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Studies in humans and monkeys report widespread multisensory
interactions at or near primary visual and auditory areas of
neocortex. The range and scale of these effects has prompted
increased interest in interconnectivity between the putatively
‘‘unisensory’’ cortices at lower hierarchical levels. Recent anatom-
ical tract-tracing studies have revealed direct projections from
auditory cortex to primary visual area (V1) and secondary visual
area (V2) that could serve as a substrate for auditory influences
over low-level visual processing. To better understand the
significance of these connections, we looked for reciprocal
projections from visual cortex to caudal auditory cortical areas
in macaque monkeys. We found direct projections from area
prostriata and the peripheral visual representations of area V2.
Projections were more abundant after injections of temporoparietal
area and caudal parabelt than after injections of caudal medial belt
and the contiguous areas near the fundus of the lateral sulcus. Only
one injection was confined to primary auditory cortex (area A1) and
did not demonstrate visual connections. The projections from visual
areas originated mainly from infragranular layers, suggestive of
a ‘‘feedback’’-type projection. The selective localization of these
connections to peripheral visual areas and caudal auditory cortex
suggests that they are involved in spatial localization.
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Introduction

Convergence of neuronal inputs from different sensory

modalities is required for multisensory integration. Recent

anatomical studies have identified direct ‘‘heteromodal’’ pro-

jections between low-level putatively modality-specific audi-

tory, visual, and somatosensory cortices (Falchier et al. 2002;

Rockland and Ojima 2003; Cappe and Barone 2005; De La

Mothe et al. 2006; Smiley et al. 2007; Hall and Lomber 2008;

Wang et al. 2008). These findings are reproduced in a number

of species including ferrets (Bizley et al. 2007), gerbils

(Budinger et al. 2006, 2008; Budinger and Scheich 2009), rats

(Vaudano et al. 1991), and mice (Wang and Burkhalter 2007).

They are augmented by a virtual explosion of physiological

demonstrations of multisensory interaction in low-level corti-

ces in a number of species, even at the level of koniocortex

(reviewed by Ghazanfar and Schroeder 2006; Driver and

Noesselt 2008; Schroeder et al. 2008). The wide generality of

cross-modal connections between low-level sensory cortices,

and their apparent impact on unisensory processing, suggests

that they are a fundamental part of neocortical circuitry.

Are low-level cross-modal projections specific to certain

functional pathways? Are they reciprocal? Are their anatomical

characteristics those of feedforward, feedback, or lateral

projections? We addressed these questions at the level of

primate primary visual cortex (V1) and secondary visual cortex

(V2) areas because they receive direct input from auditory

cortex (Falchier et al. 2002; Rockland and Ojima 2003). V2

provides the conduit for the vast majority of V1 outputs to

higher order visual cortices, with the exception of a few ‘‘level-

jumping’’ projections, like those from V1 to V4 (Felleman and

Van Essen 1991).

The auditory cortical projections to V1 appear be functionally

specific, in that they arise primarily from the caudal auditory areas,

which are proposed to be the auditory analog of the dorsal visual

(where) pathway (Romanski, Tian, et al. 1999; Rauschecker and

Tian 2000). These projections terminate exclusively in the region

of V1 and V2 representing peripheral visual space (Falchier et al.

2002; Rockland andOjima 2003). Regarding ‘‘reciprocity’’, there is

some indication of a V2 projection to auditory cortex (Rockland

and Ojima 2003), but the question is basically open.

The first goal of this study was to investigate if there is

a substantial projection from early visual cortex to the different

areas of caudal auditory cortex. To our knowledge, this issue has

notbeen addressed systematically inmacaquemonkeys, although

a previous study looked for similar connections in marmosets

(Cappe andBarone 2005).Our second goalwas to define the type

of anatomical pathway linking visual to auditory cortex. That is,

we wanted to know whether the visual--auditory projection is

a feedforward type thatwould drive excitatory responses in layer

IV neurons or a feedback type that would modulate the

excitability of the neurons outside layer IV (Rockland and Pandya

1979; Felleman and Van Essen 1991; Bullier et al. 2001). We used

retrograde tracers to investigate the extent and nature of inputs

to caudal auditory cortices stemming from V2 and nearby low-

level visual areas. Our findings verify this input and outline a type

of ‘‘feedback loop’’ that may be a characteristic feature of early

cross-modal corticocortical pathways.

Materials and Methods

Animal Subjects
The experiments described in this report used 10 adult macaque

monkeys (Rhesus monkeys) and were conducted at the Nathan Kline
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Institute (Orangeburg, NY) and at the Institute for Psychology,

Hungarian Academy of Sciences (Budapest, Hungary). All procedures

involving animals followed National Institutes of Health guidelines for

the use of laboratory animals. In each animal, injections of one or more

neuroanatomical tracers were made into target areas of the lateral

fissure. Injections into the caudal auditory areas were guided by prior

functional mapping of frequency tuning, tonotopy, and somatosensory

responses with linear multiarray electrodes.

General Surgical Procedures
Aseptic techniques were employed during all surgical procedures.

Anesthesia was induced by intramuscular injection of ketamine

hydrochloride (10 mg/kg), then maintained by intravenous adminis-

tration of sodium pentobarbital (25.0 mg/kg). Body temperature was

kept at 37--38 �C with a heating pad. Heart rate, respiration, and body

temperature were continuously monitored throughout the procedure

and used to adjust anesthetic depth. The head was held by hollow ear

bars affixed to a stereotaxic frame (David Kopf Instruments, Tujunga,

CA). With standard aseptic surgical techniques, a midline incision was

made to expose the skull, followed by retraction of the skin and left

temporal muscle. A craniotomy was performed exposing the intra-

parietal sulcus and dorsal superior temporal gyrus. After retraction of

the dura mater, warm silicone was applied to the brain to prevent

desiccation of the cortex. Photographs of the exposed cortical surface

were taken for recording the locations of electrode penetrations in

relation to the surface vascular pattern.

Tracer Injections
We performed 19 injections of retrograde tracers in 10 rhesus monkeys

(Fig. 1 and Table 1). Multiarray electrode recording was used to identify

cortical areas prior to the injection (Smiley et al. 2007). Two different

methods were used to place neuroanatomical tracers (Table 1).

‘‘Cannula injections’’ were made by lowering a multiarray electrode

through the parietal cortex to the level of caudal medial auditory belt

area (CM) on the lower bank of the lateral sulcus and injecting the

tracer through a fine cannula threaded through the shaft of the

electrode array (see above). The cannula opened between channels 8

and 9, permitting precise laminar targeting of the injection by

examination of laminar field potential and action potential patterns

(Lakatos et al. 2005). In this study, the injections were centered on

layer IV. However, especially with larger tracer injections, there was

sometimes leakage up and down the shaft of the electrode. For this

reason, most cannula injections used submicromolar tracer volumes,

and some had contamination of white matter and cortex above and

below the targeted site. ‘‘Direct pressure injections’’ were made

through a pulled glass pipette affixed to a 1- or 2-ll Hamilton syringe

under visual guidance and stereotaxic control, as recently described

(Hackett et al. 2005). In this approach, the target area was first localized

by using the multiarray electrode, as described above for cannula

injections. The electrode was then removed and the sulcus gently

retracted to allow injection at the stereotaxic coordinates determined

from the electrode recording.

With either method of injection, it proved difficult to contain

injections completely within a target area. Thus, some injections

encroached on adjacent fields (Table 1), as determined by subsequent

architectonic analysis. In this study, we used different retrograde

tracers: diamidino yellow, fast blue (FB), cholera toxin B (CTb), fluoro-

ruby, and fluoro-emerald. The survival times of 12--14 days were

sufficient to ensure the labeling of long-distance projections. Monkeys

were transcardially perfused and processed for histology as previously

described (Smiley et al. 2007).

The distribution of retrograde labeling was recorded by plotting the

cell distribution on at least every 12th 80-lm--thick section through

both hemispheres of the entire brain. Auditory and visual areas were

identified by their cytoarchitectonic features identified in adjacent

series of sections that were Nissl stained, myelin stained, or

immunolabeled with mouse anti-parvalbumin (Sigma-Aldrich, St Louis,

MO). Area prostriata was clearly differentiated from the adjacent areas

V1 and V2 by its low density of parvalbumin-positive cells across layers

and, especially in the supragranular layers, by its characteristic

appearance in Nissl-stained sections (accentuated layer II, incipient

layer IV, lightly stained layer VI, poorly defined border between V and

VI) and by its previously described topographical location (Morecraft

et al. 2000; Rockland and Ojima 2003). In addition, area prostriata was

Figure 1. (A) Three-dimensional schematic of the opened lateral sulcus showing the approximate location of the cortical areas in auditory cortex. (B) Enlarged view showing the
locations of the 19 injection sites described in the text (modified from Smiley et al. 2007). The sites are numbered as in Table 1. The different tracers are color coded as shown in
the inset. FR, fluoro-ruby; FE, fluoro-emerald; DY, diamidino yellow. (C) Photomicrographs show injection site in areas CM (injection no. 3), CL/CPB (no. 9), and A1 (no. 12).
Labeled cells in V2 after injection in area CL (case no. 13).

1530 Visual Projections to Caudal Auditory Cortex d Falchier et al.



more lightly myelinated than area V2 and nearby area 23 (Palmer and

Rosa 2006). Area prostriata spans ~4 mm in the calcarine sulcus.

Caudally, area prostriata is in direct continuity with area V1 and is

flanked laterally by visual area V2 (Morecraft et al. 2000).

Results

We examined the projections from low-level visual cortex to

caudal auditory cortex. Injections of retrograde tracers were

placed into caudal areas of the monkey lateral sulcus via direct

pressure injections or through the cannulae of a linear

multielectrode recording array (see Materials and Methods).

Individual injections were mainly limited to one cortical area

but in most cases also involved adjacent areas in the lateral

sulcus and occasionally in the superior temporal sulcus (Fig. 1).

Therefore, those injection sites were designated according to

the primary/secondary areas involved, for example, CM/primary

auditory cortex (A1). In each case, we describe the injections

according to the cortical area mainly involved by the injection

site and then discuss the potential consequences of involvement

of adjacent areas. The injection sites 1 to 13 were previously

described in detail in a study of the local cortical and thalamic

connections of caudal belt areas (Hackett et al. 2007; Smiley

et al. 2007). Table 1 summarizes the characteristics of individual

injections. In both Table 1 and the following descriptions, the

injections are organized into groups according to the areas

injected. These groups include the following: 1) injections into

A1 and middle medial area (MM), 2) injections mainly into CM,

3) injections into caudal lateral auditory belt area (CL) and

caudal parabelt auditory area (CPB), 4) injections into tempor-

oparietal area (Tpt), and 5) injections mainly into area SII on the

dorsal bank of the lateral sulcus.

Labeling in visual areas was plotted on 0.96-mm--spaced

histological sections. Although both hemispheres were

searched, labeling in visual areas V2 and prostriata was found

only in the ipsilateral hemisphere.

Group 1: A1 and Medial Belt

Injection 12 (MAG Fruby) was made through a cannula and was

a comparatively small injection clearly confined to area A1 near

its caudal medial border. The injection was mainly confined to

the middle cortical layers and did not reveal projections from

visual cortex.

Injection 4 (ME DY), in medial belt area MM, was performed

using a cannula in a location centered between A1 and

retroinsular area (Ri). A small amount of tracer leaked into

area Ri medially. Electrophysiological recordings performed in

the site prior to injection showed response to somatosensory

and auditory stimuli (Hackett et al. 2007; Smiley et al. 2007).

This injection revealed no projecting cells from visual cortex.

Group 2: Caudal Belt Area CM

We placed 7 injections in area CM. Some of these also involved

the adjacent medial areas A1, Ri, and SII, and one also involved

area Ipa in the fundus of the superior temporal sulcus. Injection

1 (MAB FR) was made using a multiarray injectrode and was

confined to area CM at the caudal and medial border of area A1.

This injection labeled 5 cells in area prostriata and only one in

area V2, distributed over 2 consecutive histological sections. Of

the remaining 6 injections, 2 (nos 2 and 8) produced no labeling

in visual areas and 4 (nos 3, 5, 6, and 7) produced weak labeling

(Table 1). It is unlikely that the adjacent somatosensory area Ri

receives robust visual projections as 2 of these injections (nos 6

and 7) had significant involvement of that area.

Overall, the injections into CM and the adjacent medial areas

produced weak and variable projections from areas V2 and

prostriata. The labeled cells were located in the dorsal bank of

the anterior calcarine sulcus, within ~3 mm from its rostral end.

At this location, the rostral extent of V1 is still present in the

fundus of the sulcus and areas prostriata and V2 extend medially

across the dorsal bank of the sulcus. Area V2 on the dorsal bank

represents the lower visual quadrant (Van Essen et al. 1984,

Table 1
Injection sites and summary of labeling in early visual areasa

Group Monkey Tracer Areas injected Injection no. Volume (ll) Injection proc. N total (N supra) Total cells par./temp. Percent par./temp.

No. of cells V2 No. of cells prostriata

1 ME DY MM/Ri 4 1 C 0 0 1216 0.000
MAG FR A1 12 0.4 C 0 0 2189 0.000

2 MAB FR CM 1 0.4 C 1 (0) 5 (3) 2436 0.246
MAM FR CM/SII/Ipa 3 1.2 C 0 2 (0) 2097 0.095
MZ FE CM/7op 2 0.4 C 0 0 1233 0.000
MY CTb CM/A1 5 0.4 P 3 (0) 0 16 316 0.018
MZ CTb CM/Ri 6 0.4 P 0 1 46 820 0.002
MC FB CM/Ri/Tpt 8 1 P 0 0 3269 0.000
MAG CTb CM/Ri/SII/Ipa 7 0.2 P 2 (0) 8 (1) 75 828 0.013

3 MS FR CL 13 0.4 P 5 (0) 15 (0) 286 6.993
MAG FB CL/CPB 9 0.4 P 76 (14) 23 (0) 13 973 0.709
MR FB CPB 19 0.2 P 13 (0) 7 (1) 2993 0.668

4 MS FB Tpt gyral 11 0.2 P 16 (0) 90 (13) 3550 2.986
MT FB Tpt gyral 17 0.4 P 12 (7) 0 1761 0.681
MAB FB Tpt gyral 16 0.2 P 7 (0) 49 (6) 10 297 0.544
MAB CTb Tpt planum 10 0.4 P 17 (1) 34 (6) 35 398 0.144
MY FR Tpt planum 14 0.4 C 3 (0) 0 1468 0.204

5 MY FB SII/A1 15 0.2 C 0 0 8581 0.000
MZ FB SII/CL 18 0.2 C 0 0 4522 0.000

aInjections are organized into groups (Group.) according to the main area injected, as presented in the text. Tracers included cholera toxin subunit B (CTb), diamidino yellow (DY), fast blue (FB), fluoro-ruby

(FR) or fluoro-emerald (FE). Injection procedures (Injection proc.) included direct pressured injections (P) or injections through a multiarray electrode cannula (C). (N) Total number of cells labeled in area

V2 and prostriata. (N supra) Number of labeled cells in supragranular layers. The total cells number of cells plotted on the lateral surface of the parietal and temporal lobes in the ipsilateral hemisphere

(Tot. cells par./temp.) was used as a reference to calculate the relative number of cells in early visual areas (Percent par./temp.).

Note: CL, caudal lateral auditory belt area; CM, caudal medial auditory belt area; CPB, caudal parabelt auditory area; DY, diamidino yellow; FE, fluoro-emerald; FR, fluoro-ruby; Ipa, area Ipa from Cusick

et al. (1995); SII, secondary somatosensory area.
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1986); area V2 at the very anterior part of calcarine sulcus

represents the peripheral visual field, beyond 30� of eccentric-
ity, possibly restricted to the monocular field (Van Essen et al.

1984, 1986; Gattass et al. 1997). The organization of area

prostriata is less documented, but it is known to be highly

connected with the peripheral visual representation of areas V1,

V2, and middle temporal visual area (MT) and thus is probably

involved in dorsal visual stream processing (Gattass et al. 1997;

Palmer and Rosa 2006). Area prostriata was identified by

histological criteria as well as its previously described topogra-

phy (see Materials and Methods section). Fig. 2A shows, on

a medial view of the brain, the rostral-to-caudal extent of the

location of labeled cells in the visual cortex. This same location

was labeled by injections of CM as well as by injections in the

other auditory areas described below.

Group 3: Caudal Lateral Belt and CPB

Three injections were placed in the CL and CPB areas. These

produced labeled cells in the same region of V2 and area

prostriata seen with injections in area CM, but there was clearly

a larger number of labeled cells. Injection 13 (MS Fruby) was

the only injection confined to area CL. This injection was small,

Figure 2. Histological sections are shown to illustrate the topography of visual cortical areas and labeling in calcarine sulcus (CS), white matter (WM), and layer IV (IV). This
example is taken from injection 10, which was located in gyral Tpt (MAB CTb). (A1) and (A2) Parvalbumin immunolabeling shows the limits between cortical areas in CS.
(A3) A drawing of the medial view of the monkey brain shows the location of histological sections where labeled cells were found in the CS. (B1) and (B2) The laminar distribution
of cells labeled with retrograde tracer is shown at higher magnification, in sections processed for CTb immunolabeling. The inset at left shows the origin of the micrographs in
prostriata (B1) and V2 (B2).
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and caused comparatively sparse labeling in auditory cortex,

but nevertheless labeled a slightly larger number of cells in

visual cortex than any of the CM injections (Table 1). In the

absence of additional injections confined to CL, it is uncertain if

this finding is representative of CL’s connections. Injection

9 (MAG FB) was a large injection (0.4 lL) that targeted area CL

and encroached on part of CPB (Fig. 1). This injection labeled

76 cells in peripheral area V2, over a region spanning

a rostrocaudal distance of approximately 3 consecutive

0.96-mm--spaced sections. In addition, this injection produced

relatively dense labeling in area prostriata, with 23 projecting

cells distributed over 5 consecutive sections. Injection 19 (MR

FB) was placed in the caudal CPB and revealed moderate

projections from both areas V2 (13 cells) and prostriata

(7 cells) distributed across 3 consecutive sections.

Group 4: Area Tpt

Five injections involved the gyral and medial (planum) parts of

area Tpt. In most of these, the number of labeled cells in areas

V2 and prostriata was usually at least as great as that produced

by CPB injections. The exception was injection 14 (MY FR),

located on the medial planum surface, which produced only

a few cells in visual areas. Injection 10 (MAB CTb), which was

lateral to injection 14 on the planum surface and encroached

on caudal belt area CL, produced moderate labeling in both V2

(17 cells) and prostriata (34 cells). Injections 11, 16, and

17 were placed in the gyral portion of Tpt. All 3 showed

moderate labeling of area V2 (Fig 3A). Two injections (11 and

16) had strong labeling of prostriata (49 and 90 cells,

respectively), but injection 17 did not label the prostriata. In

all Tpt injections, the location of labeled cells in the rostral

calcarine sulcus was the same as that found with belt and

parabelt injections.

Group 5: Area SII

Injections 15 and 18 (MY FB and MZ FB) were centered on

somatosensory area SII on the dorsal bank of the lateral sulcus

and did not cause labeling of early visual cortex. In both cases,

there was some leakage of the tracer into auditory areas A1 or

CL on the ventral bank of the sulcus. However, only the very

superficial layers of auditory areas were involved, and lack of

label in visual cortex may not be representative of their

connections. Labeled cells were found in the parietal areas of

the postcentral gyrus, intraparietal sulcus, and inferior parietal

gyrus, consistent with the known connections of SII (Disbrow

et al. 2003).

Quantitative Comparison of Visual Inputs to Different
Auditory Areas

As described above, the number of labeled cells in visual areas

was typically low after injections in CM and higher after

injections of CPB and Tpt (Table 1). This difference is

illustrated by statistical analysis of the number of labeled visual

cells produced by these injections. For this purpose, we

compared the relative number of cells in visual V2/prostriata,

expressed as a percent of the total cells plotted on the lateral

surface of the temporal and parietal lobes (Smiley et al. 2007).

An alternative approach that simply analyzed the total number

of plotted cells in these visual areas produced nearly identical

statistical differences (not shown). In our previous study

(Smiley et al. 2007), an error was made in computing the total

number of cells in injections 1--10, and the correct values are

presented in Table 1. The extent of underreporting was similar

across layers and areas and had little effect on previously

reported within-injection comparisons.

Due to the inhomogeneous variance of these samples,

a nonparametric test (Kruskal--Wallis, SPSS 12.0) was used to

compare differences between injection groups 2 (mainly CM),

3 (CPB/CL), and 4 (Tpt) (Table 1). This demonstrated

a significant group difference (chi square = 8.78, degrees of

freedom = 2, P < 0.01). Post hoc Mann--Whitney tests showed

significant differences only between group 2 and each of the

other groups, after Bonferroni correction for 3 comparisons

Figure 3. The distribution of individual labeled cells (black squares) produced by 2 different injections is shown, plotted directly onto photomicrographs of histological sections. In
each example, consecutive 0.96-mm--spaced sections are arranged in caudal-to-rostral order. (A) Injection 16 (MAB FB) in gyral Tpt resulted in labeled cells mainly in infragranular
layers in areas prostriata and V2, in 3 consecutive sections. (B) Injection 9 (MAG FB) in CL/CPB resulted in labeled cells across 5 consecutive sections, with comparatively more
labeling in V2 than prostriata.
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(P values < 0.05/3). The findings indicate that areas CPB and

Tpt have a higher density of visual inputs than area CM. This

difference is not easily explained by the types of tracers used as

CM injections labeled few visual cells even using large

injections of the more sensitive tracers CTb and FB (injections

5, 6, and 8). Only one injection (no. 13) was confined to area

CL, and more data are needed to evaluate whether the

relatively high number of labeled visual cells is representative

of the connections of CL.

After most injections, there were roughly 3 times as many

cells in prostriata as in V2 (Table 1). However, 2 injections in

CPB (nos 9 and 19) had proportionally more cells in V2 than

prostriata (Fig 3B). Although statistical comparison of the

proportion of cells in V2 compared with prostriata in groups 3

and 4 was not significant (Mann--Whitney tests, P > 0.1), it is

possible that larger sample sizes would show preferential

connections of V2 and prostriata with different auditory areas.

Laminar Distribution of Projecting Cells in Areas
Prostriata and V2

The distribution of labeled cells in areas V2 and prostriata after

injections of auditory areas was mainly infragranular. In V2, 86%

of the labeled cells were infragranular; only infragranular cells

were found in 8 of the 11 injections that labeled V2. In

prostriata, 87% of the labeled cells were infragranular; only

infragranular cells were found in 7 of the 12 injections that

labeled area prostriata (Table 1).

These values are approximate because we did not use a high

sampling frequency (0.96 mm spacing), and it is possible that

we overlooked small foci of supragranular cells (Barone and

Kennedy 2000; Vezoli et al. 2004).

Discussion

Our results indicate that the peripheral visual representations

of early visual areas V2 and prostriata project to caudal auditory

cortex. This means that the projections between caudal

auditory cortex and low-level visual cortex first noted a few

years ago (Falchier et al. 2002; Rockland and Ojima 2003) show

some level of reciprocity. The present study also showed that

the visual to auditory projection, like the reciprocal projection,

appears to be denser in CPB and Tpt compared with core and

belt areas (Fig. 4). The laminar distribution of the neurons

projecting from V2 and prostriata onto auditory cortex

corresponds to a feedback-type pathway. In this regard, the

visual to auditory cortical pathway is strikingly similar to its

reciprocal pathway (Falchier et al. 2002). Thus, auditory and

low-level visual cortices are involved in a bidirectional network

of feedback loops.

Reciprocity of Visuo-Auditory Convergence Pathways

Previous studies demonstrated that auditory cortex projects to

areas V1, V2, and prostriata (Falchier et al. 2002; Rockland and

Ojima 2003). The density of the projections was sparser to V1

than to the other areas and involved mainly the peripheral

visual fields in both V1 and V2. Only a few retrogradely labeled

auditory cells were found after injections of the near-central

visual fields of V1. In auditory cortex, the source of the visual

projection was mainly from cells in areas CPB and Tpt, but

there were also some cells in belt areas and possibly in A1

(Falchier et al. 2002).

In the present study, we demonstrated a reciprocal pro-

jection from areas V2 and prostriata. However, we did not find

evidence of projections from V1 to auditory cortex, even

though we used a number of injections including 7 in CPB and

Tpt. Thus, it appears that the projection from auditory cortex

to V1 is not reciprocated. This is not surprising as V1 is known

to receive sparse, unreciprocated, feedback-type projections

from a variety of association and limbic areas of temporal,

parietal, and frontal cortex (Felleman and Van Essen 1991;

Barone et al. 2000; Clavagnier et al. 2004).

With respect to primary auditory area A1, its involvement in

visual cross-modal connections is unclear. Retrograde injec-

tions in visual area V1 provided some evidence of a sparse input

from A1 (Falchier et al. 2002). The present study did not

demonstrate the reciprocal visual projections to A1, but only

a single injection was made into A1, and it is possible that

a sparse visual projection to A1 would be revealed by additional

injections. In marmosets, retrograde tracers in A1 also did not

produce labeled cells in early visual areas (Cappe and Barone

2005), but the ferret does have a projection from V1 to

A1 (Bizley et al. 2007). At least some visual responses have

been identified in A1 (Kayser et al. 2007, 2008), but these

could arise from other sources besides early visual cortex,

for example, from thalamic nuclei or multisensory associ-

ation areas (Musacchia and Schroeder 2009; Smiley and

Falchier 2009).

Relative Abundance of Visual Projections to Different
Auditory Areas

In macaque monkeys, functional magnetic resonance imaging

(fMRI) mapping of visual responses in the superior temporal

plane showed that the areas surrounding the caudal end of A1

were more robustly activated than the rostral areas near core

area R (Kayser et al. 2007). Within the caudal areas, the most

robust activation was in lateral areas CL and CPB, whereas

lesser activation was seen in areas A1 and CM. Area Tpt was not

differentiated in that study but was included as part of CPB.

Electrode recordings also showed visual responses across these

areas in macaque monkeys, but these did not clearly

demonstrate a stronger response in lateral compared with

medial areas (Kayser et al. 2008). In humans, fMRI studies have

not always differentiated between auditory areas, but at least

some showed more robust visual activation in caudal areas (e.g.,

van Atteveldt et al. 2004; Lehmann et al. 2006; Antal et al. 2008).

Consistent with fMRI activation in monkeys (Kayser et al.

2007), the present study found that injections in lateral areas

CL, CPB, and Tpt produced more labeling in visual cortex than

injections in CM and the adjacent medial areas. Although only

one tracer injection was confined to area CL, the slightly

stronger labeling of visual cortex in that case seems to be

consistent with the finding of Kayser et al. (2007) that area CL

has comparatively greater visual activation. The present study

did not place tracers in rostral auditory areas, but previous

findings found that auditory projections to visual cortex arise

mainly in the more caudal auditory areas (Falchier et al. 2002;

Rockland and Ojima 2003). Thus, the relative abundance of

visual--auditory anatomical connections appears to mirror the

distribution of fMRI activation.

Visual Field Eccentricity and Multimodal Connections

Our results confirm previous observations showing that the

peripheral visual field representation seems to be specifically
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involved in auditory--visual cross-modal convergence. The

labeled neurons in area V2 that we observed after retrograde

tracer injections in caudal auditory cortex were all located in

the far peripheral representation of the lower visual field. This

is consistent with the topography of the reciprocal auditory to

visual projection, which targets the peripheral visual field

representations of areas V1 and V2 auditory (Falchier et al.

2002; Rockland and Ojima 2003). Results from other species

demonstrate that the particular involvement of peripheral

visual field representation in early multisensory convergence is

not specific to primate. In the ferret, for example, projections

from visual to auditory cortex originated from peripheral visual

field representation of areas 17 and 18 (Bizley et al. 2007).

Segregation of peripheral and central field visual pathways is

a common feature of cortical organization. For example,

peripheral but not central representations of areas V1 and V2

are connected with numerous dorsal visual stream areas in

temporal and parietal cortex (Colby et al. 1988; Gattass et al.

1990; Nakamura et al. 1993; Gattass et al. 1997; Ungerleider

et al. 2008). Area prostriata is reported to have visual function

(Sousa et al. 1991; Rosa et al. 1997) and appears to

preferentially connect with the peripheral representation of

areas V1, V2, and MT (Palmer and Rosa 2006). Its projections to

peripheral MT suggest an involvement in motion processing in

visual periphery. The observation that early peripheral visual

representations are connected with caudal auditory cortex is

consistent with a ‘‘dorsal-pathway’’ type function of these

multisensory connections (Falchier et al. 2002). Indeed, caudal

auditory areas are considered to be part of a dorsal auditory

stream, based on their connections with spatial domains of the

frontal lobe and their role in sound spatial localization

(Rauschecker 1998; Romanski, Bates, et al. 1999; Romanski,

Tian, et al. 1999; Romanski and Goldman-Rakic 2002;

Rauschecker and Tian 2004). Recent findings from fMRI

connectivity analysis in humans showed that auditory cortex

has a distinct relationship with the peripheral representation of

visual field in the calcarine sulcus (Eckert et al. 2008; Cate et al.

2009). Together, the findings from monkey and other species

emphasize the involvement of dorsal visual and auditory

streams in low-level cross-modal convergence.

Laminar Distribution of Projecting Cells

The results of both anterograde and retrograde tracing experi-

ments in the macaque showed that auditory projections onto

peripheral areas V1 and V2 can be characterized as feedback

type, according to the mainly infragranular distribution of their

parent neurons and extragranular termination of their axons

(Falchier et al. 2002; Rockland and Ojima 2003). The present

study shows that the reciprocal projections from visual areas to

auditory cortex arise from mainly infragranular cells. Although

anterograde tracer experiments are still lacking to confirm the

features of this projection, this pattern of retrograde labeling is

consistent with a feedback laminar organization (Rockland and

Pandya 1979; Maunsell and Van Essen 1983; Kennedy and

Bullier 1985; Weller and Kaas 1985; Barbas 1986; Boussaoud

et al. 1990; Felleman and Van Essen 1991; Distler et al. 1993;

Batardiere et al. 1998; Barone and Kennedy 2000; Grant and

Hilgetag 2005). Projections from early visual and other sensory

modalities to auditory cortex were found to be organized

similarly in the gerbil (Budinger et al. 2008). These results

suggest a model in which putative unisensory visual and

auditory cortices do not interact in a classical feedforward--

feedback relationship but rather by way of a feedback loop. A

possible implication of this organization is that the dominant

Figure 4. Summary of cortical pathways described between caudal auditory cortex and low-level visual areas. (A) The present study demonstrated projections from the
peripheral visual field representation in V2 (Peri V2) and prostriata (Pro) to caudal auditory areas. (B) The reciprocal projections from caudal auditory areas to early visual areas
were previously described by Falchier et al. (2002) and Rockland and Ojima (2003). The thickness of arrows is proportional to their relative abundance. Dashed lines represent
weak connections (A1 to visual) or putative pathways (visual cortex to A1, upper panel).
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effects of these connections between early sensory areas are

modulatory. For example, in auditory cortex, the main response

to visual stimuli was a modulation of auditory responses, and

visual responses by themselves typically did not drive neuron

spiking (Schroeder and Foxe 2002; Kayser et al. 2008).

Similarly, in primary visual cortex, auditory inputs were

detected as current sources in the superficial layers that

modulate visual responses but did not by themselves drive

action (Lakatos et al. 2008; Schroeder and Lakatos 2009). To

our knowledge, this pattern of connectivity has not been

described elsewhere in the primate. The possibility that this

pattern of connection may be a common feature of connec-

tivity between early stages of distinct hierarchical sensory

networks remains to be further investigated.

Cross-species Comparisons

Areas 17, 18, and 19 project directly to auditory cortex in the

ferret (Bizley et al. 2007). Electrophysiological recordings in

that species also confirmed that the proportion of auditory

neurons modulated by nonauditory inputs is higher in

association areas than in core areas (Bizley et al. 2007).

Similarly, tracing experiments in the gerbil reported a similar

direct pathway between secondary visual areas and auditory

cortex (Lakatos et al. 2008; Schroeder and Lakatos 2009). In the

rat, projections have been documented between auditory core

area Te1 and primary/secondary visual areas (Vaudano et al.

1991). The wide generality of cross-modal connections

between low-level sensory cortices reinforces the view that

they are a fundamental part of neocortical circuitry.

Influence of Visual Inputs on the Physiology of Auditory
Cortex

Studies in human and nonhuman species have shown that

visual information can influence auditory processing. In

humans, fMRI studies demonstrated activation of the caudal

superior temporal plane during tasks that required viewing of

simple moving visual stimuli (Martuzzi et al. 2007; Antal et al.

2008), visual identification of graphically presented phonemes

(van Atteveldt et al. 2004; Bernstein et al. 2008), and viewing

speakers’ facial movements during speech perception (Calvert

2001; Olson et al. 2002; Calvert and Campbell 2003; Wright

et al. 2003; Pekkola et al. 2006). In monkeys, visual stimuli

ranging from naturalistic scenes to flashes effectively modu-

lated auditory responses in auditory cortex (Kayser et al. 2007).

Visual responses in monkey auditory cortex included both

suppression and enhancement of auditory activity, and these

visual effects were found in areas A1, CL, CM, and CPB (Kayser

et al. 2007, 2008). These effects were observed both in an-

esthetized and awake monkeys, suggesting that they are not

purely a result of attentional modulation (Kayser et al. 2007).

However, there appears to be some effect of attention as the

visual--auditory interactions are more robust in nonanesthe-

tized monkeys (Kayser et al. 2007) and in humans during tasks

that require attention (Cate et al. 2009). Overall, the findings in

humans and monkeys suggest that visual input to auditory

cortex may be relevant to several cognitive processes, in-

cluding enhancement of spatial, temporal, and object-related

multisensory perception.

Considering that visual responses are found in several

auditory areas and affect multiple processes, it is plausible that

they arise from other anatomical sources in addition to areas V2

and prostriata. In particular, auditory areas have robust

connections with the nearby superior temporal polysensory

areas, which is hypothesized to have a key role in audiovisual

integration--relevant speech perception (Calvert 2001; Ghazan-

far et al. 2005; Ghazanfar and Turesson 2008). Additional

candidate sources of visual input include the pulvinar and

multisensory nuclei in the caudal thalamus (De La Mothe et al.

2006; Hackett et al. 2007) and several other areas of association

and limbic cortex that are connected to auditory cortex

(reviewed in Smiley and Falchier 2009). At present, definitive

physiological experiments that establish the sources of visual

inputs to auditory areas are lacking.

As discussed above, auditory connections with early visual

areas arise mainly in the peripheral visual representations. A

possible implication of this arrangement is that these con-

nections may have a role in optimizing head--eyes orientation

when sensory sources are in the peripheral visual field, where

visual detection is not as efficient (Goldring et al. 1996; Hughes

et al. 1998; Giard and Peronnet 1999; McDonald et al. 2000).

This is suggested by experiments in ferrets where visual

responses in auditory cortex were clearly tuned to visual

stimuli located near the contralateral surface of the head

(Bizley et al. 2007). Similarly, in humans, attention to the spatial

location of auditory stimuli causes activation of visual cortex at

the region of peripheral field representation (Cate et al. 2009).
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