1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> % NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Brain Res. 2010 July 9; 1343: 54-65. doi:10.1016/j.brainres.2010.04.066.

A neuroanatomical and physiological study of the non-image
forming visual system of the cone-rod homeobox gene (Crx)
knock out mouse

Louise Rovsing?, Martin F. Rath?, Casper Lund-Andersen?, David C. KleinP, and Morten
Mgllerd”

Morten Mgller: morm@sund.ku.dk

aDepartment of Neuroscience and Pharmacology, Panum Institute, University of Copenhagen,
Copenhagen, Denmark

bSection on Neuroendocrinology, Program in Developmental Endocrinology and Genetics, Eunice
Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of
Health, Bethesda, MD, USA

Abstract

The anatomy and physiology of the non-image forming visual system was investigated in a
visually blind cone-rod homeobox gene (Crx) knock-out mouse (Crx™'~), which lacks the outer
segments of the photoreceptors. We show that the suprachiasmatic nuclei (SCN) in the
Crx”'~mouse exhibit morphology as in the wild type mouse. In addition, the SCN contain
vasoactive intestinal peptide-, vasopressin-, and gastrin-releasing peptide-immunoreactive neurons
as present in the wild type. Anterograde /n vivo tracings from the retina of the Crx™~ and wild
type mouse showed that the retinohypothalamic projection to the SCN and the central optic
pathways were similar in both animals. Telemetric monitoring of the running activity and
temperature revealed that both the Crx/~and wild type mouse exhibited diurnal rhythms with a
24-h period, which could be phase changed by light. However, power spectral analysis revealed
that both rhythms in the Crx™/~ mouse were less robust than those in the wild type. The normal
development of the SCN and the central visual pathways in the Crx™/~ mouse suggests that a
modulatory input from the photoreceptors in the peripheral retina to the retinal melanopsin
neurons or the SCN may be necessary for a normal function of the non-image forming system of
the mouse. However, a change in the SCN of the Crx”~ mouse might also explain the observed
circadian differences between the knock out mouse and wild type mouse.
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1. Introduction

The cone-rod homeobox gene Crx encodes a homeodomain transcription factor required for
expression of photoreceptor specific genes in the mammalian retina (Chen et al., 1997;
Furukawa et al., 1997; Peng and Chen, 2007) and is important for development and
maintaining of the photoreceptors (Furukawa et al., 1999; Nishida et al., 2003; Rath et al.,
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2007). Crx'I~ mouse was generated by Furukawa et al. (1999) by a targeted disruption of
the Crxhomeobox. The Crx™/~ mouse is visually blind due to the lack the outer segments of
the photoreceptors (Furukawa et al., 1999; Morrow et al., 2005).

The retinal rods and cones are the classical photoreceptors of the visual system of
vertebrates. The visual system has been shown to consist of an image-forming visual system,
which enables the animal to detect and trace objects in the visual world, and a non-image
forming visual system (David-Gray et al., 1998; Doyle and Menaker, 2007) detecting
ambient luminance, which synchronizes the animal's biological clock with the circadian day-
night cycle. This system involves direct light sensitive melanopsin containing retinal
ganglion cells (Panda et al., 2003; Provencio et al., 2009) and controls, via entraining the
suprachiasmatic nuclei (SCN) in the hypothalamus (Morin, 1994), circadian hormone
secretion and synthesis, locomotor activity and also the pupil size (Czeisler et al., 1995;
Foster and Hankins, 2002; Fu et al., 2005).

The SCN is the biological clock of vertebrates (Korf etal., 2003; Doyle and Menaker, 2007).
Neurons in the SCN express clock genes responsible for the generation of the circadian
rhythms (Foster, 1998; Okamura, 2004); the rhythmic output from these neurons is entrained
by the retina via the retinohypothalamic tract (Hannibal et al., 2000) and is projected to other
parts of the central nervous system (Vrang et al., 1995; Munch et al., 2002) regulating the
circadian activity in these target areas. These target areas include the paraventricular nucleus
of the hypothalamus (Vrang et al., 1995) involved in release of corticotrophin releasing
factor (Jessop et al., 1989), the dorsal subparaventricular hypothalamic area participating in
the regulation of body temperature (Chou et al., 2002), and the ventral subparaventricular
area involved in sleep regulation (Saper et al., 2005). Finally, the SCN controls the
melatonin production in the pineal gland (Klein et al., 1997), which is targeted via a
multisynaptic pathway involving the paraventricular nucleus (Klein et al., 1983; Yanovski et
al., 1987; Vrang et al., 1995) and the peripheral sympathetic nervous system (Kappers,

1960; Larsen et al., 1998; Mgller and Baeres, 2002).

The retinal ganglion cells containing the photopigment melanopsin are directly light
sensitive (Berson et al., 2002; Hattar et al., 2002; Warren et al., 2003; Hankins et al., 2008)
and axons from these perikarya innervate neurons of the ventral part of the SCN via the
retinohypothalamic tract (Hattar et al., 2002). However, the melanopsin-containing neurons
of the inner retina are connected with the photoreceptors of the outer retina, and rods and
cones influence the activity of the melanopsin-containing ganglion cells of the inner retina
(Freedman et al., 1999; Viney et al., 2007). Functionally, rodents with degenerate rods and
cones retain the ability to phase-shift in response to light (Foster and Soni, 1998; Semo et
al., 2003; Tosini et al., 2007); however, mice lacking melanopsin can still be photoentrained,
although the response to light becomes subnormal (Lucas et al., 2003; Ruby et al., 2002;
Panda et al., 2002). This indicates that photodetection in both the outer and inner retina
influences circadian timing. In a recent study it was shown that the CBA/J mouse, which is
characterized by a degenerate photoreceptor layer and attenuated phase-shifting responses,
has a normal distribution of melanopsin-containing retinal ganglion cells and that these cells
also exhibit a normal dendritic pattern in the retina (Ruggiero et al., 2009). The attenuated
phase-shifting in these animals might be explained by changes in the innervation of the
SCN, endogenous changes in the SCN itself or some of the central visual pathways.

In this context, the generation of the Crx~/~ mouse (Furukawa et al., 1999) has made it
possible to study the involvement of the outer retina in the non-image forming system of the
mouse. Crx encodes a homeodomain transcription factor which regulates tissue-specific
gene expression in the retinal photoreceptors and the pineal gland (Chen et al., 1997;
Furukawa et al., 1997). In Crx™/~ mice, the outer segments of the photoreceptors do not
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develop, and in the adult retina of the Crx™/~ mouse, the outer nuclear layer is reduced to 2—
3 rows of nuclei (Furukawa et al., 1999; Nishida et al., 2003). Accordingly, the Crx/~
mouse is blind and the electroretinograms of the Crx™/~ show a reduction of the rod ERG to
less than 1% and cone activity is undetectable; the mice further show retinal reduction in
rhodopsin and cone opsins (Furukawa et al., 1999).

We have, therefore, in this study investigated the SCN and central visual pathways in the
Crx”I~ mouse, where rods and cones are genetically ablated. Analysis of the SCN as well as
mapping of the visual pathways by in vivo neuronal tracing revealed no changes in the
Crx”I~ mice as compared to the wild type. Telemetric recordings of the circadian locomotor
activity and temperature showed that both parameters exhibited circadian rhythms with a
period of 24 h. However, the rhythms of the Crx™/~ mouse were less robust than those of the
control mice. These data suggest that the changes in circadian rhythmicity observed in the
Crx”I~ mouse are directly due to the degenerate retina; alternatively, these may reflect
biochemical changes in the SCN not detected in this study.

2.1. The homozygous Crx~/~ mice undergo degeneration of the outer segments of the rods
and cones, but melanopsin-immunoreactive neurons are present in the ganglion cell layer

The retina of the wild type mouse exhibited in toluidine blue stained sections a normal ten
layered pattern (Fig. 1A); contrarily, the retina of the Crx™/~ mouse exhibited degeneration
of the outer segments of the photoreceptors, and the outer nuclear layer contained fewer
nuclei than that in the control animals (Fig. 1B). This is in agreement with previous studies
(Furukawa et al., 1999).

Melanopsin-immunoreactive neurons with processes extending to the inner nucleus layer
were present in both the wild type (Fig. 1C) and the Crx”/~ mouse (Fig. 1D).

2.2. The suprachiasmatic nuclei exhibit a normal morphology in the Crx~/~ mouse and
contain neurons immunoreactive for VIP, GRF, and vasopressin

2.2.1. Nissl staining—In coronal sections of the hypothalamus at the level of the optic
chiasm, a classical drop shaped bilateral suprachiasmatic nucleus was present both in the
wild type mouse (Fig. 1E) and in the Crx™/~ mouse (Fig. 1F).

2.2.2. Immunohistochemistry—The suprachiasmatic nuclei of both the Crx™/~ mouse
(Fig. 2A, B, and C) and the wild type (Fig. 2D, E, and F) showed a normal immunoreactivity
for gastrin releasing peptide (GRP) (Fig. 2A and D), vasoactive intestinal peptide (VIP)

(Fig. 2B and E), and vasopressin (Fig. 2C and F). GRP-immunoreactivity was seen in
perikarya, mostly in the ventral part of the nuclei, and in fibers throughout the nuclei. A
strong VIP-immunoreactivity was present in perikarya and nerve fibers in all parts of the
nuclei. Vasopressin immunoreactive perikarya were present in the dorso-medial and the
ventrolateral part of the nuclei.

2.3. The optic system of the brain develops normally in the Crx~/~ mouse

In the wild type and the Crx/~ mouse, the cholera toxin tracer was transported rapidly from
the eye into the optic visual pathways. Thus, in both animals the tracer was observed in the
superior colliculus 12 h after injection into the eyes (Fig. 3C and F).

In the wild type and the Crx™/~ mouse, a dense terminal field was present bilaterally in the
SCN (Fig. 3A and D). More caudal in the brain, a strong terminal field was present in the
lateral geniculate nucleus contralateral to the injection site (Fig. 3B and E) with a dense
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innervation of both the ventral and dorsal subnuclei and the intergeniculate leaflet. On the
ipsilateral side of the injection, the dorsal and ventral lateral geniculate nuclei were labelled
(Fig. 3C), but the terminal fields were smaller than on the contralateral side.

On both the ipsilateral and contralateral side, labeling was present in the pretectal nucleus of
the wild type and Crx/~mouse. However, the optic pretectal nucleus was only labelled
ipsilateral to the injection (Fig. 3C). All the superficial layers of the superior colliculus (Fig.
3C and F) were labeled on the contralateral injection side (Fig. 3C and F). Contrarily, a
weak labeling of the deep layers was present on the ipsilateral side.

2.4. Telemetric analysis of activity and temperature rhythms in Crx~/~ and wild type mouse

2.4.1. Activity rhythms—The locomotor activity rhythm of the wild type and the Crx™/~
mouse kept in 12L.:12D was monitored over a period of 20 days (Fig. 4). Both the wild type
and the knock out mouse exhibited a prominent circadian locomotor activity. However, the
amplitude of the Crx™/~ mouse was considerable lower than that in the wild type (Fig. 4). By
using the TSA Serial Cosinor test with 24 h chosen as the period, it was shown that the
activity data could be fitted to a cosine curve with a period of 24 h (Table 1); both the mesor
and the amplitude (Table 1) were lower in the Crx™/~ mouse (mesor = 2.63) than in the wild
type (mesor=11.7). Representative actograms of the locomotor activity of a wild type and a
Crx”I~ mouse (Fig. 5) show that the activity rhythm of the knock out mouse is most irregular
with several smaller activity periods during the light period. By use of Lomb and Scargle
power spectrum analysis of the periods (Lomb, 1976; Scargle, 1982), it was verified that
both the wild type (Fig. 6A) and Crx™~ mice (Fig. 6C) showed a rhythm with a 24-h period,
but that the power of the wild type animals is stronger (power = 82) than that of the Crx™/~
mouse (power = 11).

When the mice were kept in constant light (Fig. 6E and G), the activity rhythm became
irregular and the Lomb—Scargle power spectrum analysis did not reveal any statistical
significant activity rhythms in either strain.

Finally, if the animals were exposed to constant darkness (Fig. 61 and L), the activity rhythm
of the wild type (Fig. 61) mouse showed a circadian rhythm with a period of 24 h. However,
the period for the Crx™/~ mouse (Fig. 6L) was 25 h and the power spectrum value was much
lower (power = 18) than in the wild type (power = 44).

2.4.2. Temperature rhythms—The temperature rhythms were monitored in a wild type
and Crx”/~ mouse kept in 12L:12D over a period of 20 days (Fig. 7). Both the wild type and
knock out mouse had a prominent circadian temperature rhythm. By analyzing the data by
TSA Serial Cosinor test with 24 h chosen as the period, it was confirmed that neither the
mesor of the temperature curve nor the amplitude (Table 1) were statistically different
between the wild type (mesor: 36.4 °C) and the Crx™'~ mouse (mesor: 36.3 °C). Plotting a
periodogram of the temperature rhythms of a representative control and a Crx/~ mouse
(Fig. 8) showed that the rhythm of the knock out mouse was slightly more irregular than the
rhythm in the control mouse. This was verified by use of Lomb and Scargle power spectrum
analysis, which showed that both the wild type (Fig. 6B) and the Crx™/~ mouse (Fig. 6D)
exhibited a rhythm with a 24-h period, but that the power of the wild type animals was
stronger (power=139) than in the Crx™/~ mouse (power = 22).

When the mice were kept in constant light, the temperature rhythm of the wild type animal
exhibited a slightly prolonged period of 25 h (Fig. 6F), but the power of the rhythm
indicated this to be less robust than observed in the 12L:12D regime. Contrarily, the
temperature rhythm of the Crx™/~ mouse was abolished during constant light (Fig. 6H).
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When the animals were exposed to constant darkness (Fig. 6K and M), the temperature
rhythms of the wild type regained a regular circadian rhythm with a period of 24 h (Fig. 6K).
However, the period for the Crx™/~ mouse (Fig. 6M) was now 25 h and the power spectrum
value was lower than in the control mouse.

3. Discussion

Our investigations in this paper show that the visual blind Crx™~ mouse, in addition to a
circadian activity rhythm also exhibits a circadian temperature rhythm, which can be phase
changed by light.

The presence of a diurnal 24h activity rhythm and the phase change of this rhythm by light
are in accordance with the previously published recordings in Crx/~ and wild type mice
(Furukawa et al., 1999). In the current study, however, a detailed telemetric registration of
the circadian rhythms of Crx™~ mice and the following Lomb-Scargle power spectrum
analysis, showed that both temperature and activity rhythms were less robust in the Crx™/~
mouse (exhibited lower frequency “power” of the dominant period) compared to the wild
type. The Lomb-Scargle algorithm has several computational advantages over more
common approaches, such as Fourier analysis, partly because it is less sensitive to random
data and has known statistical properties (Glynn et al., 2006).

The less robust activity and temperature rhythms in the Crx”~ mice might have been due to
lack of expression of melanopsin in the ganglionic cells of the retina. However, as shown in
this study, melanopsin immunoreactive ganglionic cells are present in the retina of the
Crx”'~ mouse, but we have not yet studied possible quantitative differences between the
knock out mouse and wild type. In a recent study of a mouse with degenerative outer retina,
the CBA/J mouse, (Ruggiero et al., 2009), the loss of rods and cones in this mutant did not
influence the number of melanopsin-containing neurons in the retina.

The less robust activity and temperature rhythms observed in the Crx~~ mice compared to
the wild type mice might also be due to variation in innervation of the suprachiasmatic
nuclei or in the development of central visual pathways of the brain. However, our /in vivo
tracings from the retina showed that the SCN of the Crx~~ mouse possesses a dense
innervation from the retina, which did not differ from the innervation in the wild type. The
innervation of the SCN from the retina in the wild type mouse has been described in
previous tracing studies (Abrahamson and Moore, 2001; Hattar et al., 2006) and exhibit the
same pattern as described by us in this study. Further, the morphology of the SCN as well at
the content of classical neuropeptides such as gastrin releasing peptide, vasoactive intestinal
peptide, and vasopressin did not differ in the Crx™~ mouse from the wild type. However,
this does not exclude the possibility that the genotype of the SCN in the Crx™~ — is different
from the wild type.

An interesting finding of this study relates to the observation that a 24-h temperature rhythm
was maintained in constant light in the wild type mouse, whereas this was not seen in the
Crx”'~ mouse. Temperature is controlled by neurons in the medial preoptic region (Saper et
al., 2005). The SCN connects to the preoptic regions via caudal projecting fibers to the
dorsal subparaventricular region in the hypo-thalamus (Chou et al., 2003) and from there to
the medial preoptic region (Chou et al., 2002). Lesion of the SCN abolishes the diurnal
temperature rhythm (Refinetti, 1995; Scheer et al., 2005), but the anatomical projections
from the SCN regulating activity are different from the projections regulating temperature
(Abrahamson and Moore, 2001; Lu et al., 2001). Accordingly, our data suggest that the
latter system regulating circadian changes in temperature is more vulnerable in an animal
without functional photoreceptors (Chou et al., 2003).

Brain Res. Author manuscript; available in PMC 2013 May 13.
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4. Conclusions

In summary, this study shows the presence of light-entrain-able activity and temperature
rhythms in the Crx™/~ mouse in spite of the lack of rods and cones in the outer retina.
However, both rhythms are less robust in the Crx™~ mouse than in the wild type. This
difference does not appear to be associated with gross changes in the morphology of the
SCN, innervation via the retinohypothalamic projection, or peptide transmitter levels in the
SCN. Accordingly, on this basis, one can hypothesize that the input from the melanopsin
system of the retina receives input from the retinal rods and cones, and that in the absence of
this input, the output to the SCN is altered. Alternatively, it is possible that there is a direct
effect of a retinally derived factor on the SCN, in a manner similar to that described for
effects of retinally derived Otx2 homeodomain protein on the visual cortex (Sugiyama et al.,
2008) or that the intrinsic molecular profile of the SCN in the Crx/~ might differ from the
wild type.

5. Experimental procedures

5.1. Animals

Adult C57BL/6J male mice (20-30 g) were obtained from Charles River, Wiirtzburg,
Germany. Crx”'~ mice were generously provided to David C. Klein by Dr. Connie Cepko;
animals used in this study were transferred from the National Institutes of Health, Bethesda,
MD, and bred at the Panum Institute, University of Copenhagen, Copenhagen, Denmark.
The mice were housed under standard laboratory conditions with different controlled
lightening schedules and with free access to water and food.

All experiments with animals were performed in accordance with the guidelines of EU
Directive 86/609/EEC approved by the Danish Council for Animal Experiments.

5.2. Antibodies

5.2.1. Primary antibodies—Polyclonal goat anti-cholera toxin 1gG was obtained from
List Biological Laboratories, Campbell, CA (cat. no. 703). Rabbit polyclonal anti-gastrin
releasing peptide 1gG was obtained from Abcam, Cambridge, UK. (cat. no. ab 22623-50).
Polyclonal rabbit anti-melanopsin 1gG was obtained from ABR Affinity Bioreagents,
Golden, CO (cat. no. PAI-780) and polyclonal rabbit anti-vasoactive intestinal peptide 1gG
was a gift from Prof. J. Fahrenkrug (Bispebjerg Hospital, Copenhagen, Denmark), and
polyclonal rabbit anti-vasopressin 1gG was kindly provided by Prof. B.T. Pickering
(University of Bristol, Bristol, UK).

5.2.2. Secondary antibodies—Affinity purified biotinylated anti-goat 1gG and
Vectastain ABC Elite kit (cat.no. PK-7200) were obtained from Vector Laboratories,
Burlingame, CA (cat. no. BA-5000). Biotinylated swine anti-rabbit IgG was obtained form
Dako, Glostrup, Denmark (cat. no. E0353).

5.3. Monitoring of circadian activity and temperature rhythms

Five adult wild type (C57BL/J6) mice and 5 homozygous Crx™/~ were implanted with a TA-
F40 radiotelemetry transmitter (Data Sciences International, St. Paul, MN). For analgesia,
the animals were given a single dose of 10 ml/kg Hypnorm®/Dormicum® [0.16 mg/ml
Fentanyl and 5 mg/ml Fluanisone (VetaPharma, Sherburn-in-Elmet, UK): 2.5 mg/ml
Midazolam (Hameln Pharma, Hameln, Germany)] subcutaneously prior to the surgery, and
0.1 ml/kg Rimadyl® (Carprofen) once a day for the first 2 days after surgery. An incision, 1
cm in length, was made along the midline of the abdomen of the mice to obtain access to the
intraperitoneal cavity. After insertion of the transmitter in the abdominal cavity, the incision
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was closed with 5-0 nylon suture. The animals were kept in a 12 h light and 12 light/
darkness schedule (12:12 L/D) for 2 months followed by continuous light (L/L) for 2 weeks,
and then constant darkness (D/D) for 3 weeks.

The activity and temperature signals from the radiotelemetry transmitter were collected by a
RMC-1 receiver (Data Sciences International) placed under the animals' cages. The
receivers were connected to a Data Exchange Matrix (Data Sciences International) and
connected to a Dataquest A.R.T.™ acquisition system.

5.4. Injection of cholera toxin tracer

Twenty animals were used for the tracing studies. Cholera toxin B subunit was obtained
from List Biological Inc, Campbell, CA (cat. no. 103B). The cholera toxin tracer was
dissolved in 0.05 M Tris buffer (pH 7.5) to a concentration of 10 pg/ml. The mice were
intraperitoneally anesthetized with Hypnorm®/Dormicum® as described above and placed
in a Kopf stereotaxic frame. The needle of a 5 I Hamilton syringe was inserted into the
corpus vitreum, and 1.5 .l of the cholera tracer was injected. After injection, the needle was
left in the eye for 5 min. Postoperatively, the animals were pain treated with Rimadyl (0.1
ml/kg) subcutaneously. Animals were allowed to survive from 6 h to 14 days before
perfusion fixation.

5.5. Perfusion fixation

Tracer injected mice and mice used for immunohistochemistry were anesthetized with
Hypnorm®/Dormicum® as described above and transcardially perfused, firstly with
phosphate buffered saline (PBS) to which 15.000 I.U. of Heparin per liter was added. This
was followed by perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
for 10 min. The brains and eye balls were removed and post fixed in the same fixative over
night. The tissues were then cryoprotected in 30% sucrose in PBS for 2 days, frozen in
crushed carbon dioxide and stored at —80 °C.

Some mice were perfused with 2.5% glutaraldehyde in 0.1 M phosphate buffer. The eyes
were removed and after osmification, dehydrated and embedded in Epon®. Two pum thick
sections were cut and stained with toluidine blue.

5.6. Immunohistochemical detection of the cholera toxin tracer

Three wild type and Crx™'~ mice were used for immunohistochemical visualization of each
peptide. Cryostat sections, 100 m in thickness, were cut and placed in PBS. The sections
were then washed in PBS for 3x5 min and the peroxidase activity was blocked in a 1%
hydrogen peroxide in PBS for 10 min followed by washing for 10 min in incubation buffer
(1% bovine serum albumin and 0.3% Triton X-100 in PBS). Unspecific binding was
inhibited by incubation of the sections in 5% normal swine serum diluted in PBS for 30 min.
This was followed by incubation in the primary antibody, polyclonal goat anti-cholera toxin
1gG diluted 1:5,000 in incubation buffer. The sections were then washed 3x10 min in
washing buffer (PBS with 0.25% bovine serum albumin and 0.1% Triton X-100) followed
by incubation for 1 h in affinity purified biotinylated anti-goat IgG diluted 1/500 in
incubation buffer. The sections were then washed 10 min in washing buffer, 10 min in PBS
and again 10 min in washing buffer followed by incubation in ABC-Vectastain diluted 1/100
in washing buffer. After washing for 10 min in washing buffer and 10 min in 0.05 M Tris
(pH 7.6), peroxidase activity was revealed by incubation in 1.4 mM diaminobenzidine
(Sigma, Steinheim, Germany) and 0.01% H,05 in 0.05 M Tris (pH 7.6) for 3-15 min. The
reaction was terminated by washing the sections in PBS followed by deionized water.
Finally, the sections were mounted on Superfrost Plus® glass slides and embedded in
Pertex® (Histolab, Gothenburg, Sweden).
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5.7. Immunohistochemistry

5.7.1. Detection of neuropeptides in the suprachiasmatic nuclei—Cryostat
sections, 16 wm in thickness, were cut and mounted on Superfrost Plus® slides. The sections
were washed 3x5 min in PBS and incubated in 5% swine serum in PBS for 30 min. The
sections were then incubated in the primary antisera, raised against polyclonal rabbit anti-
gastrin releasing peptide, polyclonal rabbit anti-vasoactive intestinal pep-tide or polyclonal
rabbit anti-vasopressin, diluted 1:1,000 in incubation buffer. After washing for 3x5 min in
washing buffer, sections were incubated in biotinylated anti-rabbit 1gG, followed by
incubation in ABC-Vectastain; chromogenic detection of peroxidase activity was performed
as described above.
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wild type

Fig. 1.

(A and B) Photomicrographs of 2 um thick Epon-embedded, toluidine blue stained, sections
of the wild type mouse (A) and the Crx/~ knock out mouse (B). Note the thinning of the
retina in the Crx™/~ mouse due to the missing inner and outer segments (10S) of the
photoreceptors. (C and D) Melanopsin-immunoreactive cells in the retina of the wild type
mouse (C) and the Crx'~ knock out mouse (D). A long melanopsin-immunoreactive process
(arrows) from a ganglion cell perikaryon is penetrating into the outer nuclear layer. The
section of the retina in the Crx™/~ mouse is cut in a tangential plane. (E and F)
Photomicrograph of Nissl stained 40 wm thick coronal cryostat sections of the
suprachiasmatic nuclei (SCN), located above the optic chiasm, of the control mouse (E) and
the Crx/~ mouse (F). GCL=ganglion cell layer, INL=inner nuclear layer, IPL=inner
plexiform layer, ONL=outer nuclear layer, OPL=outer plexiform layer, RPE=retinal
pigment epithelium, SCN=suprachiasmatic nucleus. Bars; A and B=40 pum, C and D=25
pm, E and F=100 p.m.
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Fig. 2.

Photomicrographs of the suprachiasmatic nuclei of the Crx™/~ (left column) and wild type
(right column) mouse. The sections have been immunohistochemically reacted for gastrin
releasing peptide (GRP, A and D), vasoactive instestinal peptide (VIP, B and E), and
vasopressin (VP, Figs. 2C and F). 3V=third ventricle, PVN=paraventricular nucleus,
SCN=suprachiasmatic nucleus. Bar=200 pum.
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wild type

Fig. 3.

Montage of frontal sections of wild type mouse (left column) and Crx~~ mouse (right
column) in which cholera toxin tracer has been injected into the eye and transported for 4
days before perfusion fixation of the animal. A dense innervation of the suprachiasmatic
nuclei (SCN) is seen both in the wild type and Crx/~ mouse (A and D). In more caudal
parts of the diencephalon a dense innervation of the ventral (vLG) and dorsal (dLG) lateral
geniculate nucleus (B and E) is seen on the contralateral side of the injection. The tracer
terminates in a large terminal field in the superior colliculus (CS) contralateral to the
injection (C and F). Ipsilateral to the injection, the innervation of the lateral geniculate
nucleus is less intense (C). ll=intergeniculate leaflet, MT=medial terminal nucleus,
OPT=nucleus of the optic tract, PC=posterior commissure. Bars=200 m (A and D), 100
wm (B, C, E, and F).
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Fig. 4.
Telemetric registration of “running activity” in the wild type and the Crx™'~ mouse for 20
days. The ordinate is in arbitrary units.
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Activity wild type Activity Crx-/-

1
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Fig. 5.

Actogram showing telemetric registration for 80 days of the “running activity” of a
representative control mouse and a Crx~~ mouse. For the first 40 days, the animals were
exposed to a 12L:12D light regime (lights on at 7 a.m.). For the following 20 days, the light
regime was phase advanced with 4 h (lights on at 3 a.m. and of at 3 p.m.). This was followed
by continuous light for 10 days (LL). Finally, the animals were kept in constant darkness for
10 days (DD).
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Lomb-Scargle power spectral analysis of the activity periods (left column) and temperature
periods (right column) in wild type mice (A, B, E, F, J, and K) and Crx”~ mice (C, D, G, H,
L, and M). For more detailed description see Results.
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Fig. 7.
Telemetric monitoring of circadian temperature curves in a control and Crx~/~ mouse for 20
days. Ordinate is the temperature in Celsius degrees.
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Core body temperature plot of a control and Crx~~ mouse monitored for 80 days. For the

first 40 days, the animals were exposed to a 12 L:12D light regime (lights on at 7 a.m.). For
the following 20 days, the light regime was phase advanced with 4 h (lights on at 3 a.m. and
of at 3 p.m.). This was followed by continuous light for 10 days (LL). Finally, the animals

were kept in constant darkness for 10 days (DD).
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Table 1
Activity of wild type and Crx~/~ mice from day 10 to 30

Wild type Crx-

95% Confidence intervals

Mesor (95% confidence interval)  11.7 [11.0-12.3] 2.63[2.34-2.91]

Temperature wild type and Crx'~ mice from day 10 to 30

Wild type CrxI~

Mesor (95% confidence interval)  36.4 [36.4-36.5] 36.3 [36.3-36.4]
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