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Abstract

Evidence indicates that visual stimuli influence cells in primary auditory cortex. To evaluate
potential sources of this visual input and how they enter into circuitry of the auditory cortex, we
examined axonal terminations in primary auditory cortex from non-primary extrastriate visual
cortex (V2M, V2L) and from the multimodal thalamic suprageniculate nucleus (SG). Gross
biocytin/BDA injections into SG or extrastriate cortex labeled inputs terminating primarily in
superficial and deep layers. SG projects primarily to layers I, V and VI, V2M and V2L project
primarily to layers I and VI with V2L also targeting layers 1I/111. Layer | inputs differ in that SG
terminals are concentrated superficially, V2L deeper and V2M are equally distributed throughout.
Individual axonal reconstructions document that single axons can 1) innervate multiple layers, 2)
run considerable distances in layer I, and 3) run preferentially in the dorsoventral direction similar
to isofrequency axes. At the electron microscopic level SG and V2M terminals are 1) the same
size regardless of layer, 2) non-GABAergic, 3) smaller than ventral medial geniculate terminals
synapsing in layer IV and 4) make asymmetric synapses onto dendrites/spines which 5) are non-
GABAergic and 6) are slightly larger in layer I. Thus, both areas provide a substantial feedback-
like input with differences that may indicate potentially different roles.
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INTRODUCTION

Multisensory integration is essential for normal sensory processing (Driver and Spence,
2000; Calvert and Thesen, 2004). Such integration of multimodal clues can provide a more
complete and clearer perception of the world by enhancing detection or aiding resolution of
stimuli that otherwise can be ambiguous in a single modality. Deficits in this multisensory
integration result in loss of these perceptual enhancements and have been reported in
disorders such as autism (larocci & McDonald, 2006), schizophrenia, (Ross et al., 2007),
and dyslexia (Hairston et al., 2005).

Visual stimulation robustly affects auditory perception. Visual cues are well known to alter
spatial localization of sounds (Howard and Templeton, 1966), perception of speech sounds
(McGurk and MacDonald, 1976), and auditory sensitivity (Lovelace et al., 2003). Efforts
toward understanding neural bases of multisensory interactions in cortex have focused on
specialized higher-order multisensory “association” areas (e.g., Hyvarinen, 1982; Wallace et
al., 1992, Stein, 1998). However, recent evidence indicates that multisensory interactions
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can also occur early in the cortical hierarchy — even in primary sensory areas typically
thought to be “unimodal” in nature; this includes primary auditory cortex (for reviews, see
Schroeder and Foxe, 2005; Ghazanfar and Schroeder, 2006; Kayser and Logothetis, 2007).
While most effort has focused on somatosensory-auditory interactions (Murray et al., 2005;
Lakatos et al., 2007), recent work shows visual responses or visual-auditory interactions in
primary auditory cortex (e.g., Molholm et al., 2002; Brosch et al., 2005; Bizley et al., 2007;
Martuzzi et al., 2007; Harris et al., 2007, Kayser et al., 2007, 2008). These findings indicate
clearly that visual information enters auditory cortex and affects responses to auditory
stimuli. However, the anatomical pathways through which visual information reaches
auditory cortex are poorly understood.

There are several possible routes through which visual information may reach primary
auditory cortex (Driver and Spence, 2000; Schroeder and Foxe, 2005), which can be
grouped broadly into projections from multisensory cortical areas (e.g., Barnes and Pandya,
1992; Hackett et al., 1998; Romanski et al., 1999; Smiley et al., 2007), from patently visual
cortical areas (Bizley et al., 2007; Budinger et al., 2006), and from visual-dominant or
multisensory subcortical nuclei (Barnes and Pandya, 1992; Hackett et al., 1998; Romanski et
al., 1999; Budinger et al., 2006; Smiley et al., 2007). Primary auditory cortex may also
inherit multisensory information from predominantly auditory subcortical structures (e.g.
Porter et al., 2007, Yu et al., 2009).

A major source of visual input to auditory cortex may arise from visual cortex. Evidence
from retrograde tracing studies (Bizley et al., 2007; Budinger et al., 2006), reveal an
abundant scattering of cells in extrastriate visual cortical areas following auditory cortex
gross injections. These cells appear restricted to areal regions that represent the peripheral
visual field. The only anterograde tracing study using autoradiographic methods (Miller and
Vogt, 1984) revealed silver grains over layers I-111 and V in rat primary auditory cortex
following gross injections into extrastriate visual areas both medial and lateral to area 17
(V1).

A second potential source of visual information to auditory cortex is the suprageniculate
(SG) nucleus of the thalamus. While the SG nucleus is closely associated with the auditory
thalamus and has neurons that respond to auditory stimuli, it receives information from other
modalities as well (Bordi and LeDoux, 1994a,b; Linke, 1999; Zhang and Giesler, 2005)
Evidence in cat suggests that SG neurons convey visual information to auditory cortex.
Vision is the dominant modal response of the majority of cat SG neurons (Benedek et al.,
1997; Paroczy et al., 2006), and this prevalence appears to reflect robust innervation from
the visual layers of the superior colliculus (Katoh and Benedek, 1995). A similar robust SC
innervation occurs in the rat (Linke, 1999) but it is not yet established if SG neurons that
project to primary auditory cortex carry visual information.

Limited light microscopic information is available on the SG to auditory cortical projection.
Anterograde tracing indicates SG axons project strongly to auditory cortex and, in primary
cortex, target primarily layer | and deep layers (Linke and Schwegler, 2000; Kimura et al.,
2003), a laminar pattern that is often deemed “feed-back* or “modulatory” in nature (cf.
Schroeder and Foxe, 2002).

Identification of cortical layers targeted by a particular input at the light microscopic level is
problematic because of the nature of cortical cells. Many cortical cells, in particular
pyramidal cells, have dendrites that extend over multiple layers. As a result terminals ending
in, for example, layer | could be synapsing on the cell bodies of GABAergic interneurons,
the only cell type located in this layer, or on the dendrites of pyramidal cells whose cell
bodies are located in other layers as far away as layer V. Thus, in order to fully understand
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the impact of these SG and visual cortical inputs on primary auditory cortical function, we
need to know not only the laminar targets, but how the axons enter into auditory neural
circuitry — what cellular loci (e.g., somata, dendrites) and cell types (e.g., GABA-negative,
GABA-positive) are targeted. To accomplish this we have combined electron microscopic
analysis with post-embedding immunohistochemistry for the inhibitory neurotransmitter,
GABA, to reveal the nature of post-synaptic targets of SG and visual cortical axons. In
addition, at the light microscopic level, we have also made a more quantitative evaluation of
the distribution of terminals in cortical layers and of the innervation patterns of individual
thalamocortical and corticocortical axons.

MATERIALS AND METHODS

All methods were approved by the University of Wisconsin School of Medicine and Public
Health Animal Care and Use Committee. Animals were maintained in an Association for
Assessment and Accreditation of Laboratory Animal Care-approved facility. Experiments
were carried out in accordance with the guidelines published in the National Institute of
Health Guide for the Care and Use of Laboratory Animals. Adult male Long Evans rats
(>300 g, Harlan) were maintained on a 12 hour light/dark cycle in standard University of
Wisconsin animal housing with food and water ad libitum. All necessary steps were used to
minimize suffering and the number of animals used.

Extracellular injection experiments

Animals were anesthetized with sodium pentobarbital (35 mg/kg, I.P.) or with ketamine
(70-90 mg/kg 1.P.) plus xylazine (8-10 mg/kg I.P.), with supplemental doses of 1/3 the
initial doses and xylazine supplements administered only one third as often as ketamine
supplements, as needed to maintain surgical level anesthesia. The deeply anesthetized rat
was prepared for aseptic surgery and placed in the stereotaxic apparatus. Body temperature
was maintained at 36°C using a heating blanket with feedback control via a rectal
thermometer.

Suprageniculate injections—To study thalamocortical terminals in primary auditory
cortex, gross Neurobiotin (Vector Labs) or Biotinylated dextran amine (BDA, Sigma)
injections were made unilaterally into the suprageniculate nucleus (SG). Animals were
anesthetized with sodium pentobarbital (35 mg/kg, I.P.). Body temperature was maintained
at 36°C using a heating blanket with feedback control via a rectal thermometer. Following
anesthesia, an incision was made in the scalp exposing the dorsal surface of the skull. A hole
was drilled from 4.8 to 6.3 mm caudal to bregma and 3 mm lateral to the midline (the
stereotaxic coordinates of SG). A glass electrode (outer tip diameter of 20-30 um, filled
with 6% Neurobiotin in 0.9%NaCl or 8% biotinylated dextran amine (BDA) was visually
guided to the exposed dorsal surface of the cortex and manually advanced 4 mm into the
brain. According to the Paxino and Watson (2007) brain atlas this positioned the electrode a
few hundred microns above the SG. The electrode was then advanced in 5-10 um steps with
a hydraulic manipulator while wide band noise bursts from a free field speaker positioned 15
cm from the contralateral ear were presented (1 stimulus/second). The electrode was
advanced until an evoked auditory response was seen or before a depth of 5.3 mm was
reached (the ventral edge of SG). Neurobiotin or BDA was injected iontophoretically
(Neurobiotin, 25-30 pA anodal current —7 seconds on, 7 seconds off; BDA 5-10 pA anodal
current —7 seconds on, 7 seconds off) for either 20 (BDA) or 25 (Neurobiotin) minutes. The
electrode was left in place for an additional 20 minutes and withdrawn.

Visual cortex injections—To study corticocortical terminals in primary auditory cortex,
gross Neurobiotin/BDA injections were made into the cortex located just medial to primary
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visual cortex designated V2M by Paxino and Watson (2007). Studies have indicated that this
region is part of the rat visual cortex (e.g. Espinoza and Thomas, 1983) but its position in the
visual cortical hierarchy is still in question (e,g. Coogan and Burkhalter 1993, Rosa and
Krubitzer, 1999, Rumberger et al. 2001) There is also a secondary visual cortical area (V2L)
situated more laterally, between primary visual and auditory cortices, but because some of
this region in rat has been shown to respond to multimodal cues (Barth et al., 1995) we
restricted our analysis primarily to V2M. After anesthesia, a midline incision was made
exposing the dorsal surface of the skull. Rat extrastriate visual cortical areas extend
rostrocaudally from 4.2 to 9.3 mm caudal to Bregma. A craniotomy 1.5 mm in diameter was
drilled and injections into V2M were targeted between 5.0 to 7.5 mm caudal to Bregma and
2-3 mm lateral to the midline. Injections into V2L were made 6.3 mm caudal to bregma and
5.5 to 6 mm lateral to the midline. For large injections a 1 pul Hamilton syringe was
advanced 600 um. From 0.4-0.5 pl of a 6% solution Neurobiotin was injected into the
cortex over a 15-20 minute period. The syringe was left in place for an additional 20
minutes and withdrawn. For smaller injections of 6% Neurobiotin or 8% BDA the
iontophoretic method described above was employed.

Post-injection Processing

Section preparation—After the gross injections the electrode/syringe was removed and
the wound margins were closed by suture or surgical staples and treated with a broad
spectrum antibiotic and lidocaine. 24 hours (Neurobiotin injections) or 7 days (BDA
injections) later the rat was given an overdose of sodium pentobarbital and perfused through
the heart with 100-200 ml of 0.9% phosphate buffered saline followed by 1000 ml of a 3%
paraformaldehyde/1% gluteraldehyde solution in 0.1M sodium phosphate buffer (pH 7.4).

The tissue was refrigerated for 1 hour and the brain removed and placed in the same fixative
overnight. 70-80 pum thick coronal or horizontal sections were cut with a vibratome and the
tracer visualized using the DAB-nickel/cobalt intensification method (Adams, 1981).
Sections were rinsed in phosphate buffer and these free floating sections inspected with a
light microscope to determine whether the gross injection had successfully labeled axons
and axon terminals in primary auditory cortex. Some of the sections containing the axon
terminals in the cortex were selected to be processed for electron microscopy. Sections not
selected for electron microscopy were mounted on slides and dehydrated. Half of these
sections were stained with cresyl violet and coverslipped while the other half was
coverslipped unstained.

Those sections selected for electron microscopic analysis were fixed in 0.5% osmium
tetroxide for 30 minutes, rinsed in buffer, and dehydrated through a series of graded alcohols
and propylene oxide. Sections were then placed in unaccelerated Epon-Araldite resin for 1
hour at room temperature and then transferred into a fresh batch of unaccelerated resin
overnight. The sections were then embedded and flat mounted in accelerated resin between
weighted, coated slides an allowed to cure at 65° C. for 48 hours. The portion of the
embedded section containing the auditory cortex was isolated from the rest of the section
and mounted on a beam capsule. A camera lucida drawing of the flat mounted tissue was
made at 200X noting the location(s) of the labeled axons/terminals and nearby fiduciary
structures such as blood vessels. Seventy to eighty nanometer thin sections were then cut
and mounted on coated nickel grids.

GABA post-embedding immunogold labeling—An affinity isolated anti-GABA
antibody (Sigma-Aldrich, Catalog No. A2052, St. Louis, MO) was used to evaluate the
GABAergic nature of the terminals. The antibody was raised in rabbit against y-
aminobutyric acid conjugated to bovine serum albumin (BSA). The antibody was isolated
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from antiserum by immunospecific purification methods that remove proteins, including
immunoglobulins, that do not bind specifically to GABA. Anti-GABA shows positive
binding in a dot blot assay with GABA and with GABA- keyhole limpet hemocyaninin and
negative binding with BSA (Sigma product information). Binding of the antibody to the
tissue is not blocked by BSA.

The thin section, mounted on a nickel grid, was carefully immersed in solution A (0.745g
Tris buffer, 0.9g NaCl, 0.1ml Triton X in 100 ml dH,0O, pH 7.6) and 5% BSA for 30
minutes then in solution A and 1% BSA for 5 minutes then in solution A and 1% BSA
containing the GABA antibody at 1:250 dilution at room temperature overnight. The
following day the section was rinsed in solution A and 1% BSA twice for 5 minutes and
once for 30 minutes then rinsed in solution B (0.688g Tris buffer, 0.9g NaCl, 0.1 ml Triton
X in 100 ml dH,0, pH 8.2) for 5 more minutes. The section was then immersed in the
secondary antibody (goat anti-rabbit 1gG with attached 15 nm gold particles) diluted 1:25 in
solution B (pH 8.2) for 1 hour and rinsed twice for 5 minutes each in solution A and twice
for 5 minutes in distilled water. After that they were fixed in 8% EM grade gluteraldehyde,
rinsed in distilled water and then counterstained with uranyl acetate and lead citrate and
rinsed again. Sections were examined using a Philips CM120 electron microscope. Control
sections were prepared by the same method described above but the primary antibody was
omitted during the overnight immersion. When observed with the electron microscope
control sections had a uniformly low background of around 0.6 gold partical/um2.

In our rat auditory cortex tissue, somata in layer | immunostained for GABA as did a subset
of smaller neurons in layers I1-VI. In contrast, larger somata with pyramidal morphology
were always GABA-negative. GABA-positive terminals typically contained flat or elliptical
synaptic vesicles and, when viewed in appropriate plane of section, formed symmetrical
contacts. These findings are consistent with those reported previously for GABA staining
patterns in sensory cortex (e.g., Meinecke and Peters, 1987; Beaulieu et al, 1994). As an
additional positive control, we looked at GABA antibody staining in the thalamic reticular
nucleus (TRN) taken from the same tissue. Previous reports have indicated that virtually all
cells in the rat TRN are GABAergic (Houser et al., 1980, de Biasi et al., 1986). The GABA
antibody positively identified cells in rat TRN with antibody levels that exceeded 5X the
background level.

Analysis of axon terminals and serial reconstruction, light microscopy—To
evaluate the distribution of labeled terminals a high power (1000X) camera lucida drawing
of a narrow strip of primary auditory cortex was made from the cortical surface to the white
matter below layer VI. All en passant and en terminaux swellings on labeled axons in this
cortical strip were represented on the drawing. Cortical layer I-VI boundaries were then
added to the drawings based on the report of Zilles and Wree (1985, their Figure 14) and the
number of terminals in each cortical layer counted (see Figures 2-4).

To evaluate the course of an individual axon the cortex was scanned for an axon that could
be followed for some distance relatively independently of other labeled axons in the vicinity.
Axons were reconstructed by means of a camera lucida attachment and brightfield optics on
a Leitz Orthoplan (Germany) microscope. High power (100X oil objective) camera lucida
drawings from serial tissue sections were incorporated into axon reconstructions, which
were then digitally scanned and final figures prepared using Adobe Photoshop 5.5 and
PowerPoint 2003 (See Figures 6 and 8). All reconstructed axon processes were completed to
the fullest extent possible. Termination of an axonal branch occurred when the process
ended in a terminal swelling. When a specific axon or branch could not be followed
unambiguously within the same section or into an adjacent section, it was marked with an
asterisk in the reconstruction. Primary auditory cortex was characterized by a relatively
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specific differentiation of its cortical layers, with a thick and dense granular layer (Zilles and
Wree, 1985; Roger and Arnault, 1989, Paxino and Watson, 2007).

To evaluate the distribution of terminal swellings generated by a single labeled axon in layer
I the distribution and number of en passant and en terminaux swellings in each 70 um tissue
section were evaluated. This was done by counting the number of swellings in 70 um
lengths of layer | from the dorsal to ventral border of primary auditory cortex on the 1000X
drawing of each tissue section. These counts/locations of swellings in each 70 um tissue
section were then merged in sequence to form a surface plot of auditory cortex where the
concentration of terminals in each 70X70 um square of tissue is represented by the size of
the symbol at that location (see Figure 7).

Analysis of axon terminals and their postsynaptic targets, electron
microscopy—~For analyzing neurobiotin/BDA-labeled axon terminals in primary auditory
cortex arising from SG or V2M the following procedure was established. A given thin
section was manually scanned at 10,000X. After identifying a labeled synaptic terminal,
based on the presence of vesicles pre-synaptically and a post-synaptic thickening of the
membrane apposed to the terminal, a photo of the terminal was taken at 29,000X and its
exact location noted on the 200X camera drawing that had been made of the block face prior
to sectioning (see above). Using the 29,000X image measurements of the labeled terminal
and its postsynaptic target were made for each synapse using The NIH Image/J 1.60
software. Other terminal features were also noted.

In GABA-immunogold labeled material, the “background” gold particle density was
calculated for each thin section to account for possible processing differences between
sections. Aggregates of 2 or more particles were counted as a single particle. Axon terminals
or their postsynaptic targets were considered GABAergic if their particle density exceeded
the mean gold particle density of the background by 5 times. Background density was
measured at points in the embedding plastic (Epon-Araldite) where no tissue was found and
at points in the embedded tissue where non-GABAergic structures such as blood vessel
lumens, glial cells etc could be seen.

Statistical tests—Statistical comparisons of electron microscopic measurements were
made on profiles quantified via Minitab software (Minitab). For all results, unpaired t-tests
with Welch correction as needed were used to determine whether groups differed
significantly with p<0.05 used as the minimum criterion for statistical significance. Results
are reported as mean + S.D.

Digital processing of images—Digitized light level photomicrographs were acquired in
black and white with a Spot camera (Diagnostic Instruments) mounted on a Nikon Eclipse
E600 microscope using a 40X oil objective, brightfield illumination, and Nomarski optics.
The final figures were prepared using Adobe Photoshop 5.5, and tonal adjustments were
applied across the entire image (levels and curves functions) with no further manipulations.

We made 5 injections in and around the SG nucleus of the thalamus. In the rat the
boundaries of the SG may be distinguished using several anatomical features. First a blood
vessel is commonly found in the rat which, in the rostral half of the MGB, marks the
boundary between MGV and MGD (Clerici and Coleman, 1990) This same blood vessel
also demarcates the boundary between MG and MGM (see Figure 4A). The lateral boundary
of SG, between MGD and SG, may be distinguished by the transition from evenly spaced
rounded cells of similar size (MGD) to more unevenly distributed cells with a more elongate
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appearance (Clerici and Coleman, 1990, 1998). Three of the injection sites appeared to also
encroach upon MGD and/or MGM, nuclei adjacent to SG. Two of the injections were
confined to SG and were used for analysis. We also made three injections that were confined
to the extrastriate region medial to primary visual cortex designated V2M (Paxinos and
Watson, 2007). Based on their locations these injections were confined to areas designated
the anteromedial (AM) or the rostral aspect of posteromedial (PM) regions of extrastriate
cortex as defined by the physiological receptive field maps of Espinoza and Thomas (1983).
This area has also been designated the rostral aspect of MX by Coogan and Burkhalter
(1993) based on anatomical connections. Two injections were also made that were confined
to the V2L extrastiate region of visual cortex. Based on their locations these injections were
confined to rostral areas of extrastriate cortex designated anterolateral (AL) or lateromedial
(LM) as defined by the parcellation schemes of both Espinoza and Thomas (1983) and
Coogan and Burkhalter (1993).

Our gross injection experiments in SG and V2 yielded consistent and robust labeling of
axons in primary auditory cortex as well as some labeling in other auditory cortical areas
surrounding primary auditory cortex. Primary auditory cortex is defined here as any portion
of auditory cortex that has a thick dense granular layer and receives its primary layer 3-4
thalamocortical input from MGV. This would include areas designated Aul and AuV by
Paxinos and Watson (2007) also called Tel by Romanski and LeDoux (1993) which
probably includes physiologically defined areas designated Al and P by Doron et al. (2002).
These anterogradely labeled axons displayed both en passant swellings along the length of
the axon (Figure 1A,B, white arrowheads) and en terminaux swellings at the end of short
side branches (Figure 1,B, black arrowheads). The latter were much more prevalent on the
SG axons. Similar injections confined to primary visual cortex did not generate such a
projection to primary auditory cortex (not shown).

Terminal swelling distribution

The terminal swellings on anterogradely-labeled axons projecting from V2M were laminar-
selective ending primarily in layers | and VI in primary auditory cortex (Figure 2) with
minor projections to other layers. Although the relative density of this projection to primary
auditory cortex varied depending on the rostrocaudal location (Figure 2C), layers | and VI
were the consistent target. To determine the relative strength of the V2M to primary auditory
cortical projection, we compared it in the same animal to that of the well-established V2M
feedback projection to primary visual cortex. Counts indicated that the average swelling
density per unit area of the V2M-to-primary auditory cortical layer | projection was 54% of
the density of the V2M-to-V1 projection.

Injections confined to V2L labeled axons that also had significant projections to layers | and
VI (Figure 3). The V2L projections to these layers differed in that 1) V2M terminals
appeared equally distributed throughout the depth of layer | while V2L terminals in this
layer were more concentrated in the lower half. 2) layer VI only contained about (23.9%) of
the total number of V2L terminal swellings compared to almost (45.2%) in this layer arising
from V2M. In addition, unlike the V2M projection the V2L injection provided a significant
number of swellings in layers 11/111 equaling 43.9% of the total number of terminals. As with
the V2M projection to primary auditory cortex the relative densities of the projection varied
depending on the rostrocaudal location (Figure 3C) but the targeted layers were consistent.
Further analysis of the V2L projection will be quantified in a subsequent paper and will not
be discussed further.

Because SG is a relatively small nucleus we wanted to first assure ourselves that the
thalamocortical axons we were evaluating did in fact arise from SG cells. To do this we
made counts in four representative sections of cells labeled from the injection shown in
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Figure 4A. The location of cells in one of these sections is shown in the inset in Figure 4A.
Of the 119 labeled cells, 106/119 were either in the SG (81/119) or on the SG/MGD border
(25/119), 8/119 were in MGD, 5/119 in MGM, and 0 in MGV. Labeled thalamocortical
axons arising from SG cells also displayed swellings primarily in superficial and deep layers
(Figure 4C). The swellings in layer I were concentrated in the more superficial of that layer.
Unlike the visual cortical projection where very little input was seen to layer V, over 1/4 of
the SG terminals were found in this layer (Figure 4C).

Dorsoventral bias of axon trajectory

While evaluating the V2M projection to primary auditory cortex we noticed, in our coronal
sections, that several of the labeled axon pieces in a single section of primary auditory
cortex seemed to be running for long distances in the dorsoventral direction (Figure 1A,
5A). Isofrequency strips in rat primary cortex also run in the dorsoventral dimension (Sally
and Kelly, 1988; Doron et al., 2002) which suggested that axons from V2M were running in
parallel with the frequency axes. To objectively test for dorso-ventral bias we processed
tissue from one injection in the horizontal plane. We then measured the length of 100 axon
segments in a randomly selected part of layer | of this primary auditory cortical tissue and
performed the same analysis for tissue from another injection processed in the coronal plane.
A plot of the distribution of the measured length of these segments (Fig. 5B) clearly
indicates that the axon segments on average are longer dorsoventrally (coronal plane, mean
=103.9 um) than rostrocaudally (horizontal plane, mean = 68.4 um: t-test, p<0.001),
confirming the dorsoventral bias in the projection of V2M-primary auditory cortical axons.

Single axon reconstructions

To eliminate the possibility of any methodological bias and to further verify the dorsoventral
bias of the V2M axons in layer | of primary auditory cortex and to evaluate other features of
the projection and arborization of V2M and SG axons we did serial reconstruction of
individual axons. Following tracer injection into VV2M, serial reconstruction revealed
individual labeled axons that strongly innervated layer | as well as other layers of primary
auditory cortex (Figure 6). Individual axons, many of which were followed back to the
ipsilateral site of the V2M injection, exited from the white matter and headed perpendicular
to cortical layers for much of their course to layer | (Figure 6A—C). Other axons exited the
white matter and headed toward layer | at an angle to layer boundaries (Figure 6D). Upon
reaching layer | in primary auditory cortex (Figure 6A-D), and in one case also in layers 11/
I11 (Figure 6A), axons commonly extended 2—4 axon collaterals that could branch
secondarily resulting in extensive innervation of layer I dorsal and ventral to that branching
point. Additional branching off the parent axon in layers V and/or VI terminated locally
within those layers (Figure 6A—C). No infragranular branching was observed that led to a
secondary axon that reached layer 1. Some of the individual axons could extend across long
distances dorso-ventrally within layer | of primary auditory cortex (Figure 6A, E). Axon E,
which extends approximately 2 mm dorsoventrally, illustrates that layer | axons could also
arise from an adjacent cortical area and could target a particular region of auditory cortex, in
this case the dorsal portion of Aul. Axon E arose from the V2M injection site, ran in the
white matter past the primary auditory cortex to just below perirhinal cortex. It then headed
perpendicular through the perirhinal cortical layers to layer | and doubled back to layer I of
primary auditory cortex (not shown).

Figure 7 shows a surface plot of primary auditory cortex with the distribution of terminal
swellings in layers | and superficial 11 for the most completely reconstructed V2M axons
(Axons A,B and E of Figure 6). The size of each circle is proportional to the number of
swellings in a 70X70 um square of tissue. This figure strengthens the argument made from
the data seen in Figure 5 that the axons of V2M tend to arborize preferentially in a
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dorsoventral direction in superficial layers. The background fill in Figure 7 shows the
breadth of the distribution of V2M labeled axons across primary auditory cortex as a result
of a single injection illustrated in Figure 2B. Labeled axons were present and relatively
dense throughout much of primary auditory cortex.

We also followed the individual thalamocortical axons of SG cells. For technical reasons
these axons were more difficult to follow serially so the reconstructions were necessarily
restricted to a range of 4 to 6 coronal sections (280—-420 um rostrocaudally). All serially
reconstructed axons innervated layer | of primary auditory cortex (Figure 8). Many SG
axons crossed the cortical layers nearly perpendicularly and multiple collateral branches
arose shortly upon entering into layer | (Figure 8A-D, F). In one instance the axon entering
layer | changed direction and headed for a considerable distance within the layer prior to
branching (Figure 8H). Some axons ran for great distances dorso-ventrally in layer | (Figure
8G). This axon covered approximately 1.9 mm and entered primary auditory cortex from an
adjoining cortical area. In two axons the parent axon crossed layer V more transversely
(Figure 8E, F). Branching was sometimes observed in supragranular layers (those superficial
to layer 1V), which could lead to short terminal branches (Figure 8A, B), and in one axon, to
more extensive secondary branching in layers I, 11, 111, and part of IV (Figure 8D).
Branching was also observed in infragranular layers (those deep to layer IV), and includes
shorter terminal branches (Figure 8B, E) and longer branches that extended through layer IV
(Figure 8F) or as far as layer | (Figure 8E). The latter axon was unique in that it terminated
abruptly with virtually no branching when it reached layer I.

Electron microscopy

Labeled SG and V2M terminals—We evaluated 152 SG and 80 VV2M terminals in all
layers of primary auditory cortex at the electron microscopic level. Figure 9 shows that we
sampled terminals in all layers and that the percentages in each layer correlate well with the
number of swellings seen in each layer at the light microscopic level (Figures 2 and 4). This
would indicate that, in our preparation, the use of axonal swellings at the light microscopic
level gives a reasonably accurate indication of the actual synaptic input to a given layer.
Figures 10 and 11 illustrate some typical SG (Figure 10) and V2M (Figure 11) terminals and
their post-synaptic targets. Because of the extensive reaction product in the pre-synaptic
terminal it was usually not possible to distinguish features typically described for synaptic
profiles. However we could distinguish asymmetric synaptic densities and round vesicles for
both SG and V2M terminals. Figure 12 describes and compares the size of the presynaptic
terminal profiles for SG and V2M terminals. The areas of both populations of SG and V2M
terminals ranged from less than 0.1 um? to 1um?, the distribution of terminal areas was
similar (Figure 12A) and the overall means were not significantly different (SG = 0.29 +
0.17um?, V2M = 0.28 + 0.19um?, p = 0.66, n.s.). In addition when the size of SG terminals
or V2M terminals was compared between layers (e.g. layer I versus layer I1/111 SG terminal
size) there was no significant difference (this comparison could not be made between V2M
terminals in layers IV and V and terminals in other V2M layers because of the small N in
these two layers). Also, when the SG terminals in a given layer were compared with the
VV2M terminals in the same layer (Figure 12B) their size did not differ significantly (this
comparison could not be done for layers IV and V because of the small number of V2M
terminals found in these layers). The only previous electron microscopic analysis of inputs
to rat primary auditory cortex was of thalamocortical cell axon terminals arising from rat
primary auditory thalamus (MGV, Kharazia and Weinberg, 1994) that synapsed in layer IV.
We were interested in comparing our data on terminal sizes with theirs. Figure 12C shows
their replotted data of MGV terminals (N= 34) in layer IV and our SG and V2M data.
Unfortunately we only found 3 V2M terminals in layer IV but our SG layer 1V terminal
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population (N=15) had a mean area of 0.32 + 0.17um? which was significantly smaller than
their report of 0.43 + 0.03um2. for MGV terminals (P value = 0.026).

Post — synaptic targets—The large majority of our SG (150/152) and V2L (80/80)
terminals in all layers synapsed on spines or dendrites (Figures 10 and 11) with a least
diameter <1 um. We compared the least diameters of dendrites postsynaptic to V2M versus
SG terminals (Figure 13A) in the same layers and found they did not differ significantly in
size. When layers were grouped into supragranular versus infragranular layers (Figure 13B)
or when all 6 layers were combined for SG or for V2 (Figure 13C) the dendrites/spines post-
synaptic to labeled SG terminals versus V2L terminals were still not significantly different
in size.

We next compared the dendrites/spines post-synaptic to labeled terminals across different
layers separately for SG and V2M (figure 12A). Layer | dendrites/spines post-synaptic to
SG terminals had significantly larger least diameters when compared to dendrites post-
synaptic to SG terminals in layers 1I/111 (p = 0.028) V (p = 0.015) and VI (p = 0.02).
Likewise, the mean diameter of the dendrites post-synaptic to V2M terminals was the largest
in layer | and significantly larger than those in layers I1/111 (p = 0.01). When we combined
all the dendrites post-synaptic to SG or to V2M terminals in layers I1-VI and compared them
to dendrites postsynaptic to SG or V2M terminals in layer I, the layer | dendrites were
significantly larger (SG p =.0001, V2M p = 0.017). Thus the dendrites/spines that SG and
V2M terminals synapse on tend to be larger in layer I.

We also wanted to know how the size of the dendrites/spines that our labeled terminals were
synapsing on compared to the “typical post-synaptic structure” in each layer. To do this we
measured a population of 390 randomly selected postsynaptic dendrites/spines in all layers
that did not have a labeled terminal synapsing on them. Several features were noted when
comparing post-synaptic structures in a given layer that did or did not have a labeled
terminal on them. First, the randomly selected dendrites/spines in a given layer were larger
than those receiving a labeled synapse in that layer (Figure 13D) and the difference was
significant in layers | (p = 0.019), 11/111 (p =0.035) and VI (p = 0.047) . Secondly, as a
population, the randomly selected dendrites/spines were significantly larger in area (0.46 +
0.55 um?2) and diameter (0.45 + 0.22 um) than dendrites/spines post-synaptic to labeled SG
(area = 0.31 = 0.32 um?, p = 0.003; diameter = 0.39 + 0.17 um; p = 0.004) or V2M (area =
0.29 + 0.51 um2, p = 0.012; diameter = 0.35 + 0.14, p = 0.0006) terminals (Figure 13E,F).
Third, as we saw with dendrites/spines post-synaptic to labeled SG and V2M terminals, the
randomly selected dendrites in layer | had significantly larger least diameters than randomly
selected dendrites in other layers (I vs 1I/111, p = 0.004; 1 vs IV, p =0.031; | vs V, p = 0.006;
I vs VI, p = 0.026). Thus both SG and V2M terminals tend to synapse on smaller post-
synaptic structures than the general population of post-synaptic structures and these post-
synaptic structures tend to be larger in layer I.

Labeling for GABA—AII of the BDA labeled SG and VV2M terminals and their post-
synaptic dendrites were evaluated for their GABAergic nature (e.g. Figure 10F). For both
SG and V2M tissue the pre-synaptic and post-synaptic structures were almost always non-
GABAergic. Only 4/152 (2.6%) SG terminals, 3/80 (3.7%) V2M terminals, and 5/152
(3.2%) and 2/80 (2.5%) of the structures post-synaptic to these SG and V2M terminals
respectively met the criteria for being GABAergic (see Methods). We did on rare occasions
(N=3) see a labeled SG (1) or V2M (2) terminal directly apposed to a GABAergic cell body
or large (>0.1 mm) GABAergic dendrite but these profiles did not display a synaptic
specialization and thus could not be included in the data analyzed here.
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DISCUSSION

Summary of Results

We have evaluated the axonal projections and synaptic inputs from the rat suprageniculate
nucleus and extrastriate visual cortex and thalamic suprageniculate nucleus. Inputs from
both areas terminate primarily in superficial and deep layers of primary auditory cortex. SG
axons project primarily to layers I,V and VI while V2M/V2L axons project primarily to
layers | and VI, with V2L also targeting layers II/111. All of the inputs send sparse
projections to layer IV and the deeper half of layer 111 where primary thalamocortical inputs
abound. The layer I inputs differ in that SG terminals are concentrated in the superficial part
of the layer, V2L terminals in the deeper part and V2M are distributed equally throughout
the layer. Individual light microscopic axon reconstructions document that a single SG or
VV2M axon can 1) innervate multiple layers, 2) run for considerable distances in layer I, and
3) arborize preferentially in the dorsoventral direction similar to the orientation of
isofrequency axes. At the electron microscopic level the terminals from both SG and V2M
axons are 1) the same size regardless of cortical layer in primary auditory cortex, 2) non-
GABAergic, 3) smaller than terminals from MGV synapsing in layer IV, and 4) make
asymmetric synapses onto dendrites or spines which 5) are non-GABAergic and 6) are
slightly but significantly larger in layer I.

Laminar termination pattern—Previous authors separate thalamocortical and
corticocortical projections into three categories based on their cellular origins and laminar
targets (Felleman and Van Essen, 1991; Budinger and Scheich, 2009). In brief, feedforward
projections target layer 1V, feedback projections target supra- and infra-granular layers, and
lateral corticocortical projections target all layers of cortex. Our light microscopic data
indicate that V2M and V2L project robustly to the superficial and deep layers of primary
auditory cortex, with little or no layer IV innervation. These laminar patterns fit the
feedback projection model. The cells giving rise to this V2-primary auditory cortex input
arise primarily from infragranular layers consistent with predictions of the feedback model
of corticocortical interactions (Budinger and Scheich, 2009). SG projections also terminate
in superficial-and-deep layers of primary auditory cortex, similar to other extra-lemniscal
thalamic projections from the MGM and posterior intralaminar nuclei (Linke and
Schweigler, 2000). Our results thus suggest that all visual inputs to primary auditory cortex
assume the “feedback” form and contrasts sharply with the feedforward thalamocortical
projection pattern from rat MGV that targets deep layer Il and layer IV (e.g. Ryugo and
Killackey, 1974; Romanski and LeDoux, 1993; Kharazia and Weinberg, 1994; Kimura et
al., 2003).

Thalamocortical input to auditory cortex

Previous data on the post-synaptic targets of thalamocortical terminals in auditory cortex are
primarily from lemniscal MGV inputs. Labeled thalamocortical MGV terminals in layer IV
of rat primary cortex made asymmetric synapses primarily on spines however it was not
clear whether these spines were on dendrites of layer 1V cells or pyramidal cells from deeper
layers (Khazaria and Weinberg, 1994). Postembedding immunolabeling led to the
conclusion that glutamate was the likely neurotransmitter for these terminals. Evidence from
thalamocortical slice preparations (Cruikshank et al., 2002, Rose and Metherate, 2005, Lee
and Sherman, 2008) confirmed the glutamatergic nature of this reliable, temporally precise
synapse. A recent paper (Richardson et al., 2009) has shown that mouse thalamocortical
terminals arising from MGV synapse on “stubby” spines on dendrites within 100 um of
pyramidal cells that populate layer 1V while the locations and morphology of spines of layer
IV pyramidal cells that receive corticocortical terminals are more scattered and not typically
stubby.
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Our paper provides the first quantitative evaluation of thalamocortical terminals arising from
a non-lemniscal thalamic area and terminating in primary auditory cortex. Like the MGV
inputs to layer IV (Khazaria and Weinberg, 1994), SG terminals synapsed on small dendrites
and spines of pyramidal cells but their terminals were smaller and the layer distribution was
drastically different being concentrated in layers 1,V and VI and very sparse in layer 1V and
the deep half of Il1. It is interesting to note that, unlike the inputs from secondary visual
cortex which were concentrated in layers I and VI, a fairly large number of SG terminals
were in layer V. Layer V cells are a major source of projection to other auditory cortical
areas and to subcortical structures including the thalamus, inferior colliculus, superior
olivary complex and cochlear nucleus (e.g. Feliciano et al., 1995; Games and Winer, 1988;
Doucet et al., 2003; Coomes and Scholfield, 2004; Winer, 2006).

Although some information is available on the physiological properties of synaptic inputs to
auditory cortex from non-lemniscal thalamus (Cruikshank et al., 2002) none has been
reported for the SG inputs. What might be the information conveyed by these SG terminals?
In the cat, visual responses dominate SG cells (Benedek et al., 1997; Paroczy et al., 2006)
presumably due to their inputs from visual layers of the SC as well as a cortical feedback
projection from visual areas along anterior ectosylvian sulcus (AES, Norita et al., 1991
Katoh and Benedek, 1995). The visual receptive fields of these SG cells are very large but
contain regions of maximum sensitivity leading some to categorize them as “panoramic
localizers” (Edrdegh et al., 2005). A smaller population of SG cells also responds to
somatosensory or auditory stimuli with some showing multimodal response features. Very
little physiological data is available regarding the responses of rat SG cells. Bordi and
LeDoux (1994a,b) recorded from cells in rat SG to auditory and somatosensory inputs
noting that some responded only to auditory, some only to somatosensory and some cells to
both modalities. SG somatosensory responses may be to noxious stimuli because
spinothalamic cells projecting to rat SG preferentially responded to such stimuli (Zhang and
Giesler, 2005). No physiological evidence is available to indicate that cells in rat SG
respond to visual stimuli but Linke (1999) showed an SG input from superficial layers of the
superior colliculus. Brain slice and electron microscopic experiments (Smith et al., 2007)
documented that there are synaptic inputs to SG cells activated by SC stimulation. Thus it is
possible although not documented that some portion of the SG cell input to rat auditory
cortex will be carrying visual information that may not be specialized for precise
localization. If rat SG cells respond like cat SG cells which seem to prefer motion stimuli in
a preferred direction (Benedek et al., 1997; Paroczy et al., 2006) it may be alerting auditory
cortex to the presence of an object that has appeared or has moved in the visual
environment.

Corticocortical input to auditory cortex

Very little data is available on the synaptic characteristics of corticocortical connections in
auditory cortex. Rat corticocortical callosal connections are feedback-like with terminals
primarily in superficial and deep layers (Cippoloni and Peters, 1979) and a similar laminar
distribution is seen in the inputs from ipsilateral secondary auditory cortex (Shi and Cassell,
1997). Corticocortical terminals found in layer 1V of primary auditory cortex arising from an
unspecified area of auditory cortex (Khazaria and Weinburger, 1994) synapsed primarily on
spines and dendrites and were smaller than MGV thalamocortical terminals. Terminals in
other layers were not evaluated. Local activation of corticocortical inputs to mouse layer IV
cells (Anderson et al., 2009) indicated that these inputs were similar to thalamocortical
inputs in that they synapsed on spines but the spines were not as consistently close to the cell
body and the synapses were on a different spine type.

Still less information is available on the corticocortical connections arising from visual
cortical areas and terminating in auditory cortex. Several retrograde labeling studies verified
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that extrastriate cells project to primary auditory cortex (monkey -Falchier et al., 2002,
Cappe and Berone, 2005; ferret - Bizley et al., 2007; cat - Clemo et al., 2008; gerbil -
Budinger et al., 2008,2009). Using anterograde autoradiographic techniques Miller and
Voight (1984) provide the only evidence of the terminal distribution of this input to
superficial and deep layers. However, their results differed qualitatively from ours as they
reported VV2M projects only to layers I-111 (versus layers | and VI in the present study) and
V2L projects to layers I-111 and V (versus I-111 and V1 in the present study). In
autoradiographic studies, it can be difficult to distinguish signal-from background label. This
is not an issue with the robust axonal staining of the present study. Thus our data provide the
first quantitative evidence of how the visual cortical input is integrated into the auditory
cortical circuitry.

What information might be provided by this visual cortical input. A considerable amount of
physiological data is available in cats and primates (e.g. see Sincich and Horton, 2005) but
very little from rats. Cortical responses from rat extrastriate cortex (Espinoza and Thomas,
1983) provided evidence for several retinotopically organized areas of the contralateral
hemifield and cells with notably larger receptive fields than those of V1 cells. Also,
retrograde studies (Bizley et al. 2007; Budinger et al. 2006) have revealed that secondary
visual cortical cells projecting to primary auditory cortex are restricted to regions that
represent the peripheral visual field. Thus any visual input to auditory cortex from this
source will likely not provide precise spatial information.

What cortical cell types might be influenced by this feedback projection? Our data indicate
that the V2 terminals synapse primarily on the small dendrites and spines of excitatory cells.
In primary visual cortex Johnson and Burkhalter (1996, 1997) noted a similar feedback
connection from V2 to V1 where the V2 inputs were excitatory and terminated on pyramidal
cell spines and dendrites. Because there are no excitatory cells in layer I, dendrites located
here receiving V2 (and SG) inputs must arise from cells in other layers, in particular layer 11/
I11 pyramidal cells and the large pyramidal cells in layer V known to project corticofugally.
In a slice preparation of rat visual cortex, Shao and Burkhalter (1996) stimulated rat
extrastriate cortex while recording from layer I1/111 cells in primary visual cortex and noted
that V2 stimulation generated primarily epsps and much less inhibition than stimulation of
the white matter/local neuropil. In a similar slice preparation of primary somatosensory
cortex (Cauller and Connors, 1994) layer | stimulation was shown to activate excitatory
inputs only to pyramidal cells with apical dendrites extending into layer I. These included
layer 11/111 cells and large layer V cells but not pyramidal cells in layer V and VI whose
dendrites did not reach into layer I. In addition, spiny stellate cells, the major spiny neuron
in layer 1V of visual and somatosensory cortex whose dendrites are confined to layer IV and
are the major recipient of lemniscal thalamocortical inputs, were not directly affected by
layer | inputs. Several recent studies (Smith and Populin, 2001, Barbour and Callaway,
2008, Richardson et al., 2009) showed that primary auditory cortical layer IV is void of
spiny stellates and is instead inhabited by pyramidal cells. In the rat (Barbour and Callaway,
2008) half of these cells are pyramidal cells whose apical dendrite extends into layer I. The
other half are star pyramidals whose dendrites do not. Thus, unlike visual and
somatosensory systems there may be a major cell component of layer IV of the auditory
cortex that is being directly affected by these feedback inputs.

It was also interesting to note that there was an even distribution of V2M terminals in layer
I, a preference of V2L terminals for the deep half of the layer and a preference of the SG
inputs for the superficial half. Several other neural components have been shown, primarily
in the rat cingulate cortex, to have a preferential distribution in either the superficial or deep
half of layer I. These include GABAergic axons, the input from the anterior thalamic
nucleus, muscimol binding, the GABA synthetic enzyme glutamic acid decarboxylase
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(GAD), somatostatin-28, 5 HT binding and certain muscarinic acetycholine receptors
(Houser, et al., 1983; Mugnaini and Oertel, 1985; Campbell et al., 1989, Vogt, 1985, 1991).
Why might there be this unequal distribution of so many important components? It has been
shown that the apical dendritic tufts of layer 1I/111 pyramidal cells are found primarily in the
superficial half of layer 1 while those of layer V pyramidal cells extend evenly throughout
the depth of layer | (Vogt, 1991). Perhaps these components, including V2L, V2M and SG
terminals, are distributed so they can preferentially influence layer V pyramidal cell
dendritic tufts only (V2L inputs) or both layer 11/111 and V cell dendritic tufts (V2M and SG
inputs).

What might the function of feedback-type cortical projections to auditory cortex be? In other
sensory systems cortical feedback within a given sensory modality from secondary to
primary cortical areas are likely to modulate feedforward responses (e.g. Sandell and
Schiller, 1982) and in some cases can drive columnar activity prior to or in the absence of
ascending input (e.g. Cauller and Kulics, 1991; Mignard and Malpeli, 1991). For cortical
feedback from the secondary visual cortex to the primary auditory cortex it is feasible that
these connections contribute to the psychophysical observations that visual cues can alter the
spatial localization of sounds (Howard and Templeton, 1966) and can effect the perception
of speech sounds (McGurk and MacDonald, 1976), and auditory sensitivity (Lovelace et al.,
2003).

Topography of Projections

We were surprised to see that V2M and probably SG axons run preferentially along the
same axis as the isofrequency strips that form the frequency map described for rat primary
cortex (Sally and Kelly, 1988, Doron et al., 2002). Why would this be the case? As indicated
above the visual receptive fields of V2 cells are large but as a population they still form a
map of contralateral space (Espinoza and Thomas, 1983). It would be tempting to speculate
that the V2M to auditory cortex projection is conveying this location information about the
visual component of an environmental cue onto the area of auditory cortex that is encoding
that same location. Some reports have indicated that visual cues that are in spatial register
with an auditory cue provide more help in evaluating a sensory stimulus. However, although
the removal of auditory cortex produces localization deficits in contralateral space
(Thompson and Cortez, 1983, Jenkins and Merzenich, 1984, Heffner and Heffner, 1990)
there has been no reports of a map of space along any dimension of the auditory cortex
including the isofrequency strips. It is also plausible that precise spatial information is not
what V2 is providing to auditory cortex but, given the large receptive fields, simply the
presence of a stimulus. Experiments to determine what visual stimuli preferentially activate
V2M cells that project to auditory cortex and what the auditory response features of cells
receiving this input are would be helpful.

As indicated above very little is known about the visual response of rat SG cells and it is not
even clear if they carry visual information to auditory cortex. In the cat (Benedek et al.,
1997, Paroczy et al., 2006) SG cells are predominantly responsive to visual stimuli and have
very large receptive fields. As a group they did not form any apparent map of visual space
and the majority of cells were concerned with movement of stimuli in a preferred direction.
Thus, if rat SG cells are found to send similar visual information to auditory cortex it would
not involve location information rather that something is moving in the visual environment.
Why this would be sent preferentially along particular isofrequency strips is hard to imagine.
As an alternative it should be kept in mind that rat SG cells can respond to auditory stimuli
and have Q10 values (a measure of the narrowness of frequency tuning) that overlap with
those of MGV cells (Bordi and LeDoux, 1994a,b) so the projection may simply reflect the
auditory frequency tuning of the SG cell. More refined experiments need to be devised
where SG (and extrastriate) cells specifically projecting to primary auditory cortex can be
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isolated and their specific response features to sensory stimuli from multiple modalities
characterized.
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Figure 1.

Labeled V2M and SG axons in Aul. A. Photomicrograph of labeled V2M axons in
supragranular layers. Dotted line represents the cortical surface. One axon (arrow, lower
left) trifurcates/branches after entering from adjacent cortical layers and another (arrow, top
right) travels along the cortical surface. B. Photomicrograph of a labeled SG axon that
branches close to the layer 111/1V border. Several en passant (white arrowheads) and en
terminaux (black arrowheads) terminal swellings are highlighted in A and B. Dorsal is to the
left.
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Figure 2.

V2M injection and axon labeling in primary auditory cortex. A. Distribution of swellings on
BDA-labeled V2M axons in a strip of primary auditory cortex running from the cortical
surface to the white matter taken approximately 4.4 mm caudal to bregma. Each dot
represents a swelling. Dotted lines divide the strip into 50 um parcels. Location of layer
boundaries and percentage of the total swellings in each layer is indicated below. Plot of the
number of terminals in each 50 um parcel illustrated above. B. Photomicrograph of the
injection site (asterisk) in V2M. C. Camera lucida drawings of labeled axons in five coronal
sections through right auditory cortex from caudal (left) to rostral (right). Arrows demarcate
boundaries between various cortical areas. Numbers above sections represent distances from
bregma. The dashed line segments indicates the border between layer VI and the white
matter. Dorsal is to the top. Abbreviations: AuD = secondary auditory cortex, dorsal, AuV =
primary auditory cortex, ventral, Aul = primary auditory cortex, Ect = ectorhinal cortex,
MGB = medial geniculate nucleus, RS = retrosplenial cortex, SC = superior colliculus, TeA
— temporal association cortex, V1 = primary visual cortex.
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Figure 3.

V2L injection and axon labeling in primary auditory cortex. A. Distribution of swellings on
BDA-labeled V2L axons in a strip of primary auditory cortex running from the cortical
surface to the white matter taken approximately 4.3 mm caudal to bregma. Each dot
represents a swelling. Dotted lines divide the strip into 50 um parcels. Location of layer
boundaries and percentage of the total swellings in each layer is indicated below. Plot of the
number of terminals in each 50 um parcel illustrated above. B. Photomicrograph of the
injection site in V2L (asterisk). C. Camera lucida drawings of labeled axons in five coronal
sections through left auditory cortex from rostral (left) to caudal (right). Conventions as in
Fig. 2.
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Figure 4.

SG injection and axon terminal distribution in primary auditory cortex. A. Photomicrograph
of the injection site in SG approximately 5.3 mm posterior to bregma. Horizontal white
arrows indicate the blood vessels that distinguish the boundary between MGV and MGD as
well as SG and MGM at this rostrocaudal level. Curved arrow indicates injection site. Inset
shows location of labeled cells in an adjacent section relative to the boundaries of SG
(dotted line). Circle at lower left is the left blood vessel seen in the photomicrograph. B.
Camera lucida drawing of a coronal section through auditory cortex approximately 4.3 mm
posterior to bregma. Shaded area indicated by asterisk represents the strip of cortex
illustrated in C. C. Distribution of swellings on BDA labeled SG axons in the strip of
primary auditory cortex highlighted in B. Each dot represents a swelling. Dotted lines
divides strip into 50 um parcels. Location of layer boundaries and percentage of the total
swellings in each layer are indicated at left. Plot of the number of terminals in each 50 um
parcel illustrated on right. Abbreviations as in Fig. 2 and CA1 = field CA1 of hippocampus,
CA2 = field CA2 of hippocampus, CA3 = field CA3 of hippocampus, cp = cerebral
peduncle, DLG = dorsal lateral geniculate nucleus, fi = fimbria, MGD = Dorsal medial
geniculate nucleus, MGM Medial medial geniculate nucleus, MGV = Ventral medial
geniculate nucleus, opt = optic tract, p = electrode penetration site, PRh = perirhinal cortex,
VLG = ventral lateral geniculate nucleus, VPN = Ventoposterior nucleus, wm = white
matter.
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Figure 5.

V2M axon segments in layer I. A. Camera lucida drawing of all the labeled V2M axons
pieces in a small portion of layer | within a 70 um coronal section of primary auditory
cortex. B. Comparison of the lengths of 110 randomly selected axon pieces from layer | of
70 um sections of primary auditory cortex cut in either the coronal (squares) or horizontal
(circles) plane. Axon pieces are ordered from shortest to longest.
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Figure 6.

Serial reconstruction in the coronal plane of labeled V2M axons in primary auditory cortex
following injection into V2M. Axons in A and C are in left auditory cortex and resulted
from an injection into left V2M. Axons in B, D and E are in right auditory cortex and
resulted from Injection in right V2M. Asterisks designate branches that could not be
followed to termination. Edge of the tissue is indicated by solid line. Laminar boundaries
indicated by dotted lines. Dorsal is to the top.
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Figure 7.

Surface plot summaries of reconstructed V2M axons A, B and E from Figure 6. Individual
circles in each plot indicate the number of swellings within a 70X70 um sector of tissue
viewed laterally on the cortical surface. Only swellings in layers | and Il are included.
Positions of axons accurately reflect their locations relative to the dorsal and ventral

boundaries (dotted lines) of primary auditory cortex and their relative size.. Their

rostrocaudal position is offset to allow viewing of individual axons, which otherwise
overlap. Background shading reflects the relative density of the en masse projection from

the V2M injection site illustrated in Figure 1A.
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Figure 8.

Serial reconstructions in the coronal plane of labeled axons in primary auditory cortex
following injection into ipsilateral SG. Asterisks designate branch that could not be followed
to termination. Edge of the tissue indicated by solid line. Laminar boundaries indicated by
dotted line. Dorsal is to the left. Scale bar in G applies to all drawings.
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Figure 9.

Terminal/swelling distribution across layers in Aul. Light bars for each layer represent the
percentage of SG synaptic terminals found in that layer during the EM analysis (upper bar)
and the percentage of swellings in that layer seen on labeled SG axons during the LM
analysis (lower bar). Dark bars in each layer represent the percentage of V2M synaptic
terminals found in that layer during the EM analysis (upper bar) and the percentage of
swellings in that layer seen on labeled VV2M axons during the LM analysis (lower bar).
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Figure 10.

SG terminals in primary auditory cortex. A-D. BDA-labeled SG terminals (asterisks)
synapsing on small dendrites or spines (d). Arrows indicate post-synaptic density(s). In C
there appears to be 2 densities on the same dendrite. A GABAergic terminal is seen in D (x),
Scale bar = 1 um and applies to all micrographs.
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Figure 11.
V2M terminals in primary auditory cortex. A-D BDA-labeled SG terminals (asterisks)

synapsing on small dendrites or spines (d). Arrows indicate post-synaptic density(s). In B
there appears to be 2 densities on the same dendrite. Scale bar = 1 um and applies to all

micrographs.
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Figure 12.

Axon terminals. A. Size distribution of terminals arising from SG (white bars) and V2M
(shaded bars) axons in Aul represented as a percentage of the total number of terminals. B.
Mean area of SG and V2 terminals in different Aul cortical layers. Numbers inside bars
represent number of terminals evaluated in that layer. Number of V2M terminals in layers 4
and 5 too small to calculate a reliable mean area. C. Comparison of the size distribution of
SG and V2M terminals in layer 4 with those arising from MGV axons and terminating in
layer 4. MGV data re-plotted from Khazaria and Weinberg (1994).
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Figure 13.

Structures post-synaptic to labeled SG and V2M terminals. A. Least diameter of structures
post-synaptic to SG (white bars) and V2M (dark bars) terminals in cortical layers. Number
of structures post-synaptic to V2M terminals in layers 4 (N= 3) and 5 (N=2) were not large
enough to give a reliable average and are not included. Asterisks indicate significant
differences between layers. B. Least diameter of structures post-synaptic to SG (white bars)
and V2M (shaded bars) terminals subdivided into supra-(layers I-111) and infragranular
(layers V=VI) layers. C. Least diameter of structures post-synaptic to SG (white bar) and
V2M shaded bar) terminals in all layers. D. Dendritic diameters of all structures post-
synaptic to SG and V2M (combined) terminals in each cortical layer (striped bars) compared
to the “typical” post-synaptic structure (white bars) in the same layer. Asterisks indicate
layers with significant differences. E and F. Area (E) and least diameter (F) of all structures
post-synaptic to SG (circles, N=152) and V2M (triangles, N=80) terminals from smallest to
largest compared to “typical” post-synaptic structures (squares, N=390) in primary auditory
cortex. Asterisks indicates that the structures post-synaptic to “typical” post-synaptic
structures are significantly larger than structures post-synaptic to SG or V2M terminals. The
dotted line in E represents the mean area of spines in auditory cortex reported by Kharazia
and Weinberg (1994).
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