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Abstract The purpose of the present study was to identify
projections from auditory to visual cortex and their organi-
zation. Retrograde tracers were used to identify the sources
of auditory cortical projections to primary visual cortex
(areas 17 and 18) in adult cats. Two groups of animals were
studied. In the first group, large deposits were centered on
the lower visual field representation of the vertical meridian
located along the area 17 and 18 border. Following tissue
processing, characteristic patterns of cell body labeling
were identified in extrastriate visual cortex and the visual
thalamus (LGN, MIN, & LPI). In auditory cortex, of the
four tonotopically-organized regions, neuronal labeling was
identified in the supragranular layers of the posterior audi-
tory field (PAF). Little to no labeling was evident in the pri-
mary auditory cortex, the anterior auditory field, the ventral
posterior auditory field or in the remaining six non-tonotop-
ically organized regions of auditory cortex. In the second
group, small deposits were made into the central or periph-
eral visual field representations of primary visual cortex.
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Labeled cells were identified in PAF following deposits
into regions of primary visual cortex representing periphe-
ral, but not central, visual field representations. Further-
more, a coarse topography was identified in PAF, with
neurons projecting to the upper field representation being
located in the gyral portion of PAF and neurons projecting
to the lower field representation located in the sulcal por-
tion of PAF. Therefore, direct projections can be identified
from tonotopically organized auditory cortex to the earliest
stages of visual cortical processing.
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Introduction

Sensory systems do not work in isolation. Different sensory
inputs must influence each other and be integrated to more
completely represent an individual’s environment (Bulkin
and Groh 2006). However, integration of sensory informa-
tion has long been proposed to take place only after exten-
sive processing within cortices devoted to a single modality
(Jones and Powell 1970; Ghazanfar and Schroeder 2006).
After such processing, it is proposed that integration would
occur in association cortices outside of sensory-specific
cortex (Bavelier and Neville 2002) in areas such as the
superior temporal polysensory area (Bruce etal. 1981;
Hikosaka et al. 1988; Nosselt et al. 2007) and ventral intra-
parietal area (Schroeder and Foxe 2002; Schlack et al.
2005; Avillac et al. 2007) of the monkey, and the anterior
ectosylvian sulcus (AES; Dehner et al. 2004) in the cat.
There is much evidence in support of this view. For exam-
ple, electrophysiological studies in monkeys have primarily
identified multisensory convergence in higher order areas
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of parietal, temporal, and frontal cortex (Hyvarinen and
Shelepin 1979; Bruce et al. 1981; Rizzolatti et al. 1981;
Mazzoni et al. 1996).

However, more recent studies have suggested that multi-
sensory integration may occur at early stages of sensory
processing in the cerebral cortex (Schroeder et al. 2003;
Schroeder and Foxe 2005; Ghazanfar and Schroeder 2006).
Studies have provided both anatomical and physiological
evidence of visual and somatosensory input into supposed
unimodal regions at the secondary and tertiary levels of
processing in the auditory hierarchy (Lewis and Van Essen
2000; Schroeder et al. 2001; Schroeder and Foxe 2002; Fu
et al. 2003; Cappe and Barone 2005). Furthermore, recent
studies have considered the possibility of non-visual corti-
cal projections to primary visual cortex (V1). These studies
have focused on the audiovisual cortical projection to V1
and have described direct projections from both core [pri-
mary auditory cortex (AI)] and belt areas of auditory cortex
(Falchier et al. 2002; Rockland and Ojima 2003; Clavag-
nier et al. 2004). These projections were described to spe-
cifically target the peripheral visual field representations in
V1. The presence of direct projections from auditory cortex
to the peripheral representation of V1 is of interest because
the integration of acoustic and visual signals, at an early
level of processing, could serve to enhance perceptual capa-
bilities that could lead to improved detection in the visual
periphery.

In the cat, nearly all previous studies have focused on
inputs to V1 from other visual cortical structures (eg. Bul-
lier et al. 1984; Symonds and Rosenquist 1984a). Cat V1
consists of both areas 17 and 18 (Tretter et al. 1975). The
only studies to consider non-visual cortical projections to
V1 have concentrated on exuberant projections that occur
during development. Indeed, during development there are
robust projections from Al that terminate in V1 (Dehay
et al. 1988; Innocenti et al. 1988; Clarke and Innocenti
1990). However, most of these projections are lost by the
time the animal reaches adolescence (Dehay et al. 1988;
Innocenti et al. 1988; Clarke and Innocenti 1990). There-
fore, the purpose of the present study was to ascertain the
mature pattern of projections from auditory cortex to V1
(Fig. 1a).

To accomplish this, we examined two groups of cats. In
the first group we made large retrograde tracer deposits
(spanning both central and peripheral retinotopic represen-
tations) in areas 17 and 18. The results from these deposits
show that nearly all labeled neurons were contained in the
posterior auditory field (PAF). Therefore, in the second
group of cats we made small deposits at locations in the
central, paracentral, or peripheral visual field to determine
if this projection targeted specific representations in V1.
Indeed, in this group of animals we found that PAF projec-
tions to V1 specifically target neurons that represent sites in
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Fig. 1 Lateral views of the left hemisphere of the cat cerebrum. a The
yellow central region indicates auditory cortex and the green dorsopos-
terior region highlights primary visual cortex (areas 17 and 18). The
purpose of the present study was to identify the origins of auditory pro-
jections to primary visual cortex (arrows with question marks). b The
locations of the ten auditory loci examined. The boundaries of each
area are indicated by dashed lines. Al primary auditory field, AIl sec-
ond auditory field, AAF anterior auditory field, fAES auditory field of
the anterior ectosylvian sulcus, DZ dorsal zone of auditory cortex, IN
insular region, PAF posterior auditory field, T temporal region, VAF
ventral auditory field, VPAF ventral posterior auditory field. Sulci are
indicated by italics: aes anterior ectosylvian sulcus, pes posterior ecto-
sylvian sulcus, ss suprasylvian sulcus. (A anterior, D dorsal, P poster-
ior, V ventral)

the visual periphery. Finally, we further defined a loose
topography in the projections emitting from PAF. There-
fore, the present results in the cat are quite similar to those
previously identified in the monkey (Falchier et al. 2002;
Rockland and Ojima 2003).

Materials and methods

Auditory cortex projections to V1 were examined in 14
mature (>6M) cats (Table 1). Cats were acquired from a
commercial laboratory animal breeding facility (Liberty
Labs, Waverly, NY). All procedures were conducted in
accord with the US National Research Council’s Guide-
lines for the Care and Use of Mammals in Neuroscience
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Table 1 Retinotopic centers and AP levels of each WGA-HRP deposit into primary visual cortex for each of the 14 cases examined
Case # Areas Retinotopic center of Tracer deposits (AP levels) Number of Number of
targeted deposit (azimuth, elevation) labeled cells in PAF labeled cells in LP1
Bl Area 17/18 Vertical meridian P5,P2.5, AP0, A2.5, AS5.0, 172 232
A7.5, A10.0
B2 Area 17/18 Vertical meridian P5,P2.5, AP0, A2.5, AS5.0, 129 151
A7.5, A10.0
Cl1 Area 17/18 0, -1 P3, P4 143
C2 Area 17 2,2 P4, P5 120
PC1 Area 17 5, -1 P3,P2 89
PC2 Area 17 10, =5 P1, APO 12 103
Ul Area 17 0, 20 P7,P8 85 98
U2 Area 17/18 0,25 P8, P9 72 116
L1 Area 17 5, =35 Al13.5, Al14.5 69 106
L2 Area 17 5,-35 Al3,Al4 79 98
L3 Area 17/18 0, —40 Al3, Al5 116 140
L4 Area 17/18 0, =50 Al3,Al5 134 151
H1 Area 17 50, =5 P1, Al 135 148
H2 Area 17 30, 10 P3,P5 162 181

Cell counts reflect numbers in every fifth serial section

and Behavioral Research (2003), the Canadian Council on
Animal Care’s Guide to the Care and Use of Experimental
Animals (Olfert et al. 1993) and were approved by the Uni-
versity of Western Ontario Animal Use Subcommittee of
the University Council on Animal Care.

Two groups of cats were examined. In the first group
(n=2), a deposit consisting of seven tracks was made
along the dorsal surface of the marginal gyrus which tar-
geted a large area centered on the border between areas 17
and 18 (Payne 1990). These large deposits were directed at
the lower vertical meridian of the visual field representation
between areas 17 and 18 as described by Tusa et al. (1978,
1979). For the second group (n=12) each cat received
smaller deposits, consisting of two tracks, with deposits tar-
geting central (<2°, n=2), para-central (2°-10°, n=2),
upper peripheral (>10°, n = 2), horizontal peripheral (>10°,
n =2), or lower peripheral (>10°, n = 4) visual field repre-
sentations. For most cats (8 of 14), the placement of the
tracer deposits was retinotopically defined by electrophysi-
ological recordings made just prior to the tracer deposit (see
description below). The retinotopic position of the tracer
deposits was not recorded prior to the deposits for the first
group of cats that received large tracer deposits along the
marginal gyrus (cases Bl and B2), the two para-central
deposits (cases PC1 and PC2), and for two of the four lower
peripheral deposits (cases L1 and L2; Table 1). For these
cases, the retinotopic center of the tracer deposits was
determined by comparison with established retinotopic
maps of areas 17 and 18 (Tusa et al. 1978, 1979). Further-
more, in these six cases general anesthesia was induced and

maintained using sodium pentobarbital (25 mg/kg iv, or to
effect), and not halothane, as described below.

Surgical preparation

Twenty-four hours prior to surgery all cats were fasted,
anesthetized with ketamine (20 mg/kg im) to facilitate can-
nulation of the cephalic vein with an indwelling feline cath-
eter, and an anti-inflammatory medication (dexamethasone,
1.0 mg/kg iv) was administered. On the day of the proce-
dure, general anesthesia was induced with 3% (by volume)
halothane in a gaseous mixture of 30% oxygen and 70%
nitrous oxide (by volume). A second dose of dexametha-
sone was given and atropine (0.03 mg/kg sc) was adminis-
tered to reduce respiratory and alimentary secretions. The
epiglottis was sprayed with topical anesthetic (Cetacaine,
Cetylite Laboratories, Pennsauken, NJ) and the trachea was
intubated with a cuffed endotracheal tube to allow the cat to
be ventilated during the electrophysiological recording. The
cat’s head was supported by a stereotaxic instrument,
equipped with a Kopf Model 875 optical investigation unit
(David Kopf Instruments, Tujunga, CA), which had a
downward tilt of 12.5°. The downward tilt ensured that the
visual axis of the eyes were close to horizontal (Bishop
et al. 1962).

Heart rate, respiration rate, and rectal temperature were
continuously monitored. Body temperature was maintained
through the use of a water-filled heating pad. The cat’s elec-
trocardiogram was displayed on a monitor. The concentra-
tion of halothane inspired by the cat was adjusted to a level
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at which the heart rate was stable between 180 and
210 beats/min and a level at which the cat appeared relaxed
and showed no signs of arousal, irritation, or increase in
heart rate to mildly noxious stimulation such as paw pinch-
ing. Under these circumstances, the halothane concentra-
tion was invariably between 0.4 and 0.8% of the total
inspired gas, and that concentration was taken to be the
minimum required for adequate anesthesia during the pro-
cedure. The scalp was incised and a craniotomy was made
over a region of the marginal gyrus or the posterolateral
gyrus.

Eye movements were minimized by intravenous infusion
of gallamine triethiodide (Flaxedil, Davison & Gieck, NY).
An initial dose of 20 mg/kg was administered via the
venous cannula and infused at a rate of 10 mg/kg/h in a
2.5% (by mass) dextrose solution for the duration of the
recording experiment. It was found that the initial dose of
Flaxedil induces a tachycardia, which persists for the dura-
tion of the procedure at a level of 20—40 beats/min above
the unparalyzed baseline level. Any increase in heart rate
beyond the 2040 beats/min above the baseline level was
immediately counteracted by increasing the concentration
of halothane inspired until the heart rate returned to the
level indicating an acceptable depth of anesthesia. After
paralysis of respiratory muscles by the Flaxedil, the cat was
connected to a ventilator and ventilated at rate of 22—
28 strokes/min, the expired PCO, was monitored with a
Surgi-Vet Vital Signs Monitor, and the stroke volume was
adjusted to maintain the expired carbon dioxide level at
4.0 £ 0.2% of the expired gases.

Paralysis of accommodation and pupillary dilation was
achieved by topical administration of 1% (w/v) ophthalmic
atropine sulfate, and the nictitating membranes were
retracted by instilling 1-2 drops of 10% (w/v) phenyleph-
rine hydrochloride into each orbit. The refractive state of
each eye was determined by retinoscopy and the appropri-
ate power contact lenses were selected to bring images at a
distance of 57 cm from the eye into focus on the retina.

In cases where tracer deposits would be made into the
medial wall of area 17, such as para-central, upper periphe-
ral, and horizontal peripheral cases (Table 1), mannitol
(1 gm/kg iv) was infused to make cortex more malleable
for lateral displacement. With the medial wall of area 17
visible, we were able to use sulcal and gyral landmarks to
more accurately place the recording electrode and injection
pipette in the desired locations.

Electrophysiological recording
The electrical activity generated by neurons was recorded
with insulated tungsten electrodes having exposed tips of

5-10 pm, amplified, filtered through a variable band-pass
filter, displayed on an oscilloscope, and monitored aurally.
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Mapping was typically done through the eye contralateral
to the hemisphere from which activity was recorded. Neu-
rons were activated by projecting rectangular light stimuli
of various dimensions onto a perimetric screen. The aver-
age illumination for the stimuli was 1.2 logarithmic units
above a low photopic background. Outlines of neurons’
minimum response fields (Barlow et al. 1967) were plotted
and a permanent record of their size, shape, and position
made. The positions of neuronal receptive fields were deter-
mined with reference to the principle meridians of the
visual field. The positions of the meridians were inferred on
the screen from the landmarks in the cat’s eye projected
during the recording session. Important landmarks in the
cat’s eye, such as the optic disks, vasculature, and area cen-
tralis, which appear as dark green regions against the yel-
low tapetum, were projected repeatedly onto the screen by a
fiber optic system (Pettigrew et al. 1979; Payne et al. 1981).

The position of the principle meridians of the visual field
were determined by assessment of receptive-field positions,
orientation of the eye, and the angular deviation of the area
centralis from the center of the blind spot. The position of
the vertical midline of the visual field (0° vertical meridian)
was calculated from the mean position of several binocular
receptive fields of a number of area 17 neurons near the
visual axis using the method initially described by Nikara
et al. (1968). These mean values were then subtracted from
the horizontal distance separating the centers of the two
optic disks (Nikara et al. 1968; Joshua and Bishop 1970)
and the new value halved to define the position of the 0°
vertical meridian for the left and right eye.

Tracer deposits in visual cortex

After the conclusion of the electrophysiological recording
procedures to identify the desired retinotopic location of the
tracer deposit, anesthesia was deepened, by increasing the
concentration of halothane inhaled so as to reduce the heart
rate to below 180 beats/min, the infusion of Flaxedil was
discontinued, and the cat was prepared for injection of
wheat germ agglutinin conjugated to horseradish peroxi-
dase (WGA-HRP).

The electrode was removed from the cortex and replaced
with a glass pipette with a 30-35 pum diameter tip. Five per-
cent WGA-HRP was then pressure injected (Nanoliter
2000; World Precision Instruments, Sarasota, FL). For each
penetration, two tracer deposits of WGA-HRP (0.1 pl each)
were made at ~500 and 1,200 pm below the pial surface.
All deposits were confined to primary visual cortex (areas
17 and 18; Tretter et al. 1975). The placements, in both ana-
tomical and retinotopic terms, of the different tracer depos-
its are provided in Table 1.

Following completion of each deposit, the dura was
replaced or artificial dura (Gelﬁlm®; Upjohn Co., Kalamazoo,
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MI) was placed over the cerebrum. The bone piece was
replaced and secured with dental acrylic. Following
removal from the stereotaxic apparatus, the cat was venti-
lated with room air and allowed to recover from the effects
of the anesthetic. If necessary, any residual effects of the
Flaxedil were antagonized with 0.2 mg neostigmine meth-
ylsulphate (Prostigmin, Roche Laboratories, Nutley, NJ)
preceded by atropine to obviate spasm (Hammond 1978).
An additional administration of dexamethasone and fluids
(2.5% dextrose and half-strength lactated ringer solution,
20 ml/kg sc) was provided. The condition of the cat was
monitored closely and all cats recovered well, with many
eating and drinking within a few hours of revival. Each cat
was given (im) a broad spectrum antibiotic (Ultra-pen,
Hanford Pharmaceuticals, Syracuse, NY) to counteract any
possible infections.

Perfusion and tissue fixation

Forty-eight hours following the tracer deposits each cat was
deeply anesthetized with sodium pentobarbital (40 mg/kg,
iv). An anti-coagulant [heparin (10,000 U) iv] and a vasodi-
lator [1% sodium nitrite (1 ml iv)] were administered. The
cat was then perfused, through the ascending aorta, with
0.1 M phosphate buffered saline (PBS) for 5 min. Next, the
arterial system was infused with aldehyde fixatives (1.5%
gluteraldehyde/1% paraformaldehyde in 0.1 M PBS) for
20 min. Finally, 10% sucrose in 0.1 M PBS was perfused
for 5 min to help cryoprotect the tissue. All solutions were
buffered at pH 7.4 and infused at a rate of 100 ml/min. The
net effect of the procedures was to exsanguinate the cat, a
method which complies with the recommendations of the
American Veterinary Medical Association Panel on Eutha-
nasia (Beaver et al. 2001), and to fix tissue for the identifi-
cation of tracers. The head was then placed in a stereotaxic
apparatus, the brain was exposed, blocked at Horsley—
Clarke coronal level A22, and removed from the cranium.
Each brain was photographed to provide a permanent
record and, for cryoprotection, placed in 30% sucrose in
0.1 M PBS until it sunk.

Brains were frozen and coronal sections (50 pm thick)
were cut and collected serially for the entire hemisphere
and thalamus. The first series of sections, at 250 um inter-
vals, was exposed to tetramethylbenzidine (TMB) and
hydrogen peroxide according to the protocol of Olucha
et al. (1985) to reveal the presence of WGA-HRP. Series 2
was treated with diamino benzadine and hydrogen peroxide
(Gonatas et al. 1979; Mesulam 1982) to reveal the presence
of WGA-HRP. Series 3 was stained with cresyl violet to
reveal the presence of Nissl bodies. Series 4 was processed
histochemically to demonstrate the presence of cytochrome
oxidase using procedures described in previous studies
(Payne and Lomber 1996). Selected sections from series 5

were processed for the presence of tracer, as needed, using
any of the previously described methods. All histochemi-
cally reacted sections were then mounted onto gelatinized
glass slides, dehydrated, and coverslipped.

Data collection and analysis

Injection sites were manually plotted on standardized coro-
nal sections adopted from Reinoso-Sudrez (1961). The reti-
notopic extent of the uptake zones was determined by
comparison with retinotopic maps of areas 17 and 18 (Tusa
etal. 1978, 1979). The laminar extent of each uptake zone
was determined by comparison with adjacent sections that
were stained for Nissl bodies.

The areas of auditory cortex (Fig. 3) and their lamination
were identified using cyto- and myeloarchitectonic features
in Nissl (Rose 1949) and myelin (Gallyas 1979) stains, and
cytochrome oxidase histochemistry (Payne and Lomber
1996). As done previously (Lomber et al. 1995) the borders
in the extrageniculate visual thalamus were identified using
myeloarchitectonic methods. We used the nomenclature of
Graybiel and Berson (Graybiel 1972; Berson and Graybiel
1978, 1983) to identify the subdivisions of the extragenicu-
late visual thalamus.

Within the auditory cortex, cell bodies found to contain
WGA-HRP were plotted on a standardized flattened render-
ing adopted from Imig and Reale (1980) and Reale and
Imig (1980) containing boundaries for anterior auditory
field (AAF), primary auditory field (AI), second auditory
field (AII), dorsal zone (DZ), PAF, ventral posterior audi-
tory field (VPAF), and ventral auditory field (VAF). Three
other auditory areas of interest; AES (Clarey and Irvine
1986; Meredith and Clemo 1989), IN (Clasca et al. 1997,
2000), and T (Clasca et al. 1997, 2000), were also exam-
ined for labeled cells. Laminar distributions of labeled cells
were delineated through comparison to surrounding tissue
which was stained for Nissl bodies.

Identification and quantification of labeled cells fol-
lowed several criteria. For a cell to be considered “labeled,”
and not an artifact of the reaction process, a nucleus had to
be present. Also, the entirety of the soma membrane had to
be present. Portions of a cell or remnants of a membrane
were not counted. When labeled cells were found on the
border of two auditory areas, or in a transitional zone
between two areas, the total number of cells in question
was evenly distributed to each of the two areas. To more
accurately represent the number of labeled cells, numerous
focal levels were taken through the z-plane to ensure the
full thickness of the section was examined.

For quantitative comparisons, labeled cells in the lateral
division of the lateral-posterior (LPIl) nucleus were counted
on every fifth section in a manner similar to that in auditory
cortex. The number of labeled neurons in auditory cortex

@ Springer



418

Exp Brain Res (2008) 190:413-430

were standardized against LPl because it has strong and
consistent projections to areas 17 and 18 (Berson and
Graybiel 1978; Symonds et al. 1981; Updyke 1983), it con-
tains a well-defined map of the contralateral visual field,
including the vertical meridian (Raczkowski and Rosen-
quest 1981; Hutchins and Updyke 1989), and its borders
can be easily distinguished in CO stained sections (Payne
and Lomber 1996).

Results
Overview

We examined two groups of animals. In the first group
(n=2), a large tracer deposit was made along the dorsal
surface of the marginal gyrus that targeted an area centered
on the lower vertical meridian visual field representation
along the area 17/18 border (Payne 1990). The rationale for
such large tracer deposits was to determine if any labeled
neurons could be identified in auditory cortex following
deposits into V1. The results from these animals are pre-
sented in the first part of the results. Once we determined
that there were neurons labeled in specific areas of auditory
cortex, we next sought to examine if the neurons were tar-
geting specific locations in V1. Therefore, the second group
(n=12) of cats received smaller tracer deposits with sub-
groups targeting central (<2°, n = 2), para-central (2°-10°,
n = 2), upper peripheral (>10°, n = 2), horizontal peripheral
(>10°, n =2), or lower peripheral (>10°, n = 4) visual field
representations. In the final portion of the results we present
an analysis of the topography of labeled neurons in auditory
cortex as a function of where they project in V1.

Large deposits
Injection sites

In two cases (Bl and B2) seven neighboring penetrations
were made along the crown of the marginal gyrus. These
deposits resulted in an uptake zone stretching along the dor-
sal surface of the marginal gyrus (Fig. 2a) from Horsley—
Clarke coronal level Al1 to P6. In both cases the center of
deposit and the uptake zone were confined to primary
visual cortex (areas 17 and 18). The deposit sites were sim-
ilar in both cases. The spread of the deposits extended
through all six cortical layers (Fig. 2b). When the uptake
zone was compared to previously described retinotopic
maps (Tusa et al. 1978, 1979) the deposit site was identified
to include a strip of the visual field, along the vertical
meridian, extending from an elevation of ~+2° to ~—40°
(Fig. 2c). Therefore, the large deposits included both cen-
tral and peripheral visual field representations.
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Fig. 2 Large tracer deposits along the area 17/18 border correspond-
ing to the representation of the vertical meridian in the lower visual
field. a Dorsolateral (lower) and medial (upper) views of the left hemi-
sphere. Left is anterior. Numbered vertical lines show positions of
coronal sections in b. Dashed lines designate the boundaries of areas
17 and 18. The shaded area specifies the tracer uptake field. b Anterior
(i), middle (ii), and posterior (iii) coronal sections with tracer uptake
field shaded in grey. Thin dark grey lines represent the white-grey mat-
ter interface. Solid wide lines indicate the pial surface. Left is lateral. ¢
Extent of contralateral (right) visual field indicated by open circles.
The retinotopic location of tracer uptake field (grey shading), as deter-
mined by comparison with existing maps (Tusa et al. 1978, 1979). d
Flattened rendering of PAF. Solid wide black line identifies the poster-
ior lip of the posterior ectosylvian sulcus and the dotted line denotes
the fundus. Grey X’s indicate individual cells observed within PAF
from TMB processed sections. The apparent bands are an artifact of the
series sampling interval. Top is dorsal and /eft is anterior. Data from
case B1

Cell labeling

Ten auditory areas (Fig. 1b) were examined for the pres-
ence of labeled cells; Al, AIl, AAF, fAES, DZ, IN, PAF,
T, VAF, and the VPAF. No area, with the exception of
PAF, contained greater than 10% of the total number of
labeled cells within auditory cortex (Fig. 3). The largest
percentage of labeled cells was found within PAF
(79.1 £ 5.9%; mean &+ SEM). The majority of these cells
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Fig. 3 Histogram showing the percentage of labeled cells in each of
the auditory areas, as a function of all labeled neurons in auditory cor-
tex following WGA-HRP deposits along the vertical meridian repre-
sentation in primary visual cortex. For each area, mean and standard
error are provided. Asterisks indicate areas that had less than one per-
cent of labeled cells. Data from cases B1 and B2

Fig. 4 Lateral view of the cat
cerebrum (a) with the four tono-
topic areas outlined. For abbre-
viations, see Fig. 3. b An
expanded, flattened rendering of
the four areas. The wide black
lines indicate the apertures of the
sulci and the dotted lines indi-
cate the sulcal fundi. Grey lines
indicate discontinuities on gyral
surfaces resulting from flatten-
ing. ¢ An enlargement of PAF
showing the orientation of fre-
quency bands adapted from Imig
and Reale (1980) and Reale and
Imig (1980). Three organiza-
tional scenarios within PAF
were hypothesized following
tracer injections into areas 17
and 18. Each symbol corre-
sponds to a hypothetical labeling
pattern in PAF following injec-
tions at different retinotopic
locations in the visual field. d
Bands of labeled cells parallel to
the frequency bands. e Bands of
labeled cells orthogonal to the
frequency bands. f Scattered
cells throughout PAF

(74.6 & 4.1%) were in the supragranular layers. The area
with the second highest percentage of labeled cells was
area DZ, which contained 7.6 £ 2.8% of the labeled cells.
Many of the auditory areas contained less than 1% of the
labeled neurons (AAF, fAES, IN, and VAF; Fig. 3).

With PAF containing the largest number of labeled cells,
it became our region of interest. Labeled cells within PAF
were plotted onto standardized flattened renderings
(Fig. 4c) adopted from Imig and Reale (1980) and Reale
and Imig (1980). The result, depicted in Fig. 2d, shows a
large number of labeled cells spread throughout PAF with
the highest concentration on the posterior bank of the pos-
terior ectosylvian sulcus (the sulcal portion of PAF).

Extrastriate visual areas were also found to have patterns
and densities of labeled cells that were characteristic of
projections previously identified within extrastriate visual
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cortex (Symonds and Rosenquist 1984a, b). Characteristic
patterns of labeling were also identified within the thalamus
(Symonds et al. 1981).

Small deposits

In light of the results from the large deposits, it was apparent
that smaller, more specific, deposits were needed to determine
any retinotopic specificity to the audiovisual projections. To
accomplish this, small deposits were made into specific loca-
tions corresponding to central (<2°), para-central (2°-10°),
and peripheral (>10°) visual field representations in V1.

Central and para-central deposits

Injection sites. The four cases which received small depos-
its targeted at the central (n=2) or para-central (n=2)
visual field representations resulted in small uptake fields
confined to the marginal gyrus (Fig. SIa, Ila respectively).
In both central cases (C1 and C2, Table 1) the injection site
was concentrated on the border between areas 17 and 18 at
Horsley—Clarke coronal level P3. Both central cases had

I) Central
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Fig. 5 I Anexample of a tracer deposit in the central (<2°) visual field.

For conventions see Fig. 2. d Grey triangles indicate individual la-
beled cells identified in PAF. Data from case C1. Note few labeled
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similar deposit sites (Fig. 5Ia). The two para-central cases
(PC1 and PC2, Table 1) were centered on the marginal
gyrus at Horsley—Clarke coronal level APO, just ventral of
the suprasplenial sulcus. These tracer deposits were con-
fined to area 17. Both para-central cases had similar deposit
sites (Fig. 5Ia). The spread of both central and para-central
deposits extended across all cortical layers (Fig. 5Ib, IIb).
When the uptake zone was compared to previously
described retinotopic maps (Tusa et al. 1978, 1979) the cen-
tral deposit was identified to correspond to a small region of
the visual field from an elevation of ~+2° to ~—2° and
extending horizontally ~2° (Fig. 5Ic). The para-central
deposit was found to be ~2° below the horizontal meridian
and extended horizontally from ~+7° to ~+14° (Fig. 5Ilc).

Cell labeling. Cells within PAF were plotted onto the stan-
dardized flattened rendering (Fig. 4b, c). The results, depicted
in Fig. 51d, IId show very few labeled cells in PAF (Table 1)
in comparison to the large injections. In the other nine areas of
auditory cortex relatively low levels of cell labeling, similar to
that found in the large deposits, were observed.

In the central and para-central tracer deposit cases,
although there were few labeled cells in auditory cortex,

II) Para-Central
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neurons. /I An example of a tracer deposit in the para-central (2°-10°)
visual field. d Grey stars indicate individual labeled cells identified in
PAF. Data from case PC2. Note few labeled neurons
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characteristic densities and patterns of labeling were
observed in extrastriate visual areas such as the postero-
medial lateral suprasylvian (PMLS; Fig. 6a), posterolat-
eral lateral suprasylvian (PLLS), and anteromedial
lateral suprasylvian (AMLS) cortices (Symonds and
Rosenquist 1984a, b; Einstein 1996). Characteristic pat-
terns of thalamic labeling were also identified following
tracer deposits into the central and para-central represen-
tations of V1. Large numbers of labeled cells were
observed in layers A, Al, and the C-complex (parvocel-
lular and magnocellular portions of the C-layers) of the
dorsal lateral geniculate nucleus (ALGN; Fig. 6b) of the
thalamus, the lateral division of the lateral posterior
(LPI) nucleus, and the pulvinar nucleus (Symonds et al.
1981). The presence of labeling in thalamic and extrastri-
ate visual cortical areas confirmed the success of the
deposits in labeling retrograde pathways. The absence of
labeled cells in PAF indicated a weak projection from
PAF to the central and para-central visual field represen-
tations within V1.

Peripheral deposits

Injection sites. The deposits into the upper peripheral visual
field representation (Cases U1 and U2, Table 1) were cen-
tered on the ventromedial border of areas 17 and 18 on the
marginal gyrus at Horsley—Clarke coronal level P10
(Fig. 7a, b). The spread of the tracer extended throughout
all six cortical layers (Fig. 7b) and both cases displayed
similar uptake zones. When compared to retinotopic maps
of V1 (Tusa et al. 1978, 1979) the deposit site was located
on the vertical meridian and extend from an elevation of
~+20° to ~+30° (Fig. 7c).

In cases H1 and H2 (Table 1), deposits directed at the
horizontal peripheral visual field representation were
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Fig. 7 An example of a tracer deposit in the peripheral (>10°) upper
visual field. For conventions see Fig. 2. d Grey diamonds indicate indi-
vidual labeled cells identified in PAF. Data from case U2. Note labeled
neurons in the gyral portion of PAF

centered on the dorsal bank of the splenial sulcus at
Horsley—Clarke coronal level APO (Fig. 8a, b). The spread
of the label extended across all cortical layers (Fig. 8b) and

Fig. 6 a Darkfield illumination of a coronal section through the pos-
teromedial lateral suprasylvian (PMLS) cortex to show labeled neu-
rons (case PC2). White arrows indicate exemplar labeled cells. Top is
pial surface. b Coronal section through the left LGN of case PC2 to
show large numbers of labeled neurons throughout layers A, Al, and

the C-complex (Ccx) following a paracentral tracer deposit in primary
visual cortex. Left is lateral. Although central and para-central deposits
labeled few cells in PAF, they did label many neurons in extrastriate
visual cortex (a) and thalamus (b)
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Fig. 8 An example of a tracer deposit in the peripheral (>10°) visual
field just below the horizontal meridian. For conventions see Fig. 2.
d Grey squares indicate individual labeled cells identified in PAF.
Data from case H1. Note labeled cells throughout PAF

both cases showed similar uptake zones. In retinotopic
terms, the deposit site was identified to be at an elevation of
~—10° and extend horizontally from ~40° to ~85°
(Fig. 8c).

In the four remaining cases (L1-4, Table 1), deposits
directed at the lower peripheral field representation were
centered on the marginal gyrus at the border between areas
17 and 18 at Horsley—Clarke coronal level A14 (Fig. 9a, b).
The spread of the deposits extended throughout all six lay-
ers (Fig. 9b) and in all four cases there was little variation
in the uptake zones. Retinotopically, the deposit sites
extended from an elevation of ~—30° to ~—55° (Fig. 9¢).

Cell labeling. Overall, similar to the number and distri-
bution of labeled cells in the large deposits, an abundance
of labeled cells in PAF were observed following deposits
into the upper, horizontal, or lower peripheral field repre-
sentations of V1. The results of the upper peripheral depos-
its show a higher number of labeled cells (Table 1) in
comparison to the central and para-central deposits (com-
pare Fig. 5d to Fig. 5Id, IId). The labeled cells are distrib-
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Fig. 9 An example of a tracer deposit in the peripheral (>10°) lower
visual field. For conventions see Fig. 2. d Grey circles indicate individ-
ual labeled cells in PAF. Data from case L2. Note labeled cells in the
sulcal portion of PAF

uted throughout PAF with a higher concentration located in
anterior third of the posterior ectosylvian gyrus (the gyral
portion of PAF). In the horizontal peripheral cases the num-
ber of labeled cells within PAF, depicted in Fig. 8d, were
also much higher (Table 1) than the central and para-central
cases. In the horizontal peripheral cases the distribution of
labeled cells within PAF appears to be more even (Fig. 8d)
than that identified in the upper peripheral cases (Fig. 7d).
The third and final group of deposits, made into the lower
peripheral visual representation of V1 also resulted in a
much higher number of labeled cells (Table 1; Fig. 9d). The
labeled cells are distributed throughout PAF with a higher
concentration located in the posterior bank of the posterior
ectosylvian sulcus (sulcal portion of PAF). Therefore, these
results demonstrate that the audiovisual projection from
PAF specifically targets the peripheral field representation
in V1.

Across all peripheral deposits, the majority of labeled
cells were found in the supragranular layers. Therefore, the
origin of the projection is not unilaminar. As we did not
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examine the termination pattern of this projection in V1, it
is impossible to accurately apply a “feedforward” or “feed-
back” label to this pathway based on the criteria of Fell-
eman and Van Essen (1991).

Similar to the central and para-central tracer deposit
cases, characteristic densities and patterns of labeling were
observed in extrastriate visual areas following peripheral
deposits (Symonds and Rosenquist 1984a, b; Einstein
1996). Similar numbers of labeled cells were also identified
in layers A, Al, and the C-complex of the dLGN of the
thalamus, and the LP] and pulvinar nuclei (Symonds et al.
1981). For each case, numbers of labeled cells in LPI are
provided in Table 1. Therefore, similar labeling patterns
were observed in the thalamus regardless of the whether the
tracer deposits were centrally or peripherally located.

Comparison of all small deposits. To enable comparison
of the percentages of labeled cells between individual
cases, the numbers of labeled cells were normalized against
a structure that had consistent labeling in all cases. There-
fore, the lateral division of the lateral posterior (LPI)
nucleus of the thalamus was chosen. The LPI projection to
V1 was consistent across all cats and the resulting number

Fig. 10 A contralateral (right)
visual map showing tracer
deposits in the central (red; <2°),
para-central (orange; 2°-10°)
and peripheral (>10°) upper (yel-
low), horizontal (green) and
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of labeled cells was similar to the larger numbers observed
in PAF.

When compared to the number of labeled cells within
the LPI, both the central and para-central cases had a small
percentage (<10%) of labeled cells within PAF and within
the other nine auditory areas examined (AUD; Fig. 10a, b).
The three types of peripheral cases (upper, horizontal, and
lower), had a large percentage (all >70%) of labeled cells
within PAF while the percentage of labeled cells within the
other nine auditory areas remained at low levels (Fig. 10c,
d, f). These results show that the projection from PAF to V1
specifically targets the peripheral representation of visual
space.

PAF to V1 projection organization

PAF is one of four tonotopically organized auditory areas
(Fig. 4a; Imig and Reale 1980; Reale and Imig 1980).
Within PAF there are bands of cells which respond best to
similar frequencies and are organized so that cells respond-
ing to lower frequencies are more dorsal while cells
responding to higher frequencies are more ventral (Fig. 4c).
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As V1 has a retinotopic organization (Tusa etal. 1978,
1979), the sites it receives projections from (afferents) and
the sites it sends projections to (efferents), also tend to have
some form of retinotopic organization (Sanderson 1971;
Palmer et al. 1978; Tusa and Palmer 1980; Updyke 1986;
Hutchins and Updyke 1989; Grant and Shipp 1991). There-
fore, a possible retinotopic organization of the projection to
V1, with respect to the tonotopic organization of PAF, was
examined. We hypothesized three potential organizational
scenarios; (1) bands of labeled cells corresponding to spe-
cific retinotopic locations would be found orthogonal to the
tonotopic bands in PAF (Fig. 4d). This organization would
align specific locations of visual space with given frequen-
cies and thus was considered the least likely. (2) Bands of
labeled cells corresponding to specific retinotopic locations
would be found perpendicular to the tonotopic bands in
PAF (Fig. 4e). (3) Labeled cells corresponding to specific
retinotopic locations would be scattered throughout PAF
with no apparent organization (Fig. 4f).

The labeled cells in PAF resulting from deposits in the
upper, horizontal, and lower peripheral visual field
(Fig. 11a) representations are overlaid in Fig. 11b. From
this perspective, a loose organization can be observed, with
labeled cells projecting to the lower visual field representa-
tion (blue) concentrated in the posterior ectosylvian (PE)
sulcus, and those cells projecting to the upper visual field
representation (yellow) concentrated on the PE gyrus. To
quantitatively confirm this observation, labeled cells from
each of the peripheral conditions were classified as residing
on the PE gyrus or in the PE sulcus and calculated as a per-
centage of all labeled cells within PAF (Fig. 11c). From
this analysis we identified that, within PAF, the majority of
cells projecting to the upper peripheral visual field repre-
sentation in V1 are located on the PE gyrus (84.3 £ 1.9%),
while the majority of cells projecting to the lower periphe-
ral representation are located on the posterior bank of the
PE sulcus (76.9 = 4.7%). Therefore, the projection from
PAF to V1 has a loose topographic organization roughly
corresponding to the second hypothesized organizational
scenario (Fig. 4e).

Discussion
Summary

In this study we deposited retrograde tracers into V1 and
examined auditory cortex to determine the origin of an
acoustic projection to V1. Following large deposits along
the lower vertical meridian representation of the visual field
within V1, a substantially larger number of labeled cells
were identified in PAF than the remainder of auditory cor-
tex. Smaller central (<2°) and para-central (2°~10°) depos-
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Fig. 11 Organization of labeled cells identified in PAF as a function
of the retinotopic location of the tracer deposit. a Contralateral (right)
visual field with peripheral segments dissociated. Yellow, green and
blue sections representing upper, horizontal and lower visual fields,
respectively. b Overlay of the labeled PAF cells identified in three
exemplar cases. Diamonds, squares and circles correspond to upper,
horizontal and lower peripheral deposits, respectively. ¢ Percentage of
labeled cells in the sulcal and gyral portions of PAF with relation to the
retinotopic position of the tracer deposit. Color coding corresponds to
those found in a. ¢ Histogram shows mean percentage and standard er-
rors for all cases. Cells projecting to the upper peripheral visual field
representation tended to be located in the gyral portion of the PAF
while cells projecting to the lower peripheral field representation tend-
ed to be located in the sulcal portion of PAF

its in V1 resulted in relatively low numbers of labeled cells
throughout auditory cortex. However, small peripheral
(>10°) deposits in V1 resulted in a large number of labeled
cells within PAF with small numbers of labeled cells
throughout the other auditory areas. Further analysis of the
pattern of labeled cells in PAF revealed a loose retinotopic
organization in the PAF to V1 projection. Cells projecting
to the upper peripheral visual field representation are con-
centrated on the gyral portion of PAF and cells projecting
to the lower peripheral visual field representation are con-
centrated in the sulcal portion of PAF. Therefore, the pro-
jection from PAF to the peripheral visual field
representation of V1 is robust and is organized in a coarse
spatial map within PAF.



Exp Brain Res (2008) 190:413—430

425

Heteromodal connections

In examining cortical connections, most studies focus on
projections within a particular modality. Indeed, such is the
case in the cat, with nearly all previous studies focusing on
inputs to primary visual cortex from other visual cortical
structures (eg. Bullier et al. 1984; Symonds and Rosenquist
1984a). The only studies to examine non-visual cortical
projections to V1 have concentrated on the development of
these projections. Overall, these studies have reported
dense exuberant projections from auditory cortex to V1
during postnatal development (Clarke and Innocenti 1986;
Dehay et al. 1988; Innocenti and Clarke 1984). However,
over time, these projections are lost and only a meager
number remain by the time the animal reaches adolescence
(Clarke and Innocenti 1986; Innocenti et al. 1988). The
results from these investigations beg the question as to why
the PAF to V1 projection was not readily identified in these
earlier studies. It is likely that the answer to this question
lies in the specificity of the projection. The present study
identified audiovisual projections to the peripheral repre-
sentation in V1. The exposed and most accessible portion
of V1 is the central visual field representation lying along
the crown of the marginal gyrus (Tusa et al. 1978, 1979).
Therefore, it is likely that the retrograde tracer deposits
made in these earlier studies were not large enough to
include the peripheral field representations in V1, thus not
labeling this projection.

Studies of projections from auditory cortex to V1, in the
mature cat, confirm the present observations. Deposits of
anterograde tracers into areas Al and All of cats older than
34 postnatal days results in few, if any, labeled axons in V1
(Innocenti et al. 1988). This finding supports the results of
the present study which found that, regardless of the retino-
topic position of the retrograde tracer deposit in V1, few
neurons were labeled in areas Al or AIl. Therefore, previ-
ous studies of the audiovisual projection in cats support the
present findings.

The present study helps our understanding of the mecha-
nisms underlying multisensory integration as the results
confirm the probable generalization across species (carni-
vores, non-human primates, humans) of a direct link
between the auditory cortex and the peripheral visual repre-
sentation in V1. The present findings closely match similar
observations concerning audiovisual projections in the
monkey. In these studies, projections from auditory associ-
ation cortex within the caudal parabelt (CPB) were identi-
fied terminating in the peripheral visual field representation
of V1 (Fig. 12a; Clavagnier etal. 2004; Falchier et al.
2002; Rockland and Ojima 2003). Furthermore, in the mon-
key, meager auditory cortex projections to the central visual
field representation of V1 were identified. Therefore, in
both cats and monkeys, projections from posterior regions

of auditory cortex target the peripheral field representation
in V1 (Fig. 12).

In the visual system, the density and pattern of the con-
nections between individual visual areas differ when they
involve the central or peripheral visual field representation
(Shipp and Zeki 1989; Kaas and Morel 1993; Schall et al.
1995; Galletti et al. 2001; Falchier et al. 2002; Palmer and
Rosa 2006). Similarly, the present study and the work of
others demonstrate that auditory and multimodal projec-
tions to area V1 are restricted to the peripheral visual field
representation of the visual field (present study; Falchier
et al. 2002). Furthermore, in the somoatosensory system
there is evidence of a different connectivity pattern that cor-
responds to the body representation, especially in terms of
the density of connections between areas (Krubitzer and
Kaas 1990; Huffman and Krubitzer 2001). Cappe and
Barone (2005) demonstrated that heteromodal connections
might also be specific to the sensory representation. They
found that projections from ventral and dorsal fundus of the
superior temporal area of the monkey are selective for the
body part representation in areas 1/3b (Cappe and Barone
2005). Taken together, these results suggest that a primary
sensory area is heterogeneous in terms of areal connectiv-
ity, suggesting a regional functional specialization. Finally,
these results also confirm that the connectivity of a single
cortical region depends on its sensory representation.

Is the projection reciprocal?

Within visual or auditory cortex, projections between areas
are largely reciprocal (Rockland and Pandya 1979; Lee and
Winer 2008) with only a small number being identified as
unidirectional (Felleman and Van Essen 1991). Thus, it is
conceivable that reciprocal projections, arising in V1 and
projecting to posterior auditory cortex, may exist. However,
earlier studies in the cat failed to identify a direct projection
from V1 to PAF (Innocenti and Clarke 1984; Innocenti
et al. 1988). Furthermore, Falchier et al. (2002) specifically
tested for the possibility of reciprocal connections by plac-
ing retrograde tracers into auditory cortex of the monkey
and failed to label any neurons in area 17. Although in the
present study we did not specifically examine the possibil-
ity of reciprocal projections to auditory cortex from V1,
their existence appears unlikely. While there are projections
from higher-order visual areas to auditory cortex (Rockland
and Ojima 2003), there is no evidence of any projections
from V1 to auditory cortex. Thus, the pathway from PAF to
V1 appears to be unidirectional.

Significance of the pathway origin

In humans, monkeys, and cats, the posterior region of audi-
tory cortex has been shown to be important for the accurate
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Fig. 12 Audiovisual pathways
terminating in primary visual
cortex of the monkey (a) and cat
(b). Grey areas on the medial
(right) and lateral (left) views
indicate primary visual cortex
(V1). Dashed lines indicated
auditory area boundaries, dotted
lines indicate the sulcal fundus,
and thin grey lines indicate the
lip of the sulcus. Falchier et al.
(2002) reported that one-third
(1/3) of the projection from audi-
tory cortex originated from the
core (Al) and caudolateral (CL)
belt and two-thirds (2/3) origi-
nated from the caudal parabelt
(CP). Al primary auditory cor-
tex, AL anterior lateral auditory
belt, CC corpus callosum, CL
caudal lateral auditory belt, CM
caudomedial auditory belt, CP
caudal auditory parabelt, ML
middle lateral auditory belt, R
rostral area, RM rostromedial
auditory belt, RP rostral auditory
parabelt, RT rostrotemporal area,
RTL lateral rostrotemporal audi-
tory belt, RTM medial rostrotem-
poral auditory belt. Sulci are
indicated by italics: aes anterior
ectosylvian sulcus, cal calcarine
sulcus, Iflateral fissure, pes pos-
terior ectosylvian sulcus, spl
splenial sulcus, sts superior tem-
poral sulcus

A) Monkey

localization of a sound source. In human subjects, studies
of sound localization have identified posterior auditory cor-
tex activation during functional imaging (Ahveninen et al.
2006; Griffiths et al. 1998; Krumbholz et al. 2005), and spa-
tial deficits have been identified in patients with damage to
posterior auditory cortex (Clarke et al. 2000). Recently, in a
38 study meta-analysis, Arnott et al. (2004) reviewed evi-
dence from fMRI and PET studies and identified that the
majority of the studies found “posterior” activation when
subjects performed acoustic spatial tasks. In the monkey,
electrophysiological studies have identified neurons in
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posterior auditory cortex to be selective for sound localiza-
tion perception (Rauschecker 1998a, b; Tian et al. 2001).
Moreover, the CPB has strong connections with the caudo-
medial (CM) and caudolateral (CL) areas of the auditory
belt (Hackett et al. 1998; Kaas and Hackett 1998, 2000),
both of which are employed during auditory localization
(Recanzone 2000; Tian et al. 2001). The presence of these
dense interconnections has led others to propose that the
CPB is especially suited for spatial processing of auditory
information (Clavagnier etal. 2004; Kaas and Hackett
2000). Finally, in the cat, both electrophysiological and
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behavioral studies have demonstrated the importance of
posterior auditory cortex, specifically PAF, to sound locali-
zation function (Malhotra et al. 2004; Malhotra and Lom-
ber 2007; Stecker etal. 2003). Therefore, in humans,
monkeys, and cats, regions of posterior auditory cortex play
a significant role in sound localization.

Of all the areas in auditory cortex that could give rise to
a projection to V1, it is intriguing that the projection origi-
nates from PAF. Reversible deactivation of PAF produces
profound sound localization deficits (Malhotra et al. 2004;
Malhotra and Lomber 2007) and of all the auditory areas
that contribute to sound localization, it appears to make the
largest contribution (Malhotra etal. 2008). Likewise,
removal of V1 in the cat produces severe visual localization
deficits (Shupert et al. 1993). Overall, the audiovisual path-
way described in this study provides a direct link between
the region of auditory cortex most responsible for acoustic
localization, and a region of visual cortex responsible for
accurate visual localization. We propose that this pathway
may be involved in either the enhancement or reduction of
visual localization functions in the peripheral visual field in
the presence of a novel acoustic stimulus.

Significance of the PAF to V1 pathway

The integration of sensory information has long been pro-
posed to occur only after processing within cortices
devoted to a single modality. After such processing, it is
proposed that multisensory integration occurs in associa-
tion cortices outside of sensory specific cortex (Bavelier
and Neville 2002). However, more recent studies have sug-
gested that multisensory integration may occur at early
stages of visual processing in the cerebrum (Ghazanfar and
Schroeder 2006; Schroeder et al. 2003; Schroeder and Foxe
2005). For example, studies in human subjects have
reported V1 activity in response to acoustic stimulation
(Giard and Peronnet 1999; Noesselt et al. 2007). In fact,
Watkins etal. (2007) noted that not only was activity
higher in V1 when an acoustic stimulus was present but that
the area of heightened activity was located in the region of
V1 corresponding to the perceived location of a stimulus.
However, the origin of this input has remained elusive. In
light of this, we would propose that when active, this path-
way could show retinotopically specific activity in V1 simi-
lar to that observed by Watkins et al. (2007) and may make
significant contributions to multisensory integration at the
earliest levels of visual cortical processing.

Heteromodal projections to V1 in the blind
The existence of heteromodal connections at early

stages in sensory processing has important implications for
understanding functional reorganization following sensory

deprivation such as blindness. The human neuro-imaging
literature has numerous examples of blind subjects that dis-
play activation of V1 while performing somatosensory or
acoustic tasks (Buchel etal. 1998; Roder etal. 2002;
Weeks etal. 2004; Burton et al. 2002, 2004; Raz et al.
2005; Burton and McLaren 2006; Noppeney 2007). It has
been proposed that projections from somatosensory and
auditory cortex are “dormant” in sighted subjects and
become activated during training on somatosensory or
acoustic tasks (Ptito and Kupers 2005; Ptito et al. 2008).
Thus, the pathway described in the present study may
become more functionally significant during conditions of
visual impairment. It may also be that this pathway is
amplified in subjects that are congenitally blind or lose
sight during early development as a consequence of a
peripheral sensory loss.
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