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Abstract: Blind individuals often demonstrate enhanced non-visual perceptual abilities. Neuroimaging and
transcranial magnetic stimulation experiments have suggested that computations carried out in the occipital
cortex may underlie these enhanced somatosensory or auditory performances. Thus, cortical areas that are
dedicated to the analysis of the visual scene may, in the blind, acquire the capacity to participate in other
sensory processing. However, the neural substrate that underlies this transfer of function is not fully
characterized. Here we studied the synaptic and anatomical basis of this phenomenon in cats that were
visually deprived by dark rearing, either early visually deprived after birth (EVD), or late visually deprived
after the end of the critical period (LVD); data were compared with those obtained in normally reared cats
(controls). The presence of synaptic and spike responses to auditory stimulation was examined by means of
intracellular recordings in area 17 and the border between areas 17 and 18. While none of the cells recorded
in control and LVD cats showed responses to sound, 14% of the cells recorded in EVD cats showed both
subthreshold synaptic responses and suprathreshold spike responses to auditory stimuli. Synaptic responses
were of small amplitude, but well time-locked to the stimuli and had an average latency of 30712ms. In an
attempt to identify the origin of the inputs carrying auditory information to the visual cortex, wheat germ
agglutinin-horseradish peroxidase (WGA-HRP) was injected in the visual cortex and retrograde labeling
examined in the cortex and thalamus. No significant retrograde labeling was found in auditory cortical
areas. However, the proportion of neurons projecting from supragranular layers of the posteromedial and
posterolateral parts of the lateral suprasylvian region to V1 was higher than that in control cats. Retrograde
labeling in the lateral geniculate nucleus showed no difference in the total number of neurons between
control and visually deprived cats, but there was a higher proportion of labeling in C-laminae in deprived
cats. Labeled cells were not found in the medial geniculate nucleus, a thalamic relay for auditory infor-
mation, in either control or visually deprived cats. Finally, immunohistochemistry of the visual cortex of
deprived cats revealed a striking decrease in pavalbumin- and calretinin-positive neurons, the functional
implications of which we discuss.
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Introduction

Blind individuals often demonstrate enhanced non-
visual perceptual abilities. Such enhanced percep-
tion has been widely documented for auditory
spatial discrimination tasks (Ashmead et al., 1998;
Lessard et al., 1998; Roder et al., 1999) as well as
for tactile discrimination tasks (Merabet et al.,
2004; Roder et al., 2004). Several lines of evidence
support the suggestion that these improved per-
formance could be due, at least in part, to the re-
cruitment of the visual cortex for somatosensory or
auditory processing following a process of cross-
modal plasticity. First, there is an increased elec-
trical activation of the visual cortex during pitch
discrimination (Kujala et al., 1995) and during
spatial discrimination for peripheral sound sources
(Roder et al., 1999) in the early blind, which is not
observed in sighted subjects. Second, functional
imaging studies of people who were blind from an
early age revealed that their primary visual cortex
could be activated by Braille reading and other
tactile discrimination tasks (Sadato et al., 1996).
Third, the activation of the visual cortex appears
to be functionally relevant, since the blockade of
occipital processing by means of transcranial mag-
netic stimulation interferes with tactile perform-
ance in early blind but not in sighted individuals
(Cohen et al., 1997; Gougoux et al., 2004; Merabet
et al., 2004). An additional support for a role of the
occipital cortex has recently been provided by a
functional brain imaging study in which the acti-
vation of occipital cortex in early blind individuals
was found to be positively correlated with per-
formance in a monaural auditory localization task
(Gougoux et al., 2005). Although some authors
have found evidence of auditory-visual cross-
modal plasticity in late-onset blindness (Kujala
et al., 1997), it appears that the performance im-
provement in non-visual tasks is larger in subjects
with early onset blindness (e.g. Gougoux et al.,
2004). This observation is in agreement with the
fact that the cerebral cortex is more prone to plas-
ticity during the early years.

Human studies therefore show that visual cortex
of blind people undergoes some modifications
that allow its recruitment in the performance of
non-visual tasks. Understanding how the visual
cortex is taken over by other sensory modalities
requires examining the neuronal basis of cross-
modal plasticity, which can only be explored in an-
imal models. Since the seminal studies of Wiesel
and Hubel (1965), it is known that visual depriva-
tion early in life had a large impact on the structure
and the physiology of the visual system (Hubel
et al., 1977; Sherman and Spear, 1982; Fregnac
and Imbert, 1984). In addition to alterations in the
visual system development and functioning, early
visual deprivation also results in the appearance of
response to non-visual modalities in areas that were
exclusively or mainly visual in normal animals. For
example, Hyvarinen et al. (1981) found somatosen-
sory responses in 19% of the cells recorded in area
19 of monkeys deprived of sight by bilateral eyelid
suture shortly after birth. The same study also
mentions weak somatosensory responses in area 17.
Toldi et al. (1988, 1994) also showed that, in rat
monocularly enucleated at birth, somatosensory
evoked responses invaded the visual cortex, includ-
ing the anterior part of area 17. Rauschecker and
Korte (1993) found that, in cats that had been vis-
ually deprived for several years, most of the cells
located in the caudal part of the anterior ectosyl-
vian cortex, which is normally dominated by the
visual modality, had acquired auditory responses.
Furthermore, these neurons showed better spatial
tuning for sound source localization than those re-
corded in adjacent auditory territories in normal
cats (Korte and Rauschecker, 1993). Recently,
Yaka et al. (1999) found that the number of cells
responding to auditory stimulation was larger in
two extrastriate areas (areas ALLS and AMLS) in
cats that were visually deprived shortly after birth,
either by eyelid suturing or by enucleation. Audi-
tory responses were also obtained in 6% of the cells
recorded in area 17 of the enucleated cats, but not
in normal and eyelid-sutured cats (Yaka et al.,
1999, 2000). Crossmodal plasticity also has been
documented in the visual cortex of neonatally enu-
cleated hamsters (Izraeli et al., 2002), where 63% of
the cells were found to respond to auditory stimuli.

In this study we examined, at the physiological
and anatomical levels, how the auditory modality
becomes able to generate neuronal activity in the
visual cortex of visually deprived cats. Cats were
deprived of vision by rearing them in the dark for
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several months to 1 year. Deprivation started ei-
ther immediately after birth (early visually de-
prived cats, EVD group) or at a mature age (late
visually deprived cats, LVD group). The physio-
logical study consisted in recording intracellularly
from neurons in area 17 and in the 17/18 border
region (Fig. 1). Our aim was to detect synaptic,
subthreshold responses to sound stimulation,
which could have remained undetected if recorded
extracellularly. To identify possible new inputs to
the visual cortex of deprived cats, retrograde trac-
ers were injected in the equivalent areas in the
hemisphere contralateral to the one from which
recordings were obtained. The number of retro-
gradely labeled neurons were quantified in various
cortical and thalamic areas. Finally, immunohisto-
chemical staining of inhibitory neurons allowed us
to examine the consequences of visual deprivation
on inhibition in cortex, changes that explain a
number of functional observations that are found
in visually deprived animals.

Methods

Thirteen cats of either sex were included in this
study, including physiological and diverse ana-
tomical studies (see below). Five of these cats were
born and reared in a normal environment (control
cats) and eight were visually deprived. Among
these eight visually deprived cats, three were de-
prived as adults (aged 4 months to 3 years) by
placing them in a dark room for 3–7 months until
the day of the experiment. We will refer to them
as the LVD group, since deprivation took place
after the end of the critical period. The remaining
five cats were born and raised in a dark environ-
ment until the time of recording (aged 6 months to
1 year) and they correspond to the EVD group.

All but one of the anatomical studies (im-
munohistochemistry and retrograde labeling) were
carried out in the animals in which the electro-
physiological studies were done.

Visual deprivation

Control cats were reared in a 12 h light/dark cycle.
Visually deprived cats were kept in a pitch-black
dark room. We chose this method rather than
enucleation for its reversibility, and rather than
lid-suture, since that method does not guarantee
total absence of visual stimulation (Spear et al.,
1978). Animal caretakers walked into the cats’
room from a darkened hallway, and were provided
with a helmet carrying a video camera with infra-
red lighting (GL 380, SHARPs; l peak ¼ 950 nm)
that allowed them to maintain the room clean,
check the state of the animals and replace food and
water. Another video camera sensitive to infrared,
located inside the animal room, allowed us to
check the animals’ state and behavior on a monitor
from outside the room. In order to create a sound-
rich environment, four different sounds (pure
tones between 2 and 20 kHz; 65 dB) coming from
four speakers in the different walls of the room
were used for alternate stimulation for 2–6 h/day.

The project was approved by the local ethical
committee. Local rules comply with the EU guide-
lines on protection of vertebrates used for exper-
imentation (Strasbourg 3/18/1986, Spanish law
BOE 256; 10/25/1990).

Animal preparation for in vivo recording

Intracellular recordings ‘‘in vivo’’ from the visual
cortex of cats were obtained following the
methodology that we have previously described
(Sanchez-Vives et al., 2000b), except for the anes-
thetic used during the recordings. In short, adult
cats were anesthetized with ketamine (12–15mg/kg,
i.m.) and xylazine (1mg/kg, i.m.) and then mounted
in a stereotaxic frame. A craniotomy (3–4mm wide)
was made overlying the representation of area 17.
To minimize pulsation arising from the heartbeat
and respiration, a cisternal drainage and a bilateral
pneumothorax were performed, and the animal was
suspended by the rib cage to the stereotaxic frame.
During recording, anesthesia was maintained with
continuous i.v. infusion of propofol (5mg/kg/h)
and sufentanyl (4mg/kg/h) and the animal was par-
alyzed with norcuron (induction 0.3mg/kg; main-
tenance 60mg/kg/h) and artificially ventilated. The
heart rate, expiratory CO2 concentration, rectal
temperature and blood O2 concentration were
monitored throughout the experiment and main-
tained at 140–180 bpm, 3–4%, 37–38 1C and495%,
respectively. The electroencephalogram (EEG) and



Fig. 1. Electrophysiological recordings from the visual cortex of control and visually deprived cats. (A) Visual responses recorded in

control cats and evoked by moving bars with a handheld projector onto the tangent screen. (Aa) Synaptic and spike responses to three

consecutive visual stimuli. (Ab) First visual response expanded. (Ac) Subthreshold (synaptic) visual response. (B) In visually deprived

cats, no visual stimuli were used (see the section ‘‘Results’’) but responses to pulses of injected currents were recorded. This panel shows

responses to current injections in a neuron that was characterized as fast-spiking neuron (according to Nowak et al., 2003) and showed

both sub- and suprathreshold reponses to sound (not shown). From top to bottom: instantaneous frequency, membrane voltage and

current are shown. Notice the spontaneous synaptic activity in between pulses and how synaptic activity affected the frequency of

discharge as reflected in the variability in the instantaneous frequency. Spikes have been truncated.

290
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the absence of reaction to noxious stimuli were
regularly checked to insure an adequate depth
of anesthesia. After the recording session, the
animal was given a lethal injection of sodium pent-
obarbital.
Recordings and stimulation

Sharp intracellular recording electrodes were made
with a Sutter Instruments (Novato, CA) P-97 mi-
cropipette puller from medium-walled glass capil-
laries and beveled to final resistances of 50–100 MO.
Micropipettes were filled with 2M KAc. Recordings
were digitized, acquired and analyzed using a data
acquisition interface and software from Cambridge
Electronic Design (Cambridge, UK). In control an-
imals, the eyes were focused onto a tangent screen at
114 cm using corrective, gas-permeable contact
lenses. The position of the area centralis and optic
discs was localized by retroprojection. Receptive
field’s location was determined with a handheld
projector. In dark-reared animals the eyes were
covered during the experiments.

Auditory stimulation

Pure tones at various frequencies (1–20 kHz),
white noise and clicks were used as auditory
stimuli. Pure tones were generated using a wave-
form generator (Racal Dana 9085 Low Distorsion
Oscillator). White noise was generated with a non-
commercial generator. The signals were trapezoid-
ally gated with rise/fall times of 5ms. Stimuli onset
and duration were controlled by a computer. The
stereotaxic frame had hollow ear bars and the
loudspeakers were placed inside. Thus, stimuli
were delivered binaurally through a closed acous-
tic system based on Sony MDR E-868 earphones
housed in a metal enclosure and surrounded by
damping material which fitted into the Perspex
specula (Rees et al., 1997). The output of the sys-
tem for each stimulus was calibrated to be between
60 and 80 dB.
Analysis

Each run of auditory stimuli lasted for 150–700 s.
For each run, the membrane potential was averaged
with respect to the auditory stimulus trigger (black
trace in Fig. 2Ab). The mean potential between 15
and 165ms (or 115ms in case shorter stimulus du-
ration was used) was calculated. The mean potential
between –150 (or –100) and 0ms was calculated as
well to give a mean baseline value. The mean base-
line value was subtracted to give the mean mem-
brane potential depolarization above baseline, or
mean stimulus-locked response amplitude (MRASL,
black bin in Fig. 2Ac). The spike response (Fig. 2B)
was calculated as a peristimulus time histogram
(PSTH) with a bin width of 10ms. The measured
variable in this case was the average firing rate
above spontaneous activity in a time window be-
tween 15 and 165 (or 115) ms relative to auditory
stimulus onset, yielding the MRASL (dark bin in
Fig. 2Bc). The significance of the response was
evaluated using a Monte Carlo simulation. The hy-
pothesis underlying the use of the Monte Carlo
method is as follows: on the one hand, the synaptic
potential observed in the membrane potential aver-
age (or firing rate changes in the PSTH) may result
from the preceding auditory stimulus, in which case
they should be stimulus locked. On the other hand,
the membrane potential in anesthetized prepara-
tions often shows spontaneous synaptic activity
characterized by large fluctuations (Fig. 1Aa),
reaching up to 20mV amplitude, due to a slow
wave sleep rhythm (Steriade et al., 1993; Sanchez-
Vives and McCormick, 2000). If the deviations ob-
tained in the membrane potential average were due
to spontaneous synaptic activity, then the ampli-
tude should be independent of the precise stimulus
trigger timing.

To confront these two possibilities, each ‘‘real’’
auditory trigger occurring at time t was replaced by
a randomly jittering trigger (Figs. 2Aa and 2Ba).
The new trigger had a time of occurrence limited to
t+a, a being an added delay that took a random
value within a range between –0.5T and+0.5T, T
being the period of the ‘‘real’’ auditory trigger. This
procedure was repeated for all the triggers, with a
new a value for each trigger. The membrane po-
tential average or the PSTH was recalculated and
the amplitude of the response measured as above.
Figure 2Ab represents five traces of membrane
potential averages triggered by random triggers
in addition to the one obtained with the regular



Fig. 2. Detection of significant synaptic and spike responses with a Monte Carlo method. (A) Detection of significant synaptic

responses by using a Monte Carlo simulation (Aa) From top to bottom: example of auditory triggers, randomly generated triggers (see

the section ‘‘Methods’’) and voltage trace corresponding to the intracellular recording. (Ab) Five traces (in gray) corresponding to the

membrane voltage average triggered with five randomly selected triggers and one trace (in black) corresponding to the voltage average

triggered with the real auditory triggers. (Ac) Distribution of amplitudes for 1000 voltage averages triggered with random series of

triggers (in gray). In black, on the right, the amplitude of the voltage average triggered with the real auditory triggers. The amplitude

corresponds to the mean amplitude between 15 and 165ms relative to auditory stimulus onset in the averages, minus baseline.

(B) Detection of significant spiking responses by using a Monte Carlo simulation (Ba) From top to bottom: example of auditory

triggers, randomly generated triggers (see the section ‘‘Methods’’) and events corresponding to intracellularly recorded action po-

tentials. (Bb) PSTHs obtained with the auditory trigger appears in black and five PSTHs obtained with randomly jittering triggers in

gray. (Bc) Distribution of amplitudes for 1000 PSTHs triggered with random series of triggers (in gray). In black, on the right, the

amplitude of the PSTH triggered with the real auditory triggers. The amplitude corresponds to the firing rate between 15 and 165ms

relative to auditory stimulus onset in the PSTHs, minus spontaneous activity.
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auditory trigger. The same procedure was applied
to the spike responses (Fig. 2Bb).

The simulation was repeated 1000 times. The
distribution of mean depolarization calculated for
1000 averages is shown by the gray bars in the
histogram in Fig. 2Ac. The distribution of these
values corresponds to the distribution of ampli-
tudes one would get if the depolarization was not
locked to the stimulus, i.e., noise consecutive to
spontaneous activity. This distribution shows the
typical shape of a normal distribution, which
can be characterized by a mean m and a standard
deviation s. The MRASL was standardized as a
z value as z ¼ ðMRASL � mÞ=s: Since z will have a
standard normal distribution (m ¼ 0; s ¼ 1), it can
be easily used to calculate the probability that the
sound-evoked response is spurious resulting from
spontaneous activity instead of an event-locked
auditory response. Membrane potential average
and average spike responses were considered
as significant auditory responses when z values
were outside the 71.96 range (p ¼ 0.05; Fig. 2Ac
for synaptic responses and Fig. 2Bc for spike re-
sponses; z value of 72.58 corresponds to a p

value ¼ 0.01). This method provided a reliable and
sensitive indicator of the presence of auditory re-
sponses in cat visual cortex. Whenever a significant
response was obtained, the latency and amplitude
were determined. The latency corresponds to the
first of two consecutive bins that showed an am-
plitude larger than the mean baseline+3 SD. Am-
plitude is the peak amplitude minus mean baseline.
Retrograde labeling

A total of four control, four EVD and one LVD
cats were included in the tracer injection’s study.
Under anesthesia (see preparation for in vivo re-
cordings above), each cat received 3–5 injections
(0.1 ml each) of 10% HRP coupled to WGA-HRP
in physiological saline. Injections were made near
the 17/18 border expanding to areas 17, 18 and 19,
at a depth of 900 mm and were evenly spaced from
one another (23–19mm caudally from bregma and
1.5–2mm lateral). Tracer was delivered by pres-
sure pulses (Picopump, WPI) through glass
pipettes (outer diameter of the tip 40–60 mm). Af-
ter 1–2 days survival, the anesthetized cats were
perfused with physiological saline for 5min fol-
lowed by 1% paraformaldehyde, 0.5% glutaralde-
hyde, 0.002M CaCl2 and 0.1M saccharose in
0.1M phosphate buffer (pH 7.3–7.4) for 30min.
The brains were removed and cryoprotected, and
60 mm-thick slices were cut in the coronal plane
using a cryostat into two parallel series. One series
was mounted on gelatinized slides and air-dried
for 24 h and stained in 1% cresyl violet (Sigma, St.
Louis, MO, USA). The other series were floating
sections that were processed with 3,30,5,50-tetra-
methylbenzidine (Mesulam, 1978). Reacted sec-
tions were mounted on gelatinized slides, air-dried
for 24 h, briefly dehydrated and cleared in xylene,
and mounted in Eukitt (O. Kindler GmbH & Co,
Freiburg, Germany). Injections covered a large
extent of the visual areas 17 and 18.
Histo- and immunochemistry

Four control, four EVD and one LVD cats were
processed for immunohistochemistry. They were
perfused with physiological saline for 5min followed
by 4% paraformaldehyde, 0.002M CaCl2, and
0.1M saccharose in 0.1M phosphate buffer (pH
7.3–7.4) for 30min.Brains were cut using a vibra-
tome in slices 100mm-thick into four parallel series.
One series was mounted on gelatinized slides and
air-dried for 24h and processed for CO staining,
being incubated in freshly prepared 0.06% DAB,
0.02% cytochrome C, type III (Sigma) and 4.25%
sucrose in PBS for 16–24h at 37 1C (Wong-Riley,
1979). Three series were immunostained with mark-
ers (calretinin, calbindin and parvalbumin) revealing
different subtypes of GABAergic neurons (Celio,
1990; Celio et al., 1990; DeFelipe, 1997). Floating
sections were incubated with rabbit anti-calretinin
Ab (1:2000; Swant, Bellinzona, Switzerland), which
was followed with biotinylated goat anti-rabbit Ab
(1:150; Vector), ABC kit and DAB. The other two
series were stained with anti-parvalbumin (1:1000;
Swant) and anti-calbindin D-28K (1:2000; Swant)
monoclonal antibodies. Immunostaining was fol-
lowed by biotinylated horse anti-mouse Ab (Vector),
ABC kit and DAB. Immunostained sections were
mounted on gelatinized slides, air-dried for 24h,
dehydrated in ethanol, cleared in xylol and cover-
slipped.
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Quantitative anatomical analysis

Sections were studied and photographed using an
Olympus BX50W1 microscope with a Nikon D70
digital camera. Plots and counts of immunoreactive
and retrogradely labeled cells were obtained using
the Neurograph system (Microptic, Barcelona,
Spain). Retrogradely labeled neurons in the follow-
ing areas were plotted: ipsilaterally, the posterome-
dial lateral suprasylvian visual area (PMLS) and the
posterolateral lateral suprasylvian visual area
(PLLS), auditory areas I and II (AI and AII), the
medial geniculate nucleus (MGN), the dorsal lateral
geniculate nucleus (dLGN) and the medial interlam-
inar nucleus of the dLGN (MIN); contralaterally,
visual areas 17, 18, PMLS and PLLS, and the au-
ditory area AI. The entire cross-sectional coronal
surface of the MGN, dLGN andMIN was analyzed.
In all cases, the borders between cortical layers and
dLGN laminae were placed at the same relative
depth, measured from adjacent sections stained with
cresyl violet. In addition, cells immunoreactive to
parvalbumin, calbindin D-28K and calretinin in ar-
eas 17 and 18 were also plotted. For quantitative
analysis of both immunohistochemistry and retro-
grade labeling, cells were counted within a rectan-
gular area (probe) that measured 200mm wide and
spanned from layer I to the subcortical white matter.
In studies of retrograde labeling these probes covered
the entire studied cortical areas. In immunohisto-
chemical studies three probes evenly spaced in areas
17 and 18 were quantified. In total, three sections per
area and animal were quantified and the mean
number was then averaged among animals within
each experimental group. The Systat statistical soft-
ware (Systat Inc., Evanston, IL) was used for one-
way ANOVAs, followed by Tukey’s test to identify
significant differences (pp0.05) between means.
Results

Functional study of auditory responses in the
visual cortex

Ten cats were included in the electrophysiological
study. Three of these cats were born and reared in
a normal environment (control cats) and seven
were visually deprived. Out of these seven visually
deprived cats, four were visually deprived as adults
(aged 4 months–3 years) by placing them in a dark
room for 3–7 months until the day of the exper-
iment. We will refer to them as the LVD group,
since deprivation took place after the end of the
critical period. The remaining three cats were born
and raised in a dark environment until the time of
recording (aged 6 months–1 year) and they corre-
spond to the EVD group.

Intracellular recordings that were sufficiently
long and stable to allow the characterization of
auditory responses in visual cortex were obtained
from a total of 148 cells. Of these, 32 were re-
corded in control cats, 60 in LVD cats and 56 in
EVD cats. For a representative sample of 20 neu-
rons in control and 20 in visually deprived cats the
input resistance was 26.7710.07 and 27.5714.8
MO, respectively, and the membrane time constant
was 32.078.9 and 26.779.3ms, respectively.

The objective of these experiments was to exam-
ine the possible existence of auditory responses in
the visual cortex of the three experimental groups.
Intracellular recordings were performed to be able
to detect subthreshold synaptic responses that
could have been overlooked if the recordings would
have been extracellular. For this reason, and in or-
der to better detect synaptic responses, during some
of the recordings the membrane potential was
hyperpolarized to prevent spiking activity and
therefore only subthreshold synaptic responses
were analyzed. In the other cells, both spiking and
synaptic responses were recorded and analyzed.

Once an intracellular recording was obtained
and the intrinsic membrane properties were meas-
ured, sensory stimulation began. In both experi-
mental groups, control and visually deprived cats,
the level of anesthesia was as in our previous stud-
ies of visual responses (Sanchez-Vives et al., 2000a;
Nowak et al., 2003) and therefore compatible with
the existence of sensory responses. This was di-
rectly checked in control cats, where visual re-
sponses to bars of light were explored with a
handheld projector to ensure that neurons were
visually responsive (Fig. 1A). No further charac-
terization of visual responses was done, in order to
concentrate on the auditory stimulation. In EVD
and LVD cats no visual stimuli were delivered,
to prevent reversion or decline of any auditory
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responses that could have developed during the
period of visual deprivation. Auditory stimulation
was delivered through headphones placed inside
the ear bars and consisted of white noise, pure
tones (1–20 kHz) and/or clicks. Stimulus duration
was 150–2000ms for tones and white noise, and
10–20ms for clicks, and the stimuli were given
at a frequency of 0.5–2Hz.The responses to audi-
tory stimuli were evaluated for both membrane
potential values and spike response (PSTH), by
calculating the spike-triggered average with respect
to the auditory stimulus. The significance of
this response was estimated by using a Monte
Carlo simulation. In short, 1000 random triggers
(Figs. 2Aa, Ba) were generated and used for spike-
triggered average of both the membrane potential
(Fig. 2Ab) and the spike response (Fig. 2Bb), and
compared with the actual auditory-locked re-
sponses (for details see ‘‘Methods’’).

The distribution of the standardized responses
to both auditory and random triggers (z values;
m ¼ 0; s ¼ 1; see ‘‘Methods’’) for the synaptic and
spiking response and for the three experimental
groups of cats is shown in Fig. 3. None of the 32
cells recorded in control cats showed any signifi-
cant response to auditory stimuli (–1.96ozo1.96,
Figs. 3Aa, Ba). Similarly, none of the 60 cells re-
corded in the LVD cats showed any significant
response to sound stimuli (Figs. 3Ab, Bb). How-
ever, significant responses have been observed in
the EVD cats, both for synaptic and spiking re-
sponses (Figs. 3Ac, Bc). The total number of cells
showing significant responses to sound stimuli was
8 out 56 cells tested. This represents 14% of the
cells recorded in the EVD animals. In three out
of these eight neurons, only the synaptic response
was recorded because the neurons were maintained
subthreshold during the study. In three additional
neurons both spiking and synaptic auditory re-
sponses were significant, and in the remaining two
neurons, only the spiking response was signifi-
cant — in these later cases, the spontaneous
activity level was high and the continuous firing
resulted in a strong shunt of the membrane po-
tential that masked the synaptic response.

Hence in this study we describe, to our knowl-
edge for the first time, synaptic potentials induced
by sound in primary visual cortex. Fig. 4 shows
both sub- and suprathreshold auditory responses
from the same neuron. Although the average
synaptic response (Fig. 4A) had an amplitude of
only 0.5mV, it was statistically significant and able
to generate a significant suprathreshold response.
This averaged spike response is represented in a
PSTH in Fig. 4B and is overlapped with the
synaptic response to illustrate their parallel time
courses.

The amplitude of the averaged synaptic re-
sponses varied between 0.1 and 1.8 mV and the
actual values for each of the six neurons in which
synaptic responses were obtained in response to
one or several auditory stimuli are shown in Fig.
5B. At the population level the mean amplitude
was 0.670.6mV (only one value per neuron was
used by prior averaging of the amplitude for the
different auditory stimuli, when more than one
was obtained in the same cell). The mean onset
latency of the synaptic responses was 30712ms
(range 15–46ms).

The average peak-firing rate obtained in re-
sponse to auditory stimulation was 3.272.4
spikes/s, and the mean onset latency of the spike
response was 42724ms. In three cases, the re-
sponse to different kind of auditory stimuli was
examined in the same cell. The synaptic responses
(auditory-triggered average membrane potential)
to different pure tone frequencies and to white
noise stimulation are depicted for one of these cells
in Fig. 5A. The graph shows that this cell was
poorly tuned for specific frequencies and that the
neuron responded with a depolarization to all the
given auditory stimuli. This also was the case with
the remaining two neurons (Fig. 5B).
Cytoarchitecture of the visual cortex in visually
deprived cats

In order to better understand the structural basis
underlying the functional phenomena that we have
described in the previous section, we performed a
number of anatomical studies in the same experi-
mental groups in which the physiology was studied.

The cytoarchitecture of cortical areas 17 and 18,
studied in cresyl violet-stained sections, was sim-
ilar between control, EVD and LVD cats. Cortical



Fig. 3. Distribution of z-values for the PSPs recorded in control, EVD and LVD cats. (A) Distribution of z-values for synaptic

responses. (Aa) Control cats. (Ab) LVD cats. (Ac) EVD cats. Notice that five of the z-values were above 1.96 and therefore significant

at po0.05. (B) Distribution of z-values for spike responses. (Ba) Control cats. (Bb) LVD cats. (Bc) EVD cats. Notice that five of the z-

values were above 1.96 and therefore significant at po0.05.
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layers were present and the borders between layers
well defined.

CO staining was made to identify layer IV in the
cortical areas of control and EVD cats (no LVD
cats were studied here). No differences were found
between control and EVD cats in the differential
intensity of the staining among cortical layers.
In both experimental groups, layer IV was more



Fig. 4. Synaptic responses to sound in primary visual cortex. (A) Sound-triggered average of the membrane potential for a significant

synaptic response. (B) PSTH of the suprathreshold, spiking response in the same neuron. Notice the similar time course to that for the

synaptic response (shown in overlap).
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intensely stained than the other layers, showing
scattered, CO-stained pyramidal neurons in layer
V (Fig. 6). However, the heavily stained band of
layer IV had borders with adjacent layers III and
V that were more blurred in EVD than in control
cats (Fig. 6).
Distribution of intracortical retrogradely labeled
neurons

Four control, four EVD and one LVD cats were
injected with retrograde tracers in area 17, border
of area 17/18 and areas 18 and 19 (see the section
‘‘Methods’’). No differences either in the distribu-
tion or in the density of labeled neurons were
found between control and LVD cats; the LVD
case is therefore not described further.
Ipsilateral projections from PMLS to areas
17 and 18

In all cases tracer core injection was near the 17/18
border; however, the tracer diffused to areas 17, 18
and 19, filling the postlateral girus (see inset in
Fig. 7). The mean number of ipsilaterally project-
ing neurons per section from PMLS to areas
17 and 18 in EVD cats (8727104 neurons per
section) was not significantly different from the
one in control cats (7667194 neurons per section).
However, the radial and tangential distribution
of labeled neurons was qualitatively different
(Figs. 7 and 8A). In control cats, the radial dis-
tribution of labeled neurons found in PMLS was
similar to that previously described (Bullier et al.,
1984b; Symonds and Rosenquist, 1984; Segraves
and Innocenti, 1985; Kato et al., 1991; Shipp and



Fig. 5. Responses to white noise and pure tones at different

frequencies in the visual cortex of the cat. (A) Synaptic re-

sponses to different auditory stimuli (white noise and pure tones

at 1, 5, 10, 15 and 20 kHz). Each one is the result of averaging

526, 261, 332, 423, 398 and 423 stimuli, respectively. (B) Am-

plitudes of synaptic responses that were statistically significant

(po0.05) for each one of the six neurons and for the different

sound stimuli.
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Grant, 1991; Einstein, 1996; Batardière et al., 1998;
Payne and Lomber, 2003). Thus, ipsilaterally pro-
jecting neurons from PMLS to areas 17 and 18
were mostly found in infragranular layers (layer V:
19.6%, and layer VI: 59.0%) and were less numer-
ous in supragranular layers (layers II–III: 16.7%
from the total). A small percentage of labeled
neurons was also seen in layer IV (4.7%; Figs.
7A–C and 8A). In EVD cats, the proportion of
retrogradely labeled neurons in layers IV (5.2%), V
(15.0%) and VI (49.7%) was similar to controls,
while it significantly increased in supragranular
layers II–III (30.0%; Figs. 7D–F and 8A).
Contralateral projections from PMLS to areas

17 and 18

In control cats, the pattern of labeling in area
PMLS contralateral to the injection site appears
similar to that previously described (Keller and
Innocenti, 1981; Segraves and Rosenquist, 1982;
Segraves and Innocenti, 1985). Contralaterally
projecting neurons from PMLS to areas 17 and
18 were mostly found in layers V (66.7%) and VI
(33.3%). In EVD cats, the mean number of cont-
ralaterally projecting neurons per section from
PMLS to areas 17 and 18 (109.8712.4 neurons per
section) was significantly higher than in control
cats (17.177.1 neurons per section). The radial
and tangential distribution of labeled neurons was
also quantitatively different (Fig. 8A). In EVD
cats, a large fraction of labeled neurons was found
in layers II–III (34.4%), suggesting stabilization of
connections that are transitory during develop-
ment (Innocenti and Clarke, 1984). Neurons were
also found in layer IV (18.7%). Given these rel-
ative increases in supragranular and layer IV labe-
ling, the relative proportion of labeled neurons in
layers V (26.8%) and VI (20.1%) was significantly
decreased (Fig. 8A).
Ipsilateral projections from PLLS to areas

17 and 18

Ipsilaterally, the mean number of projecting neu-
rons per section from PLLS to areas 17 and 18 in
EVD cats was reduced with respect to controls (on
average, 5847112.6 neurons per section in control
vs. 248792.4 neurons in EVD cats) and its radial
distribution was also qualitatively different
(Figs. 7 and 8A, B). In control cats, the radial
distribution of labeled neurons found in PLLS was
similar to that previously described (Symonds and
Rosenquist, 1984; Rosenquist, 1985; Segraves
and Innocenti, 1985; Payne and Lomber, 2003)
(Fig. 7A). Ipsilaterally projecting neurons from



Fig. 6. Photomicrographs showing cytochrome oxidase labeling in coronal sections through area 17 of control (A) and EVD (B) cats.

In layer IV of normal and EVD cats, dense CO staining can be seen. In deprived cats, CO labeling shows blurred borders between layer

IV and layers II–III and V. Borders between layers are indicated. Same magnification for A and B.
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PLLS to areas 17 and 18 were mostly found in
infragranular layers (layer V: 18.3%; layer VI:
76.9%), also in layers II–III (3.3% from the total)
and in layer IV (1.5%) (Figs. 7A–C and 8B). In
EVD cats, the proportion of labeled neurons in
layers II–III (13.1%) increased with respect to
controls, whereas it was similar in layers IV
(2.0%), V (12.1%) and VI (72.8%; Figs. 7D–F
and 8B). In control and deprived cats, labeled
neurons were mostly found in the medial half of
the PLLS, close to the PMLS border located deep
in the medial suprasylvian sulcus (Figs. 7D–F).
Contralateral projections from PLLS to areas

17 and 18

Contralaterally, the mean number of projecting
neurons per section from PLLS to areas 17 and 18
in control cats was very low (on average, 2.870.7
neurons per section). Although this number was
also low in EVD cats (8.171.4 neurons per sec-
tion), it was significantly higher than in control
cats. Both in control and EVD cats, contralaterally
projecting neurons from PLLS to areas 17 and 18
were mostly found in layer VI, as shown previ-
ously (Keller and Innocenti, 1981). No labeled
neurons were observed in other suprasylvian areas
such as the AMLS and ALLS.

Projections from AI and AII to areas 17 and 18

No differences were found between control and
both groups of deprived cats in the mean number
of neurons per section and distribution of labeled
neurons found in AI and AII. In all experimental
groups, there were few neurons labeled per section
(between 3 and 15), located near the fundus and
anterior bank of the posterior ectosylvian sulcus as
well as on the convexity of the middle ectosylvian
and sylvian gyri, corresponding to areas AI and
AII. Almost all labeled cells were located in the
infragranular cortical layers. The distribution and
numbers of labeled neurons were very similar
to those already described for normal cats (Dehay
et al., 1984; Innocenti and Clarke, 1984; Innocenti
et al., 1988; Payne and Lomber, 2003).
Distribution of thalamic retrogradely labeled neurons

In both control and visually deprived cats, labeled
neurons were found in all laminae of the dLGN, as
described previously (Maciewicz, 1975; Hollander
and Vanegas, 1977; Bullier et al., 1984a; Payne and



Fig. 7. Distribution of retrogradely labeled neurons in ipsilateral PMLS and PLLS following WGA-HRP injections in areas 17 and 18

in control (A–C) and EVD (D–F) cats. In control cats, labeling was found principally in infragranular layers. In EVD cats, the

proportion of labeled neurons in supragranular layers increased with respect to controls. Note the reduced number of labeled neurons

in the PLLS in EVD compared to control cats. Levels of sections, place (small black circles) and extent of injections (shaded areas) are

shown in the brain figurines at the upper left corner. ls: lateral sulcus; mss: medial suprasylvian sulcus; PAF: posterior auditory field of

the ectosylvian gyrus.
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Lomber, 2003). However, in EVD cats they were
more uniformly distributed in the mediolateral di-
mension. The proportion of labeled neurons in
laminae A decreased in deprived cats with respect
to control, while it increased in the magnocellular
lamina C and parvocellular lamina C1. No
changes were found in parvocellular lamina C2
and the density decreased in parvocellular lamina
C3 (Figs. 9A, B). The distribution of labeled neu-
rons in the MIN in EVD cats was not significantly



Fig. 8. Radial distribution of labeled neurons in PMLS and

PLLS. Percentages of retrogradely labeled neurons per section

in control (white bars) and EVD (black bars) cats in different

cortical layers of PMLS (A) and PLLS (B). Note the increased

number of ipsilaterally labeled neurons in layers II–III in EVD

cats with respect to controls, in both PMLS (A) and PLLS (B)

areas. In the contralateral hemisphere, callously projecting neu-

rons from supragranular layers of PMLS were exclusive of

EVD cats (A). Vertical lines represent standard deviations. (*):

significant differences (po0.05); ns: nonsignificant differences.
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different from the one in control cats, although the
density of labeled neurons was lower (Figs. 9A, B).
No labeled neurons were found either in the cont-
ralateral dLGN or in the ipsilateral and contra-
lateral MGN. No differences either in the
distribution or in the density of labeled neurons
were found between the control and LVD cats.
Immunolabeling to calretinin, parvalbumin and
calbindin D-28K in areas 17 and 18

Four control, four EVD and one LVD cats were
processed for the immunohistochemical study. In
control cats, the radial distribution of neurons
immunoreactive to calretinin, parvalbumin and
calbindin D-28K and the qualitative characteris-
tics of the immunostaining of these markers in
cortical areas 17 and 18 were similar to those pre-
viously described (Demeulemeester et al., 1991;
Hof et al., 1999; Huxlin and Pasternak, 2001).
Density of immunoreactive neurons in areas 17
and 18 of the LVD cat was not significantly differ-
ent from that in the control cats.

In both control and deprived cats (LVD and
EVD), calretinin immunolabeling was observed in
nonpyramidal neurons, commonly with features of
bipolar neuron such as long, vertically oriented
processes (Figs. 10A–D). Labeling of processes
and terminal-like puncta was not homogeneous
across cortical layers. In particular, in layer IV and
upper half of layer V, numerous puncta were
present in the neuropil and around unstained cell
somata, but no basket formations were found
(Figs. 10C, D). In both control and EVD cats,
calretinin-immunoreactive neurons were found in
all cortical layers with a higher density in layers
I–IV (Figs. 10A, B). However, the density of pos-
itive neurons in these areas was lower in EVD cats:
in area 17 of the EVD cats, there was a 57.8%
reduction in positive calretinin neurons with re-
spect to controls and a reduction of 28.1% in area
18 (Fig. 11B).

In all experimental groups, parvalbumin
immunolabeling revealed terminal-like puncta and
processes in all cortical layers, except layer I (Figs.
10E–H). One of the most conspicuous character-
istics was the labeling of numerous terminal-like



Fig. 9. Distribution of retrogradely labeled neurons in dLGN

andMIN in control and EVD cats. (A) In both control and EVD

cats, labeled neurons were found in all laminae of the dLGN and

MIN. However, in control cats, the density of labeled neurons in

the medial half of the dLGN was higher than that in EVD cats,

in which labeled neurons had a more widespread distribution.

The borders between laminae are indicated. (B) Histograms rep-

resenting the density of retrogradely labeled neurons in control

and EVD cats in different laminae of the dLGN and MIN. Ver-

tical lines represent standard deviations. (*): significant differ-

ences (po0.05); ns: nonsignificant differences.
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puncta around unstained neuronal somata in layers
II–III and especially in layer V, where many large
unstained pyramidal neurons were seen surrounded
by a very dense plexus of parvalbumin immunore-
active terminal-like puncta (Figs. 10G, H). These
perisomatic plexi were similar to the parvalbumin
immunoreactive basket formations described in the
primate neocortex (i.e. Hendry et al., 1989; Akil
and Lewis, 1992). In layers IV and VI, perisomatic
terminals were also seen around unlabeled cells but
they were fewer: dense basket formations were not
seen in these layers. Parvalbumin immunolabeling
also marked many positive neuronal somata re-
sembling spiny multipolar interneurons. The size
and shape of the labeled neurons were variable, but
the majority displayed an ovoid cell body (Figs.
10G, H). In all experimental groups, parvalbumin
immunoreactive neurons were found in all cortical
layers, except layer I, with a higher density in layer
IV (Figs. 10E, F and 11A). As with calretinin
immunolabeling, the density of parvalbumin
immunoreactive neurons in areas 17 and 18 was
lower in EVD cats. In area 17 of deprived cats, a
36.2% reduction was found with respect to con-
trols, and a 22.2% reduction was observed in area
18 (Fig. 11B).

The calbindin D-28K immunolabeling did not
reveal any difference — neither qualitative nor
quantitative — between control and both groups
of deprived cats (Figs. 10I–L and 11B). In both
control and deprived cats, calbindin D-28K
immunoreactivity was observed mainly in cell
bodies and dendrites (Fig. 10K–L). Labeling of
axonal plexuses and terminal-like buttons was
scarce and mostly located in layers II–III, IV and
V. In both groups of cats, calbindin D-28K
immunoreactive neurons were present in all lay-
ers, but the intensity of cell bodies staining varied
from light to dark: lightly stained cells were pre-
dominant in layers II and III, and cells were more
darkly stained in layers IV–VI. The morphology of
stained cells varied; many lightly stained cells of
layers II–III could be identified as pyramidal neu-
rons, whereas the vast majority of darkly stained
cells of layers II–VI were nonpyramidal cells with
rounded or fusiform somata (Fig. 11K, L).
Discussion

This study is the first to our knowledge to describe
synaptic responses to sound stimuli in areas 17 and
border 17/18 of the cat visual cortex. Suprathreshold



Fig. 10. Photomicrographs through the area 17 stained immunocytochemically for calretinin, parvalbumin and calbindin D-28K in

control and EVD cats. (A–D) Calretinin immunostaining in control (A and C) and EVD (B and D) cats. Note that the shape of

immunostained neurons in EVD (C) cats is similar to controls (D). (E–H) Parvalbumin immunostaining in control (E and G) and EVD

(F and H) cats. G and H are higher-magnification photomicrographs showing immunoreactive neurons and perisomatic puncta

(arrowheads) in layer V. The shape of immunoreactive neurons, processes and puncta were similar in EVD (G) and control (H) cats.

(I–L) Calbindin D-28K immunostaining in control (I and K) and EVD (J and L) cats. Several immunoreactive nonpyramidal cells in

control (K) and EVD (L) cats are shown. In both groups of cats, the morphology of immunoreactive neurons is similar.
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Fig. 11. Distribution of calretinin and parvalbumin-labeled neurons (dots) in areas 17 and 18 of control and EVD cats. (A) In both in

control and EVD cats, calretinin immunoreactive neurons were mostly found in cortical supragranular layers, while the density of

parvalbumin immunoreactive neurons peaked in layer IV. (B) Frequency histograms representing the density of calretinin, parval-

bumin and calbindin D-28K immunoreactive neurons in areas 17 and 18 of both control and EVD cats. Note that in both areas 17 and

18, the density of calretinin and parvalbumin decreased in EVD compared to control cats. The density of calbindin D-28K immuno-

reactive neurons was similar in both groups. (*): significant differences (po0.05); ns: nonsignificant differences.
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responses to sound were recorded as well, with the
same time course as the subthreshold ones. Re-
sponses to sound in visual cortex were only recorded
in EVD cats. Although a similar number of neurons
were recorded in EVD (n ¼ 56) and LVD (n ¼ 60)
cats, 14.3% of the neurons responded to sound in
the visual cortex of EVD and none in either LVD or
control cats. This observation is in agreement with
most of the literature, where early blindness is re-
ported to convey larger crossmodal plasticity than
late-onset blindness. The importance of early age
loss of sight is described in a large number of studies
(i.e. Cohen et al., 1999; Gougoux et al., 2004, 2005).
When tested, auditory responses did not show ob-
vious frequency tuning. In spite of this poor selec-
tivity, these responses did not seem to be due to an
unspecific awakening effect: they were of short la-
tency, tightly time-locked to the stimuli, and were
never observed in control or LVD animals examined
under the same experimental conditions as the EVD
ones.

The synaptic potentials evoked by sound in vis-
ual cortex must be at least in part excitatory as they
were able to induce spike responses. It is also prob-
able that disynaptic inhibition could be evoked by
the auditory stimuli — although we failed to detect
it — since one of the recorded cells that responded
to sound showed the characteristic firing properties
of fast-spiking neurons (Fig. 1B) (Nowak et al.,
2003; Descalzo et al., 2005), which are known to be
inhibitory (McCormick et al., 1985).

The average amplitude of synaptic potentials
evoked by sound was small if compared to the
ones evoked with visual stimulation. In another
study (Nowak et al., 2005a), synaptic response
obtained in response to flashing bars, which is not
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the optimal stimulus to activate area 17 neurons,
presented a mean amplitude of near 4.5mV, that
is, an amplitude 7.5 times larger than the depo-
larization produced by the auditory stimuli. A
comparable difference is also observed for the
spiking response which is about 30 spikes/s with
flashing bars (Nowak et al., 2005a), approximately
10 times larger than the response obtained here
with auditory stimulation. Nevertheless, although
synaptic responses were of small amplitude, they
were sufficient to modulate the firing rate.

Onset response latencies in response to auditory
stimuli, on the other hand, appear to be surpris-
ingly short. The mean synaptic onset latency to
auditory stimulation obtained in the present
study is 30ms, which is actually lower than the
mean synaptic onset latency of the response to
flashing bars, which was on an average 36ms in
Nowak et al. (unpublished results); see also
Creutzfeldt and Ito (1968). Similarly, onset la-
tency for the spiking response in visual cortex ap-
pears to be similar in response to auditory stimuli
(42ms) compared to visual stimuli (Best et al.,
1986; Eschweiler and Rauschecker, 1993; Nowak
et al., 2005b) in normal cats. In addition, it has
been shown that, in dark-reared rats, visual re-
sponses have significantly longer latencies than
in normal rats (Benevento et al., 1992). This
suggests that, had we tested visual response late-
ncies in the EVD cats, the difference with those
obtained with auditory stimuli could have been
even larger.

In the primary auditory area of normal cats,
onset latencies to sound for both synaptic and
spike responses are much shorter (between 10 and
20ms on an average) in comparison to response
latencies to visual stimuli in primary visual cortex
(De Ribaupierre et al., 1972; Phillips and Irvine,
1981; Heil and Irvine, 1996; Mendelson et al.,
1997; Ojima and Murakami, 2002). This would
explain that, if the responses to sound in primary
visual cortex in EVD cats originate in association
areas, the latency of these responses could still
have the same or even shorter latencies than the
ones to visual stimuli. This could also be the case if
the origin of the responses would be the inferior
colliculus, where latencies of the responses to
sound are 5–18ms (Langner and Schreiner, 1988)
and it is one of the possible origins that we have
not ruled out anatomically (see below).

In this study we did not obtain auditory re-
sponses in area 17 of normal and LVD cats. Sim-
ilarly, Yaka et al. (1999, 2000) could not evoke
sound responses in the visual cortex of control
cats. This result is at variance with a number of
studies from the 1960s and 1970s that reported
auditory, somatosensory and noxious responses
through either single unit or evoked potential re-
cordings in areas 17, 18 and 19 of normal cats
(Jung et al., 1963; Murata et al., 1965; Buser and
Bignall, 1967; Spinelli et al., 1968; Morrell, 1972;
Fishman and Michael, 1973). In single-unit re-
cordings, 28–47% of the cells responded to non-
visual stimuli. However, it is to be noticed that, in
contrast to our study and those by Yaka et al., all
these previous studies had in common the use of
slightly or unanesthetized cats. It has thus been
argued that some of these non-visual responses
actually corresponded to unspecific awakening re-
action to noxious or loud auditory stimuli. This
argument was based on the fact that these re-
sponses had long latencies (Jung et al., 1963; Mu-
rata et al., 1965; Buser and Bignall, 1967), that
they were similar to responses evoked by the
brainstem reticular formation (Buser and Bignall,
1967), that they induced increases in blood pres-
sure (Murata et al., 1965) and that they were sup-
pressed by doses of anesthetics that coincided with
that required to suppress arousal (Murata et al.,
1965; Buser and Bignall, 1967). On the other hand,
some of these studies (Spinelli et al., 1968; Morrell,
1972; Fishman and Michael, 1973) reported
auditory responses in visual cortex that were
sufficiently well tuned, either in the spatial or in
the frequency domain, to rule out an unspecific
awakening effect. Yet even in these cases, the
spike latencies reported for individual examples
(60ms in Spinelli et al., 1968; 130ms in Fishman
and Michael, 1973) appeared to be longer than
those reported here (42ms). This suggests that
those responses were induced by a more indirect
pathway than the one responsible for the response
that is described in the current study, a pathway
that, in addition, would be gated by the arousal
state of the animal. In light of these different re-
sults, it is clear that further refinement in the study
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of crossmodal plasticity would benefit from the
examination of the consequences of visual depri-
vation on multisensory responses in the visual
cortex of awake animals.

In superior colliculus, visual deprivation since
birth leads to an increase in the number of neurons
that respond to sound stimuli (Vidyasagar, 1978;
Rhoades, 1980; Rauschecker and Harris, 1983).
Neurons responding to auditory stimuli are even
found in the superficial layers of the superior col-
liculus (Rhoades, 1980; Rauschecker and Harris,
1983), which in normal animals are exclusively
visual. The main input sources to the superficial
layers of the superior colliculus are the retina and
the visual cortex — mostly area 17 and surround-
ing areas. It is therefore possible that some of the
cells responding to auditory stimuli in the super-
ficial layers of the superior colliculus were actually
driven by inputs from the visual cortex.

Finally, our observation on the presence of au-
ditory responses in the visual cortex of cats de-
prived early of sight is in agreement with most of
the literature in humans, where early blindness is
reported to convey larger crossmodal plasticity
than late-onset blindness (i.e. Cohen et al., 1999;
Gougoux et al., 2004, 2005). The functional mean-
ing of the many fMRI experiments that have been
performed in the study of crossmodal plasticity
depends on the precise sources of the signal that
was recorded. In light of this important question,
our study unambiguously demonstrates that both
the input to (synaptic response) and the output
from (spiking responses) areas 17 and 18 can be
activated by sound stimulation in the visual cortex
of animals deprived of vision at an early age.
Origin of the auditory connections generating
responses to sound in primary visual cortex

The retrograde tracing experiments were aimed at
identifying which connections could have been
modified by the visual deprivation and whether
this modification could explain the appearance of
auditory responses in areas 17 and 18.

Thalamocortical connections in EVD cats did
not appear different from those observed in nor-
mal cats: retrogradely labeled cells were found in
structures that are devoted to the processing of
visual information (LGN), but not in nuclei in-
volved in auditory information processing (e.g.
MGN). This does not rule out the possibility that
the visual cortex of EVD cats received auditory
information through a newly formed pathway be-
tween auditory and visual subcortical nuclei. For
example, Izraeli et al. reported a projection from
the inferior colliculus onto the LGN in hamsters
that had been binocularly enucleated after birth
(Izraeli et al., 2002). Another example of changes
in the connections between visual and auditory
subcortical nuclei due to visual deprivation is pro-
vided by phylogenetic evolution. In the blind mole
rat it has been described that thalamocortical con-
nections originated in the LGN are preserved;
however, the LGN receives projections from the
inferior colliculus, which may underlie the re-
ported responses to sound in visual cortex in that
species (Bronchti et al., 2002). It remains to be
established whether derivations of a similar kind
would also occur after visual deprivation in cats
with an intact visual system.

An alternative pathway is one involving the lat-
eral posterior thalamic (LP) complex. Negyessy
et al. (2000) have shown that, in enucleated rats,
crossmodal plasticity may be achieved through a
cortico-thalamo-cortical pathway. In normal rats,
the LP nucleus is reciprocally connected with the
visual cortex. However, in enucleated rats, the LP
nucleus receives an additional heteromodal pro-
jection from the somatosensory cortex. The LP
might, in addition, receive inputs from the super-
ficial layers of the superior colliculus, where neu-
rons are found to respond to nonvisual stimuli
after early onset visual deprivation (Vidyasagar,
1978; Rhoades, 1980; Rauschecker and Harris,
1983).

Another candidate for explaining the presence
of auditory responses in areas 17 and 18 of EVD
cats could have been the direct connections linking
auditory and visual cortex. It has been shown that,
in the newborn kitten, the auditory cortex projects
onto areas 17 and 18 (Dehay et al., 1984; Innocenti
and Clarke, 1984; Innocenti et al., 1988; Innocenti
and Berbel, 1991). However, this connection dis-
appears completely after about 1 month of age,
except for very few scattered neurons found in
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layers 5 and 6 of auditory cortex (Dehay et al.,
1984; Innocenti and Clarke, 1984; Innocenti et al.,
1988; Innocenti and Berbel, 1991). It seems rea-
sonable to think that visual deprivation could re-
sult in a stabilization of this connection. However,
in this study we found that the number of cells
labeled in the auditory cortex of EVD cats did not
differ from the one found in the adult. This is
consistent with the observation that even bilateral
enucleation fails to stabilize this transitory con-
nection (Innocenti and Clarke, 1984; Innocenti
et al., 1988; Innocenti and Berbel, 1991).

Evoked potentials’ studies in normal humans
have disclosed, under certain conditions, the oc-
currence of interactions between auditory and vis-
ual stimuli at locations corresponding to the
primary visual cortex (Giard and Peronnet, 1999;
Shams et al., 2001; Arden et al., 2003). These in-
teractions are highly non-linear, in the sense that
auditory stimuli alone do not produce detectable
activation but are able to modulate the visually
evoked potentials. Modulation of visual responses
by auditory inputs might be related to the presence
of a direct input, on area V1 of the primate, from
the primary auditory cortex, as well as from po-
lymodal areas (Falchier et al., 2002). This projec-
tion is weak on the part of area V1 that represents
the central visual field, but it is far from being
negligible when considering the representation of
the peripheral visual field, where it has been shown
to be as strong as the projection from the visual
areas of the superior temporal sulcus (Falchier
et al., 2002). Recent studies also revealed auditory-
visual interaction at the single-cell level in area V1
of awake behaving monkeys (Wang et al., 2005).
Nevertheless, this direct auditory to visual cortex
pathway might be specific to primates: in cat visual
cortex no such connection has been demonstrated.
As mentioned above, retrograde tracer injection in
areas 17, 18 and 19 reveals only a very small
number of cells in the auditory areas (Dehay et al.,
1984, 1988; Innocenti and Clarke, 1984; Innocenti
et al., 1988). In addition, anterograde tracer injec-
tion in auditory cortex fails to reveal labeled fibers
in the visual cortex of normal adult cats (Dehay
et al., 1984, 1988; Innocenti et al., 1988).

We found that the main effect of dark rearing
on corticocortical connections appears in area
PMLS and PLLS. In these areas, dark rearing
induced a remodeling of the laminar distribution
of projecting neurons to areas 17 and 18. Thus,
the projection from PMLS onto areas 17 and 18
in normal cats originates mostly from neurons in
the infragranular layers (70–80%) (Bullier et al.,
1984b; Symonds and Rosenquist, 1984; Rose-
nquist, 1985; Segraves and Innocenti, 1985; Kato
et al., 1991; Shipp and Grant, 1991; Einstein, 1996;
Batardière et al., 1998; Payne and Lomber, 2003).
The connections from PLLS to areas 17 and 18
(a weak projection in normal cats) originate as
well almost exclusively from infragranular layers
(Symonds and Rosenquist, 1984; Rosenquist,
1985; Segraves and Innocenti, 1985; Payne and
Lomber, 2003). After EVD, we have observed a
change in the balance of the projections, such that
the proportion of connections originated in sup-
ragranular layers significantly increases.

Is it possible that these changes in connectivity
pattern were responsible for the presence of audi-
tory responses in the visual cortex. PMLS is
strongly connected with area AMLS (Symonds
and Rosenquist, 1984; Hilgetag and Grant, 2000).
AMLS is an area in which neurons appear to re-
spond to both auditory and visual stimuli (Yaka et
al., 1999) and where visual deprivation further in-
creases the number of cells responding to auditory
stimulation (Yaka et al., 1999). Thus, one possible
pathway could involve the increased auditory ac-
tivity in AMLS together with a remodeling of the
projections from PMLS on areas 17 and 18.
Decreased inhibition in visually deprived cats

In this study we have described that EVD cats had
a significantly lower number of parvalbumin- and
calretinin-positive neurons in areas 17 and 18 than
control cats. A general decrease in GAD-positive
neurons has also been described in dark reared rats
(Benevento et al., 1995; also see Mower and Guo,
2001). Although the number of calbindin-D28K-
positive neurons, and probably other subsets of
GABAergic neurons remained unchanged, the de-
crease of parvalbumin- and calretinin-positive neu-
rons found in area 17 is very suggestive of a
decreased inhibition in the visual cortex of EVD
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cats. Indeed, the decrease of parvalbumine positive
(PV)(+) perisomatic synapse formation has been
found to decrease with visual deprivation in the
mouse (Chattopadhyaya et al., 2004). The func-
tional implications of this decrease are the ones
resulting from a decreased inhibition. Different
findings reported in the literature are compatible
with a decreased inhibition following visual depri-
vation or dark rearing. Thus, the occipital cortex of
humans or animals that have lacked visual input in
early ages often presents higher activity than the
one in nonvisually deprived subjects. At a cellular
level, significantly higher spontaneous activity has
been reported in dark reared rats (Benevento et al.,
1992; Maffei et al., 2004) and in enucleated ham-
sters (Izraeli et al., 2002). In the cat, numerous
changes in visual responses have been described as
a result of dark rearing, such as a lack of sharp
inhibitory sidebands and the sometimes exceed-
ingly large size of the receptive fields in areas 17
and 18, which could be due as well to a decreased
intracortical inhibition (Singer and Tretter, 1976).
A recent characterization of the development of
GABAergic transmission in the visual cortex found
that inhibition received by layer 2/3 neurons in the
rat visual cortex increases during the critical pe-
riod, but only if there is an exposure to visual
stimulation (Morales et al., 2002). Furthermore,
only 2 days of visual deprivation profoundly alter
the excitatory — inhibitory balance, not only de-
creasing inhibition but also potentiating excitation
(Maffei et al., 2004). In humans, glucose metabo-
lism in striate and prestriate cortical areas was
found to be higher in early blind human subjects
than in normal-sighted persons (Wanet-Defalque
et al., 1988), not only during the realization of tac-
tile and auditory tasks but even at rest. Likewise,
studies with functional imaging revealed an in-
creased activity in occipital cortex of the blind that
was as well task-independent (Uhl et al., 1993).

The decrease of inhibition that results from vis-
ual deprivation has a deep impact on the structure
and functionality of the developing cortical cir-
cuits, generating an excitation/inhibition disbal-
ance. To what extent one of the functional effects
of a decreased inhibition is an increased permis-
sibility for crossmodal plasticity remains to be
demonstrated.
Abbreviations

ALLS anterolateral lateral suprasylvian
area

AMLS anteromedial lateral suprasylvian
area

CO cytochrome oxidase
dLGN dorsal lateral geniculate nucleus
EVD early visually deprived
GABA gamma-aminobutyric acid
GAD glutamic acid decarboxilase
LVD late visually deprived
MGN medial geniculate nucleus
MIN medial interlaminar nucleus (of

dLGN)
PLLS posterolateral lateral suprasyl-

vian visual area
PMLS posteromedial lateral suprasyl-

vian visual area
WGA-HRP wheat germ agglutinin coupled to

horseradish peroxidase
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