;
LSD) and indicated by straight horizontal line.  SCN c-Fos induction was limited to the late
subjective night / early subjective morning (InT20 - InT8). Overall SCN c-Fos induction pattern in
Per1Brdm1 mice did not differ from PerWT (Per1Brdm1 vs. PerWT: F3,52=0.24, p=0.86). Overall SCN c-Fos
induction pattern in Per2Brdm1 differed from PerWT mice (Per2Brdm1 vs. PerWT: F3,55=21.44, p=3.10-9)
and was found to be significantly lower during the late subjective night (LSD post-hoc test).



Representative examples of FOS stained coronal sections of the SCN in mice
stimulated around InT 24 (middle of the subjective night) indicate more labelling in
the core area of the SCN in all genotypes. Reduced FOS labelling is visible in mCry1-/-

and mCry2-/- mice. Strongest reduction in label intensity is shown in mPer2Brdm1

animals over the complete light sensitive phase.

Photoreceptor quantification
Retinal anatomy was evaluated in terms of number of melanopsin containing retinal
ganglion cells per section per individual, and in terms of thickness of the outer
segment layer averaged over 5 different positions per retinal section (Fig.7.8). Number
of melanopsin positive cells per retinal section was not significantly different between
the mCry genotypes (Fig.7.8 left panel: F2,11=0.48; p=0.6325). Also between the mPer
genotypes no significant statistical difference was found (Fig.7.8 left panel: F2,9=0.38;
p = 0.6970). Outer segment layer width did not differ among the mCry genotypes
(Fig.7.8 right panel: F2,12=2.01; p=0.1843), and not among the mPer genotypes
(Fig.7.8 right panel: F2,7=0.41; p=0.6869).
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Figure 7.4 Light induced c-Fos expression in the SCN at ExT20 and ExT4 following entrainment.
Average dark control IOD levels (c) were typically lower than the light stimulated groups (s; T-test
on log transformed data: T=-5.41; df=38; p<0.00001). Within the stimulated animals at ExT20
the mCry1-/-, mCry2-/-, and mCryWT groups differed significantly (ANOVA on log transformed IOD’s:
F2,11=11.1; p=0.0037). Post-hoc testing showed that SCN-c-Fos induction mCry2-/- was significantly
lower than in mCry1-/-, and mCryWT mice. Within the stimulated animals at ExT4 the mCry1-/-,
mCry2-/-, and mCryWT groups differed significantly (ANOVA on log transformed IOD’s: F2,11=12.7;
p=0.0024). Post-hoc testing showed that SCN-c-Fos induction in mCry1-/- was significantly lower
than mCry2-/- and mCryWT mice.
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subjective night  (InT20 – InT8). Time frames where curves showed significant differences were
identified by post-hoc testing (least significant difference test; LSD) and indicated by straight
horizontal line.  Overall SCN c-Fos induction pattern in mCry1-/- and mCry2-/- mice differed from
mCryWT mice (mCry1-/- vs. mCryWT: F3,44=5.785, p=0.002; mCry2-/- vs. mCryWT: F5,40=4.019,
p=0.005) and was found to be significantly lower during the subjective night (LSD post-hoc test).
mCry1-/- did not differ significantly from mCry2-/- mice in a combined model without the wild type
mice (mCry1-/- vs. mCry2-/-: F3,42=0.619, p=0.607).
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Figure 7.6 Localisation of light induced c-Fos expression in sub-regions of the SCN inmCry1-/-,
mCry2-/-, and mCryWT. Integrated optical densities for core (solid line) and shell (dashed line).
Optical densities were measured in core (corresponding to the AVP stained SCN area in a
subsequent section) and shell (corresponding to the AVP unstained SCN area in a subsequent
section) areas of a coronal section, taken from the rostral-caudal middle region of the SCN. Most of
the light induced c-Fos expression takes place in the core area of the SCN in all three genotypes.
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Figure 7.7 Photomicrographs showing immunocytochemical DAB staining of FOS protein in SCN
section of representative mPerWT, mPer1Brdm1, mPer2Brdm1, mCryWT, mCry1-/-, and  mCry2-/- animals
around ExT24 (mid subjective night). Scale bar = 100µm.



Discussion

Light induced c-Fos expression in the SCN is generally confined to the subjective night
(Rusak et al. 1990; Kornhauser et al. 1990), as are phase shifts of the circadian system.
The response is apparently gated by the circadian system itself. This study suggests
that single clock genes may have a function in the amplitude of the response in
addition to its gating. Light stimulation of the circadian system in mPer mutant mouse
strains showed a general reduction of light induced c-Fos expression in the SCN of
mPer2Brdm1 (Fig.7.1, Fig. 7.2) mice. The mPer2Brdm1 mice differ in this reduction from
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Figure 7.8 Photoreceptor quantification. Number of melanopsin positive retinal ganglion cells per
40µm retinal section (lower left panel) and width of outer segment layer (lower right panel)
measured at 5 positions in 20µm retinal sections. Number of animals sampled for each genotype
(mPerWT, mPer1Brdm1, mPer2Brdm1, mCryWT, mCry1-/-, and mCry2-/-) is indicated in each bar. Error bars
indicate SEM. Top left photo micrograph: Example of retinal section used for quantifying the
number of melanopsin positive ganglion cells (scale bar = 500 µm), with magnification of a
melanopsin positive ganglion cell (inset; scale bar = 50 µm). Top right photo micrograph: retinal
section indicating stained by cresyl violet to visualise the different retinal layers: PE, pigment
epithelium; OSL, outer segment layer; ISL, inner segment layer; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer
(scale bar = 20 µm ).



the mPer1Brdm1 mice, that only showed a slight or non-significant reduction in light
response at ExT20 (fig.7.1) and InT20 (fig. 7.2). These results are similar to previously
described light induced c-Fos expression in mPer1-/- mice (Cermakian et al. 2001) and
indicate a major role for mPer2, and no role for mPer1, in the regulation of light
induced c-Fos expression in the mouse SCN. 
The results in the mCry strains are more difficult to interpret because of a major
difference between the results obtained under entrained and free running conditions.
Under free running conditions both mCry1-/- and mCry2-/- have reduced c-Fos induction
by light in the SCN. In this experiment no indication was found for differential
function for the two mammalian Cryptochrome genes in the regulation of light
responses in the circadian system. The results for the mCry knock out strains under
entrained conditions did not corroborate the results obtained under free running
conditions. Under entrained conditions mCry2 deficiency reduces c-Fos light response
in the SCN in the early subjective night, while mCry1 deficiency reduces c-Fos
expression in the late subjective night. 

Possible mechanisms
So far it is not clear how light induced c-Fos expression in the SCN should be inter-
preted. Light induction of c-Fos may indicate a general activation of light responsive
clock genes in the SCN, but the role of the FOS protein itself to accomplish phase
shifts in the circadian system remains under debate.
Both mPer1 and mPer2 seem to have only a minor effect on the phasing of the activity
rhythm under light entrained conditions (Spoelstra et al. 2004). Hence, only minor
effects on the gating of light induced c-Fos expression in the SCN by the ablation of
either the mPer1 or the mPer2 gene are expected. Indeed, the c-Fos induction curves in
figure 7.2 indicate a minor effect of the Per genes on the phasing of the induction
window for c-Fos expression over the circadian cycle. Instead, there is a reduced
response over the entire cycle when the mPer2 gene is dysfunctional. This could be
accomplished by two possible mechanisms. Either the mPer2 gene affects how the
neurons in the core of the SCN respond to the incoming neurotransmitter signals, or
the mPer2 gene affects the production of the neurotransmitter signals to the SCN. In
the first case the mPer2 function in the light response pathway should be mainly
within SCN cells. The elevated levels of glutame found in the brain of mPer2Brdm1 mice
(Spanagel et al. 2005) may explain the reduced c-Fos responses in the SCN to
glutamate release from the retino-hypothalamic projection observed here. The
alternative explaination can be that the mPer2 function should be mainly within cells
that are located in the retina, possibly (but not exclusively) in the photoreceptor cells
that project to the SCN. These photoreceptors are now identified as melanopsin
containing ganglion cells (Provencio et al. 1998: Provencio et al. 2002; Panda et al.
2002b; Hattar et al. 2003) as well as rods and cones. Anatomical quantification of
number of melanopsin positive retinal ganglion cells showed no difference between
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the different mPer or mCry genotypes used in this study. Also the thickness of the
outer segment layer did not reveal any difference between the different mPer or mCry
genotypes. It is important to note that the thickness of the outer segment layer in mice
is dominated by the length of the rod outer segments. In this study we did not take
any measure in account that can be related to cone abundance or anatomy. Baring this
caveat in mind, we can suggest that differences in light induced c-Fos expression in the
SCN are not evidently related to anatomical differences in the retina, suggesting that
they may reflect a property of the SCN itself.

Relation to EM model
The control of the mammalian activity rhythm by a system of two oscillators with
differential responses to light causing one, the morning oscillator (M) to lock on to
dawn, and the other , the evening oscillator (E) to lock on to dusk was postulated 30
years ago (Pittendrigh and Daan 1976c). These oscillators have been proposed to be
associated with the Per1 and Cry1 genes on the one hand (M) and the Per2 and Cry2
genes on the other hand (E) (Daan et al. 2001). An alternative to this dual EM
oscillator model is a single molecular feedback loop model (Nuesslein-Hildesheim et
al. 2000; Hastings 2001; Reppert and Weaver 2001) where light responsiveness of
mPer genes and the lack of light responsiveness of mCry genes induce changes in the
phase relation of mPer and mCry expression as a result of changing day length. This
alternative model makes no distinction between the two sets of mPer and mCry genes
(mPer1 and mPer2; mCry1 and mCry2) while this functional distinction is essential to
the molecular EM model of Daan and co-workers (2001)
We did not find a difference between mCry1-/- and mCry2-/- in the regulation of SCN
light response when the mice had been exposed to free running conditions (Aschoff
type I protocol). This would be difficult to interpret in terms of a molecular EM model
with distinct function for mCry1 and mCry2. We do find a strong amplitude difference
in circadian light response regulation between mPer1 and mPer2 mutant strains under
free running conditions (fig.7.2). However, there was no effect on the phase of the
light response as predicted by the EM model. 
Albrecht et al. (2001) and Spoelstra et al. (2004) studied circadian phase shift
responses to light in mPer1 and mPer2 mutant mice using white light at an intensity of
500 lux. Their results indicate decreased phase advances in mPer1 deficient mice and
decreased phase delays in mPer2 deficient mice. Overall their results can be interpreted
in terms of an E oscillator function for mPer2 and an M oscillator function for mPer1.
When relating their results to the present study, it is important to realize that the
photic input in the present study was monochromatic and effectively at much lower
photon flux (half saturation levels of 500 nm monochromatic light). Behavioural phase
shifting paradigms in other Per mutant mouse strains have yielded relatively normal
phase shifting behaviour (Bae and Weaver 2003 in mPer1 and mPer2 deficient strains;
Cermakian et al. 2001 in mPer1) have found no difference in phase shifting light
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