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Abstract The cholinergic afferents from the basal fore-

brain to the primary visual cortex play a key role in visual

attention and cortical plasticity. These afferent fibers

modulate acute and long-term responses of visual neurons

to specific stimuli. The present study evaluates whether this

cholinergic modulation of visual neurons results in cortical

activity and visual perception changes. Awake adult rats

were exposed repeatedly for 2 weeks to an orientation-

specific grating with or without coupling this visual stim-

ulation to an electrical stimulation of the basal forebrain.

The visual acuity, as measured using a visual water maze

before and after the exposure to the orientation-specific

grating, was increased in the group of trained rats with

simultaneous basal forebrain/visual stimulation. The

increase in visual acuity was not observed when visual

training or basal forebrain stimulation was performed

separately or when cholinergic fibers were selectively

lesioned prior to the visual stimulation. The visual evoked

potentials show a long-lasting increase in cortical reactivity

of the primary visual cortex after coupled visual/choliner-

gic stimulation, as well as c-Fos immunoreactivity of both

pyramidal and GABAergic interneuron. These findings

demonstrate that when coupled with visual training, the

cholinergic system improves visual performance for the

trained orientation probably through enhancement of

attentional processes and cortical plasticity in V1 related to

the ratio of excitatory/inhibitory inputs. This study opens

the possibility of establishing efficient rehabilitation strat-

egies for facilitating visual capacity.
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Abbreviations

BF Basal forebrain

V1 Primary visual cortex

ACh Acetylcholine

nAChR Nicotinic receptors

mAChR Muscarinic receptors

LTP Long-term potentiation

VEP Visual evoked potentials

HDB Horizontal limb of the diagonal band of Broca

CPD Cycle per degree

VS Visually stimulated rats

ChAT Choline acetyltransferase

PV Parvalbumin

CR Calretinin

RBPC Rat brain pyramidal cell marker

E/I Excitation/inhibition ratio

Introduction

Improving visual capacity through visual training is a

promising treatment for visual impairment in adults. Visual

training results in acquired experience-dependent plasticity

that involves attentional mechanisms and cortical plasticity

related to perceptual learning (Ahissar and Hochstein 1993;

Sabel et al. 2011; Seitz and Watanabe 2005). Visual

training is relatively long and results in small increments of
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visual function. Since the basal forebrain (BF) cholinergic

afferents in the primary visual cortex (V1) play a key role

in visual attention (Herrero et al. 2008) and cortical plas-

ticity (Bear and Singer 1986; Greuel et al. 1988; Kang and

Vaucher 2009), it is most probable that activation of these

cholinergic afferents could potentiate visual training effects

and results in improvement of visual capacity in adults.

Acetylcholine (ACh) facilitates the processing of novel/

relevant stimuli by the modulation of the efficiency of

thalamo-cortical and cortico-cortical inputs in V1. First,

glutamatergic transmission of thalamo-cortical synapses is

facilitated by the nicotinic receptors (nAChR) (Gil et al.

1997). Second, glutamatergic transmission of cortico-cor-

tical connections is inhibited by the muscarinic receptors

(mAChR) (Amar et al. 2010; Gu 2003; Roberts et al. 2005).

This reduces both feedback controls from higher cortical

areas and lateral spread of activation (Kimura et al. 1999;

Silver et al. 2008; Kosovicheva et al. 2012). This musca-

rinic effect might also be mediated via GABAergic inter-

neurons in V1 (Amar et al. 2010; Zinke et al. 2006; Disney

et al. 2012). Consequently, feedforward processing of

specific stimuli is prioritized and more efficient under

cholinergic activation (Newman et al. 2012). In addition,

cholinergic activation elicits long-term increase in V1

neuronal responses when transiently associated with visual

stimulation (Dringenberg et al. 2006; Kang and Vaucher

2009; Kuczewski et al. 2005). These effects associated

with long-term potentiation (LTP)-like mechanisms and

synaptic plasticity result in cortical plasticity and learning

(Rokem and Silver 2010). Finally, it has been shown that

ACh is involved in cortical plasticity through its ability to

control the balance between excitatory and inhibitory

transmission in V1 (Lucas-Meunier et al. 2009; Amar et al.

2010) and the regulation of the plasticity brake, lynx1

(Morishita et al. 2010). Together, these results suggest that

the cholinergic system induces a long-lasting enhancement

in the efficacy of processing selected visual stimuli.

To determine if the activation of the cholinergic system

could result in improvement of visual perception, a 14-day

visual training to a weak visual stimulus was coupled with

electrical stimulation of the BF in awake adult rats. A 30�
sine-wave grating was selected as the visual stimulus

because it elicits a moderate electrophysiological response

in V1 (Girman et al. 1999). The enhancement of the visual

acuity to this specific orientation was tested using the

visual water maze (Dotigny et al. 2008; Prusky et al. 2000).

Long-term cortical responsiveness for this stimulus was

measured by in vivo field potential recordings in V1.

Changes in the activation pattern of the visual cortex were

quantified by counting the number and layer specificity of

activated neurons immunoreactive for c-Fos. Finally, the

neurochemical nature of these activated neurons was

identified to investigate whether excitatory (i.e.,

glutamatergic) or inhibitory (i.e., GABAergic) neurons

were involved in this response. Our data suggest that

repeated concomitant stimulation of the visual and cho-

linergic systems, a paradigm that could be used for vision

recovery strategies, induced a persistent upregulation of

cortical responses in V1 leading to improved visual

performance.

Materials and methods

Animal preparation

Adult Long-Evans rats (n = 84, 200–225 g) were obtained

from Charles River Canada (St-Constant, QC, Canada) and

were maintained in a 12-h light/dark normal daylight cycle

with ad libitum access to food and water. The guidelines

set by the Canadian Council for the Protection of Animals

were followed for all procedures and approved by the local

Animal Care Committee, ‘‘Comité de Déontologie de

l’Expérimentation sur les Animaux’’ at the University of

Montreal (protocol # 10-133). All efforts were made to

minimize suffering and the number of animals used for

these experiments.

Experimental design

Awake rats were repeatedly exposed to a visual/stimulus

(this procedure is called ‘‘visual training’’ for sake of

simplicity) coupled or not with BF stimulation. The

parameters assessed after the visual training were the visual

acuity of the rat, visual evoked potentials (VEP) and V1

neuronal activity. Each experiment had seven components:

a procedural learning of the visual discrimination test, a

pre-training visual acuity behavioral test, electrode

implantation/lesion of cholinergic fibers, a visual/sham

training that was either coupled or uncoupled to BF stim-

ulation, a post-training visual acuity behavioral test, VEP

recordings, and perfusion/immunostaining (Fig. 1a). BF

stimulation was performed in the horizontal limb of the

diagonal band of Broca (HDB) because this nucleus pro-

vides the majority of the cholinergic innervation of V1

(Gaykema et al. 1990; Laplante et al. 2005). The behav-

ioral test consisted of measuring the visual acuity of the rat

for a 30�, 150� or 0� sine-wave grating compared with a

gray screen using the visual water maze (Dotigny et al.

2008; Prusky et al. 2000). The visual/sham training lasted

for 14 days and consisted of presenting the rat with equal

luminance images of a 30� orientation, 0.12 cycle per

degree (CPD) sine-wave grating or the gray screen (control

animals) for 10 min/day. We assumed and tested (see

‘‘Results’’ section) that the visual acuity for a 30� orien-

tation is not optimal and could be improved by training
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whereas detection of 0.12 CPD is optimal and discrimi-

nation performance could not be increased at this spatial

frequency. Thus, only one feature of the stimulus (orien-

tation) was tested for its potency to improve perception

after training. After the pre-training behavioral test and

electrode implantation, the rats were divided randomly into

eight groups (Fig. 1b): control (CTL, n = 7), sham train-

ing/no HDB stimulation; VS (n = 9), 30� sine-wave grat-

ing presentation training/no HDB stimulation; HDB

(n = 8), sham training/HDB stimulation; VS/HDB

(n = 8), 30� visual training/HDB stimulation; VS/HDB/

SAP (n = 4), 308 visual training/HDB stimulation/192-IgG

saporin injection in HDB prior to training; VS/HDB/

SAPV1 (n = 6), 30� visual training/HDB stimulation/192-

IgG saporin injection in V1 prior to training; and VS/HDB/

Sco (n = 4), 30� visual training/HDB stimulation/scopol-

amine i.p. injection during the post-training behavioral test;

VS/HDB/150 (n = 7), 30� visual training/HDB stimulation

but pre- and post-training visual acuity test made using a

150� orientation-equivalent in terms of salience and effi-

cacy to 30�; VS/HDB/0 (n = 4), 0� visual training/HDB

stimulation and post-training visual acuity test made using

a 0� orientation (see Fig. 1). The two latter groups were

aimed at evaluating the orientation specificity of the per-

ceptual changes. Additional VS/HDB (n = 4), VS/HDB/

SAPV1 (n = 6) and CTL (n = 5) rats were tested for VEP

using a high spatial frequency paradigm (see below).

Visual water maze testing

To test the visual acuity and the discrimination ability, the

rats were trained and tested in a two alternative forced

choice visual discrimination water maze task (Fig. 2a)

(Dotigny et al. 2008; Prusky et al. 2000). The task con-

sisted of two visual stimuli: a sine-wave grating and a gray

screen. The animal learn to associate a sine-wave grating

(0.12 CPD, 90 % contrast) with a positive stimulus (sub-

merged platform) and the equiluminance gray screen with

the absence of the positive stimulus. Given the larger

number of cells in V1 with a preference for a 0� orientation

compared to a 30� orientation stimulus (Girman et al.

1999), pilot experiments were performed to determine

whether visual acuity was better at discriminating a hori-

zontal (0�) grating from a gray screen compared to dis-

criminating an oblique grating (30�) from a gray screen.

This was tested in additional groups of rats (n = 6/group).

All the other rats (except VS/HDB/150) were tested for

their ability to discriminate a 30� orientation sine-wave

grating from a gray screen during the pre- and post-training

periods. The orientation noted as 0� corresponds to the

horizontal bar and the angle increases counterclockwise to

90� as represented by the vertical bar.

As described previously, behavioral analysis consisted

of procedural learning and visual acuity testing (Prusky

et al. 2000; Dotigny et al. 2008). During the visual acuity

test, the spatial frequency of the stimulus (from 0.12 to 0.9

CPD) was increased between blocks of trials until the

ability to distinguish the grating from gray screen was

equal to 70 % performance. The highest spatial frequency

achieved consistently was recorded as the acuity threshold.

Using the spatial frequency where 70 % performance was

last achieved is a reliable and effective method of quanti-

fying the visual acuity of our animals. Even though, it may

slightly underestimate their acuity compared to the fre-

quency expected by chance (50 %) because the perfor-

mance declined rapidly at the threshold (Prusky et al. 2000;

BA

Fig. 1 Timeline of the experimental procedure and stimulus param-

eter for the different groups. a The visual acuity was measured using a

visual water maze (upper left schematic). The pre-training value of

visual acuity was taken after 6 days of procedural learning before

14 days of visual/sham training in the presence or absence of pairing

with HDB stimulation. Visual/sham training was provided 10 min/

day for 14 days to awake rats restrained in front of three screens

(photograph). Electrode implantation and 192-IgG saporin injections

occurred at day 8, and scopolamine was injected in the VS/HDB/Sco

group 30 min before the post-training acuity test. Post-training visual

acuity was measured after training (d24), and then VEPs were

recorded. b To delineate the function of cholinergic activation during

visual stimulation, six paradigms were administered, depending on

the experimental group: CTL, sham training/no HDB stimulation; VS,

visual training (sine-wave grating presentation training)/no HDB

stimulation; HDB, sham training/HDB stimulation; VS/HDB, visual

training/HDB stimulation. VS/HDB regimen was also administered in

VS/HDB/SAP and VS/HDB/Sco. Additional groups (VS/HDB/150

and VS/HDB/0) were added to determine whether the training was

orientation-specific
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Dotigny et al. 2008). Beyond the threshold of detectability

of the grating, the percentage of success was occasionally

under 50 %. This was due to the interruption of some trials

because some rats stay in the middle of the water maze,

instead of selecting one arm. For that purpose, the perfor-

mance values below the chance level were considered not

reliable and do not reflect any visual discrimination ability.

A more detailed explanation about each phase may be

found in our previously published study (Dotigny et al.

2008). Using these criterions (Prusky et al. 2000), the

testing phase can be completed in 2–3 days (40 trials/days).

The visual acuity was defined as the highest spatial fre-

quency value the rat succeeded in discriminating.

Electrode implantation and lesion surgery

After the pre-training test, animals were unilaterally

implanted with electrodes for subsequent electrical stimu-

lation of the HDB and VEP recording, and 192-IgG saporin

(SAP) injection was performed for cholinergic neuron-

specific lesions in the appropriate group. Animals were

anesthetized with isoflurane (induction 5 %, maintain 3 %)

and placed in a stereotaxic apparatus. Throughout the

experiment, the rectal temperature was maintained at 37 �C

using a thermostatically controlled heating pad (FHC,

Bowdoinham, ME, USA). A dental drill was used to make

two holes (2 mm in diameter) in the skull above the left

CBA

D E

Fig. 2 Measurement of visual acuity in the different groups pre-

(open symbols) and post- (filled symbols) training. a Schematic

representation of the visual water maze (adapted from Prusky et al.

2000). b 30�, 0�, 150� visual acuity measured after training with 30�
stimulus and 0� visual acuity measured after training with 0� stimulus

(right histogram). The pre-training visual acuity for a 30� sine-wave

grating was lower than acuity for a 0� stimulus, but both values were

identical after training in the VS/HDB group. Visual acuity for 150�
or visual acuity for 0� was not changed after training with 30�
stimulus. c Pre- and post-training values of the visual discrimination

threshold for each group. Note that only the VS/HDB and VS/HDB/

Sco groups showed better discrimination ability after visual training.

d Success rates (percentage of correct trials) for each group in

response to each spatial frequency presented. Note that in the CTL,

VS, HDB and VS/HDB/SAPV1 groups, the success rate after 0.75

CPD was not statistically different for pre- (open square) and post-

training experiments (filled square). By contrast, in the VS/HDB and

VS/HDB/Sco groups, the success rate significantly increased (see text

for details) after training. (*, pre–post paired t test, P \ 0.05; �, pre–

post Wilcoxon test, P \ 0.05). e Success rates for the discrimination

of a sine-wave grating (150�, upper panel and 0�, lower panel) pre-

and post-training with 30� stimulus. No statistical increase of visual

acuity was found in both groups, suggesting that the improvement of

visual acuity does not transfer to other orientations. Error bars
represent ± SEM (lack of error bars is because all rats at that point

have same success rate)
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visual cortex and adjacent to Bregma to access V1 and

HDB, respectively. An electrode guide (polyurethane tub-

ing) was inserted above V1 (mm from Bregma: AP -7.5,

ML ?4.0, DV 0). A tungsten-stimulating electrode denu-

ded at each tip was implanted in the HDB ipsilateral to the

cortical recording site (mm from Bregma: AP -0.3, L

?2.0, DV -9.0). In the case of the cholinergic system

lesion groups, the animals received an unilateral intrace-

rebral injection (0.5 ll) of 192-IgG saporin (Advanced

Targeting System, San Diego, CA, USA; 0.075 lg/ll) at

the location where the stimulating electrode was implanted

(HDB) or into V1 (mm from Bregma: AP -7.5, ML ?4.0,

DV -0.5). Two stainless steel screws (Small parts, Miami

Lakes, FL, USA) were installed in the skull; the guides and

the HDB implanted electrode were secured with dental

cement. After suturing the incised skin, local anesthesia

(xylocaine 2 %, Astra Zeneca, Mississauga, Canada) was

topically administered to the wound, and the animals were

returned to their cages. An anti-inflammation agent, car-

profen (Rimadyl 5 mg/kg), was injected s.c. The recording

site was identified by electrical lesion after the last VEP

recording and confirmed by cresyl violet staining of fixed

brain sections. The location of the sites where the elec-

trodes were implanted was identified in coronal sections

using a Leica DMR microscope and the rat brain atlas. The

lesion of the cholinergic fibers was evaluated by choline

acetyltransferase (ChAT) immunostaining (see below) on

coronal brain sections.

Pairing visual/sham training with HDB electrical

stimulation

The visual/sham training paradigm was designed to

examine whether the selective orientation response could

be modified through visual training of a specific pattern

and/or through cholinergic neuron stimulation. The stim-

ulus was either a sine-wave grating (0.12 cycle/degree,

orientation 30�, phase converting at 1 Hz) for the VS, VS/

HDB, VS/HDB/SAP and VS/HDB/Sco groups or a gray

screen for the CTL and HDB groups. During daily training,

awake rats were restrained for 10 min a day for 14 days

with their heads fixed in a frame surrounded by two lateral

monitors and an additional monitor facing the rat 21 cm

away from its eyes (Fig. 1). The visual stimulus was gen-

erated using Vpixx software (v 2.79, VPixx technologies

Inc., Saint-Bruno, QC, Canada) and displayed on three

monitors (LG, luminance 37 cd/m2). Training was per-

formed daily at the same time in the morning for each rat.

HDB electrical stimulation

The electrical stimulation started at the beginning of the

visual stimulation period and was delivered over the

10 min (train of pulses 100 Hz, 0.5 ms, 50 lA, 1 s on/1 s

off, Pulsemaster A300, WPI, Sarasota, FL, USA) through

an isolation unit (WPI 365, WPI, Sarasota, FL, USA). This

paradigm of electrical stimulation in the HDB has been

designed to activate cholinergic system preferentially to

GABAergic system (Kang and Vaucher 2009; Vaucher

et al. 1997).

VEP recording procedure

Visual evoked potentials were recorded to assess the effect

of visual/sham training and unilateral HDB stimulation on

field potential cortical responses in the hemisphere ipsi-

lateral to HDB stimulation. Two days after the last session

of the behavioral test, the rats were placed in the dark in the

stereotaxic frame under anesthesia (isoflurane, induction

5 %, maintenance 1.5 %). The polyurethane tubing (elec-

trode guide) was removed, leaving a hole in the dental

cement over V1. The recording electrode was placed

0.5 mm below the dura. Visual stimuli were displayed on a

computer monitor (30 9 25 cm, Titanium; luminance

21 cd/m2; Apple Computer Inc., Cupertino, CA, USA)

placed 30 cm in front of the rat (left eye closed) and cen-

tered on the animal’s midline (Girman et al. 1999; Laplante

et al. 2005). As described previously (Kang and Vaucher

2009), VEPs were calculated by averaging 20 electrical

responses of extracellular field potentials elicited by visual

stimuli (oblique sine-wave gratings, orientation 30�, con-

trast 90 %, 0.12 cycle/deg, 100 ms, 0.03 Hz) or gray

screen (0 CPD, baseline signal) recorded over 300 ms. The

signal-to-baseline ratio was obtained by dividing the

amplitude (difference between the negative peak and the

positive peak) of the VEPs (signal) by the amplitude of the

baseline signal (baseline). In additional groups of rats, the

evoked responses were elicited by high spatial frequency

sine-wave gratings (orientation 30�, contrast 90 %, 0.7

CPD). Between each grating, the computer screen dis-

played a neutral gray stimulus with the same mean lumi-

nance. Evoked responses were amplified (5,0009), filtered

at 3 Hz–1 kHz (Grass Inc, West Warwick, RI, USA) and

collected with the MP100 data acquisition system and

Acknowledge software (v 3.8; Biopac system Inc., Goleta,

CA, USA). A further 10-min period of visual stimulation

was performed to obtain adequate c-Fos expression for

immunolabelling. Rats were restrained in the dark for

30 min before perfusion.

Immunohistochemistry

The animals were deeply anesthetized with pentobarbital

(54 mg/kg body weight i.p.) and perfused transcardially

with 4 % paraformaldehyde at room temperature. The

brains were collected and post-fixed for 2 h in fresh
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fixative then stored in 0.1 M phosphate buffer (PBS, pH

7.4) overnight. The brains were sliced into 35-lm sections

using a vibratome (Leica microsystems). The brain sections

at the level of the visual cortex/superior colliculus were

used for c-Fos staining (mm from Bregma, AP -7.3 ± 0.5)

(Paxinos and Watson 1995). The sections were collected

serially in 24-well plates and labeled accordingly to the

antero-posterior level.

Two consecutive sections for each rat were selected

according to anatomical features (apparition of the subic-

ulum) and sections were pre-incubated for 20 min at room

temperature in phosphate buffer (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.

The sections were incubated overnight at room temperature

with rabbit-anti-c-Fos primary antibody (1:10,000, Onco-

gene Research Products, San Diego, CA, USA) in PBS-

triton-0.2 % gelatin. This was followed by a 2-h incubation

in donkey-anti-rabbit secondary antibody (1:500, Jackson

ImmunoResearch, Westgrove, PN, USA) and then for 1 h

in the avidin–biotin complex (ABC Elite kit, Vector lab-

oratories, Burlingame, CA, USA). After each incubation

step, rinses were carried out in PBS containing 0.25 %

triton. A peroxidase-substrate-kit Vector SG (Vector lab-

oratories) was used to visualize the reaction product during

a standardized period of 5 min. Sections were then

mounted onto slides, dehydrated and coverslipped with

permount. Quantitative examination of c-Fos immunore-

activity allowed a comparison of the different layers of the

contralateral hemisphere with the stimulated eye in VS/

HDB and HDB animals. Visualization of the cholinergic

fibers loss was performed on coronal sections using ChAT

(1:500, Chemicon, Temecula, CA, USA) as described

above (Dotigny et al. 2008).

Double immunostaining To determine the cell-specific-

ity 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 parvalbumin (PV) and calretinin (CR), markers

that cover the labeling of the most GABA interneurons of

the rat cortex (Gonchar and Burkhalter 2003), or (2)

glutamatergic neurons using rat brain pyramidal cell mar-

ker (RBPC), a marker of the pyramidal cells. The anti-

bodies were used at the following dilution: parvalbumin

(1:10000, made in mouse, Sigma, Saint-Louis, MS, USA),

Calretinin (1:5000, made in mouse, Chemicon, Temecula,

CA, USA), RBPC (rat brain pyramidal cell antigen;

1:1000, made in mouse, Swant, Bellizona, Switzerland).

Vibratome sections from the visual cortex were processed

with the same protocol as that used for c-Fos immuno-

staining. Sections were first incubated in the anti-c-Fos

antibody and revealed with Vector SG then sequentially

incubated overnight in the other primary antibody and

revealed with DAB (Vector laboratories). The number of

GABA or glutamatergic cells expressing c-Fos was coun-

ted in the stimulated hemisphere according to the layer

(layer II/III, layer IV and layer V/VI) in the monocular part

of V1. The proportion of the double-labeled cells over total

c-Fos cells, total GABA or total glutamatergic cells was

also evaluated. Total number of cells counted over seven

animals in the VS/HDB and HDB stimulated group is

shown in parentheses PV–CR (339), RBPC (2526), c-Fos

(6607). The balance between excitation and inhibition

system (E/I ratio; number of c-Fos–RBPC neurons/number

of c-Fos–PV–CR neurons) was calculated for each animal

and averaged.

Statistical analysis

Pre-training and post-training visual acuity values were

compared within each group using a paired Student’s t test.

A non-parametric Wilcoxon test was performed for group

which has less than six subjects (VS/HDB/Sco, VS/HDB/

SAP, and VS/HDB/0). Between-group comparisons were

computed using a one-way ANOVA followed by a post hoc

LSD test for visual acuity and VEPs. For immunostaining

data and E/I ratio analysis, layer-specific comparisons were

carried out using the Mann–Whitney U test. All statistical

analyses were carried out with SPSS 17.0 for Windows XP

(SPSS Inc., Chicago, IL, USA) at a significance level of

P \ 0.05.

Results

Pairing visual training with HDB activation in awake

rats increases visual discrimination performance

in a water maze task

To evaluate the effect of pairing visual training with BF

activation, visual acuity (the spatial frequency threshold

value for discriminating a sine-wave grating from a gray

screen) was measured using the visual water maze task

before and after the training period (Figs. 1, 2). The pro-

cedure of the visual water task was learned prior to visual

training, such that post-training visual discrimination task

tested changes in visual discrimination rather than proce-

dural learning. Following the results of Girman et al.

(1999), we hypothesized the rat’s visual acuity for the

selected stimulus (30�) could be enhanced by training,

since 0� but not 30� is the optimal orientation for eliciting

the maximal cortical response in naı̈ve rats (Girman et al.

1999). In agreement with the level of cortical response, the

visual acuity for a 30� orientation sine-wave grating

(0.70 ± 0.01 CPD) was lower than for a 0� orientation

sine-wave grating (0.87 ± 0.02 CPD, paired Student’s
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t test, P \ 0.001) in naı̈ve rats (Fig. 2b). Moreover, a

ceiling effect of the visual performance at the optimal

stimulation was demonstrated, since visual acuity at 0�
orientation was not improved after training to a 0� sine-

wave grating (pre-training 0.86 ± 0.03 CPD, post-training

0.85 ± 0.03 CPD; P = 0.87, VS/HDB/0) (Fig. 2b).

The daily pairing visual training to 30� orientation 0.12

CPD sine-wave grating with HDB stimulation induced a

significant increase in visual acuity measured with the 30�
sine-wave grating (VS/HDB group, 0.89 ± 0.01 CPD; VS/

HDB/Sco group, 0.89 ± 0.01 CPD) compared with pre-

training values (0.71 ± 0.02, paired t test, P \ 0.001,

Fig. 2b). This post-training visual acuity value

(0.89 ± 0.01 CPD) reached the ceiling value, as measured

with the 0� sine-wave grating in naı̈ve animals

(0.87 ± 0.02 CPD, t test, P = 0.316, Fig. 2b), suggesting

that V1 neuronal response to the 30� orientation improved

to an extent equivalent to V1 response to the most efficient

stimulus (0�). Visual acuity was not affected by sham

treatment, by VS or HDB training alone (Fig. 2c, d).

Intergroup comparisons showed that post-training visual

acuity was greater in the VS/HDB and VS/HDB/Sco

groups compared with any other group (one-way ANOVA,

F[7,51] = 23.986, P \ 0.001 both). As the visual dis-

crimination of a 0.12 CPD grating is optimal and at the

ceiling level, we did not observe any improvement of the

success rate between groups in pre- vs post-training values

at this spatial frequency (Fig. 2d). Thus, the behavioral

outcome of the training, as tested with the visual water

task, resulted in a shift of the discrimination threshold of

the 30� sine-wave grating to high spatial frequency

(0.7–0.89 CPD). Histological examination confirmed that

all the stimulation sites were localized within HDB

(Fig. 3).

Pairing visual training with HDB activation in awake

rats is specific for cholinergic projections from HDB

to V1

Injection of 192-IgG saporin in the HDB (VS/HDB/SAP,

pre-post-training Wilcoxon, P = 0.431) or in the V1 (VS/

HDB/SAPV1, paired t test, P = 0.771) prior to VS/HDB

training significantly destroyed the cholinergic fibers in V1

(Fig. 4) and attenuated the enhancement of visual acuity

for the trained stimulus (0.71 ± 0.03 and 0.67 ± 0.03

CPD, respectively) (Fig. 2c, d). The use of mAChR

antagonist scopolamine during the post-training testing

period (VS/HDB/Sco group) did not impair animal per-

formance for the trained stimulus (ANOVA, post hoc LSD,

P = 0.929, Fig. 2c, d), indicating that improved visual

acuity resulted from changes acquired during the training

period, rather than from enhanced muscarinic transmission

during the test—although nAChR involvement has not

been tested. Therefore, these experiments suggest that the

effect of repeated stimulation of the HDB is mainly med-

iated by the cholinergic neurons projecting to V1 and

contributes to the enhancement of visual acuity.

Improvement of visual discrimination performance

for a 30� grating by pairing visual training with HDB

activation in awake rats does not occur at the expense

of, or transfer to, other orientations

Additional post-training visual acuity testing using a 0�
orientation pattern in the VS/HDB rats was performed to

determine whether the improvement of visual discrimina-

tion for a 30� orientation pattern was transferred to or did

occur at the expense of the response for the 0� orientation.

The performance for the 0� orientation was not altered by

the daily visual training to 30� orientation 0.12 CPD sine-

wave grating paired with HDB stimulation (0.873 ± 0.02

Fig. 3 Localization of the electrode implantation sites on coronal

sections of the HDB. Implanted electrode sites were localized

following electrolytic lesion and examination on cresyl violet stained

sections. The sites are drawn on the corresponding diagram from the

rat brain atlas (Paxinos and Watson 1995). HDB horizontal diagonal

band of Broca, LV lateral ventricle, MCPO magnocellular preoptic

nucleus, SI substantia innominate, VLPO ventrolateral preoptic

nucleus
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CPD vs 0.87 ± 0.02 CPD, paired t test, P = 0.9, Fig. 2b).

This suggests that the 0� orientation selectivity of the V1

cells was preserved. This also suggests that visual dis-

crimination performance improvement elicited by the VS/

HDB training does not transfer to other orientations

(Fig. 2b, see above). To avoid bias due to a ceiling effect at

the 0� orientation, the visual performance for a stimulus

with properties similar to 30�, i.e., symmetrical, was tested

in VS/HDB/150 group. The visual acuity value for 150�
(0.69 ± 0.02 CPD) was equivalent to the one for 30�
(0.70 ± 0.01 CPD) in naı̈ve animals. The performance for

the 150� orientation was not altered by the daily visual

training to the 30� orientation 0.12 CPD sine-wave grating

paired with HDB stimulation in VS/HDB/150 animals

(0.69 ± 0.02 vs 0.71 ± 0.03 CPD, P = 0.289, Fig. 2b).

Thus, improvement in visual discrimination was orienta-

tion selective. This is consistent with previous studies

showing that increased cortical response for a specific

orientation has not been proved transferable to another

orientation (Cooke and Bear 2010, 2012; Fiorentini and

Berardi 1980).

Pairing visual training with HDB activation in awake

rats increases the amplitude of VEP in V1

To determine whether the change in visual acuity corre-

lated with a modification in cortical processing, VEPs were

recorded in V1 after the training period. The signal-to-

baseline ratio of averaged cortical responses to the pre-

sentation of the trained stimulus (sine-wave grating, 30�,

0.12 CPD) was significantly greater in the VS/HDB group

compared with the CTL group (one-way ANOVA,

F[4,22] = 3.977, P = 0.02), the VS group (P = 0.04) or

the HDB group (P = 0.048), but was not significantly

different when compared with the VS/HDB/Sco group

(P = 0.368) (Fig. 5). We further examined in independent

experiments whether the repeated VS/HDB pairing with a

30�, 0.12 CPD stimuli would also enhance cortical reac-

tivity at the higher spatial frequency (0.7 CPD). The VEP

amplitude for a 30�, 0.7 CPD stimulus was greater in VS/

HDB group compared to the control (VS/HDB 2.37 ± 0.26

vs control 1.22 ± 0.15, one-way ANOVA, F[2,14] =

7.010, P = 0.003) or VS/HDB/SAPV1 (1.7 ± 0.2,

Fig. 4 Microphotographs of

ChAT immunolabelling in V1.

a, b effect of unilateral 192-IgG

saporin injection in HDB on the

ipsilateral (a) or contralateral

(b) cholinergic innervation in

V1. c, d Effect of unilateral

192-IgG saporin injection in V1

on the ipsilateral (c) or

contralateral (d) cholinergic

innervation in V1. Strong loss of

cholinergic fibers (a, c) was

observed in V1 of the injected

hemisphere compared to non-

injected hemisphere (b, d).

Scale bar 50 lm
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P = 0.042). This result indicates that the VS/HDB training

effect was possibly transferred to higher spatial frequency

than 0.12 CPD.

Pairing visual training with HDB activation in awake

rats increases c-Fos immunoreactivity in V1

The number of c-Fos immunoreactive neurons was sig-

nificantly increased in all cortical layers of the stimulated

hemisphere of VS/HDB animals (Table 1) compared with

the contralateral hemisphere, which did not show c-Fos

immunoreactivity. This increase was consistently observed

in all of the VS/HDB rats. As previously shown (Dotigny

et al. 2008), VS animals exhibited c-Fos labeling in layer

IV (thalamus recipient) of the stimulated hemisphere but

not in the other cortical layers or the non-stimulated con-

tralateral hemisphere (data not shown). Consistently, c-Fos

labeling in the layer IV was stronger in VS/HDB animals

compared to HDB animals (Mann–Whitney, P = 0.016).

Interestingly, as the c-Fos immunoreactivity experiment

was performed 1 week after the last HDB stimulation

session (allowing time for behavioral and electrophysio-

logical testing), these results demonstrate that neuronal

reactivity in V1 following these training conditions is long-

lasting (at least for 1 week). It has to be noted that only half

(4) of animals of the HDB group expressed c-Fos labeling

in V1, showing variable labeling in this group. This sug-

gests that HDB stimulation enhanced visually induced

c-Fos expression 1 week after the last HDB stimulation

only when the stimulus was paired with sensory stimulus.

Pairing visual training with HDB activation in awake

rats activates both GABAergic and glutamatergic

neurons in V1

A subpopulation of both pyramidal and GABAergic cells

was immunoreactive for c-Fos, i.e., activated, in V1 of VS/

HDB animals (Fig. 6a). No c-Fos labeling was detected in

control animals (data not shown). The percentage of acti-

vated GABAergic and pyramidal cells related to total

number of GABAergic and pyramidal cells, respectively,

was elevated in all cortical layers of V1 VS/HDB animals

(41–53 % and 11–25 %, respectively), suggesting the

involvement of both inhibitory and excitatory cortical

microcircuits in the training effect (Table 1). There were

significantly more PV–CR or RBPC neurons immunore-

active for c-Fos in layer IV of VS/HDB animals compared

to HDB (Mann–Whitney, P = 0.027 and 0.002, respec-

tively). In addition, there were significantly more RBPC

neurons immunoreactive for c-Fos in layer II/III

(P = 0.049) and more PV–CR neurons immunoreactive for

c-Fos in layer V/VI (P = 0.038) of VS/HDB animals

compared to HDB group. This suggests an effect of VS/

HDB training on pyramidal neuron activation, consistently

with the flow of cortical activation from the thalamo-cor-

tical recipient layer to superficial cortical layers.

The E/I ratio (average of the ratio of number of

c-Fos–RBPC neurons/number of c-Fos–PV–CR neurons)

was significantly lower in the layers V/VI of VS/HDB

stimulated animals (1.92 ± 0.38) compared to HDB stim-

ulated animals (7.72 ± 0.68, Mann–Whitney, P = 0.034,

Fig. 6b). It was not significantly different in layer II/III or

IV in VS/HDB compared to HDB group (Mann–Whitney,

P = 0.248, P = 1.000, respectively) although there was a

non-significant increase of E/I ratio in the layers II/III in

VS/HDB.

Discussion

The present study demonstrates that repeated pairing of a

specific visual stimulation with stimulation of HDB cho-

linergic neurons in awake rats resulted in a selective

increase of the visual acuity of the rats. The improvement

was selective for the stimulus orientation which was ini-

tially non-optimal for eliciting the maximal visual acuity

but reached a level of optimal detectability after the

training. More precisely, the perception of the trained ori-

entation was improved as shown by a shift of the dis-

crimination threshold to higher spatial frequency, which

suggests a transfer of the training effects to a higher spatial

frequency than trained. The behavioral improvement was

related to a long-term increase in neuronal activity in V1 as

recorded by VEP and c-Fos labeling and to a change in the

A

B C

Fig. 5 VEP recording in the different groups after the training.

Amplitude of the VEP recorded during presentation of the 30�-

0.12CPD (a) or 30�-0.7CPD (b) sine-wave grating. Neuronal

activation was greater in VS/HDB and VS/HDB/Sco groups com-

pared to other groups. (*, ANOVA post hoc LSD, P \ 0.05, error
bars represent ± SEM). c Representative traces of VEP recordings of

CTL, VS, HDB and VS/HDB groups are shown
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balance of excitatory/inhibitory activity. These results

support a role for the cholinergic system in attention and

perceptual learning, i.e., acquired experience-dependent

plasticity, in V1. Moreover, it suggests that use of cholin-

ergic enhanced visual training in the context of visual

rehabilitation could improve visual recovery compared to

visual training alone.

VS/HDB activation induces perceptual improvement

due to cholinergic activity

This study shows better visual performance of the rats

when VS was coupled with HDB stimulation. Although the

effects of electrical HDB stimulation could not be attrib-

uted solely to the activation of cholinergic neurons, there is

considerable evidence suggesting the plasticity observed in

this study mainly results from ACh release. First, the HDB

electrical stimulation paradigm has been designed to mimic

the electrical properties of BF cholinergic cells rather than

GABAergic neurons (see Kang and Vaucher 2009). Sec-

ond, improvement in visual acuity and cortical reactivity is

completely abolished by specific lesion of the cholinergic

cells of the BF or cholinergic fibers in V1. This is in

agreement with previous studies (Kocharyan et al. 2008).

VS/HDB activation induces long-term changes in V1

related to perceptual learning and attention

The present results show orientation-specific perceptual

improvement when VS was coupled with HDB stimulation.

Improved visual acuity for the 30� orientation was long-

lasting, orientation selective, and preserved the initial

Table 1 Number and nature of activated neurons in monocular area of the activated visual cortex

Cortical area c-Fos c-Fos–RBPC c-Fos–PV–CR

[6607] [309] [126]

V1 HDB

Layers II/III 129.0 ± 21.0 5.0 ± 2.8 (3.8 %) 2.2 ± 1.2 (31.2 %)

Layer IV 100.0 ± 10.2 3.3 ± 1.5 (2.6 %) 1.7 ± 0.7 (8.5 %)

Layers V/VI 110.0 ± 15.4 14.7 ± 2.8 (8.5 %) 2.0 ± 0.3 (22.1 %)

V1 VS/HDB

Layers II/III 194.8 ± 29.3 32.5 ± 15.1a (25.1 %) 4.4 ± 1.5 (41.3 %)

Layer IV 201.2 ± 27.7a 19.9 ± 8.6a (12.3 %) 8.7 ± 2.0a (53.1 %)

Layers V/VI 127.1 ± 22.9 13.7 ± 4.1 (10.5 %) 5.7 ± 1.4a (41.1 %)

Values are number of cells/mm2 expressed as mean ± SEM. Numbers in brackets are total number of cell counted. Numbers in parentheses are

the percentage of activated neurons (c-Fos–RBPC/RBPC or c-Fos–PV–CR/PV–CR ratio 9 100)
a P \ 0.05, compared to V1M HDB counterparts, Mann–Whitney

A C

FB

G

D

E

Fig. 6 Neurochemical phenotype of activated c-Fos neurons in V1.

a–f Microphotographs (940) of coronal brain sections, double-

immunostained (arrow heads) for c-Fos (Vector SG, bluish-gray) and

either GABAergic (DAB, brown, upper panel) or pyramidal (DAB,

brown, lower panel) neurons (mm from Bregma, AP -7.3). a, c, e c-

Fos–PV–CR neurons in layers II/III (a), IV (c), or V/VI (e) of V1, and

b, d, f c-Fos–RBPC (rat brain pyramidal cell antigen) neurons in

layers II/III (b), IV (d), or V/VI (f). The histograms in g show the

mean ± SEM of the excitation/inhibition (E/I) ratio - number of

c-Fos–RBPC cells/number of c-Fos–PV–CR cells calculated for each

rat in VS/HDB group compared to HDB group (taken as a control).

Note the E/I ratio was significantly lower in layer V/VI of VS/HDB

rats compared to HDB rats, reflecting a greater proportion of

GABAergic–c-Fos activated neurons. Scale bar 50 lm
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visual acuity for the optimal stimulus (0� orientation). The

visual acuity for an untrained orientation (0� or 150�) was

not affected. Perceptual improvement was associated with

stronger long-term V1 reactivity, as shown by increased

VEP amplitude and c-Fos expression. These features are

similar to perceptual learning resulting from repeated

exposition to a specific stimulus, i.e., orientation selective

(Fiorentini and Berardi 1980; Schoups et al. 2001) long-

term change of perceptual capacity (Cooke and Bear 2012;

Gilbert et al. 2001; Recanzone et al. 1993; Reed et al.

2011) or performance in a learning task (Andersen et al.

2010; Sale et al. 2011) accompanied by cortical plasticity

(Fahle 2004; Ahissar and Hochstein 1993). Moreover, our

results showing discrete and selective, but not global,

changes in stimuli processing are in agreement with

improvement of visual capacity relative to perceptual

learning (Fiorentini and Berardi 1980; Gilbert et al. 2001;

Li et al. 2004), although the present paradigm is not a pure

perceptual learning task. In support of this, it has already

been shown that 5-day training with a similar oblique, 0.12

CPD sine-wave grating in rodents is able to induce per-

ceptual learning specific for this trained stimulus (Frenkel

et al. 2006; Cooke and Bear 2010), as measured with VEP

recording. It is also possible that VS/HDB training reduced

the load of attention required to detect the 30� orientation,

thus facilitating the cortical response to higher spatial

frequency. This suggests that our paradigm induced not

only perceptual learning-like effect for the 30� orientation

grating, but also improved detectability of the pattern at

higher spatial frequency, transfer which might be the

contribution of the cholinergic activation.

This increase in salience of the 30� orientation pattern,

resulting in increased visual acuity, is likely due to rein-

forcement of the cortical microcircuitry by cholinergic

HDB projections to V1 through mechanisms related to

attention, cortical plasticity (NMDAR dependent-LTP) and

perceptual learning (Vidnyanszky and Sohn 2005; Roelf-

sema et al. 2010). Attentional processes are strongly reg-

ulated by ACh (Sarter et al. 2005), including visual

attention. Scopolamine reduces spike firing induced by

attentional demand in V1 (Herrero et al. 2008). Thus, in the

present study, the cholinergic system might enhance

attentional processes in V1 and consequently cortical

reactivity. This effect most likely takes place during the

VS/HDB training period, since scopolamine administration

during the post-training task has no influence on rat per-

formance—it is possible that nicotinic mechanisms could

A

B

Fig. 7 Schematic representation of the effects after VS (a) and VS/

HDB (b) training on cortical processing of a 30� orientation stimulus.

Thalamocortical inputs (light blue fibers) conveying 30� (left) and 0�
(right) orientation provide selective bottom–up excitation of layer IV

neurons transmitted to layer II/III neurons, then layer V and to higher

visual area (FF feedforward connections, FB feed-back connections).

Excitatory influences are shown in blue. The larger size of the

pyramidal neurons, the stronger neuronal activity. The darker the

zone of glutamatergic activation (ovals), the stronger enhancement of

the response. Acetylcholine modulation of the neuronal activity

during the training is represented by the intensity of the yellow
background. This modulation is mediated through muscarinic and

nicotinic receptors located on different neuronal elements including

glutamatergic and GABAergic neurons (not shown, see ‘‘Discussion’’

for more details). a Cortical processing for the 30� orientation grating

after 2-week VS training is not strong enough to provide behavioral or

VEP enhancement. 0� orientation processing is not affected. b Cortical

processing for the 30� orientation grating is significantly enhanced

after VS/HDB training but 0� orientation processing is not affected.

Note that the input from the thalamus is similar in VS training but the

feedforward propagation is neither increased nor reinforced

b
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be involved during the post-training task (Disney et al.

2012; Bhattacharyya et al. 2012), which would probably be

negligible since no significant ACh release increase is

expected during this period. Consequently, the post-train-

ing performance of the rats is improved due to induction of

long-term mechanisms during the training, i.e., learning.

Accordingly, learning processes are blocked by cholinergic

lesions or by antagonizing the cholinergic system phar-

macologically (Conner et al. 2003), including in V1

(Dotigny et al. 2008). In addition, ACh provides long-term

modulation of the electrophysiological properties of V1

neurons as well as LTP (Dringenberg et al. 2006; Goard

and Dan 2009; Kang and Vaucher 2009; Origlia et al.

2006). Therefore, ACh release during the training para-

digm probably induced persistent change in the efficacy of

the microcircuitry neurotransmission. This is evidenced

here by the widespread overexpression of c-Fos in response

to visual stimulation measured 5 days after the last HDB

stimulation, which is not seen in sham or VS animals. At a

cellular level, this long-term effect could be related to

cortical LTP, i.e., increase in synaptic strength of recipient

neurons initially elicited by heterosynaptic stimulation

from both HDB and glutamatergic fibers. Accordingly,

c-Fos expression is actually an index of LTP (Dotigny et al.

2008; Kaczmarek and Chaudhuri 1997). It is, therefore,

likely that repeated HDB stimulation elicits a change in

synaptic strength, only when the visual neurons are acti-

vated, similarly to what occurs during perceptual learning.

Supporting this, VS or HDB stimulation alone does not

result in performance improvement, and passive exposure

to diverse sensory stimuli does not result in cortical map

plasticity (Bao et al. 2001). It would have been expected

that VS would also induce a slight improvement of visual

acuity because it has been shown to induce perceptual

learning (Sasaki et al. 2010) as well as spontaneous release

of ACh in V1 (Laplante et al. 2005). This was not seen in

the training set-up tested in the present study probably

because (1) the training period was too short, (2) it did not

require attention demand or (3) VS-increased ACh extra-

cellular concentration was too low. Usually, longer training

periods and enhanced attention during perceptual learning

tasks are necessary to elicit perception improvement. It

also appears that spontaneous VS-increased ACh extra-

cellular concentration in VS group was too low to induce

enhanced performance. In contradistinction, the strong

ACh release induced by HDB stimulation during the VS/

HDB training might have induced attention-like and LTP-

like mechanisms necessary for visual learning. This is in

agreement with previous studies suggesting ACh has dose-

dependent effects in the neocortex (Deco and Thiele 2011;

Oldford and Castro-Alamancos 2003; Disney et al. 2012).

It is also possible that VS/HDB-released ACh might allow

a transfer to higher spatial frequencies by reducing the

receptive field of V1 cells (Roberts et al. 2005) which

would not be seen in classic perceptual learning tasks.

Together, this suggests that ACh might accelerate the

process of spontaneous visual learning by maximizing the

transfer of information for the thalamo-cortical afferent as

attention would do and by changing the sensitivity of V1

neurons (Roelfsema et al. 2010; Gilbert et al. 2001; Ahissar

and Hochstein 1993) which results in memory traces.

Changes in responsiveness induced by cholinergic

system activation implicates excitatory-inhibitory

system

The present study demonstrates changes of excitatory and

inhibitory drive against visually trained stimulus (30�, 0,12

CPD) with layer specificity. This result sheds some light on

the mechanism of visual performance improvement of the

rat. The cholinergic enhancement of feedforward drive

might arise from nAChR activation of thalamocortical

fibers in layer IV (Gil et al. 1997); from M1 mAChR

excitation of glutamatergic neurons in layer II/III and layer

IV by facilitating postsynaptic NMDAR opening (Calab-

resi et al. 1998; Gu 2003); from disinhibition of intracor-

tical network through M2 mAChR or nAChR receptors

located on GABAergic cells (Salgado et al. 2007; Soma

et al. 2012) or perisomatic GABAergic terminals (Krugli-

kov and Rudy 2008); from disinhibition of feedback cor-

tical control by mAChR located on corticocortical fibers

(Gil et al. 1997; Oldford and Castro-Alamancos 2003); and

most likely from a combination of both these processes

(Fig. 7). ACh may thus serve to maximize transfer of

visual information from the periphery to the cortex by

suppressing the dominant intracortical pathway (Oldford

and Castro-Alamancos 2003). After 14 days of training,

there was an increase in activated GABAergic neurons

relative to activated pyramidal neurons in layer V (reduced

E/I ratio in VS/HDB trained group compared to HDB

group) and an increase in activated pyramidal neurons

relative to GABAergic neurons in layer II/III (increased E/

I ratio in VS/HDB trained group compared to HDB group).

These results suggest that pairing cholinergic fibers and

visual stimulation modulate the activation of excitatory and

inhibitory drive with layer specificity. The higher propor-

tion of activated excitatory cells in layer II/III induced by

VS/HDB might be due to stronger excitatory drive arising

from the layer IV stimulated by VS and reinforced by HDB

stimulation and from disinhibition of the GABAergic

microcircuits through activation of nAChR in layer I neu-

rons (Christophe et al. 2002). This increased number of

activated layer II/III neurons most likely does not result

from a spreading of the thalamic influx to adjacent layer IV

neurons since ACh is presumed to reduce lateral spread of

information. This is, however, related to visual stimulation
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since the E/I ratio is decreased compared to HDB stimu-

lated animals. This result is in agreement with previous

studies showing cholinergic facilitation of the thalamo-

cortical connections and an increase in the firing capacity

of layer II/III (Soma et al. 2012; Thiele et al. 2012),

although a recent article shows suppression mechanisms

elicited by the mAChRs (Disney et al. 2012). The influence

of the cholinergic system on the inhibitory drive of layer V

is consistent with previous studies (Lucas-Meunier et al.

2009) and might be due to enhanced GABAergic activity.

Reduced number of activated pyramidal cells in layer V

might also result from less specific neuronal activation in

layer II/III leading to a reduction of the number of

upstream activated neurons. As E/I balance change has

been suggested to participate in cortical plasticity (Gandhi

et al. 2008; Morishita et al. 2010; Yazaki-Sugiyama et al.

2009; Lucas-Meunier et al. 2009), the present change

might contribute to facilitating cortical reorganization and

increasing visual processing to a 30� sine-wave grating.

The improvement in discrimination ability may be

attributed to an increase in the number or efficacy of

neurons responsive to the 30� orientation. A previous study

with VEP and single unit recording revealed that such

modulation of orientation appeared not due to change of

neurons’ preferred orientation but rather to a shift in the

orientation index, a relative measure between preferred and

orthogonal orientation (Frenkel et al. 2006). According to

the modulatory role of the cholinergic system and the

absence of enhanced visual acuity in HDB groups, it could

be suggested that the cholinergic activation does not

change the properties of the cortical cells but reinforce the

activity of cells responsive to the 30� orientation. Conse-

quently, VS/cholinergic stimulation results in a change in

vertical spread of thalamocortical activation, where a bot-

tom–up excitation of layer IV is transmitted from layer II/

III neurons and then to higher visual areas (Callaway

2004), as shown by the c-Fos results. This is consistent

with a recent proposal suggesting that sensory discrimi-

nation learning occurs through cortical processing using

the most efficient neuronal circuitry rather than permanent

wiring changes resulting in changes in selective properties

of neurons (Kilgard and Merzenich 1998; Reed et al.

2011). However, it is unclear whether lateral spreading is

enhanced. According to previous studies, high extracellular

levels of ACh reduce the lateral spreading of the thala-

mocortical activation, allowing finer control of the pro-

cessing of a specific stimulus (Kimura et al. 1999; Silver

et al. 2008; Kosovicheva et al. 2012). The improved

selectivity for the 30�, but not the 0� or 150� orientation, as

well as the excitation of PV cells (most probably intra-

laminar basket cells) (Runyan et al. 2010) is consistent

with a lack of excitation in neighboring cells with different

preferred orientation selectivity.

Conclusion

This study demonstrated that visual training associated

with cholinergic transmission builds strong ‘memory tra-

ces’ that result in cortical plasticity in the visual cortex and

increased visual perception. These transient mechanisms

might be related to attention and induce long-lasting

changes in neuronal reactivity. Stimulation of BF afferents

during visual training may induce an imbalance in excit-

atory-inhibitory systems by temporally tuning firing rate

and subsequently releasing from a cortical plasticity

‘brake’ in V1 in the adult. The demonstration of the long-

lasting enhancement of perceptual capacities and cortical

efficiency following repeated, coupled cholinergic and

visual activation in awake rats provides hope to develop

efficient rehabilitation strategies to improve plasticity in

cortical areas with impaired sensory input and thus facili-

tate visual recovery.
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