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Several functional maps have been described in primary auditory cortex, including those related to frequency, tuning, latency, binaural-
ity, and intensity. Many of these maps are arranged in a discontinuous or patchy manner. Similarly, thalamocortical projections arising
from the ventral division of the medial geniculate body to the primary auditory cortex are also patchy. We used anterograde labeling and
electrophysiological methods to examine the relationship between thalamocortical patches and auditory cortical maps. Biotinylated
dextran–amine was deposited into physiologically characterized sites in the ventral division of the medial geniculate body of New Zealand
white rabbits. Approximately 7 d later, the animal was again anesthetized and the ipsilateral auditory cortex was mapped with tungsten
microelectrodes. Multi-unit physiological data were obtained for the following characteristics: best frequency (BF), binaurality, response
type, latency, sharpness of tuning, and threshold. Immunocytochemical methods were used to reveal the injection site in the ventral
division of the medial geniculate body as well as the anterogradely labeled thalamocortical afferents in the auditory cortex. In 86% of the
cases (12 of 14), entry into a thalamocortical patch was associated with a marked change in physiological responses. A consistent BF and
binaural class were usually observed within a patch. The patches appear to innervate distinct functional regions coding frequency and
binaurality. A model is presented showing how patchy thalamocortical projections participate in the formation of tonotopic and binaural
maps in primary auditory cortex.
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Introduction
The topographic representation of peripheral sensory receptors
in mammalian sensory systems results in a systematic represen-
tation or functional map in sensory cortex (Marshall et al., 1941;
Hubel and Wiesel, 1962; Merzenich et al., 1973; Hubel and Wie-
sel, 1977). The first tonotopic auditory neocortical map was dem-
onstrated by Woolsey and Walzl (1942) in the form of a co-
chleotopic organization in the primary auditory cortex (AI) of
the cat. Other functional maps in AI include binaural interaction
bands (Imig and Adrian, 1977; Middlebrooks et al., 1980),
threshold/intensity (Tunturi, 1950; Schreiner et al., 1992), and
sharpness of tuning (Schreiner and Mendelson, 1990). Interest-
ingly, these maps are patchy or discontinuous in their distribu-
tion relative to the frequency map (Merzenich et al., 1973; Brugge
and Imig, 1978; Middlebrooks et al., 1980; Reale and Imig, 1980;

Redies et al., 1989; Schreiner, 1991, 1992; Schreiner et al., 1992,
2000; Mendelson et al., 1993, 1997; Fitzpatrick et al., 1998).

Ascending auditory signals reach AI via projections from the
ventral division of the medial geniculate body (MGV) (Mesulam
and Pandya, 1973; Sousa-Pinto, 1973; Jones and Burton, 1976;
Winer et al., 1977; Imig and Morel, 1983; Middlebrooks and
Zook, 1983; LeDoux et al., 1985). Anterograde studies of MGV
projections have revealed the existence of a discontinuous or
patchy projection of afferent axons from the MGV to layers III/IV
of auditory cortex (McMullen and de Venecia, 1993; Romanski
and LeDoux, 1993; de Venecia and McMullen, 1994; Cetas et al.,
1999). Patchy thalamocortical (TC) afferents to the cortex have
been described in a variety of species, including the rat, rabbit,
ferret, cat, and macaque (Winer et al., 1977; Angelucci et al., 1993;
Romanski and LeDoux, 1993; Hashikawa et al., 1995; Huang and
Winer, 2000). Some insight into the nature of TC patches has
come from studies involving the calcium-binding protein parv-
albumin (PV) (Hendry et al., 1989; Morino-Wannier et al., 1992;
McMullen et al., 1994; de Venecia et al., 1995, 1998; Jones et al.,
1995; Molinari et al., 1995). TC patches coexist with PV-positive
patches in AI (de Venecia et al., 1998). In addition, the MGV is
intensely PV-positive in many species (Hashikawa et al., 1991;
Vater and Braun, 1994; de Venecia et al., 1995; Molinari et al.,
1995; Cruikshank et al., 2001), and PV-positive relay neurons in
the MGV project to AI (de Venecia et al., 1998). Thus, at least
some of the TC patches arising from the MGV may represent a
chemically coded pathway to AI. Evidence that specific TC cir-
cuits contribute to patchy functional maps in AI was presented by
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Middlebrooks and Zook (1983), who demonstrated that excita-
tory/inhibitory (EE/EI) foci in AI receive input from segregated
populations of neurons in the auditory thalamus. Surprisingly,
the physiological responses of neurons within TC patches and
their relationship to various acoustic maps existing in AI have not
been addressed in any species. In the present study, this question
was examined by mapping the auditory cortex in animals that
received injections of anterograde tracer into the ventral division
of the medial geniculate body. Portions of this work have been
published previously in abstract form (Velenovsky et al., 2000,
2001).

Materials and Methods
Animals. The animals were housed, cared for, and used strictly in accor-
dance with United States Department of Agriculture regulations and the
Guide for the Care and Use of Laboratory Animals (National Institutes of
Health publication 85-23). The research protocol was approved by the
Institutional Animal Care and Use Committee of the University of Ari-
zona College of Medicine. Experiments were performed on normal
young adult New Zealand white (NZW) rabbits (1–3 kg) obtained from
local suppliers. The experiments were performed in two parts. In part I,
an anterograde tracer was injected into the ventral division of the MGB
and the animal was allowed to recover. In part II, the ipsilateral auditory
cortex was electrophysiologically mapped with microelectrodes 6 – 8 d
later. All labeling and mapping procedures were performed in an IAC
model 401A sound booth (Industrial Acoustics Company, Bronx, NY).

Part I: anterograde labeling of TC pathway. Animals were anesthetized
with ketamine (44 mg/kg, i.m.) and xylazine (10 mg/kg, i.m.) and then
placed in a Kopf stereotaxic device (David Kopf Instruments, Tujunga,
CA). Surgery was performed under sterile conditions. Injection sites were
referenced to bregma (lambda and bregma in the same horizontal plane)
using stereotaxic coordinates (McMullen and de Venecia, 1993). The
final coordinate ranges were as follows: anteroposterior, 6.5–7.2 mm;
lateral, 5.3–5.6 mm; dorsoventral, 12.25–13.65 (referenced from skull
surface). After small holes were drilled through the skull, tungsten elec-
trodes (2– 4 M�; World Precision Instruments, Sarasota, FL) were ad-
vanced stereotaxically into the auditory thalamus using a Kopf microma-
nipulator fitted with a motorized stage (model MC-3B-11; National
Aperture Inc., Salem, NH). Custom-fabricated transducers coupled to
custom-molded earpieces were used to deliver acoustic stimuli. Tucker–
Davis Technologies (Gainesville, FL) system II hardware controlled by a
Gateway (Poway, CA) personal computer using custom software were
used to generate auditory stimuli and analyze multi-unit responses as the
electrode was advanced in 100 �m steps. Multi-unit responses were am-
plified and filtered using a Grass P511 preamplifier (Grass Instruments,
West Warwick, RI). After noise bursts (one per second; 100 –200 msec
duration) revealed an acoustically responsive area, tone bursts (one per
second; 100 –200 msec duration) were used to characterize best fre-
quency (BF), latency, and response profile of the site. When short-
latency-onset responses and sharp tuning curves in response to tone
bursts were seen, the coordinates were noted and the electrode was slowly
removed. A borosilicate glass electrode (outside tip diameter, 10 –13 �m)
filled with 10% biotinylated dextran–amine (BDA, molecular weight of
10,000; Molecular Probes, Eugene, OR) in 0.1 M PBS was returned to the
MGB recording site. This was accomplished by placing the injection
microelectrode at the bregma reference site under high magnification.
The identical stereotaxic coordinates of the tungsten electrode were used
to locate the injection electrode at the original recording site. The BDA
was deposited using positive current pulses (0.9 Hz, 3 �A for 20 min)
with a Transkinetics CS-3 current generator. After the electrode was
removed, the incision was sutured, and chloromycetin (30 mg/kg, s.c.)
was administered. The animal was returned to its cage after it recovered
from anesthesia and was monitored daily for signs of infection or
discomfort.

Part II: mapping of TC patches. After 6 – 8 d, the animal was returned to
the recording room and to the Kopf stereotaxic device for cortical map-
ping. The animal was anesthetized using urethane (1.25 mg/kg, i.v.) and

ketamine (13 mg/kg, i.m., every 50 min). Oval holes of �4 � 6 mm were
drilled through the skull just dorsal to AI. Tangential penetrations were
made through the auditory cortex (McMullen and Glaser, 1982) with
tungsten microelectrodes (2– 4 M�; World Precision Instruments).
Multi-unit response properties were determined at 300 �m intervals.
This recording interval was large enough to maximize cortical mapping
but remained fine enough to permit functional/anatomical correlations.
Broadband noise bursts were used to determine the overall responsive-
ness of an area to auditory stimuli. When a responsive area was located,
the characteristic frequency, threshold, and binaurality were determined
using tone bursts (100 msec duration). Binaurality was determined by
presenting noise bursts at a level 20 – 40 dB above threshold. For binaural
presentation, diotic stimuli were used. Responsiveness was judged by
listening to multi-unit activity through a monitor speaker and viewing
real-time spike rasters. Responses were classified as EE if diotic stimuli
elicited the most robust response and EI if stimulating the contralateral
ear elicited a more robust response. No preference for contralateral or
binaural stimulation was classified as excitatory/occlusion (EO) (Imig
and Adrian, 1977; Middlebrooks and Zook, 1983). Afterward, spike ras-
ters, poststimulus time histograms (PSTHs) and tuning curves were ob-
tained (Cetas et al., 2002a). The binaurality determined for noise bursts
was used to set the mode of stimulus presentation (contra or binaural)
when the automated tuning curve program was run. The BF from the
tuning curve program was then evaluated for binaurality, using levels and
procedure as for noise above (Cetas et al., 2001). Electrolytic lesions (10
�A for 10 sec) were placed at the end of each penetration and at the
location of the initial acoustic response to assist in electrode track recon-
structions. At completion of the mapping experiments, the animal was
perfused with 4% paraformaldehyde in PBS and the brain was removed.
The brain was dissected into cortical and thalamic blocks and postfixed
overnight in 4% paraformaldehyde at 4°C. The blocks were cryopro-
tected in ascending sucrose solutions (to 30%) before sectioning.

Tissue processing. For the localization of injection sites, coronal tha-
lamic sections were cut using a sledge-type microtome (75 �m thick) and
incubated for 15 min in 1% H2O2 to suppress endogenous peroxidase
activity. BDA was localized by avidin– biotin– horseradish peroxidase
histochemistry (Vector Elite ABC Kit; Vector Laboratories, Burlingame,
CA) using nickel– cobalt intensification of the diaminobenzidine (DAB)
reaction product (Adams, 1981). Sections were mounted on gelatinized
slides and counterstained with 1% aqueous methylene blue to confirm
the location and extent of the MGV injections. The electrophysiologically
mapped cortices were gently flattened between glass slides and fixed in
4% paraformaldehyde. Tangential frozen sections through the cortex
were cut on a sledge-type microtome at a thickness of 50 �m. A sensitive
immunoperoxidase method was used to visualize BDA-labeled axons in
the cortex ipsilateral to MGV injections (McMullen and de Venecia,
1993; de Venecia and McMullen, 1994). Briefly, sections were incubated
for 48 hr at 4°C in goat anti-biotin antibody (Vector Laboratories) di-
luted 1:10,000 in PBS containing 3% normal rabbit serum (NRS), fol-
lowed by biotinylated rabbit anti-goat IgG (Vector Laboratories) diluted
1:200 in 3% NRS–PBS for 2 hr at room temperature. The labeled axons
were visualized with a standard DAB histochemistry reaction with heavy
metal intensification (Adams, 1981). Because PV has been shown to be an
excellent marker for AI in a variety of species (Wallace et al., 1991; Mc-
Mullen et al., 1994; Hashikawa et al., 1995; Kosaki et al., 1997; de Venecia
et al., 1998; Budinger et al., 2000; Cruikshank et al., 2001), alternative
cortical sections were processed for this calcium-binding protein. The
monoclonal antibody against PV used in these experiments was Swiss
Antibodies #235 (Swant, Bellinzona, Switzerland). All immunohisto-
chemical procedures were performed on free-floating sections using a
rocker table for gentle agitation. Dilutions and rinses were done with 0.1
M PBS, pH 7.4. Sections were first submerged in 1% H2O2 for 15 min to
suppress endogenous peroxidase activity and then placed into 3% nor-
mal horse serum (NHS; Vector Laboratories) with 1% Triton X-100 for
60 min to block nonspecific labeling and to increase antibody penetra-
tion. The sections were incubated in primary mouse monoclonal anti-
body to PV (1:5000 –1:15,000 dilution with 3% NHS) for 72 hr at 4°C,
followed by biotinylated horse anti-mouse IgG (1:200 dilution with 3%
NHS) for 2 hr, and avidin– biotin– horseradish peroxidase complex

Velenovsky et al. • Functional Mapping of Thalamocortical Arbors J. Neurosci., January 1, 2003 • 23(1):308 –316 • 309



(Vector Laboratories Standard ABC kit) for 90 min at room temperature.
PV immunoreactivity was visualized using the cobalt–nickel DAB inten-
sification method of Adams (1981). No specific staining was observed in
control experiments in which sections were incubated in primary anti-
body preadsorbed with HPLC-purified rat parvalbumin (Swiss antibod-
ies). All sections were then mounted onto gelatinized slides and cover-
slipped with Permount. TC patches, electrode tracks, and electrolytic
lesions were reconstructed from serial sections with the aid of a computer
microscope (MicroBrightField Inc., Colchester, VT) or an Aus Jena
Macro-Projector (AusJena, Jena, Germany). Tissue shrinkage was deter-
mined by measuring the distances between lesions after tissue processing
and comparing those values with those measured in situ. A shrinkage

measurement of 30% was determined and applied to reconstruct the
cortical electrode penetrations.

Results
All successful injections into the MGV resulted in labeled TC
patches. AI was mapped in 12 animals, with a total of 35 tangen-
tial electrode penetrations. In seven animals, at least one TC
patch was traversed by a mapping penetration. In six of the seven
animals, the BF of the MGV injection site was determined. In
three of the six animals, BF and binaurality of the injection site
were represented in at least one TC patch. Reconstructions of
frequency and binaural maps obtained from tangential electrode
penetrations in three animals are shown in Figure 1. In all cases in
which AI was mapped, a high-to-low dorsoventral frequency
progression was seen. In 16 penetrations, an additional tonotopic
field was located dorsal and often anterior to the primary field,
with a low-to-high frequency progression that mirrored the pro-
gression in the primary field. This secondary field is shown for
animals CM-4 and CM-13 in Figure 1 (denoted by asterisks) and
CM-15 in Figure 3. The distribution of binaural categories rela-
tive to the tonotopic maps is also shown in Figure 1. In general,
neurons formed clusters of binaural categories that extended
across isofrequency contours. EE and EO categories predomi-
nated and formed regions 0.5–2.0 mm wide. EI regions were seen
less frequently.

A total of 14 BDA-labeled TC patches were mapped in seven
animals. Typically, multiple TC arbors in AI resulted from a sin-
gle BDA injection in the MGV (Fig. 2). In many cases, the TC
patches in the tangential plane appeared oriented along the pre-
sumptive isofrequency contours in AI (shown in Fig. 1) of the
rabbit (see Figs. 2, 3, 5, 7, 9). In all but one case, labeled patches
arising from MGV tracer injections coincided with tonotopically
organized areas in auditory cortex, whose functional characteris-
tics (short latency, low threshold, dorsoventral high-to-low fre-
quency organization) were consistent with AI of this species (Mc-
Mullen and Glaser, 1982). In 86% (12 of 14 in seven animals) of
the penetrations through labeled TC patches, entry and exit into
anterograde-labeled terminal fields were characterized by abrupt

Figure 1. Reconstruction of frequency and binaural maps from three animals (CM-4, CM-6,
and CM-13). Gray shaded areas represent regions of no response (NR) to acoustic stimuli. The
numbers represent BF in kilohertz at each recording site. Binaural classes (EE, Red; EO, yellow; EI,
blue) are also indicated. Note the clusters of similar binaural classes in each penetration. The
reverse (low– high) tonotopic progression in the dorsal region of CM-4 and CM-13 (asterisks)
represents a second auditory field. Inset, Side view of the rabbit brain showing the location of
the AI and the orientation of isofrequency contours. A, Anterior; D, dorsal; P, posterior; V,
ventral.

Figure 2. Thalamic BDA injection and anterograde-labeled TC fields. Left, Methylene blue
counterstained coronal section through the right MGV showing large BDA injection ventral
division (V ) of the MGV. The injection is elongated parallel to the MGV cellular laminas, which
exhibit a dorsomedial to ventrolateral orientation. Dorsal ( D ) and internal ( I ) MGV subdivisions
are also visible. Scale bar, 500 �m. Right, Tangential view of four TC patches labeled by the BDA
injection shown to the left. Scale bar, 1.0 mm. Inset, Side view of the rabbit brain. The boxed
region shows the location of labeled TC patches in AI. Scale bar, 5.0 mm.
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changes in physiological responses (e.g., binaurality, latency, and
frequency) to acoustic stimuli. In general (10 of 14 penetrations),
TC patches defined cortical regions of uniform multi-unit re-
sponse profiles (e.g., BF or binaurality). The patches were not
associated with any one group of unvarying response properties
(i.e., consistent frequency or binaurality was not always repre-
sented in every patch).

An example of anterograde labeled patches in AI resulting
from a large BDA injection into the MGV of animal CM-15 is
illustrated in Figure 2 (left). In this case, the BDA injection labeled
an elongated slab-like region whose orientation paralleled the
cellular laminas in the rabbit MGV (Cetas et al., 2001, 2002b).
The TC projections labeled by this injection consisted of four

distinct patches shown in Figure 2 (right). A comparison with
Figure 1 indicates that the overall orientation of the patches par-
allels the isofrequency contours of this species (Fig. 2). This rela-
tionship was observed in several experiments (see below); it sug-

Figure 3. Reconstruction of two mapping penetrations superimposed on TC terminal field axons arising from the BDA injection shown in Figure 2. Graphs depict BF as a function of electrode depth
throughout tangential penetrations 4 and 5. Dotted lines indicate the BF reversal at the border between the dorsal field ( D ) and AI. The shaded area in each graph represents the portion of the
penetration that passed through a TC terminal field. Note the consistent BF within the patches and the change in frequency as each electrode enters or exits the TC terminal fields. A, Anterior; V,
ventral; P, posterior. Scale bar, 1.0 mm.

Figure 4. Methylene blue counterstained coronal section through the right MGB in ex-
periment CM-27, showing a small BDA injection (arrow) in the far lateral MGV (V). D,
Dorsal subdivision of the MGB; I, internal division of the MGB; LGN, lateral geniculate
nucleus. Scale bar, 500 �m.

Figure 5. Small TC patches are associated with regions of consistent BF. Reconstruction of
electrode penetration through TC axonal fields from experiment CM-27. The graph depicts BFs
as a function of electrode depth throughout penetration 3. The shaded area represents the
portion of the penetration that passed through the TC patch. Note the consistent BF (15 kHz) and
binaural responses (EE) within the patch and the change in frequency as the electrode exits the
patch. A, Anterior; D, dorsal; P, posterior; V, ventral. Scale bar, 1.0 mm.
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gests a point-to-strip organization of TC projections in this
species. A reconstruction of the mapping experiment for animal
CM-15 is shown in Figure 3. A high-to-low frequency progres-
sion was seen during mapping experiments, as revealed by the

graphs for penetrations 4 and 5 shown in Figure 3. A dorsal
tonotopic field was also seen in this experiment, characterized by
a steep low-to-high frequency progression that mirrored the fre-
quency organization of AI (Fig. 3). In experiment CM-15, fre-
quency was consistent throughout mapped portions of each of
the TC patches. Binaurality, in the form of EE, was also consistent
in each of the penetrations through the TC patches (Fig. 3).

Figure 4 illustrates a coronal section of the MGV from animal
CM-27, which received a small BDA injection located at the lat-
eral edge of the anterior MGV. A computer microscope recon-
struction of the small TC terminal fields labeled by this injection,
along with a reconstruction of one tangential electrode penetra-
tion, is shown in Figure 5. Typical for small patches labeled by
injections of this size, BF (15 kHz) and binaurality (EE) remained
consistent within the TC patch, whereas threshold and PSTH
response type varied (Fig. 5). Note also the posterodorsal to an-
teroventral orientation of the two small patches shown in the
reconstruction of penetration 3, an orientation that parallels the
isofrequency contours of the rabbit AI (Fig. 1).

Figure 6 is a photomicrograph of a larger BDA injection in the
high-frequency area of the MGV for experiment CM-13. Similar
to CM-15, shown in Figure 2, the BDA injection site has a dorso-
medial–ventrolateral orientation similar to that of cellular lami-
nas and frequency slabs that have been described in the MGV
(Cetas et al., 2001). A computer microscope reconstruction of TC
terminal fields along with reconstructions of two tangential elec-
trode penetrations in auditory cortex from experiment CM-13
are shown in Figure 7. Because of the large BDA injection in the
MGV, the TC terminal fields were larger here relative to those

Figure 6. Methylene blue counterstained coronal section through the right MGB in experi-
ment CM-13 showing BDA injection (arrow) in the high-frequency region of MGV. D, Dorsal
subdivision of the MGB; I, internal division of the MGB. Scale bar, 500 �m.

Figure 7. TC patches are associated with areas of consistent binaurality. Reconstruction of two electrode penetrations through elongated TC bands from experiment CM-13. The graphs depict
binaurality (EE, EO, EI) as a function of depth throughout the penetrations. The graph on the leftrepresents binaurality throughout penetration 1; the graph on the rightrepresents the same for
penetration 3. The shaded arearepresents the portion of penetrations 1 and 3 that passed through TC fields. Note the consistent binaurality within the patches and the change in binaurality at patch
borders. BF was constant within each mapped patch. A, Anterior; D, dorsal; P, posterior; V, ventral. Scale bar, 1.0 mm.
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from experiment CM-27 (Fig. 5). Similar to those of experiments
CM-15 and CM-27 (Figs. 3, 5), the TC terminal fields were ori-
ented in an anteroventral-to-posterodorsal direction. In each
penetration, both BF and binaurality remained constant within
the TC axonal field. In penetration 1, a change in binaurality
occurred on entering and exiting the TC field. A consistent BF (16
kHz) and binaurality (EO) were observed within the patch. A
consistent BF (23 kHz) and binaural response (EO) were also
seen in the small patch mapped in penetration 3 (Fig. 7, right).
Although frequency remained consistent in both TC fields, the
BFs were not the same (16 and 23 kHz). It is interesting to note
that 23 kHz is �0.7 octaves above 16 kHz, a frequency step size
that has been described in the rabbit MGB (Cetas et al., 2001).

The BDA injection in the MGV for experiment CM-29 is
shown in Figure 8. Unlike the MGV injections in experiments
CM-15 (Fig. 3) and CM-13 (Fig. 6), the injection focus extends
vertically across the MGV laminas. Such an injection would be
expected to cross multiple frequency slabs in this species (Cetas et
al., 2002b).

A computer reconstruction of the large terminal TC field la-
beled by the BDA injection shown in Figure 8 (CM-29) is shown
in Figure 9. Note the anteroventral-to-posterodorsal orientation
of the TC field, similar to that of CM-15 (Fig. 3) and CM-27 (Fig.
5). Multi-unit responses to acoustic stimulation were more robust
within the terminal field than those outside the TC arbors (Fig. 9).
The multi-unit response type (onset/sustained) is also consistent
throughout the labeled terminal field. A stepwise frequency progres-
sion was observed within the TC patch. Binaurality was also consis-

tent throughout the patch, with the majority
being classified as EO.

Discussion
Auditory fields and TC patches
Although physiological (Colwell and
Merzenich, 1975; Middlebrooks et al.,
1980) and anatomical (Middlebrooks and
Zook, 1983; Angelucci et al., 1993; Mc-
Mullen and de Venecia, 1993; de Venecia
and McMullen, 1994; Hashikawa et al.,
1995; Cetas et al., 1999) evidence for the
existence of multiple parallel pathways
linking the auditory thalamus and AI has
existed for years, there have been few at-
tempts to correlate auditory physiological
maps with TC circuits (Middlebrooks and
Zook, 1983). In the present study, focal
tracer injections in the MGV frequently
resulted in a band of TC axons composed
of multiple patches (McMullen and de
Venecia, 1993). A consistent finding in the
present study was that TC patches defined
a cortical module with a particular BF.
Electrophysiological mapping of several
patches making up a band revealed a com-
mon BF within the band (experiment
CM-15). In most cases, the TC axonal
fields were aligned parallel to isofre-
quency contours in AI, an arrangement
predicted by Tunturi (1950) more than 50
years ago. These results are consistent
with anterograde and retrograde studies
of auditory thalamic pathways that have
shown that restricted areas of the MGV

Figure 8. Methylene blue counterstained coronal section through the right MGB showing a
large BDA injection (arrow) in the lateral MGV ( V ). D, Dorsal subdivision of the MGB; I, internal
division of the MGB. Scale bar, 500 �m.

Figure 9. Reconstruction of an electrode penetration through a large TC terminal field from experiment CM-29. Rasters to the
left of the penetration indicate multi-unit response patterns at discrete recording points. Note that the type and strength of
multi-unit responses change at the patch borders and remain consistent within the patch. The graph on the right depicts response
latency throughout the penetration. The shaded area represents the portion of the penetration through the TC patch. Frequency
progression was stepwise in this patch; binaurality was consistent (EO). Note the consistent short-latency responses within the
patch. Outside the patch, regions of longer latency or no response (NR) predominate. A, Anterior; D, dorsal; P, posterior; V, ventral.
Scale bar, 1.0 mm.
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diverge to widespread areas along an isofrequency contour (Col-
well and Merzenich, 1975; Merzenich et al., 1982; McMullen and
de Venecia, 1993; Cetas et al., 1999). We conclude that function-
ally defined isofrequency contours in AI derive from the patchy
divergent projections of auditory thalamic neurons.

Binaural interaction bands form an additional functional map
in AI (Imig and Adrian, 1977; Middlebrooks et al., 1980). Neu-
ronal groups projecting to either EE or EI bands are spatially
segregated from one another within the MGV (Middlebrooks
and Zook, 1983), suggesting the existence of several classes of
MGV neurons with unique projections to AI. In the present
study, clusters of binaural regions were found within AI com-
posed of EE, EO, or EI response types, which crossed isofre-
quency contours. The distribution of binaural classes in the rab-
bit AI is similar to what has been described in AI of several other
species, such as the cat (Imig and Adrian, 1977; Middlebrooks et
al., 1980; Schreiner, 1991, 1995) and rat (Kelly and Sally, 1988),
but has not been reported before in this species. TC patches were
also associated with the clustered distribution of binaural classes
in AI. In many cases, the patch boundaries defined the borders of
binaural transitions (Fig. 7, EI–EO, EO–EE). Our results suggest
that TC patches represent the anatomical substrate for frequency
and binaural maps in AI. Several other discontinuous maps in the
AI overlay the tonotopic and binaural maps and include sharp-
ness of tuning (Schreiner, 1991; Recanzone et al., 1999), intensity
tuning (Schreiner et al., 1992; Recanzone et al., 1999), latency
(Recanzone et al., 1999), and temporal response properties

(Schreiner, 1991; Schulze et al., 1997). How these maps relate to
TC patches requires additional study.

In experiment CM-29, at least three distinct BFs were repre-
sented within a large TC field. In contrast, binaurality (as well as
latency and response profile) remained consistent. We believe
this finding is related to the number of frequency laminas encom-
passed by the MGV injection (Cetas et al., 2001). The frequency
steps within the TC axonal field (0.7 octave) were identical to
those observed in mapping penetrations across cell laminas in the
MGV (Cetas et al., 2001). The constancy of binaural responses
within the large patches is consistent with the distribution of
binaural classes in the auditory thalamus. In the MGV of the
rabbit (Cetas et al., 2001) and cat (Rodrigues-Dagaeff et al.,
1989), binaural response classes are mapped independently of
frequency.

Auditory cortical maps in the rabbit: comparison with
other species
In our experiments, all TC patches but one were found in areas
with a frequency organization that was typical of what has been
reported in AI of the rabbit: a dorsoventral high-to-low fre-
quency progression (McMullen and Glaser, 1982). This was ex-
pected, because our injections were made in the MGV, the source
of the main lemniscal pathway to AI (Winer et al., 1977; Niimi
and Matsuoka, 1979; Imig and Morel, 1983; McMullen and de
Venecia, 1993). In AI of the rabbit, the tonotopic map and its
representative isofrequency contours appear rotated 90° com-
pared with that in cats and monkeys (Merzenich et al., 1973; Imig
et al., 1977; Reale and Imig, 1980; Schreiner, 1991; Recanzone et
al., 1999). This rotation is consistent with the relative orientation
of cellular laminas in the MGV (Morest, 1965; Imig and Morel,
1984; Cetas et al., 2001). A tonotopic map with isofrequency
contours similar to that of rabbits has been reported in an Aus-
tralian marsupial (Aitkin et al., 1986) and in ferrets (Angelucci et
al., 1993). In most mammalian species, the primary auditory field
is surrounded by one or more tonotopically organized areas
(Tunturi, 1950; Merzenich and Brugge, 1973; Imig et al., 1977;
Reale and Imig, 1980; Redies et al., 1989; Hackett et al., 1998). In
the rabbit, a secondary field with a tonotopic organization that
mirrors AI lies dorsal to AI. Based on its frequency organization
and its position relative to AI, this field appears to be the homolog
to the anterior auditory field of the cat (Reale and Imig, 1980) and
the dorsal caudal field of the guinea pig (Redies et al., 1989; Wal-
lace et al., 2000).

Integrity of tracer-injected MGV
An important concern when performing combined anterograde
labeling and mapping experiments is the possibility that the
tracer used to label anatomical structures may damage or destroy
cells at the injection site. In addition, uptake, transport, and dis-
tribution of the tracer could modify the transmission of informa-
tion to axonal targets, thus altering the response profile of cortical
sites coextensive with the labeled axons. The evidence that BDA
injections into the MGV and its transport to AI did not result in
alterations in the functional properties of AI include the follow-
ing: (1) The cortical frequency maps obtained in our studies were
very similar to those determined in previous mapping studies of
NZW rabbits (McMullen and Glaser, 1982). (2) More impor-
tantly, experimental animals served as their own controls; adja-
cent cortical penetrations in which one electrode passed through
a TC patch while the other did not were comparable in frequency
progression, latency, sharpness of tuning, and response strength.
(3) In some cases, the multi-unit responses within a TC patch

Figure 10. Inset, Diagram of TC projection from the ventral nucleus of the MGB to AI. D,
Dorsal division; I, internal division; SC, superior colliculus. Main diagram, Schematic of the MGV
showing ovoidea (OV ) and laminated (LV ) regions (Cetas et al., 2001, 2002a, 2002b). TC axons
originating from binaural-specific relay neurons (red, blue) located in frequency slabs terminate
in patches along a frequency strip in AI. Adjacent MGB neurons within the same frequency slab
but coding for a different binaural class project to separate fields with the same frequency strip.
This model explains how continuous and discontinuous maps in AI derive from patchy TC
circuits.
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were more exuberant than those outside the patch. One would
expect the opposite effect if the BDA had eliminated excitatory
input to cortical neurons. (4) In several cases, the BF of the injec-
tion site was represented within the area of a mapped TC patch. If
neurons at the MGV injection site had been damaged or de-
stroyed, we would not expect to see the BF of that area repre-
sented within a TC patch. In fact, we might expect to see areas of
no response or frequency gaps during cortical mapping, but this
was not the case. We conclude that the cortical response proper-
ties were not significantly affected by the thalamic injections of
BDA.

A model of MGB–AI connections
One of the problems in understanding auditory TC relationships
is the difficulty of reconciling continuously distributed func-
tional maps (e.g., frequency) with those exhibiting a discontinu-
ous (e.g., binaural) organization. A model incorporating both of
these features of TC circuitry based on anatomical and physio-
logical data (Cetas et al., 1999, 2001, 2002a,b) is shown in Figure
10. In this model, TC axons originating from binaural-specific
relay neurons located in frequency slabs in the MGV terminate in
patches along a frequency strip in AI. Adjacent MGB neurons
within the same frequency slab but coding for a different binaural
class project to separate fields within the same frequency strip.
This model explains how continuous and discontinuous maps in
AI derive from patchy TC circuits.
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