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Abstract—Acetylcholine is released in the primary visual cor-
tex during visual stimulation and may have a neuromodula-
tory role in visual processing. The present study uses both
behavioral and functional neuroanatomy investigations to
examine this role in the rat. In the first set of experiments the
cholinergic system was lesioned with 192 immunoglobulin G
(IgG) saporin and the visual acuity and performance in a
visual water maze task were assessed. The cholinergic lesion
did not affect the visual acuity measured pre- and post-lesion
but it did reduce the efficiency to learn a novel orientation
discrimination task measured post-lesion. In order to better
understand the involvement of the cholinergic system in the
neuronal activity in the visual cortex c-Fos expression in-
duced by patterned visual stimulation was further investi-
gated. Results obtained following lesion of the cholinergic
fibers (192 IgG-saporin or quisqualic acid), muscarinic inhi-
bition (scopolamine), or NMDA receptor inhibition (CPP) were
compared with control conditions. Double and triple immu-
nolabeling was used in order to determine the neurochemical
nature of the activated cortical cells. The results demon-
strated that patterned stimulation elicited a significant in-
crease in c-Fos immunolabeled neurons in layer IV of the
contralateral primary visual cortex to the stimulated eye
which was completely abolished by cholinergic fibers lesion
as well as scopolamine administration. This effect was inde-
pendent of NMDA receptor transmission. The c-Fos activa-
tion was predominantly observed in the glutamatergic spiny
stellate cells and less frequently in GABAergic interneurons.
Altogether, these results demonstrate a strong involvement
of the basal forebrain cholinergic system in the modulation of
post-synaptic visual processing, which could be related to
cognitive enhancement or attention during visual learning.
© 2008 IBRO. Published by Elsevier Ltd. All rights reserved.
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The cholinergic system is a key system in cognitive func-
tions such as learning, memory and attention (Sarter et al.,
2005). Its involvement in these higher functions could be
exerted through its neuromodulatory action on the cerebral
cortex as early as in the primary sensory areas, in which
cholinergic pathway activation is likely stimulus-driven or
controlled by top-down mechanisms including attention
(Gilbert et al., 2000; Laplante et al., 2005; Sarter et al.,
2005). In sensory areas, electrically-induced release of
acetylcholine (ACh) concomitant with auditory or tactile
stimulation has been demonstrated to generate the reor-
ganization of the functional cortical map (Kilgard and Mer-
zenich, 1998; Thiel et al., 2002) or to induce long-term
changes in evoked somatosensory field potentials (Verdier
and Dykes, 2001; Gu, 2002).

In the visual cortex, ACh has been shown to influence
the function or the connectivity of visual neurons (Murphy
and Sillito, 1991; Brocher et al., 1992; Kimura et al., 1999;
Kirkwood et al., 1999; Kuczewski et al., 2005; Roberts et
al., 2005; Levy et al., 2006; Zinke et al., 2006). We have
recently shown that ACh release was specifically in-
creased in the primary visual cortex (V1) during finely-
tuned patterned visual stimulation (Laplante et al., 2005).
These results corroborated previous data showing ACh
release in the visual cortex during visual field illumination
(Inglis and Fibiger, 1995; Jimenez-Capdeville et al., 1997;
Arnold et al., 2002) and suggest that ACh release during
visual stimulation could influence visual processing in V1.
This neuromodulator system therefore could contribute to
change the cortical representation of visual stimuli and
consequently their efficacy to create perceptual sensations
or behavioral responses.

The aim of the present study is to determine the in-
volvement of the cholinergic system in visual processing. It
is hypothesized that ACh is involved in the learning pro-
cess of visually guided behaviors and that this is achieved
in part by enhancing the use-dependent neuronal activity
of V1. More specifically, the effect of selective cholinergic
fiber lesion is hypothesized to affect the capacity to learn a
visual orientation discrimination task but not affect the
memory of the water maze task itself verified through
repeated measure of the visual acuity task. To determine
experience-dependent neuronal activity, immunostaining
for the immediate early gene c-fos product (c-Fos) was
used as a cellular marker of neuronal activity in the visual
cortex (Kaczmarek and Chaudhuri, 1997). The neuro-
chemical specificity of the cells labeled by c-Fos, i.e.
GABAergic and/or glutamatergic, was determined using
double immunostaining. c-Fos activation was examined
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following 1) lesions of cholinergic projections to the visual
cortex using the cholinergic selective immunotoxin 192
immunoglobulin G saporin (IgG Sap) or the quisqualic
acid, and 2) blockade of the muscarinic receptors with
scopolamine. In order to further identify the interaction of
the cholinergic and glutamatergic transmission, the effects
of NMDA receptor blockade by 3-(2-carboxypiperazin-4-
yl)-propyl-L-phosphonic acid (CPP) on the visually-induced
neuronal activity were also investigated.

EXPERIMENTAL PROCEDURES
Animals

Male Long-Evans rats (275-325 g) were obtained from Charles
River Canada (St-Constant, Québec, Canada) and housed indi-
vidually in a 12-h light/dark cycle with free food access. All exper-
iments conformed to international guidelines and to the Canadian
Council for Animal Care guidelines on the ethical use of animals
and were approved by le Comité de déontologie de
I'expérimentation sur les animaux de I'Université de Montréal. All
efforts were made to minimize the number of animals used and
the suffering.

Two groups of rats were used for behavioral testing (control
sham-lesion, n=7 and 192 IgG Sap lesion, n=38) in order to test
the functional involvement of the cholinergic system in the visual
discrimination. Six groups of anesthetized rats were used in par-
allel for c-Fos immunocytochemistry to further analyze the influ-
ence of the cholinergic transmission in the cortical microcircuitry
functioning during visual stimulation. These six groups of rats
were kept in the dark for 24 h prior to experimentation and divided
into control sham-stimulation (n=4, kept in the dark), control stim-
ulation (n=5), scopolamine treatment+stimulation (n=5), quis-
qualic acid lesion of basal forebrain projections+stimulation
(n=4), 192 1gG Sap lesion of cholinergic projections+stimulation
(n=5) and CPP treatment+stimulation (n=5).

Lesion of the basal forebrain cholinergic neurons

Rats were anesthetized with a mixture of ketamine (85 mg/kg),
acepromazine (2.5 mg/kg) and xylazine (15 mg/kg) and placed in
a stereotaxic apparatus for intracerebral injection of either 192 IgG
Sap or quisqualic acid. 192 IgG Sap (Advanced Targeting Sys-
tems, San Diego, CA, USA; 2.4 ug/ul in PBS, as provided by the
manufacturer) was injected within the lateral ventricle (2 ul/ven-
tricle, mm from Bregma, AP —0.3; L =1.5; V —3.6; (Paxinos and
Watson, 1995)) either bilaterally for the behavioral study to avoid
interhemispheric compensation or unilaterally for the c-Fos study
to allow interhemispheric comparison of activity-induced c-Fos
neurons number in the same animal. Moreover, in the case of the
behavioral study, sham animals received an i.c.v. injection with a
mouse IgG Sap (non-targeted saporin control molecule, Ad-
vanced Targeting Systems, San Diego, CA, USA). Quisqualic acid
dissolved in 10 mM phosphate buffer (PBS) was injected unilat-
erally within the horizontal limb of the diagonal band of Broca
(HDB) at four different sites (0.4 ul/site, during 4 min, mm from
Bregma, AP +0.3; L +0.7; V —8.6/AP O; L +1.4;V —8.8/AP —0.3;
L +2; V —9.0/AP —-0.8; L +2; V —9.0; (Paxinos and Watson,
1995)). These sites correspond to the location of the cholinergic
neurons that project to the visual cortex as shown previously by
track tracing methods (Gaykema et al., 1990; Laplante et al.,
2005). The rats were allowed to survive for 21 or 7 days after the
192 IgG Sap or quisqualic acid injections, respectively, and were
used for behavioral testing or neuronal activity examination. Lo-
cation of the lesion sites was confirmed by Cresyl Violet histo-
chemistry. Visualization of the cholinergic and GABAergic neuro-
nal loss was performed on cryostat sections using choline acetyl-

transferase (ChAT, 1:500, Chemicon, Temecula, CA, USA) and
parvalbumin (PV, 1:10,000, made in mouse, Sigma, St. Louis,
MO, USA) double immunocytochemistry. Extent of the cholinergic
fiber loss was quantified on two consecutive vibratome sections at
the level of the V1 (using the same coordinates than c-Fos anal-
ysis, see below). Briefly, microphotographs were taken (magnifi-
cation x40, area of the region studied: 0.04 mm?) and fibers were
reproduced (one pixel thick line) on a distinct optical layer using
Adobe Photoshop. The total length of the replicates was quantified
using Scion Image (Scion Corporation, Frederick, MD, USA) and
expressed as total length of the fibers (mm) under 1 mm? (see
Mechawar et al., 2000).

Behavioral tests

The rats were trained and tested in a visual water maze, a two-
alternative, forced choice, water-based visual discrimination task
(Prusky et al., 2000) in order to test visual acuity or orientation
discrimination ability. Learning of the task consisted in the asso-
ciation of a submerged platform with the positive stimulus, a
sinusoidal grating (0.12 cpd, 100% contrast, 90° orientation) ver-
sus the negative stimulus (a gray screen with equal luminescence
to the positive stimulus) according to previously described meth-
ods (Prusky et al., 2000). The task exploits the natural water
aversion of the rat to motivate animals to perform (escape from
water). The two arms of the trapezoidal-shaped pool were sepa-
rated by a 45 cm divider with Sony Trinitron monitors (18 inches,
36 cd/m?) at the end of each arm which displayed sinusoidal
grating or gray screen generated by VPixx software (v 8.5, Sen-
tinel Medical Research Corporation, Québec, Canada). The entire
water maze was made of Plexiglas with the interior painted in
black and the water was made opaque with approximately 200 g
of powdered milk (final concentration 2 g/L) and kept at 27 °C. A
platform (15 cm depth) was placed at the end of the trapezoid
arms which corresponded to the positive stimulus. After each
swimming session rats were dried and kept in a warm environ-
ment to avoid discomfort.

Behavioral analysis consisted of three phases: pretraining,
training, and test (Prusky et al., 2000). During the pretraining
phase, animals were placed on the platform directly in front of the
positive stimulus and were allowed to remain on the platform for
10-30 s. This was repeated for 10 trials for 1 day in order to
condition the animals to the escape platform. The training phase
was designed to have the animals associate the escape platform
and positive stimulus. During this phase, rats were placed in front
of the positive stimulus and allowed to swim to the escape plat-
form submerged in front of it and to remain on the platform for
10-30 s. The distance between a low grating stimulus (0.12 cpd)
and the release site was increased gradually until the rat swam in
a straight line from the beginning of the pool (a centered release
chute) to the platform, a total distance of 130 cm. A successful trial
consisted of the rat being released into the chute, swimming to the
level of the divider (45 cm from the end of the maze), then
swimming to positive stimulus to reach the platform. If the animal
swam toward the negative stimulus past the divider the trial was
recorded as an error and the animal was left in water, as a
punishment, until it found the platform for a maximum of 60 s. The
task was considered as acquired when the rats were able to reach
a rate of 80% of success over 20 trials. For the visual acuity
determination, the test phase consisted of determining the thresh-
old value for detection of a pattern stimulus versus a gray screen.
The positive stimulus was displayed pseudorandomly in the left or
right arm. Small incremental increases in the spatial frequency of
the stimulus (from 0.12—0.9 cpd) were made between blocks of
trials until the ability to distinguish the grating from gray screen fell
to chance (<70%). To minimize the testing time, a full cycle on the
screen was added for each correct choice for low spatial frequen-
cies (0.12—0.5 cpd). As the animal approached threshold frequen-
cies (0.5—-0.9 cpd) subjects needed four consecutive correct trials
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or 7 correct out of 10 trials. Using this method of limits (Prusky et
al., 2000) the testing phase can be completed in 2-3 days (40
trials/days). The pretraining and training phases were performed
prior to the lesion. All of the rats were first tested for visual acuity
prior to any treatment. They were then randomly divided into two
groups, whereby one group received intra-ventricular injections of
192 IgG Sap in order to lesion the cholinergic fibers and a sham
lesion group which received non-targeted saporin in the left lateral
ventricle. After 21 days post-surgery, rats were tested for their
ability to recall the visual acuity task.

Following the post-lesion testing phase for visual acuity, the
rats were required to learn a novel discrimination task, i.e. the
orientation discrimination, for which rats did not receive any train-
ing before the lesion. Similar to the visual acuity task, the method
of limits was used where subjects had to discriminate between a
negative stimulus (90° horizontal bars, 0.20 cpd, 90% contrast)
and a positive stimulus that varied between 45° and 90° (positive
stimulus, 0.20 cpd, 90% contrast, 15° increments), again using a
pseudorandom alternation. An 80% success rate over 20 trials
was used to define successful performance which was reached
within 3-5 days.

Drug administration

Thirty minutes prior to the visual stimulation, anesthetized rats
received an i.p. injection of either the muscarinic receptor antag-
onist scopolamine (1 mg/kg, Sigma) (Dauphin et al., 1991) or the
NMDA receptor antagonist CPP (10 mg/kg, Sigma) (Clapp et al.,
2006) dissolved in sterile saline (sodium chloride injection USP
0.9%, Abbott Laboratories, Montréal, QC, Canada).

Visual stimulation for neuronal activity mapping

The visual stimulation was adapted from a previous study
(Laplante et al., 2005). The animals were maintained in total
darkness 24 h before the visual stimulation in order to drive
constitutive expression of c-Fos to its lowest level. To prevent
head movements and to ensure constant exposure to the stimulus
in the desired eye, rats were anesthetized with urethane (1.3 g/kg)
and positioned in a stereotaxic frame placed into a closed black
chamber. The eyelid of the non-stimulated eye was kept closed
with opaque black tape. Body temperature was maintained at
37 °C with a thermostatically controlled heating pad (FHC, Bow-
doinham, ME, USA). Pupil dilation and accommodation paralysis
with atropine was not used. Drying of the eye was prevented with
a natural eye lubricant (Refresh Tears, Allergan Inc., Markham,
ON, Canada). A computer monitor (30X25 cm, Titanium, Apple
Computer Inc., Cupertino, CA, USA, luminance 21 cd/m?) was
placed 32 cm parallel to the long axis of the rat and centered on
the eye. In these conditions, 80% of the visual field of the animal
was stimulated. Sinusoidal and square grating (90% contrast) of
variable orientation (30°, 60°, 90°, 120°, 180°), spatial and tem-
poral frequencies (1-5 Hz and 0.02—1.5 cpd, respectively) were
generated at random by VPixx software and were alternatively
displayed on the monitor for 30 min by contrast reversal. At the
end of the visual stimulation period, rats were removed from the
stereotaxic apparatus and kept in the dark for 60 min. They were
then killed and brains were preserved with an intracardiac perfu-
sion with 4% paraformaldehyde for subsequent immunostaining.
Control sham-stimulated animals were processed exactly the
same way except that both eyes were kept closed with an opaque
tape and an opaque screen covered the computer monitor during
the presentation of the stimulus to prevent any luminance or
patterned stimulation.

Immunocytochemistry

Section selection and preparation. Brains were sliced into
35 um sections using a vibratome (Leica Microsystems) at the

level of (1) the visual cortex/superior colliculus (mm from Bregma,
AP —7.3x0.5; Paxinos and Watson, 1995) to visualize the V1 and
the lateromedial part of the extrastriate cortex (LM, we prefer to
use this nomenclature than V2L as used in the cited atlas, be-
cause it is not clear whether this area has a second order func-
tion), and (2) the somatosensory cortex (S1HL)/visual nuclei of the
thalamus, i.e. optic tectum, lateral geniculate body (mm from
Bregma, AP —5.3%+0.5 (Paxinos and Watson, 1995). Brain sec-
tions were collected serially in 24 wells plates, so the AP level of
the sections could be easily identified according to their position in
the plate and anatomical references. In order to determine the
extent of the visual activation and the possible regional disparity
the entire visual cortex (from AP —5.8 to —8.0) of three control
stimulated animals was immunostained for c-Fos.

Immunohistochemistry and cell counting.  Five consecutive
sections for each rat were selected according to anatomical fea-
tures (for the visual cortex: at the level of the subiculum) and
sections were pre-incubated for 20 min at room temperature in
PBS (0.1 M, pH 7.4) containing 0.3% hydrogen peroxide, followed
by 30 min in PBS containing 0.25% Triton X-100 and 0.2% gelatin.
They were then incubated overnight at room temperature with
rabbit—anti-c-Fos primary antibody (1:10,000, Oncogene Re-
search Products, San Diego, CA, USA) in PBS-triton—0.2% gel-
atin. This was followed by a 2 h incubation in donkey—anti-rabbit
secondary antibody (1:500, Jackson ImmunoResearch, West-
grove, PA, USA) and then for 1 h in the avidin—biotin complex
(ABC Elite kit, Vector Laboratories, Burlingame, CA, USA). After
each incubation step, rinses were carried out in PBS containing
0.25% triton. A peroxidase-substrate-kit Vector SG (Vector Labo-
ratories) was used to develop the reaction product during a stan-
dardized period of 5 min. Sections were then mounted onto slides,
dehydrated and coverslipped with Permount. Twenty photographs
per cortical hemisphere were taken with a Leica DC 500 digital
camera in the selected regions. Full-image reconstruction of the
entire region was carried out using Adobe Photoshop. The num-
ber of c-Fos labeled cells was counted in a region of interest (a
rectangle tangent to the external capsule) in layer IV or VI of V1
(mm from Bregma, AP —7.3, L *=3-5, area of the region of
interest: 0.38 mm? adjusted to every section at the tip of the
internal capsule as a constant anatomical reference) or in STHL
taken as a control cortical area (AP —0.3+0.1, L =2-3 mm, area
0.19 mm?) and in layer II/lI/IV of LM (AP —7.3, L +5-6.5, area
0.36 mm?) of two consecutive sections for each rat. This quantity
of c-Fos immunoreactive cells was compared between the con-
tralateral and the ipsilateral hemisphere to the stimulated eye.

To verify specificity of c-Fos activation, Zif268 another re-
ported marker of neuronal activity for the visual cortex was per-
formed on a subset of subjects (Kaczmarek and Chaudhuri,
1997). Immunolabeling with Zif268 (1:1000, antibody kindly pro-
vided by Dr. Chaudhuri, McGill University, Montreal, Canada) was
performed on the three most reactive rats for the visual stimulation
as described for the c-Fos procedure. The pattern and quantity of
Zif268 and c-Fos immunolabeling were comparable in these sec-
tions. c-Fos immunolabeling produced a lower background stain-
ing and was subsequently used for all analysis.

Double and triple immunostaining.  In order to determine the
cell-specificity of the c-Fos immunoreactive cortical cells, we per-
formed a double immunocytochemical study to examine whether
c-Fos was expressed within (1) GABA cells labeled for PV, a
marker of the basket cells, the most abundant GABA interneurons
of the rat layer IV (Gonchar and Burkhalter, 2003) or glutamic acid
decarboxylase, GAD67, which label all types of GABAergic neu-
rons, (2) glutamatergic neurons using rat brain pyramidal cell
marker (RBPC), a marker of the pyramidal cells and glutamate
reuptake transporter (GlutT) which is strictly located on the gluta-
matergic neurons including the spiny stellate cells or (3) cortical
astrocytes using glial fibrillary acidic protein (GFAP) antibody. The
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antibodies were used at the following dilution: PV (1:10,000, made
in mouse, Sigma), GAD67 (1:5000, made in mouse, Chemicon),
RBPC (1:1000, made in mouse, Swant, Bellinzona, Switzerland),
GlutT (EEAC1, 1:500, made in mouse, Chemicon) or GFAP (1:
300, made in rabbit, DAKO, Denmark). Vibratome sections from
the visual cortex were processed with the same protocol as that
used for c-Fos immunostaining. Sections were first incubated in
the anti-c-Fos antibody and developed with Vector SG then con-
secutively incubated overnight in the other primary antibody and
developed with DAB (Vector Laboratories). The proportion of the
double-labeled cells compared with total c-Fos cells was evalu-
ated in both hemispheres total number of cells counted over five
animals in the control stimulated group are shown in parentheses
GADG67 (481), PV (425), RBPC (553), GIutT (902). The same
procedure was used for the double immunostaining ChAT/PV in
the HDB cryostat sections.

Additional sections were processed with fluorescent second-
ary antibodies for triple immunofluorescent labeling for (1) con-
firming the observation made on double immunolabeling in pho-
tonic microscopy and (2) examining the relationship between
ChAT fibers and the c-Fos neurons under confocal microscopy.
Multiple combinations of markers were analyzed: c-Fos/ChAT/
GlutT, c-Fos/ChAT/RBPC, c-Fos/ChAT/PV and c-Fos/ChAT/
GADG67. The secondary antibodies were conjugated with Cy5,
FITC or Cy3 (Jackson ImmunoResearch) and observed with a
confocal microscope (Leica Microsystems) with appropriate filters.

Statistical analysis

For the visual learning task, an unpaired Student’s t-test was used to
analyze the significant differences between the performances of the
lesioned rats compared with the sham-lesioned rats. For the analysis
of the visually-activated neurons, a Kruskal-Wallis test was per-
formed on c-Fos neurons number for each visual cortical area ex-
amined (V1 layer IV, V1 layer VI, LM layer II/lll/IV) to determine the
effect of treatments (control sham-stimulation; control stimulation;
192 1gG Sap lesion of cholinergic projections+stimulation; quisqualic

acid lesion of HDB projections+stimulation; scopolamine treatment+
stimulation and CPP treatment-+stimulation). This test was followed
by a Mann-Whitney U test in each region showing an effect of
treatment for determining the regions showing statistical changes
when compared with their sham-stimulated counterparts. A Wilcoxon
signed ranks test was used to determine the statistical difference of
c-Fos neurons number in contralateral versus ipsilateral side to the
stimulated eye in V1 and LM regions for each cortical layer examined
and for each group. A Mann-Whitney U test was used to determine
the statistical difference between the different layers of V1 compared
with STHL. For the analysis of cholinergic fibers loss a Kruskal-Wallis
test followed by a Mann-Whitney U test was used to compared fibers
density of the “non-lesioned” side in the quisqualic injection (taken as
intact cortex) to the “non-lesioned” side of IgG Sap or lesion side after
quisqualic acid or IgG Sap injection. A significance level of P<0.05
was chosen for each test.

RESULTS

Effect of the basal forebrain lesion on the
cholinergic innervation of V1

IgG Sap i.c.v. injection destroyed the cholinergic neurons
of the HDB and their projections in V1 (Fig. 1). As ex-
pected, the GABAergic cell bodies located within the HDB
were not lesioned, indicating that the GABAergic projec-
tions to the visual cortex (Freund and Gulyas, 1991) were
spared. Cortical cholinergic interneurons as well as pedun-
culopontine cholinergic neurons were also spared, which
testifies the specificity of the IgG Sap for the basal fore-
brain neurons expressing p75NTR. Quisqualic acid infusion
in the HDB destroyed the cholinergic as well as GABAergic
neurons and projections of the HDB. No change in behav-
ior or locomotor activity was noted. In case of unilateral
injection of IgG Sap or quisqualic acid, the fiber density in

Fig. 1. Microphotographs showing the effects of unilateral 192 IgG Sap or quisqualic acid lesion on visual cortex cholinergic denervation. (A, B, E,
F) ChAT immunoreactive fibers (bluish—gray) in the V1 (mm from Bregma, AP —7.3) and (C, D, G, H) ChAT (bluish—gray) and PV (brown)
immunoreactive neuronal elements in the HDB (mm from Bregma, AP —0.3). (A-D) Lesions 21 days after intra-ventricular injection of 192 IgG Sap;
(A) the loss of the cholinergic innervation of the V1 from the hemibrain which received the i.c.v. injection compared with the contralateral V1 of the
injection (B); (C) the loss of the neuronal cell bodies within the HDB from the hemibrain which received the i.c.v. injection compared with the
contralateral side of the injection (D). Note that only cholinergic but not PV cells are damaged by the immunotoxin. (E-H) Lesions 7 days after
quisqualic acid injection within the HDB; (E) the loss of the cholinergic innervation of the V1 in the hemibrain which received the quisqualic acid infusion
compared with the contralateral side from the lesion site (F); (G) the loss of the neuronal cell bodies within the lesion sites in HDB compared with
non-injected HDB (H). Note that both cholinergic and PV (GABAergic) cells are destroyed. Scale bar=50 um (A, B, E, F); 200 um (C, D, G, H).
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Fig. 2. Schematic representation of the effect of the cholinergic deficit on the (A) visual acuity and (B) the orientation discrimination performance of
the rats in the visual water maze. (A) The visual acuity of the rats (spatial frequency) was not affected by intra-ventricular injection of non-targeted
saporin (sham group) or 192 IgG Sap (192 IgG Sap group) compared with the acuity measured before injection (pre-sham and pre-192 IgG Sap
groups). Thus, the cholinergic deficit did not affect the visual acuity of the rats. (B) The specific lesion of cholinergic fibers (192 IgG Sap group)
increased the number of trials needed to perform close to the threshold (angle to discriminate: 15°). The cholinergic system is thus necessary for a

proficient acquisition of the orientation discrimination task.

the ipsilateral side of the injection was highly reduced
compared with the contralateral side which do not received
the toxin (53% of reduction for quisqualic acid injection and
41% for 192 IgG Sap injection). Compared with an intact
cortical cholinergic innervation (contralateral side of quis-
qualic injection, 314.3+40.3 mm/mm?) the loss of cholin-
ergic fibers was significantly reduced in the ipsilateral side
of quisqualic acid (144.6+24.9 mm/mm?, P=0.04) as well
as IgG Sap (55.6=3.3 mm/mm?, P=0.02) injection but
also in the contralateral part of IgG Sap (94.0+12.6 mm/
mm?, P=0.04), which denotes a bilateral action of the IgG
Sap although the severity of cholinergic fiber denervation
was higher in the ipsilateral side.

Effects of cholinergic fibers lesion on the visual
water task performance of the rats

The effect of the cholinergic deficit on visual capacities of
the rats was examined using the visual water task (dis-
crimination of pattern stimuli of increasing spatial fre-
quency from a gray screen). The cholinergic deficit did not
affect the retention of the task or the visual acuity of the
lesioned rats compared with (1) its value before the lesion
(0.880.01 vs. 0.88+0.02 cpd, P=0.349) or to (2) sham-
lesioned animals (0.87+0.01 vs. 0.88+0.02 cpd, P=
0.349) (Fig. 2). The percentage of errors made by the
animals to reach the threshold was also not affected by the
lesion (1.12+0.06 vs. 1.16+0.06, P=0.69), indicating a
similar performance in the task. To test their learning abil-
ities, rats were then exposed to patterns of different orien-
tation and had to discriminate a diagonal pattern of in-
creasing orientation from a horizontal one (learning of a
new task). Pilot experiments suggested that the orientation
discrimination threshold in rats was 15° over 10 trials (data
not shown). In the present study, both groups were able to

learn the task and to discriminate orientation until 15°
resolution, however, performance of the lesioned rats was
inferior to that of sham-operated animals (Fig. 2, Table 1).
This difference in performance is expressed in terms of
number of errors made to reach threshold. The lesioned
rats had a greater number of errors than the sham animals
in discrimination of a 45 degree orientation (45° vs. 90°
grating, P=0.05; Table 1). Similarly, for finer orientation
discrimination, i.e. for discrimination of orientation close to
the threshold (15°, discrimination of a 75° vs. 90°grating),
lesioned rats made more errors (P=0.03; Table 1) and
they required more ftrials to perform the task than sham
animals (75.7+8.7 vs. 41.7+6.0, P=0.01).

Effects of visual stimulation on c-Fos
immunoreactivity in control-stimulated group

Subcortical structures were systematically observed to
verify the validity of the stimulation although they were not
the purpose of this study. As previously reported, the re-
sults showed c-Fos neuronal responses to the unilateral

Table 1. Number of errors performed by the rat to succeed in discrim-
inating a diagonal pattern from a horizontal one

Angle to discriminate Control n=7 IgG Sap lesion n=8
45° 1.8+0.5 3.9+0.7*
35° 0.5+0.3 1.4+05
25° 2.2x0.6 25x0.7
15° 3.7+0.3 5.6+0.6*

Values are expressed in mean=S.E.M. of number of errors per-
formed by the rat in an orientation discrimination task in the visual
water maze; n, number of animals per group.

* P<0.05, 192 IgG-saporin lesion+stimulation vs. control stimulated
animals, unpaired Student t-test.
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Table 2. Number of c-Fos immunoreactive neurons in selected regions of the ipsilateral and contralateral visual cortex to the visually-stimulated eye

in control and cholinergic deficient rats

Cortical area Control/sham-stim.  Control/stimulation 1gG Sap/stimulation Quisqualic/stimulation ~ Scopo./stimulation CPP/stimulation
n=4 n=5 n=5 n=4 n=4 n=5
V1 layer IV
Ipsi 129+27 237+35 262+56 472+80" 105+45 16460
Contra 165+27 423+45*T 23772 321+85 51+15T 341+99*
V1 layer VI
Ipsi 188+35 25877 294+42 441107 226+53 266+73
Contra 202+44 40940 26056 34788 181+42 30666
LM layers II/1I/IV
Ipsi 81+20 270+59" 328771 606+76" 183+54 151+44
Contra 134+35 336+48*" 231+17 485+621 132+52 190+55

Values are expressed in mean=S.E.M. of c-Fos immunoreactive neurons/mm?; n, number of animals per group.
* P<0.05, stimulated hemisphere vs. non-stimulated hemisphere, Wilcoxon signed rank test.
T P<0.05, compared to the sham-stimulated group counterparts, Mann-Whitney U test.

patterned stimulation in retinal projection regions, i.e. the
contralateral stratum griseum superficiale of the superior
colliculus, the optic tectum, the intermediate and ventral
part of the lateral geniculate body but not the dorsolateral
part—no c-Fos labeling in this last region is a known
puzzling feature of the c-Fos labeling pattern induced by
visual stimulation—in agreement with previous studies
(Beaver et al., 1993; Kaczmarek and Chaudhuri, 1997;
Correa-Lacarcel et al., 2000; but not Montero and Jian,
1995). The number of c-Fos immunoreactive neurons was
significantly increased only in the contralateral hemisphere
to the stimulated eye compared with sham animals, and
only in layer IV of V1 (60-150% compared with ipsilateral
cortex) and layer II/II/IV of LM, which are the thalamo-
cortical receiving and feedforward cortico-cortical input re-
ceiving layers, respectively (Table 2). This is consistent
with the anatomy of the visual pathways in the rat which
are virtually totally crossed. This functional reactive area
extended up to 2.4 mm (mm from Bregma, —5.6 to —8.0,
data not shown) within the cortical area representing all
parts of the visual field according to retinotopic cortical
maps (Espinoza and Thomas, 1983; Paxinos and Watson,
1995). A 20% increase of number of immunoreactive cells
in layer IV of the contralateral V1 compared with ipsilateral
(67546 vs. 78640, P<0.01; data not shown) was also
detected using Zif268 labeling. Enhanced c-Fos express-
ing neuron density was also observed in layer VI bilaterally
with no detectable interhemispheric differences (P=0.5).
No significant immunostaining was observed in the other
cortical layers of V1. These cortical effects of the visual
stimulation were modality specific since no change of c-
Fos immunoreactivity in the contralateral STHL was de-
tected (P=0.55, Table 3).

Effect of the lesion of the cholinergic projections
on the visual stimulation-evoked c-Fos
immunoreactivity in the visual cortex

There was a significant effect of treatment on the number
of c-Fos cells in layer IV of V1 (contralateral, P=0.036;
ipsilateral P=0.031) as well as in LM (contralateral,
P=0.013; ipsilateral P=0.023) among the different groups

(Fig. 3; Table 2). However, comparison with the sham-
stimulated counterparts showed that this change took
place only in the control-stimulated rats with no substantial
changes in the other groups (see Table 2), except for two
regions described below. Accordingly, the number of c-Fos
neurons in layer IV of V1 was not increased by the visual
stimulation in 1IgG Sap—lesioned animals (P=0.5, Fig. 3c,
Table 2). This indicates that the destruction of cholinergic
projections in the activated cortex prevented the visually-
driven upregulation of c-Fos production. However, the
basal level of c-Fos neurons number was not affected,
compared with sham-stimulated animals, by the partial
destruction of the cholinergic fibers in the “non-injected”
side in the 192 IgG Sap group (Table 2, first line).To verify
that cholinergic fibers exclusively issued from the HDB
were involved in this response, HDB pathway lesion was
performed using quisqualic acid. Similar to IgG Sap lesion,
cortical c-Fos staining induced by the patterned stimulation
was abolished in the V1 and LM deprived of cholinergic
basalo-cortical afferents (P=0.14, Fig. 3d, Table 2). It has
to be noted that the global density of c-Fos immunoreac-
tive neurons was slightly increased throughout the cortex
in this condition (P=0.03 compared with sham-stimulated
animals for V1 and LM, see Table 2), probably due to the
concomitant destruction of the basal forebrain GABAergic
projections resulting in cortical disinhibition (Freund and
Gulyas, 1991).

Table 3. Number of c-Fos immunoreactive neurons in the V1 or the
S1HL cortices ipsilateral or contralateral to the visually-stimulated eye

V1 n=5 S1HL n=5
Layer IV
Ipsi 237+35 163+25
Contra 423+45* 137+24
Layer VI
Ipsi 258+77 166+35
Contra 409+40 140+18

Values are expressed in mean*=S.E.M. of c-Fos immunoreactive
neurons/mm?; n, number of animals per group.
* P<0.05, visual cortex vs. somatosensory cortex, Mann-Whitney U
test.



F. Dotigny et al. / Neuroscience 154 (2008) 1607—-1618 1613

Fig. 3. Details of coronal brain sections at the level of V1 (mm from Bregma, AP —7.3, L 3-5) immunostained for c-Fos following patterned visual
stimulation. (A, B) c-Fos immunoreactivity evoked during visual stimulation in the contralateral V1 (A) to the stimulated eye compared with the
ipsilateral V1 (B) in one representative control-stimulated animal. Note that c-Fos positive neuronal density is mostly increased in layer IV of the
contralateral (receiving the input from the stimulated eye) but not the ipsilateral cortex. (C—F) c-Fos immunoreactivity observed in the contralateral V1
to the stimulated eye in the 192 IgG Sap lesion+stimulation (C), quisqualic acid lesion+stimulation (D), scopolamine treatment+stimulation (E) and
CPP treatment+stimulation (F) groups. Note that in all experiments except CPP treatment, the activity-dependent increase in c-Fos positive neuron
number (shown in A) is abolished by the inactivation of the cholinergic transmission. Scale bar=200 um.
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Fig. 4. High magnification of coronal brain sections (mm from Bregma, AP —7.3) double immunostained for c-Fos (brown in A, B and bluish—gray in
C-F) and ChAT (bluish gray, A), GlutT (bluish gray, B), RBPC (brown, C), PV (brown, D), GAD67 (brown, E) or GFAP (brown, F). The photographs
are taken within the cortical layer IV of V1. c-Fos immunoreactive cells (whose staining is located within the nucleus) are often embedded by ChAT
immunoreactive neural processes (A) (arrowheads). The larger population of activated neurons was glutamatergic as shown by co-localization
(arrows) of c-Fos with GlutT and less frequently GABAergic interneurons co-localizing GAD67 (see Results). c-Fos was never localized in astrocytes

(F). Scale bar=50 um.

Effects of blockers of cholinergic and
glutamatergic receptors

c-Fos immunoreactivity in V1 and LM was virtually abol-
ished bilaterally after the peripheral administration of the
muscarinic antagonist scopolamine (Fig. 3e, Table 2),
showing statistical difference compared with the sham-
stimulated animals. There was thus no difference between
this group and the dark-restrained animals. No apparent
effects of scopolamine treatment were observed in the
subcortical structures. In contrast, peripheral administration
of the NMDA receptor antagonist CPP showed the same
pattern of c-Fos immunolabeling in layer IV of V1 (contralat-
eral-ipsilateral changes: P=0.043, Fig. 3f, Table 2) as in the
sham/stimulated animals. This suggests a specific role of
ACh in the activation of c-Fos by visual stimulation.

Cell type specificity of the cortical c-Fos
immunoreactive cells

In the control-stimulated animals, the double immunocyto-
chemistry study showed no co-localization of c-Fos with
GFAP, confirming that the immunoreactive cortical cells
were neuronal elements. Rare co-localization of c-Fos with
either GAD67 (7.4%), PV (1.9%) or RBPC (7.4%) was
detected (Fig. 4), whereas the most abundant c-Fos im-
munoreactive neurons were stained for GlutT (14.4%,

Fig. 5). This indicates that visually-induced c-Fos expres-
sion mostly occurs in the spiny stellate cells of layer IV
rather than the inhibitory interneurons or star pyramidal
cells. It should however be mentioned that the RBPC
labels the majority of pyramidal cells but not all of them
(Staiger et al., 2002), suggesting that some non-immuno-
reactive star pyramidal cells of layer IV could also be
activated. Triple immunolabeling with confocal microscopy
showed close proximity between cholinergic fibers and
c-Fos neurons co-localizing GlutT (Fig. 5), PV or GAD67
markers (data not shown) suggesting a cholinergic modu-
lation by, at least, volume transmission.

DISCUSSION

The primary goal of this study was to elucidate the neuro-
modulatory role of the cholinergic system on visual cortex
activation. This study shows that the deficit of ACh trans-
mission results in a diminished efficiency of visual process-
ing without affecting visual acuity or memory of the task.
Furthermore this deficit abolishes the visually-elicited ex-
pression of c-Fos in glutamatergic neurons of the thalamo-
recipient layer in V1 independent of NMDA receptor acti-
vation. These results suggest that the cholinergic input to
the V1 improves the efficiency of the visual processing,
particularly when a high level of attention is required.
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Fig. 5. Microphotographs of triple immunolabeling of brain sections in layer IV of V1 immunostained for c-Fos (blue), GlutT (red) and ChAT (green)
obtained by confocal microscopy. (A) Confocal reconstruction from images obtained after scanning the same region at different wavelengths (B-D).
ChAT immunoreactive fibers are in close proximity to c-Fos immunoreactive glutamatergic neurons (arrows). Scale bar=70 um.

Effects of basal forebrain ACh depletion
on visual capacities

Previous studies have shown that ACh was released in
V1 during visual stimulation (Collier and Mitchell, 1966;
Fournier et al., 2004; Laplante et al., 2005) and could
modulate visual cortical cell excitability (Kuczewski et al.,
2005) and properties (Greuel et al., 1988; Murphy and
Sillito, 1991; Roberts et al., 2005; Zinke et al., 2006).
However, it was not clear iffhow the basalocortical cholin-
ergic system actively participates in vivo in cortical pro-
cessing of visual stimuli. To evaluate the functional impact
of the cholinergic control of thalamocortical inputs, we
tested the visual acuity and visual learning capacity of IgG
Sap rats using the visual water maze (Prusky et al., 2000).
Based on the pre- and post-lesion visual acuity task, the
complete lesion to the cholinergic system did not affect
task retention and post-lesion performance in the pre-
lesion learned task. Learning capacity was also preserved
in these IgG Sap rats considering that animals were able to
learn the new orientation task. However, more trials were
needed for the lesioned rats during the acquisition of the
new orientation task (for which rats did not received any
training before the lesion) as well as to succeed near the
orientation discrimination threshold. It is reasonable to as-
sume that this condition requires a higher level of attention
to match the difficulty of the discrimination. These data
suggest that cholinergic innervation is not necessarily a

requisite for vision per se, however an intact cholinergic
system maybe necessary for proficient discrimination
learning.

The modulatory role of the cholinergic system on learn-
ing tasks has been well documented (Fletcher and Wilson,
2002; Sarter et al., 2005; Bennett et al., 2007). Although
this system is commonly associated with cognition, mem-
ory (Bennett et al., 2007), and attention (Muir et al., 1992;
Sarter et al., 2005), the grating discrimination task used in
the current study is indicative of a visual learning task
(Frost et al., 2000) independent of reward pathways. Since
the IgG Sap lesion resulted in substantial cholinergic loss
throughout the basal forebrain, a cognitive, memory, and
attentional component to these behavioral results cannot
be entirely ruled out.

Visually-induced c-Fos expression is modulated by
cholinergic transmission

This study further showed by single-cell resolution that
endogenous cholinergic transmission especially from the
basal forebrain is necessary for a complete stimulus-driven
response of the V1 neurons. This was demonstrated by the
abolishment of the activity-evoked c-Fos expression fol-
lowing (1) the lesion experiments, showing the specificity
of the response to the cholinergic projections from the HDB
to V1, and following (2) the scopolamine injection, showing
the muscarinic transmission involvement in this effect.
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Cholinergic contribution to c-Fos expression has been
shown previously in S1HL after scopolamine injection
(Weiner et al., 1991; Zimmer et al., 1998; Kocharyan et al.,
2005), intracortical infusion of exogenous ACh (Hughes
and Dragunow, 1994), and cholinergic agonists (Bernard
et al.,, 1993). The present study further demonstrates a
positive correspondence between the strongest density of
cholinergic HDB projections in V1 (Eckenstein et al., 1988;
Mechawar et al., 2000) and c-Fos immunoreactivity. More-
over it suggests that the scopolamine effect on c-Fos
immunoreactivity reported here most likely results from the
inhibition of cortical MAChRs, considering that V1 is en-
dowed with postsynaptic M1 and M4 mAChRs (Volpicelli
and Levey, 2004) and presynaptic M2 mAChRs (Mrzljak et
al.,, 1998) and that visual cell excitation is impaired in
cortical slices of mMAChRs knockout mice (Kuczewski et al.,
2005). However, it could not be excluded that i.p.-admin-
istered scopolamine could also have blocked cholinocep-
tive subcortical structures including the dorsal geniculate
nucleus (McCormick, 1992) or the ascending reticular for-
mation (Lewandowski et al., 1993). Although not tested,
nicotinic receptors, which are also enriched in layer IV of
the visual cortex (Prusky et al., 1988; Aubert et al., 1995)
could also have played a presynaptic excitatory effect on
the thalamocortical fibers (Gil et al., 1997) or on
GABAergic neurons of layer | (Christophe et al., 2002).
Their deactivation after cholinergic fibers lesion could have
contributed in the decrease of neuronal activity of the
cortical cells. The analysis of the LM area, showing an
absence of neuronal activation in cholinergic deficient
groups, further suggests that cholinergic deficit influences
the visual flow from the first step, and then consequently
throughout the visual pathways.

Since thalamic inputs to the visual cortex are glutama-
tergic (Nahmani and Erisir, 2005) and c-Fos induction is
dependent on a rise in intracellular calcium (Kaczmarek
and Chaudhuri, 1997; West et al., 2001), the possibility
that the c-Fos increase in the current experiment was
mediated through NMDA receptor activation was further
investigated. c-Fos labeling in layer IV was not affected by
CPP administration, indicating that NMDA receptors were
not involved in this use-dependent effect. Other studies
have reported that NMDA receptor antagonists such as
MK-801 often failed to abolish c-Fos expression (Bernard
et al., 1993; Soyguder, 2004). These results suggest that
the cholinergic-dependent c-Fos induction in the cortical
layer IV was not mediated by NMDA transmission and
most probably did not result from classical long term po-
tentiation.

Visual cortex circuitry involved in c-Fos induction

It was also not known which neuronal elements of the
visual cortex microcircuitry were controlled by the cholin-
ergic fibers. The results here suggest a predominant ac-
tivity-induced cortical c-Fos response in layer IV, which is
in line with previous reports on layer pattern of c-Fos
expression evoked by sensory stimulation in visual
(Montero and Jian, 1995) or S1HL (Gass et al., 1993;
Staiger et al., 2000) of rats. Layer IV of the rat visual cortex

is composed of various excitatory neurons (spiny stellate
cells and few star pyramidal cells) and inhibitory interneu-
rons (mostly PV basket and chandelier cells) (Peters et al.,
1979; Gonchar and Burkhalter, 2003; Markram et al.,
2004) as well as feedforward thalamocortical or intracorti-
cal projections from layer VI glutamatergic fibers (Stratford
et al., 1996). All of these elements were found in close
proximity to cholinergic fibers as shown by the triple im-
munolabeling. It appeared that the most abundant c-Fos
reactive neurons were glutamatergic (14%) and to a
smaller amount GABAergic (7—8%). Whether this propor-
tion results from a stronger density of glutamatergic than
GABA neurons or to a specific activation of glutamatergic
neurons remains to be clarified.

The proportion of c-Fos cells that co-localized GAD is
consistent with precedent observations made in infra- and
subgranular layer of the cat V1 (Van der Gucht et al., 2002)
and the common low c-Fos reactivity of the GABAergic
cells to the sensory stimulation (Bubser et al., 1998;
Staiger et al., 2002). It is known that PV cells represent
72% of the GABAergic neurons of layer IV of the visual
cortex (Gonchar and Burkhalter, 1999) and as fast-spiking
interneurons, they are powerful modulators to shape the
output of the pyramidal cells and spiny stellate cells to
provide a fine tuning of the afferent inputs (Swadlow,
2002). Our results showing only 2% of PV staining among
c-Fos cells suggest that PV neurons are not a predominant
target of the cholinergic-dependent visual activation. This
is in line with a recent study showing that the cholinergic
modulation of the visual cortex in monkeys does not result
in improving the orientation tuning functions in V1 (Zinke et
al., 2006).

Neuronal activation detected by c-Fos as a result of the
visual stimulation was more frequent in the GlutT neurons
of layer IV. Ultrastructural appositions between cholinergic
fibers and glutamatergic neurons and fibers have been
described in this layer of the visual cortex, at least in the
cat (Aoki and Kabak, 1992). In our study, RBPC marker,
shown as a good marker for pyramidal cells (Staiger et al.,
2002), was however rarely co-localized with c-Fos. It thus
appeared that the majority of c-Fos expressing cells be-
longed to the population of spiny stellate cells. This was
confirmed by the morphology of GlutT cells reactive for
c-Fos (data not shown). Spiny stellate cells being the main
target of thalamocortical pathways (Stratford et al., 1996),
this finding suggests that induction of c-Fos in the V1
cortical cells most likely corresponds to the thalamic input
on the excitatory neurons of V1.

The diversity of the possible neuronal targets of the
cholinergic projections as well as the cholinergic en-
hancement on the functional activity of the thalamic fiber
recipient cortical—layer IV—but not the cortico-cortical
connections recipient layers—Ilayer Il/lll—fits well with
the proposed models of the modulatory role of the cho-
linergic pathways on cortex circuitry. These models sug-
gest that the cortical cholinergic inputs may switch the
cortical processing mode from an intracortical to a (sen-
sory) input-processing mode (Gil et al., 1997; Hasselmo,
2005; Yu and Dayan, 2005; Levy et al., 2006; Zinke et
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al., 2006) by enhancing the stimulus-driven inputs and
inhibiting the feedback cortical control.

CONCLUSION

In conclusion, these results indicate that HDB cholinergic
fibers may enhance post-synaptic processing of the visual
stimuli in the visual cortex cells. Altogether with the behav-
ioral results, this role could be related to a better efficiency
of visual discrimination or learning performance specifi-
cally in conditions requiring high levels of attention. These
mechanisms would result in the enhancement of the cor-
tical representation of incoming visual inputs, i.e. sensory-
induced cortical plasticity.
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