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Modulation of photic resetting in rats by lesions of projections
to the suprachiasmatic nuclei expressing p75 neurotrophin
receptor

Christine Erhardt,” Rodrigue Galani,? Héléne Jeltsch,? Jean-Christophe Cassel,? Paul Klosen,! Jérome S. Menet,’
Paul Pévet' and Etienne Challet’

"Laboratory of Neurobiology of Rhythms, Centre National de la Recherche Scientifique (UMR7518), Department of Neuroscience
(IFR37), University Louis Pasteur, 12 rue de I'université, 67000 Strasbourg, France

2Laboratory of Behavioural and Cognitive Neuroscience, CNRS UMR 7521, University Louis Pasteur, Strasbourg, France

Keywords: 192 IgG-saporin, acetylcholine, basal forebrain, circadian rhythm

Abstract

The suprachiasmatic nuclei of the hypothalamus (SCN) are the site of the master circadian clock in mammals. The SCN clock is mainly
entrained by the light—dark cycle. Light information is conveyed from the retina to the SCN through direct, retinohypothalamic fibres. The
SCN also receive other projections, like cholinergic fibres from basal forebrain. To test whether cholinergic afferents are involved in
photic resetting, lesions of cholinergic projections were performed in rats with intracerebroventricular (i.c.v.) injections or intra-SCN
microinjections of 1921gG-saporin. When injected in the SCN, this immunotoxin destroys the cholinergic projections and retinohy-
pothalamic afferents that express p75 low-affinity nerve growth factor (p75"NCF) receptors. The extent of lesions in the basal forebrain
and SCN was assessed by acetylcholinesterase histochemistry, p75N®F receptor, choline acetyl-transferase, calbindin-D28K and VIP
immunocytochemistry. The intra-SCN treatment reduced light-induced phase advances by 30%, and induced a complete loss of
forebrain and retinal afferents expressing p75NGF receptors within the SCN and a decrease of forebrain cholinergic neurons, most likely
those projecting to the SCN. The i.c.v. treatment reduced light-induced phase advances by 40%, increased phase delays and led to
extensive damage of forebrain p75N®"-expressing neurons, while sparing half of the fibres expressing p75N®F receptors (retinal
afferents?) in the SCN. Because the integrity of forebrain p75N®F-expressing neurons appears to be critical in mediating the effects on
light-induced phase advances, we therefore suggest that anterior cholinergic projections expressing p75™®" receptors modulate the
sensitivity of the SCN clock to the phase advancing effects of light.

Introduction

In mammals, most of the behavioural and physiological processes
express a rhythmicity of approximately 24 h, generated by a circadian
clock in the suprachiasmatic nuclei (SCN). This biological clock can
be synchronized by several photic and nonphotic cues. Among them,
light is the most potent synchronizing factor. Entrainment of the SCN
clock to the light-dark cycle is mediated by at least two neural
pathways: the retino-hypothalamic tract, and the geniculo-hypothala-
mic tract via the intergeniculate leaflet (Morin, 1994). The SCN may
also receive indirect photic information from other structures, such as
the midbrain raphe (Shen & Semba, 1994; Kawano et al., 1996) and
basal forebrain nuclei (Youngstrom et al., 1991; Bina et al., 1993),
which send serotonergic and cholinergic fibres to the SCN, respec-
tively (Bina et al., 1993; Morin, 1994).

Cholinergic terminals have been localized in the SCN by visualiza-
tion of synaptic connections (Kiss & Halasz, 1996) and choline acetyl-
transferase (ChAT; van den Pol & Tsujimoto, 1985). Muscarinic and
nicotinic receptors have been identified in the SCN region (van der Zee
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etal., 1991). The cholinergic projections to the SCN originate from the
basal forebrain, especially the nucleus basalis magnocellularis, the
diagonal band of Broca and the medial septum, and the brainstem,
including the pedunculopontine tegmental nucleus and the parabigem-
inal nucleus (Bina et al., 1993).

These cholinergic projections may affect the regulation of photic
synchronization. A nocturnal light exposure produces a marked release
of acetylcholine in the rat SCN (Murakami et al., 1984). Moreover, in
vivo injections of carbachol, a nonspecific cholinergic agonist, mimic
light masking (Zatz & Brownstein, 1979; Miller & Billiar, 1986;
Takeuchi et al., 1993) and photic phase shifting (Zatz & Herkenham,
1981; Mistlberger & Rusak, 1986; Wee et al., 1992; Colwell et al.,
1993; Abbott et al., 2002), although nonphotic-like phase shifting (i.e.
occurring during daytime) was also reported (Meijer et al., 1988).

Cholinergic drugs more selective than carbachol were also used in
the present context. Injections of nicotine led to induction of c-FOS in
the SCN (Ferguson et al., 1999) and photic-like phase shifting effects
that can be blocked with mecamylamine, a cholinergic antagonist
(Keefe et al., 1987; O’Hara et al., 1998). Mecamylamine also blocks
light-induced c-FOS expression in the SCN (Zhang et al., 1993).
Invitro administration of nicotine at most circadian times or carbachol
in late night induces phase advances in the neuronal activity of rat SCN
slices (Trachsel et al., 1995). Moreover, application of acetylcholine
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and muscarinic agonists during the night leads to phase advances in the
SCN neuronal activity (Liu & Gillette, 1996).

These studies using cholinergic agonists therefore suggest that
acetylcholine release modulates photic resetting. We attempted to
provide novel experimental data to support this hypothesis by lesion-
ing basal forebrain cholinergic projections to the SCN in the rat. This
was achieved with intracerebroventricular (i.c.v.) or intra-SCN injec-
tions of 192 IgG-saporin, a cholinergic immunotoxin (Leanza et al.,
1995), and assessment of circadian rhythms of locomotor activity and
core temperature and their responses to light.

Materials and methods

Animals and laboratory conditions

Eight-week-old male Long-Evans rats (Janvier, Le Genest St Isle,
France) were maintained in a temperature-controlled room (23 + 1 °C)
and initially exposed to a daily 12-h light/12-h dark cycle (lights on at
07:00 h). During the daytime, light intensity was 100 lux at the level of
the cages. During the night, there was a dim red light <1 lux at the level
of the cages. Food and water were available ad libitum throughout the
experiment. All experiments were performed in accordance with
‘Principles of laboratory animal care’ (NIH pub. No. 86-23, revised
1985) as well as the French national laws.

Surgery

All lesions were performed with 192IgG-saporin, a cholinergic
immunotoxin. 192 IgG-saporin is a ribosome inactivating protein
(saporin) coupled to a monoclonal antibody (192-IgG), specific for
the rat p75 low-affinity nerve growth factor (p75~°") receptor. Fol-
lowing i.c.v. administration, this neurotoxin is internalized by term-
inals and accumulates in cell bodies after retrograde transport (Leanza
et al., 1995). Based on the observation that basal forebrain cholinergic
neurons express p75~C" receptor, this immunotoxin has been widely
used selectively to lesion cholinergic neurons of the basal nuclear
complex. Following i.c.v. administration in rats, 192IgG-saporin
allows extensive (more than 95%), dose-dependent and selective
destruction of cholinergic neurons in the basal forebrain without
lesioning other neurotransmitter systems, nor cholinergic neurons of
the brainstem, cerebellum and spinal cord that do not express p75~cF
receptor (Leanza et al., 1995).

i.c.v. 192 IgG-saporin injection

In the first experiment, 24 rats were randomly divided into two groups.
The animals were 4 months old at the time of the surgery. Surgery was
conducted under deep anaesthesia with i.p. injection of ketamine (50 mg/
kg; Imalgeéne, Mérieux, Lyon, France) and xylazine (10 mg/kg; Rompun,
Bayer Pharma, Puteaux, France). 1921gG-saporin (lot no. 21-107,
Advanced Targeting Systems, San Diego, CA, USA) was diluted in
phosphate-buffered saline (PBS) at 1 pwg/pL and a dose of 3 pg was
injected in each lateral ventricle with a 10-wL Hamilton syringe at the
following coordinates: anteroposterior: —0.8 mm from bregma, lateral:
+1.4mm from the midline, and dorsoventral: —4.3 mm from the skull
surface, with the incisor bar set at the interauricular level. The syringe was
left in place for 5 min and withdrawn step by step to allow toxin diffusion
and prevent backflow. Control rats underwent the same procedure, except
that 3 pL of PBS was injected in each lateral ventricle. Because three
animals died following anaesthesia, only nine rats were used as controls.

Intra-SCN 192 1gG-saporin injections

In the second experiment, 16 rats were randomized into two groups.
The animals were 4 months old at the time of the surgery. Because we

faced an unexpected rate of mortality with the ketamine/xylazine
anaesthesia in the first series, surgery of the second group was
performed under anaesthesia with i.p. injection of equithesine
(4.0mL/kg) as we have previously used in the same rat strain (e.g.
Pitrosky et al., 1999; Lehmann et al., 2000). The incisor bar was set at
+5 mm. One microgramme of 192 IgG-saporin (lot no. 21-107) diluted
in 1 nL of PBS was injected in each SCN through a glass micropipette
(tip diameter 30 um) connected to a 1-pL Hamilton syringe at the
following coordinates: anteroposterior: 1.8 mm from bregma, lateral:
+0.5 mm from the midline, dorsoventral: —8.3 mm (at 2°) ventral to
dura. The pipette was then left in place for 5 min and withdrawn with
gradual steps. The surgical procedure was similar for control rats,
except that 1 pL of PBS was injected in each SCN. Nine and seven rats
were injected with 192 IgG-saporin and PBS, respectively.

Circadian rhythms
Telemetry

Eight and 15 days before i.c.v. and intra-SCN injections, respectively,
the animals were transferred to individual cages equipped with a running
wheel (diameter 30 cm) that closed a microswitch on each revolution.
Eight days before i.c.v. or intra-SCN injections, rats were i.p. implanted
under gaseous anaesthesia (mixture of O,, nitrogen protoxide and
isoflurane) with MiniMitter telemetry devices (MiniMitter Co., Sunri-
ver, USA) to record body temperature. Body temperature and wheel-
running activity were recorded every 5 min (Dataquest III acquisition
system; Data Sciences Co., St Paul, MN, USA). Zeitgeber time (ZT) 12
is defined as the onset of the dark period for animals under a light—dark
cycle. Circadian time (CT) 12 is defined as the onset of the locomotor
activity rhythm for nocturnal animals under constant darkness.

Experimental protocol

After i.c.v. and intra-SCN injections, the animals underwent the same
experimental conditions. Rats were first housed under a light—dark
cycle up to 6 weeks after surgery to determine the temporal organiza-
tion of circadian rhythms and the general response to photic entrain-
ment. The animals were then housed in constant darkness for 8 weeks
in order to study the effects of the lesions on the endogenous period of
the circadian rhythms. To assess the effects of the lesions on light-
induced phase shifts, after 2 weeks in constant darkness, the animals
were exposed to a light pulse started at CT21. Two weeks later, they
were exposed to a light pulse started at CT14. For light stimulation, rats
were transferred individually from their own cages to a white chamber
inside a photic stimulation device that delivers a 100-lux light pulse
over a period of 30 min. After 8 weeks in constant darkness, the
animals were exposed back to a light—dark cycle for 10 days.

Methods of analysis

Onsets and offsets of the daily pattern of locomotor activity and body
temperature were determined with ClockLab (Actimetrics, Evanston,
USA) over 8days before and 3 weeks after lesion. During these
periods, the average numbers of wheel revolutions were determined
per day, during the light period (i.e. from 07:00 to 19:00 h) and during
the dark period (i.e. from 19:00 to 07:00 h) by using the activity profile
window (ClockLab). The free-running period (t) was determined
using a x* periodogram (ClockLab) over three periods of 10days in
constant darkness (i.e. before the first light pulse, before and after the
second light pulse). The magnitude and direction of light-induced
phase shifts were estimated by two linear regressions considering the
10 days before and after the light pulse (ClockLab). The phase shifts
were determined as the difference between the lines fitted to activity
and temperature onsets before and after light exposure.
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Tissue preparation, histochemistry and immunocytochemistry
Tissue preparation

The animals were killed 4 months after surgery. The rats were deeply
anaesthetized with i.p. injection of pentobarbital, and perfused trans-
cardially with 200 mL of 0.9% saline (4 °C) followed by 300 mL of 4%
paraformaldehyde in PBS maintained at 4 °C. Brains were immedi-
ately removed and postfixed overnight before transfer to a 30% sucrose
solution for 72 h at 4 °C. Brains were then frozen in isopentane at
—60 °C and stored at —80 °C. Four series of 30-pwm coronal cryosec-
tions through the nucleus basalis magnocellularis, the diagonal band of
Broca and the SCN were prepared on a cryostat at —19°C and
collected in PBS. The localization of these structures was determined
according to the rat brain atlas of Paxinos & Watson (1986). One series
of free-floating sections was stained with cresyl violet. The three other
series were processed for acetylcholinesterase (AChE) histochemistry,
p75NSF receptor immunocytochemistry and vasoactive intestinal pep-
tide (VIP) immunocytochemistry.

AChE histochemistry

Based on the observation that AChE is predominantly localized in
cholinergic neurons within the central nervous system (Butcher &
Woolf, 1984), we used AChE histochemistry according to the protocol
for fibres established by Di Patre et al. (1993) to confirm lesions of
cholinegic fibres and terminals after 192 IgG-saporin administration.
Brain sections were washed in PBS and permeabilized in 0.1% Triton
X100 diluted in cold PBS. Further incubations were processed at room
temperature, with gentle agitation. The sections were washed again in
1 M PBS and 50 mM Tris-Maleate (pH 5.7) and were then incubated in a
Karnovsky-Roots medium (32.5mM Tris-maleate, 5mM sodium
citrate, 3mM cupric sulphate, 0.5mM potassium ferricyanide,
1.83mM acetylcholine iodide; Sigma, St Louis, MO, USA). After
incubation in Karnovsky-Roots medium for 15min, sections were
washed and stained by incubation in a solution containing 3,3'-
diaminobenzidine-nickel ammonium sulphite and 3% hydrogen per-
oxide (2 wL/mL) solution. The specificity of the staining was assessed
on control sections with iso-OMPA (30 uM, butyrylcholinesterase
inhibitor, Sigma) and BW284c51 (10 uM, AChE inhibitor, Sigma).
After completion of the staining, sections were washed in PBS and
mounted on glass slides coated with gelatin. Mounted sections were
dehydrated in a graded ethanol series, cleared in xylene for 5 min and
coverslipped.

p75NGF receptor, ChAT, calbindin-D28K and VIP
immunocytochemistry

Sections through the entire rostro-caudal extent of the SCN and a few
sections of the forebrain, including the nucleus basalis magnocellularis
(NBM), the vertical limb (vDBB) and the horizontal limb (hDBB) of the
diagonal band of Broca were processed for p75N°F receptor (experi-
ments 1 and 2) and for ChAT (experiment 2) immunocytochemistry.
Sections through the SCN were also processed for VIP (vasoactive
intestinal peptide; experiments 1 and 2) and calbindin-D28K (CalB;
experiment 2) immunocytochemistry. Free-floating sections were
washed in Tris-NaCl buffer (TBS) and permeabilized in a phosphate-
buffered ethanol series (10, 15 and 20%). Sections were then incubated
in TBS, 0.3% hydrogen peroxide and 0.1% NaNj to inactivate endo-
genous peroxidase activity. After preincubation for 1h in TBS + 10%
fetal bovine serum and 0.05% Tween 20 (Tw20), the sections were
incubated with the primary antibody (mouse anti-p75~C" receptor
monoclonal antibody, Chemicon International, diluted 1:1000; rabbit
anti-VIP, Niepke, Netherlands Institute for Brain Research, Amsterdam,
diluted 1:2000; goat anti-ChAT, Chemicon International, diluted
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1:10000; or mouse anti-CalB, Sigma; diluted 1:10000) diluted in
TBS-Tw20-1% fetal bovine serum overnight with gentle agitation at
room temperature. Thereafter, sections were rinsed in TBS—-Tw20 and
incubated with biotinylated sheep anti-mouse IgG (Amersham, diluted
1:2000 for p75N°F receptor), biotinylated donkey anti-rabbit IgG
(Jackson, diluted 1:2000 for VIP), biotinylated donkey anti-goat IgG
(Amersham, diluted 1:1000 for ChAT), or biotinylated rabbit anti-
mouse IgG (Dako, diluted 1:1000 for CalB) for 1h. After several
washes in TBS-Tw20, the sections were incubated with streptavidin-
peroxidase (Roche, diluted 1 : 2000) in a solution of TBS-Tw20 + 0.2%
cold water fish skin gelatin (Sigma) for 1h. The sections were rinsed
with TBS-Tw20 followed by TBI (S0mMm Tris, 10mM Imidazole,
pH7.6). Sections of SCN for ChAT and calb were pretreated with
acetate cobalt to intensify the colour of the diaminobenzidine reaction
product. The sections were then transferred to a solution of 3,3'-
diaminobenzidine (Sigma, 0.5mg/mL, diluted in TBI) to which
0.003% hydrogen peroxide was added after 5 min. After completion
of the peroxidase detection, the sections were rinsed in TBS, mounted on
gelatin-coated slides, dehydrated and coverslipped.

Quantification of staining signals

To assess the extent of the lesions of basal forebrain cholinergic
neurons, p75~°F receptor (for experiments 1 and 2) and ChAT (for
experiment 2) immunoreactive cells were counted on one section of the
vDBB, of the hDBB and of the NBM per animal. These forebrain
regions were chosen because they have been demonstrated to contain
neurons that express p75™C" receptors and project to the SCN (Bina
et al., 1997). Immunoreactive cells to CalB were also counted in the
SCN. Measures of the optical density (OD) of the staining were also
realized for each brain in order to quantify staining intensity after
AChE histochemistry in the frontoparietal cortex, as well as density of
VIP and p75™°F receptor immunoreactive fibres/terminals in the SCN.
Densitometric analysis was performed with an image analysis system
(Biocom, Rag 200, Les Ulis, France). The specific staining was
calculated by subtracting the intensity staining of background from
that of the area of interest. For AChE staining in the cortex, OD was
measured by subtraction of the background measured in the corpus
callosum from OD measured in the cerebral cortex. For p757cF
receptor and VIP staining in the SCN, OD was measured by subtrac-
tion of the background measured in the anterior hypothalamic area
above the SCN from the averaged OD measured in the left and the right
SCN. Data are expressed as relative OD values.

Statistical analysis

Values are presented as means = SEM. Data were analysed by two-
way analyses of variance (ANOVA) with repeated measures to compare
the effects of the immunotoxin (192 IgG-saporin vs. PBS) and the
different periods (before vs. after lesion). When only two groups were
compared (192IgG-saporin vs. PBS), Student’s r-test was used to
compare the means. Because the two experiments (i.c.v. and intra-SCN
injections of 192 IgG-saporin) were performed independently, no
attempt was made to compare interexperiment groups.

Results

ACRhE histochemistry

i.c.v. injections of 192 IgG-saporin

In control animals, the staining observed in the cerebral cortex was
very similar with or without incubation with iso-OMPA, an inhibitor of

butyrylcholinesterase (data not shown). This lack of difference con-
firms the specificity of the method used. In the cerebral cortex of
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control rats, incubation with BW284c51, an inhibitor of AChE,
resulted in the disappearance of AChE staining (data not shown).
The protocol allowed clear visualization of dendrites and neurites, as
well as cell bodies in the basal nuclear complex, the cerebral cortex
(Fig. 1A-D) and the striatum. In sections from control rats, we
observed a dense network of fibres and a few cell bodies in the
cerebral cortex (Fig. 1A and C). 192 IgG-saporin injected i.c.v. induced
a marked decrease of OD in the cortex of the lesioned rats compared
with control animals (6.4 0.8 vs. 21.6 £ 1.6 arbitrary units (a.u.),
n=12and 9, respectively; t;o=9.2, P <0.01; Fig. 1B and D), in spite

of the persistence of isolated cell bodies, probably corresponding to
noncholinergic interneurons (Levey et al., 1984). In the SCN, however,
the contrast between stained fibres and background was too slight to
detect any sizeable OD difference between control and i.c.v. lesioned
rats (Fig. 1E and F).

Intra-SCN injections of 192 IgG-saporin

The staining in cerebral cortex was similar between control and
lesioned animals (18.2+£2 vs. 17.2£1.9a.u., n=7 in both groups;
t1o=0.5; P>0.1). Incubations of sections with either iso-OMPA or

TS et N
e P

FiG. 1. Acetylcholinesterase-positive staining in the frontoparietal cortex (A-D) and the suprachiasmatic nuclei (E and F) in rats given vehicle (left panels) or i.c.v.
192 IgG-saporin (right panels) injections. C and D are enlarged views of A and B, respectively. Arrows in E and F indicate acetylcholinesterase-positive fibres. Scale

bars, 200 pm.
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BW284c51 gave results similar to those mentioned earlier (data not
shown). Again, in the SCN, the contrast between stained fibres and
background was too weak to detect a difference between control and
lesioned animals (data not shown).

P75NCF receptor (experiments 1 and 2) and ChAT (experiment 2)
immunocytochemistry

i.c.v. injections of 192 IgG-saporin

In control rats, we observed p75NCF receptor immunoreactive cell
bodies in vDBB, hDBB and NBM (Fig. 2A, C and E, respectively). The
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number of immunoreactive cells in hDBB, vDBB and NBM (Fig. 2B,
D and F, respectively) was reduced by 90% or more in rats with i.c.v.
injections of 192 IgG-saporin compared with that in control animals
(see Table 1 for values). Staining with cresyl violet, however, showed
no widespread nonspecific neuronal loss in the forebrain of animals
injected i.c.v. with 192 IgG-saporin (Fig. 3B, D and F) compared with
control animals injected with vehicle (Fig. 3A, C and E). In control
rats, a strong p75~°" receptor immunostaining was observed on fibres
and terminals in the SCN, restricted to their ventrolateral region
(Fig.4A). Immunostaining in the SCN was only decreased by 50%
in lesioned animals compared with that in control rats (8.1 2.7 vs.

F1G. 2. p75 low-affinity nerve growth factor receptor immunostaining in the vertical (A and B) and horizontal (C and D) limbs of the diagonal band of Broca and the
nucleus basalis magnocellularis (E and F) in rats given vehicle (left panels) or i.c.v. 192 IgG-saporin (right panels) injections. Scale bar, 200 pwm.
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1778 C. Erhardt et al.

TaBLE 1. The number of immunoreactive cells to p75™°F receptor in the basal
forebrain
Control Saporin Control Saporin
ic.v. ic.v. intra-SCN intra-SCN
n=9) (n=12) (n=17) (n=17)
vDBB 103+ 11 11+£3" 89+12 527"
hDBB 70+6 5+1° 74£2 62+2"
NBM 501 5+17 48+1 39+2"

*P <0.05 between 192IgG-saporin treatment and respective control for a
given brain region (z-test).

16.5+3.6a.u., n=12 and 9, respectively; t,0=6.4, P<0.001;
Fig.4B).

Intra-SCN injections of 192 IgG-saporin

The number of p75N° receptor immunoreactive cells in vDBB, hDBB
and NBM was reduced, respectively, by 44, 26 and 18% in animals
with intra-SCN injections of 192 IgG-saporin compared with control
rats (Fig. 5A-F; see Table 1 for values). The observed reduction may
probably be attributed to a loss of cholinergic neurons, as assessed by
the decrease in the number of cell bodies immunoreactive to ChAT by
42, 16 and 19% in vDBB, hDBB (in that case, the reduction did not

F1G. 3. Cresyl violet staining in the vertical (A and B) and horizontal (C and D) limbs of the diagonal band of Broca and the nucleus basalis magnocellularis (E and F)
in rats given vehicle (left panels) or i.c.v. 192 IgG-saporin (right panels) injections. Scale bar, 200 pm.
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reach a significant level) and NBM, respectively (Fig.6A-F; see
Table 2 for values). In the control rats, we observed a dense p75~C"
receptor immunoreactive staining on fibres and terminals localized in
the ventrolateral portion of the SCN (Fig. 7A). In the nine lesioned rats,
there was no plexus of p75N°" receptor immunoreactive fibres and
terminals, which strongly suggests the destruction of forebrain cho-
linergic fibres as well as retinal afferents expressing p75~C" receptor

and projecting to the SCN (Fig. 7B). We observed, however, a vascular
staining in the SCN of four lesioned rats (Fig. 7C). This may be related
receptor in response to reactive

to an overexpression of p75NGF

Cholinergic modulation of phase shifting responses to light 1779

vascularization induced by local lesions after intra-SCN injections.
Indeed, the vascular response to injury is associated with neoangio-
genesis and overexpression of neurotrophins and their receptors in the
vessels (Cantarella et al., 2002). The vascular staining in the SCN
prevented us from obtaining a reliable assessment of p75™" receptor
immunostaining on neuronal fibres and terminals in the SCN region.
Furthermore, two lesioned rats exhibited hypothalamic damage that
included the whole SCN and spread to the optic chiasm (Fig.7D).
These extended lesions were concomitant with behavioural arrhyth-
micity and the two rats were excluded from the data analysis. Staining

F1G.4. p75 low-affinity nerve growth factor receptor immunostaining (A and B), cresyl violet staining (C and D) and VIP immunostaining (E and F) in the
suprachiasmatic nuclei of rats given vehicle (left panels) or i.c.v. 192 IgG-saporin (right panels) injections. Scale bar, 200 wm.
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F1G.5. p75 low-affinity nerve growth factor receptor immunostaining in the vertical (A and B) and horizontal (C and D) limbs of the diagonal band of Broca and the
nucleus basalis magnocellularis (E and F) in rats given vehicle treatment (left panels) or intra-SCN injections of 192 IgG-saporin (right panels). Scale bar, 200 wm.

with cresyl violet showed no widespread nonspecific neuronal loss in
the forebrain of animals injected in the SCN with 192 IgG-saporin
(data not illustrated).

VIP (experiments 1 and 2) and CalB (experiment 2)
immunostaining
i.c.v. injections of 192 1gG-saporin

VIP staining was observed on fibres and cell bodies localized in the
ventrolateral portion of the SCN of control rats (Fig. 4E). There was no
difference in OD between control and lesioned rats (16.5+2.7 vs.

154+ 34au., n=9 and 12, respectively; t;9=1.9, P >0.1), which
confirms the integrity of the SCN cells expressing VIP in rats treated
with i.c.v. 1921gG-saporin (Fig. 4F). p75™“" receptor staining in the
SCN overlapped VIP staining, albeit with a greater area in the
rostrocaudal extent of the SCN.

Intra-SCN injections of 192 1gG-saporin

VIP staining was observed on both fibres and cell bodies in the
ventrolateral SCN with no OD difference between control and lesioned
rats (11.2£0.6 vs. 12.54+0.7a.u.,, n=7 in both groups; t;,=1.1,
P > 0.1; data not illustrated). In addition, the number of CalB-positive
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F1G. 6. Choline acetyl-transferase immunostaining in the vertical (A and B) and horizontal (C and D) limbs of the diagonal band of Broca and the nucleus basalis
magnocellularis (E and F) in rats given vehicle treatment (left panels) or intra-SCN injections of 192 IgG-saporin (right panels). Scale bar, 200 pm.

cells in the SCN was not significantly different in control vs. lesioned
animals (255 vs. 20+ 5 cells, n="7 and 5, respectively; t;o=1.9,

TABLE 2. Number of immunoreactive cells to ChAT in the basal forebrain

Control intra-SCN Saporin intra-SCN P >0.05; Fig. 7E and F).

n=7) (n=17)
vDBB 7545 246" Circadian studies
hDBB 2+ 14 6811 i.c.v. injections of 192 IgG-saporin
NBM 56+3 462"

None of the animals exhibited overt motor or behavioural deficit. i.c.v.

*P < 0.05 between 1921gG-saporin treatment and control group for a given injection of 1921IgG-saporin did not markedly alter the pattern of
brain region (z-test). wheel-running activity when rats were exposed to a light-dark cycle
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FiG.7. p75 low-affinity nerve growth factor (p75NGF) receptor (A-D) and calbindin-D28K (E and F) immunostaining in rats given vehicle treatment (A and E) or
intra-SCN injections of 192 IgG-saporin (B, D and F). Panels B and C show representative lesioned animals with disappearance of p75™°" receptor immunostaining in
the SCN or development of vascular p75~°F receptor immunostaining, respectively. Panel D shows the SCN region of one of the two animals that were excluded from
the study because of extensive damage to the SCN and subsequent arrhythmicity. Scale bar, 200 wm.

(Fig. 8). Indeed, the times of activity onset and offset were similar
before and after surgery (F; ;5=0.2, P>0.1 and F;;5=0.5, P>0.1,
respectively). A delay in the daily onsets of nocturnal activity was
noted for both groups after surgery (F;;5=36.85, P<0.01; see
Table 3 for values). Moreover, i.c.v. injections of 192 IgG-saporin
did not modify the number of wheel revolutions performed per day
(F1,15=0.8, P>0.1), during daytime (F; ;5 =0.8, P> 0.1) and night-
time (F; ;5 =1.3, P> 0.1; Table 3). The apparent increase in the level
of nocturnal wheel-running activity before vs. after the i.c.v. surgery is
probably related to the short duration the animals spent in their cages

before surgery (see Methods). The endogenous period of free-running
rhythm of locomotor activity was not altered by i.c.v. lesions in rats
housed in constant darkness (F; 35 =0.2, P> 0.1; Figs 8 and 9). Over
the three intervals of measurement, there was a lengthening of the
endogenous period (from 24.2 to 24.4 h) in the two groups of animals
after exposure to the second light pulse (i.e. at CT14; F,33=3.9,
P <0.05). Clear differences were observed for light-induced phase
shifts of locomotor activity rhythm (Figs 9A, B, E and F, and 10). A
light pulse administered at CT21 induced lower phase advances after
i.c.v. injections of 192IgG-saporin in comparison with the control
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Fi1G. 8. Wheel-running activity in four rats given vehicle treatment (left panels), i.c.v. injections of 192 IgG-saporin (upper right panel) or intra-SCN injections (iscn)
of 192 IgG-saporin (lower right panel). The rats were exposed successively to 10 days of 12:12-h light—-dark cycle (LD) and 10 days of constant darkness (DD).
Successive 24-h periods are double-plotted (48-h horizontal time scale). Arrows indicate the change in lighting conditions. For a given lighting condition, daily light

and dark periods are indicated by horizontal light-shaded and dark-shaded bars above the corresponding period.

TABLE 3. Timing of locomotor activity and wheel revolutions performed per day

Control i.c.v.

Saporin i.c.v.

Control intra-SCN

Saporin intra-SCN

Parameter n=9) n=12) n="7) (n=17)

Daily onset time
Before lesion 19:40h £+ 20 min 19:40h £+ 10 min 19:00 h £ 05 min 19:00 h £ 05 min
After lesion 20:10h £ 10 min 20:30h £ 10 min 19:00 h £ 05 min 19:00h £ 10 min

Daily offset time
Before lesion
After lesion

07:10h & 10 min
07:10h 4+ 05 min

Daily activity (wheel revolutions per day)

Before lesion
After lesion

51774
906 £ 181

Diurnal activity (wheel revolutions per day)

Before lesion
After lesion

88 £27
69+ 17

Nocturnal activity (wheel revolutions per day)

Before lesion
After lesion

429452
837+ 166

07:10h & 05 min
07:10h 4+ 05 min

499 + 68
1132+ 124

73+21
46+ 38

426+49
1086 122

07:20h £ 05 min
07:50h 20 min

1645 +£207
1357 +£221

134426
66+20

1511+185
1291 +228

07:10h £ 05 min
07:30h £+ 10 min

1419215
979 +337

108 +21
45+12

1311+210
934 +327
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F16.9. Wheel-running activity (A, B, E and F) and body temperature (C and D) in six rats housed in constant darkness and given vehicle (left panels) ori.c.v. 192 IgG-

saporin (right panels) injections. In panels A-D, the rats were exposed to ligh

t pulse (1001ux for 30 min) at circadian time (CT) 21, leading to subsequent phase

advances. Note the lower magnitude of the phase advances in i.c.v. lesioned rats (B and D) compared with those in the controls (A and C). In panels E and F, the rats
were exposed to light pulse (100 lux for 30 min) at CT14, leading to subsequent phase delays. Note the larger magnitude of the phase delays in the i.c.v. lesioned rat (F)

compared with that of the control animal (E). Successive 24-h periods are doi

group (60 £6 vs. 102+ 10min, n =12 and 9, respectively; t;9 = 3.6,
P <0.001; Figs9A and B, and 10). Similar results for light-induced
phase advances were obtained with data of core temperature (65 %+ 6
vs. 99 + 8 min, n=9 and 7, respectively; t;4=3.0, P=0.01; Fig. 9C
and D; the lower numbers of animals for temperature are due to
transmitter failure). By contrast, a light pulse applied at CT14 resulted
in phase delays of the circadian rhythms in the lesioned animals larger
than in controls (—126 & 12 vs. —96 £ 8 min, n =12 and 9, respec-

uble-plotted (48-h horizontal time scale). Stars indicate the time of light exposure.

tively; 1,0 =2.1, P <0.05; Figs 9E and F, and 10). Only a trend for a
difference was noted for light-induced phase delays of body tempera-
ture rhythm (—117£7 vs. —98 =7 min, n=9 and 7, respectively;
tio=1.6, P>0.1).

Intra-SCN injections of 192 IgG-saporin

Intra-SCN injections of 192 IgG-saporin did not alter the wheel-
running pattern in rats exposed to a light—dark cycle (Fig. 8). Neither

© 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 1773-1788



B B2 icv lesion B2 icv lesion -
£ [ control [] control 3
3 100 e ° 8
g : g
[ * &% {50 &
4 e
® X @

o —_—
o S0F K2 - 5
& B T X 100 5
< * % =
o %

X

0 %
= iscn lesion iscn lesion -
£ [] control [] control z
£ 0o B
§ 100 1 . / °
S : / 5
r 1-50 @
>
E S
g 50 4 §
8 % 00 5
z T
0

F1G. 10. Light-induced phase shifts in circadian activity rhythms of rats injected
with vehicle (control), i.c.v. 192IgG-saporin (i.c.v. lesion) or intra-SCN
192 1gG-saporin (iscn lesion). Positive and negative values are advances and
delays, respectively. Values are means +SEM. “P < 0.05 compared with the
other treatment.

the time of activity onsets nor that of the offsets were altered by the
treatment (F; ;,=0.1, P>0.1 and F; ;,=1.5, P> 0.1, respectively).
We detected only a significant delay in the activity offset for both
groups after surgery (F1,=38.5, P=0.01; see Table3 for values).
Intra-SCN lesions of 192 IgG-saporin did not significantly affect the
number of wheel revolutions performed per day (F; 1, =0.9, P >0.1),
during daytime (F;;,=1.0, P>0.1) and nighttime (F;;,=0.8,
P > 0.1; Table 3). Independently of the interval considered in constant
darkness, there was a slight but significant reduction of the endogenous
period in rats treated with intra-SCN 192 IgG-saporin compared with
control animals (24.16 +0.01 vs. 24.30£00.01h, n=7 in both
groups; Fj,4=5.3, P<0.05). In response to light exposure at
CT21, there were lower phase advances of locomotor activity rhythm
in rats injected with 192 IgG-saporin in the SCN region compared with

control

Time
(days)
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controls (66 £ 12 vs. 96 & 6 min, respectively, n =7 in both groups;
t1p=2.4, P<0.05; Figs 10 and 11). A similar decrease was observed
with data for core temperature (60 £ 13 vs. 101 £ 11 min, respectively,
n="7 in both groups; 11, =2.3, P<0.05). A light pulse applied at
CT14 led to similar phase delays of locomotor activity rhythm in
lesioned vs. control animals (—102 £ 12 vs. —114 £ 12 min, respec-
tively, n =7 in both groups; t;, =0.7, P > 0.1; Fig. 10) and to similar
delays of core temperature rhythm in the two groups of rats (—97 £ 10
vs. —104 £ 13 min, respectively, n=7 in both groups; t,, =0.4,
P>0.1).

Discussion

Our study suggests that lesions of the cholinergic, p75™°" receptor-
expressing fibres that project from the basal forebrain to the SCN alter
responses of the biological clock to phase shifting effects of light.

Assessment of cholinergic lesions

192 IgG-saporin injected i.c.v. leads to the destruction of cholinergic
neurons in the basal forebrain, as assessed by the complete loss of
AChE staining in the frontoparietal cortex. Indeed, AChE is pre-
dominantly found in cholinergic cells (Butcher & Woolf, 1984),
even if AChE is not a selective marker for cholinergic neurons (Satoh
et al., 1983). Nevertheless, this method has been commonly used to
establish a loss of cholinergic fibres and terminals in the cerebral
cortices, and to confirm the efficacy of lesions induced by i.c.v.
injections of 192 IgG-saporin (Holley et al., 1994; Lehmann et al.,
2000). The extensive loss of cholinergic fibres in the cortices and
hippocampus indicates that most cholinergic neurons of the basal
forebrain and projecting to the cortices and hippocampus are
damaged after i.c.v. injection of 192IgG-saporin. This specific
cholinergic depletion leads to deficits in several cognitive tasks,
including learning and memory tasks (Leanza et al., 1995; Lehmann
et al., 2000).

Because of a weak AChE staining in the SCN, we were unable to
confirm a loss of cholinergic neurons projecting to the SCN by
densitometric analysis of AChE-positive products. Given that the
SCN exhibits a very intense immunolabelling for p75™C" receptor
in its ventrolateral region (Bina et al., 1997; Moga, 1998; Beaulé &

iscn lesion
]

0 24
Time (h)

48 0 24 48
Time (h)

FiG. 11. Wheel-running activity in two rats housed in constant darkness and given vehicle (control) or intra-SCN 192 IgG-saporin (iscn lesion) injections. The rats
were exposed to light pulse (100 lux for 30 min) at circadian time (CT) 21, leading to subsequent phase advances. Note the lower magnitude of the phase advance in
the iscn lesioned rat (right panel) compared with that in the control animal (left panel). Successive 24-h periods are double-plotted (48-h horizontal time scale). Stars

indicate the time of light exposure.
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Amir, 2001), we performed p75™C" receptor immunocytochemistry to
assess the extent of the cholinergic lesion within the SCN. In the
central nervous system, p75~CF receptors can be found on both cell
bodies and neuron terminals (Yan & Johnson, 1989; Hartig et al.,
1998). Kiss and colleagues suggested a colocalization of p75~cr
receptors with VIP in the SCN neurons (Kiss et al., 1993). However,
192 IgG-saporin, injected either i.c.v. or in the SCN region at doses that
abolish p75™CF receptor immunoreactivity, does not alter VIP immu-
noreactivity in the SCN (Moga, 1998; the present study). Moreover, in
contrast to a previous study (Beaulé & Amir, 2002), no significant
decrease of cells expressing CalB was detected in the SCN after
intrahypothalamic injections of 192IgG-saporin. In addition,
p75NCF receptor mRNA has never been identified within the SCN
(Koh et al., 1989). Neuroanatomical studies also have clearly shown
that p75™SF receptors in the SCN are located on axons terminals of
basal cholinergic neurons and retinal ganglion cells (Bina et al., 1997).
The neurotransmitter content of the ganglion cells expressing p75~cr
receptor and projecting to the SCN is still unknown, albeit most
probably not cholinergic (Bina et al., 1993, 1997). Together, these
results indicate that the p75NCF receptors in the SCN area are more
likely localized on afferent fibres rather than on VIP or other SCN
neurons.

After i.c.v. 192 IgG-saporin injection, in spite of extensive damage
(>90%) of p75~°F receptor immunoreactive (i.e. most likely choli-
nergic) neurons, half the p75™" receptor immunostaining was still
present in the SCN. The residual immunostaining in the SCN may be
due to spared p75™CF receptor immunopositive terminals from retinal
ganglion cells that would be less accessible. After intra-SCN injection
of 1921gG-saporin, a total loss of p75™C" receptor immunostaining
was observed in the SCN. This demonstrates that, when injected
locally, the toxin destroyed all p75™°F receptor immunopositive fibres
and terminals in the SCN. Considering a potential indirect damage of a
set of ganglion cells, it is possible that alterations of light-induced
phase shifts are due to a loss of these noncholinergic retinohypotha-
lamic fibres. It is, however, unlikely that this group of fibres plays a
critical role in photic phase shifting. Specific destruction of these
retinal projections has been associated with disruptive effects of
constant light on circadian rhythms (Beaulé & Amir, 2001, 2002).
Following intra-SCN injection of 192IgG-saporin, the number of
neurons immunoreactive to p75N°F receptor and ChAT was decreased
to a variable extent in several regions of the basal forebrain (i.e. vDBB,
hDBB and NBM). After this treatment, a direct lesion of cholinergic
neurons close to the SCN is unlikely to be extensive because the
highest reduction (40%) in the number of neurons immunoreactive to
p75NSF receptor or ChAT was found in the furthest area (i.e. vDBB)
from the injection site (see Table 1). Given that the cholinergic and
p75NF receptor immunoreactive afferents to the SCN come from
vDBB, hDBB and NBM (Bina et al., 1993, 1997), the observed
reduction in the number of forebrain cholinergic neurons after
intra-SCN injection of 192IgG-saporin probably reflects lesion
through degeneration of terminals. According to our hypothesis
(see above), the residual immunostaining of p75™C" receptor in the
SCN after i.c.v. treatment is located on retinal afferents. Because the
effects of 192 IgG-saporin on photic resetting were not more severe
after intra-SCN injection compared with the i.c.v. route, this leads us
to suggest that the effects of i.c.v. injection reflect more an impair-
ment of p75~SF receptor-expressing (cholinergic) afferents to the
SCN than the intra-SCN treatment in which both forebrain choli-
nergic terminals and retinal afferents expressing p75™C" receptors
were fully lesioned. If correct, this interpretation suggests that retinal
afferents may not be involved in the observed effects on light-induced
phase shifts.

Modulation of phase shifting responses to light by neurons
expressing p75™N¢" receptor

In our study, the lesioned rats were rhythmic under a 24-h light—dark
cycle after i.c.v. or intra-SCN injection of saporin, thereby confirming
previous data (Beaulé & Amir, 2002) and indicating that forebrain
cholinergic projections and retinal afferents expressing p75™C" recep-
tor are not critical for photic synchronization. In addition, we observed
that destruction of the forebrain cholinergic projections after i.c.v. and
intra-SCN injections of 192 IgG-saporin led to an important reduction
of light-induced phase advances in the circadian rhythms of locomotor
activity and core temperature. In accordance with this observation,
mice with a targeted deletion of p75NCF receptor have been found to be
less sensitive to the phase shifting effect of light (Golombek et al.,
1996). Our data in rats provide support for the hypothesis that the
anterior cholinergic projections modulate photic phase resetting of the
SCN clock. In intact animals, a cholinergic stimulation would thus lead
to an amplification of the light-induced phase advances, in accordance
with many pharmacological data. When carbachol is administered
i.c.v. in late subjective night in rats, mice or hamsters, or nicotine
injected in late night in rats, they induce phase advances of behavioural
rhythms (e.g. Mistlberger & Rusak, 1986; Wee et al., 1992).

During the early subjective night, we found an increase in light-
induced phase delays after i.c.v. injection of 192 IgG-saporin. This
therefore suggests either an inhibitory or a counteracting (phase
advancing?) role of the anterior cholinergic projections on light-
induced phase delays in intact animals. Intra-SCN injections of
192 IgG-saporin, however, had no significant effect on light-induced
phase delays. Similarly, a reduction of light-induced c-FOS expression
in the SCN has been noted after i.c.v. injections of 192 IgG-saporin, but
not after intrahypothalamic injections (Beaulé & Amir, 2002). These
discrepancies according to the route of immunotoxin administration
may be related to the extensive destruction of the forebrain cholinergic
fibres after i.c.v. injection or to the destruction of noncholinergic fibres
expressing p757CF receptors that would be spared after intra-SCN
injection, but damaged after an i.c.v. injection. For instance, noncho-
linergic fibres expressing p75™C" receptors are found in the olivary
pretectal nucleus and the intergeniculate leaflet (Beaulé & Amir,
2002), two structures that may modulate photic inputs to the SCN.

Nevertheless, our results concerning light-induced phase delays
(after i.c.v. and intra-SCN injections of immunotoxin) do not support
the hypothesis that cholinergic stimulation has photic-like effects on
the SCN clock during the early subjective night (Wee et al., 1992;
Colwell et al., 1993; O’Hara et al., 1998). Rather, our data support the
view that cholinergic stimulation leads to phase advances during the
whole night, as assessed in vivo in mice after direct administration of
carbachol into the SCN region (Abbott et al., 2002) and in vitro in SCN
slices of rats in response to various cholinergic agonists (Trachsel et al.,
1995; Liu & Gillette, 1996). Thus, it seems that in vitro, the phase
resetting effects of acetylcholine are translated into phase advances of
the clock during the entire subjective night. Also, in vivo cholinergic
stimulation in the late subjective night consistently leads to phase
advances (Mistlberger & Rusak, 1986; Wee et al., 1992; Colwell et al.,
1993; Abbott ez al., 2002). By contrast, in vivo cholinergic activation in
the early night may induce advances or delays according to various
parameters, including the subtypes of cholinergic receptors, the route
of administration and the species considered.

In comparison with in vitro slices of SCN that lack normal afferent
inputs, the in vivo sensitivity of the SCN clock to cholinergic stimula-
tion may depend on interaction with other neurotransmitter systems,
especially with glutamatergic fibres transmitting photic information to
the SCN. Such an interaction between acetylcholine and glutamate
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may occur in intracellular and/or intercellular signalling pathways
involving nitric oxide (Liu & Gillette, 1996). Indeed, it has been shown
in vitro that nocturnal cholinergic stimulation of muscarinic receptors
can reset the SCN clock by stimulating guanylyl cyclase, generating
c¢GMP and activating cGMP-dependent protein kinase (Liu et al.,
1997). This effect probably involves nitric oxide, which modulates
clock resetting in response to nocturnal glutamatergic signals. Nitric
oxide would act as a tonic intercellular signal that determines the basal
level of cGMP and thus the state of cholinergic sensitivity (Artinian
et al., 2001). The intense immunolabelling for p75~° receptors in the
SCN is restricted to its ventro-lateral region receiving retinal gluta-
matergic inputs. It is therefore likely that interactions between cho-
linergic and glutamatergic pathways occur within the SCN. Because
the cholinergic basal forebrain also receives retinal projections
(Youngstrom et al., 1991; Bina et al., 1993), such neurochemical
interactions might also occur in the basal forebrain.

Conclusion and perspectives

The present study suggests an involvement of the forebrain cholinergic
system in the phase resetting properties of light, whereas retinal
afferents expressing p75NC" receptors probably have only a minor
role. A high depletion of p75N°F receptor-expressing (i.e. most likely
cholinergic) forebrain neurons resulted in a 40% decrease in light-
induced phase advances, whereas light-induced phase delays were
increased by 30%. A lesion with 192 IgG-saporin restricted to the SCN
also led to a 30% decrease in light-induced phase advances, without
significant effect on light-induced phase delays.

The cholinergic neurons in the basal forebrain and those originating
from the pontine tegmentum are implicated in the regulation of sleep
and arousal. In rats, depletion of forebrain acetylcholine after i.c.v.
injection of 192IgG-saporin has been shown to impair the daily
distribution of sleep and vigilance states and to reduce EEG across
all frequency bands (Kapas et al., 1996). Because our study suggests
that the anterior cholinergic projections have a modulatory role on
photic phase resetting, these cholinergic projections can be viewed as
components of a feedback loop within the neural network underlying
the regulation of sleep and wakefulness, and circadian timing (Bina
et al., 1993; Kapas et al., 1996). The possible implication of the
posterior cholinergic projections in the circadian timing system
deserves further experimentation.
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