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Abstract

Medial geniculate body neurons projecting to physiologically identified subregions of rat primary auditory cortex (area 41, Tel)
were labeled with horseradish peroxidase in adult rats. The goals were to determine the type(s) of projection neuron and the spatial
arrangement of these cells with respect to thalamic subdivisions. Maps of best frequency were made with single neuron or unit cluster
extracellular recording at depths of 500-800 wm, which correspond to layers III-IV in Nissl preparations. Tracer injections were
made in different cortical isofrequency regions (2, 11, 22, or 38 kHz, respectively). Labeled neurons were plotted on representative
sections upon which the architectonic subdivisions were drawn independently. Most of the cells of origin lay in the ventral division in
every experiment. Injections at low frequencies labeled bands of neurons laterally in the ventral division; progressively more rostral
deposits at higher frequencies labeled bands or clusters more medially in the ventral division, and through most of its caudo-rostral
extent. Medial division labeling was variable. Labeled cells were always in the lateral half of the nucleus and were often scattered.
There were few labeled cells in the dorsal division. Seven types of thalamocortical neuron were identified: ventral division cells had a
tufted branching pattern, while medial division neurons have heterogeneous shapes and sizes and were larger. Dorsal division
neurons had a radiate branching pattern. The size range of labeled neurons spanned that of Nissl stained neuronal somata. Area 41
may receive two types of thalamic projection: ventral division input is strongly convergent, highly topographic, spatially focal, and
restricted to one type of neuron only, while the medial division projection is more divergent, coarsely topographical, involves
multiple cortical areas, and has several varieties of projection neuron. Despite species differences in local circuitry, many facets of
thalamocortical organization are conserved in phylogeny. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction these influences onto cortical (Romanski and LeDoux,
1993b [rat]) and subcortical (LeDoux et al., 1985 [rat])

The auditory thalamus is responsible for integrating structures. This task entails at least three processes. The
ascending streams of information and propagating first pertains to how thalamic principal cells and inter-
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Abbreviations: Aq, cerebral aqueduct; APt, anterior pretectum; BIC, brachium of the inferior colliculus; BV, blood vessel; CC, cerebral cortex; CG,
central grey; CP, cerebral peduncle; CSC, commissure of the superior colliculus; D, dorsal nucleus or dorsal division; DD, deep dorsal nucleus; DS,
dorsal superficial nucleus; Hip, hippocampus; HRP, horseradish peroxidase; IpN, interpeduncular nucleus; LGB, lateral geniculate body, dorsal
nucleus; LGBd, lateral geniculate body, dorsal nucleus; LGBv, lateral geniculate body, ventral nucleus; LMN, lateral mesencephalic nucleus; LP,
lateral posterior nucleus; LPc, lateral posterior nucleus, caudal part; LV, lateral ventricle; M, medial division; MGB, medial geniculate body; MB,
mamillary body; MZ, marginal zone; NR, no response; Ov, pars ovoidea of the ventral division; PC, posterior commissure; Pt, pretectum; PL,
posterior limitans nucleus; RN, red nucleus; SC, superior colliculus; Sg, suprageniculate nucleus; SN, substantia nigra; Spf, subparafascicular
nucleus; SpN, suprapeduncular nucleus; Tel-3, see areas 41, 36, 20 below; V, pars lateralis of the ventral division; Vb, ventrobasal complex; wm,
white matter; ZI, zona incerta; IIIv, third ventricle; 41, area 41/area Tel ; 20, area 20/area Te2; 36, area 36/area Te3; Planes of section: C, caudal; R,
rostral; V, ventral; M, medial; D, dorsal; L, lateral
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neurons perform their computational role in analyzing
afferent signals (Hindmarsh and Rose, 1994). A second
role is redistributive and involves many telencephalic
cortical and subcortical structures which may be impli-
cated in higher-order processing (Romanski and Le-
Doux, 1993a [rat]). Finally, corticofugal input to the
thalamus could be decisive in gating subcortical sensory
signals, providing descending control of neurotransmis-
sion (Diamond et al., 1992 [rat]), or in mediating other
facets of receptive field organization (Sun et al., 1996
[bat]), to name just a few of the many possible dimen-
sions (McCormick and von Krosigk, 1992 [guinea pig]).
The present study addresses the organization of tha-
lamocortical neurons in the rat medial geniculate body
and auditory cortex. Extracellular electrophysiological
methods were used to identify frequency-specific corti-
cal subregions, followed by tracer deposits within these
regions and axoplasmic transport to label retrogradely
the thalamic cells projecting to the auditory neocortex.
We had four goals. First, we sought to identify all of
the thalamic nuclei whose projections converge onto a
subregion of auditory cortex as defined physiologically.
Our second objective was to relate the types of relay
neurons to their Golgi impregnated counterparts
(Winer et al., 1999), and thus confirm whether there
are varieties of thalamocortical neurons. This informa-
tion would be useful for understanding parallels and
differences among thalamic subdivisions and determin-
ing how many type(s) of neuron project to cortex.
Third, these results support inferences about the ar-
rangement of tonotopic representation in the nuclei of
the auditory thalamus. Given the virtual absence of
physiological studies of the thalamic distribution of
best frequency in the rat (Kelly, 1990), the pattern of
retrograde thalamic labeling might provide insight into
the spatial topography of tonotopic representation. Fi-
nally, we wanted to obtain data that would form a
natural basis for comparative studies in the cat and
other species. This information might permit a more
complete and balanced treatment of the principles of
mammalian thalamocortical organization and encour-
age more explicit inferences about species differences.

2. Methods

All experimental and veterinary procedures were ap-
proved by the appropriate local institutional animal
care and use committee. Electrophysiological mapping
and connectional experiments were carried out in eight
male Wistar albino rats (Charles River Laboratories,
St. Constant, Québec), four of which provided the
data for the subsequent anatomical analysis. For map-
ping, the rats were deeply anesthetized with Equithesin
(3 ml/kg, i.p.), a mixture of chloral hydrate and pento-
barbital sodium (see Sally and Kelly, 1988, for details

[rat]). Areflexia was maintained for the several hours’
duration of the experiment by supplemental injections
of Equithesin (0.5 ml/kg, i.p., as required). The head
was fixed in a customized holder that left the external
meatus free. An incision was made in the scalp, the
temporal muscle was retracted and a wide craniotomy
exposed the lateral neocortex. The dura mater was re-
moved and the surface of the cortex was coated with
warm (37°C) dimethylpolysiloxane oil to prevent desic-
cation.

Multiple electrode penetrations were made into the
auditory cortex to establish the pattern of tonotopic
organization based on the frequency response of single
neurons or the responses of small groups of neurons.
Pargylene-insulated tungsten microelectrodes (1.3-2.1
MQ) were inserted into the brain perpendicular to the
cortical surface. Single unit action potentials and multi-
ple spike recordings were recorded with a preamplifier
(BAK model MDA-4) and window discriminator (BAK
model DIS-1). Time locked action potentials were dis-
played as a poststimulus histogram on a signal averager
(Tracor Northern). The responses were also displayed
on an oscilloscope and monitored acoustically through
a loudspeaker. A detailed drawing of the cortical sur-
face representing blood vessels and surface landmarks
served as a guide for subsequent microinjection of
horseradish peroxidase (HRP) with regard to specific
frequencies (see Sally and Kelly, 1988).

Physiological responses were evoked by 110 ms long
tone pulses gated with 10 ms onset and offset times.
Tones were presented through a high frequency tweeter
(KEF model SP 1032) and a midrange loudspeaker
(KEF model AD 5060) connected by a crossover net-
work. The loudspeakers were mounted in a common
enclosure 16 in from the animal’s head and were
aligned with the pinna axis (30° azimuth) in the sound
field contralateral to the hemisphere from which record-
ings were made (usually the right hemisphere). The
sound pressure level was calibrated by free field meas-
urements with a 0.5 inch condenser microphone (Briiel
and Kjaer type 4133) and a measuring amplifier. The
sound system was capable of effectively delivering
sounds from 500 Hz to 32 kHz with a roll-off in effi-
ciency for higher and lower frequencies. The system was
flat within 6 dB between 2 and 38 kHz.

Best frequency (BF) was determined for each neuron
or group of neurons by sweeping sound frequency
across the rat’s audible range at progressively lower
sound pressure levels until the point of lowest threshold
was determined. The BF was defined by the frequency
that elicited a response at the lowest sound pressure
level. Electrode penetrations were guided by our pre-
vious mapping experiments (Sally and Kelly, 1988)
and were deliberately focused on a limited range of
the frequency spectrum to avoid excessive damage to
cortex or prolonged periods of deep anesthesia. Because
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the purpose of the experiment required that the animals
recover from the anesthetic, it was considered impor-
tant to limit the duration of the recording session to 2-3
h rather than sampling many more neurons over much
longer periods. Nevertheless, the samples included
enough points to reveal a frequency gradient consistent
with our findings in cases with much more extensive
maps.

After a cortical region had been mapped for BF, the
recording electrode was removed and replaced by a mi-
cropipette containing 30% HRP. The pipette tip was
inserted into the auditory cortex and a small amount
of enzyme was injected by pressure into a specific fre-
quency region as defined by physiological mapping. The
pipette was connected to a 1 ul Hamilton syringe by
polyethylene tubing filled with distilled water. Injections
were made slowly over a period of several minutes by a
motorized drive connected to the Hamilton syringe. The
volume of the injection was calibrated by movement of
an air bubble along the length of tubing between the
syringe and the micropipette. A typical injection was
between 0.05 and 0.1 pl. Following an HRP injection
the pipette was left in place for at least 5 min to allow
for diffusion of the enzyme into the surrounding cort-
ical tissue before being removed.

For connectional studies without physiological map-
ping, 30% HRP in sterile saline was pressure injected
into auditory cortex through either a 1 ul Hamilton
syringe or a glass micropipette (25 um diameter tip)
for smaller deposits. About 15 other experiments in
which no physiological analysis was performed were
available (Winer and Larue, 1987 [rat]). These large
deposits were intended to define the borders of auditory
cortex and to label extensive populations of cells in the
medial geniculate body and posterior thalamus (Fig.
8A). In other experiments, more restricted injections
were made within specific architectonic fields in audi-
tory cortex (Fig. 8B).

Animals survived 2-3 days after injection. They were
then anesthetized with pentobarbital sodium (60 mg/kg)
and perfused through the heart with washout (physio-
logical saline) followed by fixative (1% paraformalde-
hyde/1.5% glutaraldehyde in phosphate buffered saline
[PBS]). The brains were removed and stored overnight

in 30% sucrose/PBS. Frozen sections, 60 um thick, were
cut in the frontal plane and 3:4 were processed for
HRP using tetramethylbenzidine as the chromogen
(Mesulam, 1978). The remaining 1:4 series was proc-
essed with diaminobenzidine and counterstained with
cresyl violet acetate to demonstrate cytoarchitecture
and assess critically the boundaries of the deposit
sites.

The measurements of Nissl stained or horseradish
peroxidase labeled neural somata were made on exper-
imental material. A total of 100 of each type of neuron
were drawn with a 40 X objective with a high numerical
aperture and through a drawing tube. The somatic pe-
rimeters were smoothed to remove dendritic profiles
and the areas were measured on a graphics tablet and
computed using standard software (Sigma Scan®; Jan-
del Scientific, Sausalito, CA).

3. Results
3.1. Identification of the medial geniculate body

As a prelude to the integrated physiological-connec-
tional experiments, we injected large amounts of either
HRP or HRP conjugated to wheat germ agglutinin
(WGA) to explore the thalamic boundaries of the me-
dial geniculate complex. The injection itself (not shown)
filled most or all of areas 41, 36, and 20 (Fig. 9A), and
diffused into the rostral visual cortex as well. The tem-
poral lobe regions involved correspond to primary and
nonprimary auditory cortex as defined by architectonic
criteria (Zilles et al., 1990; see also Burwell et al., 1995
[rat]). The ensuing mass of retrogradely labeled neurons
extended from the extreme caudal tip of the auditory
thalamus to its rostral pole (Winer et al., 1999, Figs. 9—
12 [rat]). A section midway through the auditory thala-
mus showed the characteristic pattern in which each
division had many retrogradely labeled neurons, while
the adjoining, non-auditory nuclei had far fewer (Fig.
1). Even the medial division, whose thalamocortical
projection is considered to be diffuse and divergent
(Winer and Larue, 1987 [rat]), was filled with labeled
neurons (Figs. 1 and 8A). In another experiment with a

-

Fig. 1. The labeled auditory thalamic neurons ensuing from a massive injection of horseradish peroxidase that included most of the auditory
cortex. The pars ovoidea (Ov) in the ventral division provided a representative example showing how these divisions were established. Pars
ovoidea neurons were smaller and more densely packed than those in the medial division (M). Cells in the subparafascicular nucleus (Spf) had
a medial-to-lateral dendritic orientation, in contrast to the more vertical trend in the pars ovoidea. Deep dorsal nucleus (DD) neurons were
smaller and had a pronounced stellate dendritic arrangement, and they were segregated by a fiber capsule from ventral division neurons. Fi-
nally, the pars lateralis (V) neurons had a much different fibrodendritic orientation: their long, gently curved rows contrasted with the complex
organization in pars ovoidea. In conjunction with Nissl preparations and the other materials available (Winer et al., 1999), this permitted the
secure delineation of even relatively small nuclei. The limits of the medial geniculate body were charted in an experiment in which several large
injections of horseradish peroxidase in primary and nonprimary auditory cortex were made (see Fig. 9: left side). The retrograde labeling filled
somata and dendrites sufficiently to allow the various neuronal types to be identified (Fig. 2) and the nuclear borders could be established and
compared with those in other histological preparations (Winer et al., 1999, Figs. 1, 9-12 [rat]). Planapochromat, N.A. 0.65, X312.
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large injection, the thalamus was sectioned horizontally.
The caudo-rostral extent of the medial division was
~ 1200 pum, a value in close correspondence with the
estimates from cytoarchitectonic studies. Scattered neu-
rons were labeled in the region between the rostral face
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of the medial geniculate body and unlabeled neurons in
the ventrobasal complex (Fig. 8C); this area might cor-
respond to parts of the posterior group of thalamic
nuclei. Finally, in other experiments in which only the
nonprimary auditory cortex was injected, the medial
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geniculate body retrograde labeling was confined to
dorsal division nuclei almost entirely (Fig. 8B).

3.2. Types of thalamocortical neuron

In the accompanying study of neuronal architecture,
ten varieties of cells were identified in the three divisions
of the medial geniculate body (Winer et al., 1999, Fig. 2
and Table 1 [rat]). Among the retrogradely labeled tha-
lamic neurons in the present experiments, the dendrites
were filled sufficiently in many specimens to allow the
preliminary identification of some (if not the classifica-
tion of all) of the types of cells projecting to auditory
cortex. In the ventral division, the neurons had a bipo-
lar or multipolar form resembling that of bushy tufted
cells (Fig. 2E: 1). The dorsal nuclei contained many
examples of tufted (Fig. 2D: 3) and radiate (Fig.
2A,C: 4) neurons interspersed. The medial division,
whose neuronal architecture was the most diverse, had
also the most varied population of retrogradely labeled
neurons, including magnocellular (Fig. 2B: 6), wide
field (Fig. 2B: 7), tufted spindle (Fig. 2B: §), and hor-
izontal (Fig. 2B: 9) neurons. While this classification
rested primarily on the dendritic configuration of the
retrogradely labeled neurons, factors such axosomatic
size, shape and orientation produced additional evi-
dence. No examples of smaller neurons corresponding
to putative Golgi type II cells (Winer et al., 1999, Table
1, types 2, 5, 10) were seen, and the profiles of neurons
with appreciable somatodendritic filling were readily
related to their Golgi impregnated counterparts.

3.3. Thalamic projections to physiologically defined
primary auditory cortex

In the first mapping and connectional experiment,
four small tracer deposits were made in the caudodorsal
part of area 41 (Fig. 3A: left side), as defined on the
basis of its physiological organization (Fig. 3A: center)
and its appearance in Nissl preparations (see Games
and Winer, 1988, for architectonic details [rat]). The
injections were targeted at ~2 kHz, though the tracer
diffused caudally (towards lower frequency regions in
this field) as well as dorsally (into adjoining nonprimary
cortex) above area 41 (Fig. 3A: center). It appears un-
likely that extracellular tracer diffusion could have con-
tributed materially to the pattern of thalamic labeling
for three reasons. First, there were no retrogradely la-
beled somata in thalamic nonprimary visual nuclei (Fig.
3B-E), as would be expected if the spread were a sig-
nificant factor in retrograde transport. Second, the in-
dividual injections never invaded the white matter (Fig.
3A: right side, wm); had they done so, thalamofugal
axons passing more rostrally might have been inter-
rupted, resulting in retrogradely filled neurons scattered
through large expanses of the auditory thalamus. Third,

the thalamic cells labeled by the injections were distrib-
uted predictably and topographically. This pattern was
in close alignment with the results from other studies in
which the locus of retrogradely labeled neurons could
be related systematically to the site of injection (Deacon
et al., 1983; Winer and Larue, 1987; Clerici and Cole-
man, 1990 [rat]). Subsequent experiments (Figs. 4-6)
followed the same patterns with regard to injection
sites, and those chosen as representative of the injection
site in this and the following cases show the maximal
extent of the individual deposits. All deposits do not
appear in one section since they were not aligned per-
fectly with the blocking and sectioning plane.

In each experiment, four or five representative thala-
mic sections were chosen to illustrate the chief results;
intervening sections had a comparable distribution and
density of labeling. The main focus of retrograde label-
ing in this case was a band of neurons about 300 um
wide and 800 um tall that filled much of the lateral
quarter of the ventral division (Fig. 3C: V). There
were virtually no labeled neurons in the medial division,
a result that distinguished this experiment from the
others. The few such cells in or near the medial division
were at its border with the ventral division and could
not be assigned to either division with confidence. The
dorsal division likewise was virtually devoid of labeling
(Fig. 3C: D). More rostrally, the ventral division neu-
rons formed a circumscribed ring along the ventrolat-
eral border with the dorsal division (Fig. 3D), with a
few scattered neurons extending medially. The most
rostral labeling was a continuation and subset of the
band in the ventral division.

While it is valid to infer from this experiment (and
the others) that a cortical volume is represented by a
corresponding thalamic territory, sections limited to
two planes provide little evidence about the three-di-
mensional organization of such a territory. To address
this issue, we reconstructed the borders of the labeling
and represented them as a polygon from transverse
sections and projected these onto horizontal sections.
The matching borders from Nissl stained sections
(Fig. 7) are likewise aligned with the reconstruction
and the architectonic subdivisions, and the results
from the intervening sections were interpolated (not il-
lustrated). The resulting projection shows that about
one-third of the auditory thalamus was devoted to a
comparatively modest cortical sector, particularly since
the effective injection sites (Figs. 3—-6: right inset, white
regions) were usually ~200 um in diameter. This im-
plies appreciable branching, and possible convergence,
of thalamocortical afferents.

In a second experiment the injection sites were situ-
ated ~ 300 um rostrally within area 41; despite a 900
pum long trail of diffusion extending toward area 19
(Fig. 4A: left side), there was no retrograde labeling
in the visual thalamus (Fig. 4D-F). There were three
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Fig. 2. Types of neurons retrogradely labeled in medial geniculate body subdivisions compared with their presumptive counterparts as seen in
Golgi preparations (Winer et al., 1999, Figs. 2-5). A: Suprageniculate nucleus neurons were large multipolar cells (4) with radiating dendrites
(for details, see Winer et al., 1999: Table 1). They were more clustered than nearby cells in the dorsal superficial nucleus (C) and smaller than
those in the medial division (B). Protocol for all panels: Planachromat, N.A. 0.65, X500. B: Medial division neurons were unusual for their
heterogeneous shapes and sizes and the wide range of their orientations. The varieties labeled included magnocellular (6), wide field (7), tufted
spindle (8) and horizontal (9) neurons. A more detailed analysis of the features distinguishing them is available (Winer et al., 1999). These neu-
rons were distinct from suprageniculate neurons (A) because of their more vertical orientation. Their variety set them apart from dorsal superfi-
cial nucleus cells (C) and from neurons in the dorsal nucleus (D), both of which were more clearly stellate or radiate, and from ventral division
neurons (E), whose dendritic arrangement was orthogonal to that of medial division cells. Marginal zone neurons (F, G) were sparse and had
a far more vertical orientation. C: Dorsal superficial nucleus neurons corresponded closely to the profiles of two of the three cell types defined
in Golgi preparations (Winer et al., 1999, Figs. 1, 4). Tufted neurons (3) were strongly oriented along the medio-lateral axis and their dendrites
arose at the somatic poles, while radiate cell (4) primary dendrites arose from the somatic perimeter without any preference. D: Both tufted (3)
and radiate (4) neurons were labeled in the dorsal nucleus (D). E: In the ventral division (V) only tufted neurons were labeled retrogradely,
and they formed clearly oriented laminae. F, G: The affiliations of the marginal zone, both functional and anatomical, are obscure (see Winer
and Morest, 1983b, 1984 [cat]). The retrogradely labeled neurons were unexpectedly numerous, appear to be predominantly tufted, and were
larger than those in the ventral division (E).
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important differences between this and the first experi-
ment. First, the labeling in the ventral division was far
more clustered rostrally than it was in more caudal
sections. Second, there were a few cells in the dorsal
division, which was unexpected, since the injection
was remote from the fields that are thought to be dorsal
division targets (Winer and Larue, 1987; Arnault and
Roger, 1990 [rat]). Third, the medial division had an
appreciable number of labeled neurons.

As might be expected from the first experiment (Fig.
3C), a band of retrogradely labeled neurons was present
in the ventral division (Fig. 4E) after cortical deposits
centered at 11-12 kHz (Fig. 4A: center inset). This
suggests that progressively more anterior injections
will be represented at successively more medial foci in
the ventral division. While this is correct as a first ap-
proximation, it cannot explain the complete distribution
of ventral division neurons in this experiment. For ex-
ample, there are a few labeled neurons near the border
of the ventral and medial divisions (Fig. 4C), which
would correspond to the putative high frequency repre-
sentation and therefore violate a strict tonotopic/topo-
graphic principle as described above. Alternatively, the
injection might have encroached slightly into the white
matter (Fig. 4A: right side). The counterargument to
the transected fibers interpretation is the possibility that
the 2 kHz injections, which never entered the white
matter (Fig. 3A: right side), nevertheless labeled some
cells in the medial part of the ventral division (Fig. 3C:
V), whereas the 22 kHz experiment (Fig. SA) had an
unexpectedly wide thalamic representation (Fig. 5:
black inset) that appeared to violate an absolute thala-
mic lamina-to-cortical column transformation implicit
in a simple topographic model. These issues will be
examined further in Section 4.

A few neurons in the dorsal nucleus were labeled
(Fig. 4C: D), as in the 2 kHz experiment (Fig. 3C:

D). As noted above, we considered these as evidence
of involvement of extra-auditory cortex (Fig. 3A, Fig.
4A: left side and center). However, a similar small clus-
ter was found in the 22 kHz case (Fig. 5B), whose
injections were confined entirely to area 41 (Fig. 5A:
center). Interestingly, the 38 kHz deposits (Fig. 6A:
center), which also were confined to area 41, had no
labeled dorsal division neurons (but see Fig. 6D).

The labeling in the medial division (Fig. 4B-E) was
surprisingly heavy, in contrast to the first (2 kHz) ex-
periment (Fig. 3B-E), in which there was essentially no
medial division projection. There was no regular spatial
distribution of the labeling within the medial division.
In some sections it was in the central part of the medial
division (Fig. 4B: M), in others it lay in the ventralmost
part (Fig. 4D: M) or it was scattered (Fig. 4E: M) or
sometimes absent (Fig. 4F: M). Considered across ex-
periments, the medial division had the most variable
distribution, while the ventral division had the most
predictable pattern; in the dorsal division, so few neu-
rons were labeled that no certain conclusions about its
projection to area 41 were possible.

The global regions of retrograde labeling (Fig. 4:
black inset) in the medial (M) and ventral (V) divisions
largely overlap in the caudo-rostral axis. This had two
interesting implications for the frequency-specific or-
ganization within the medial geniculate body. First, it
suggests a basic difference between the ventral and the
medial divisions: in the former, this arrangement was
evident in every experiment, and it is consistent with the
interpretation that best frequency has a caudal-to-ros-
tral representation whose structural counterpart is fi-
brodendritic lamination. Second, the amount of retro-
grade labeling in the medial division was far more
variable, ranging from no cells (Fig. 3: M) to a few
neurons (Fig. 6A: M) or to many (Fig. 4B: M, Fig.
5C: M).

-

Fig. 3. Results from injections at 2 kHz. A: Lateral views (left side) show the location of primary auditory cortex (area 41; light stippling) pro-
jected onto the hemisphere, with the accompanying injection sites (black dots) and the zone of tracer diffusion (dark stippling). A more detailed
reconstruction (center) with the physiological recording sites (dots) and best frequencies (numbers) superimposed upon the blood vessels (fine
lines). The architectonic boundaries of area 41 were determined independently from Nissl preparations, as were those of the medial geniculate
body subdivisions (see below). View (right side) of the largest of the four injections in a transverse section through the center of the track (thin
black line), the estimated effective site of the injection (white perimeter), and the diffusion; the latter region was not considered to have contrib-
uted to thalamic retrograde labeling. B-E: Caudal-to-rostral sequence of representative sections that demonstrated the auditory thalamic input
to the 2 kHz region; each dot corresponds to one labeled neuron. Black inset, horizontal reconstruction in which the perimeter demarcating
the retrogradely labeled neurons was drawn as a convex polygon (stippled); this represented a two-dimensional reconstruction of the medio-lat-
eral and caudo-rostral distribution of thalamic labeling. The thin black horizontal lines (arrowheads) match the transverse position of the sec-
tions in panels B-E. B: A few labeled neurons lay along the medial wall of the central division (V), in the presumptive high-frequency sector
(see Fig. 6D: V). C: Labeling was concentrated in the lateral one-quarter of the ventral division, in the pars lateralis. Smaller clusters of label-
ing persisted medially, however, and a new focus occurred ventromedially. These foci lay medially in this section, suggesting that the analogous
neurons in the preceding section (B) were properly included in the ventral, and not in the medial, division. In this and the following experi-
ments (Figs. 4-6), all the medial division transport was confined to the lateral one-half. If there is any systematic representation of best fre-
quency, then more than ~4 octaves are compressed in a medio-lateral span of ~300 um, while the medial one-half would represent frequen-
cies >38 kHz. D: This section contained the most focal concentration of labeled neurons. The gaps at the inferior part of the column may
reflect that the injections were concentrated in the uppermost half of the 2 kHz representation. E. The labeling pattern here was consistent with
the view that isofrequency representations are arranged dorso-ventrally in the ventral division (see Fig. 9 and Section 4).
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The next experiment studied the projections to the 22
kHz cortical representation (Fig. 5). The usual row of
four deposits was made; diffusion may have involved
some frequencies remote from 12-22 kHz (Fig. 5A:
center). The deposits did not enter the white matter
(Fig. 5A: right side), and the area of the injections
was approximately the same as in the prior experi-
ments, suggesting that its projections might be area-
specific.

Three features distinguished this experiment. The
ventral division labeling was the most diffuse seen in
any of the cases. There were a few neurons labeled in
the dorsal division. Finally, the medial division projec-
tion arose almost entirely from the caudal half of the
auditory thalamus.

The most unexpected result was the broad distribu-
tion of retrograde labeling in the ventral division (Fig.
5C: V), which encompassed most of its medio-lateral
axis (Fig. 5: black inset). An equally surprising finding
was that the most rostral focus of labeling was more
lateral in the ventral division (Fig. 5D: V) than would
have been predicted on the basis of the 2 kHz (Fig. 3D:
V) or 11-12 kHz (Fig. 4D: V) deposits. The lateralmost
transport cannot be attributed to severing axons in the
white matter, since the low frequency (<12 kHz)
region is caudal to this, and because tracer diffusion
alone is unlikely to produce significant retrograde label-
ing.

The sparse labeling in the dorsal division (Fig. 5B)
may represent a small projection since the injections,
including their diffusion, were confined to area 41. Dor-
sal division involvement was limited to the caudal two-
thirds of the medial geniculate body.

The projection of the medial division was restricted
essentially to the caudal half of the auditory thalamus
(Fig. 5: black inset). However, this experiment labeled
by far the largest number of medial division neurons in
any experiment, and they formed a conspicuous band
near the border with the ventral division. These neurons
were clustered in a sharply defined region 200 um wide
and 500 um high; there were few neurons labeled more
medially.

The final experiment differed from its predecessors in

several ways (Fig. 6). As expected, the ventral division
labeling formed a discrete band; however, the configu-
ration of the mass of labeled cells was highly variable
along the caudo-rostral axis. A second finding was that
no dorsal division neurons were involved in this projec-
tion. Finally, only the most caudal part of the medial
division had any labeled neurons.

The four deposits were confined to area 41 and they
were targeted at ~ 38 kHz. The injections formed their
usual columns ~300 um wide, and their orientation
was inclined slightly (Fig. 6A: right side) from the al-
most perpendicular registration in the preceding experi-
ments (Fig. 3A, Fig. 4A, Fig. 5A: right side). The shape
of the ensemble of labeled neurons was remarkably
varied in the caudo-rostral axis, ranging from a hori-
zontally arranged sheet 500 um wide by ~ 100 um thick
at the caudal part (Fig. 6C: V) to a more oblate con-
figuration in the pars ovoidea more rostrally (Fig. 6D:
at the border of M and V). The labeling ended as a
vertically arranged group of cells in the most lateral
and anterior part of the pars lateralis. This implies
that an isofrequency lamina, insofar as it can be repre-
sented by such injections, has a complex, three-dimen-
sional spatial geometry that cannot be represented as a
simple linear projection of thalamic axons onto the cer-
ebral cortex.

Medial division projections, in contrast, were limited
to a few neurons concentrated in the most caudal part
of the auditory thalamus (Fig. 6B: M). Lower fre-
quency (2 kHz; Fig. 3) deposits produced little such
labeling, while middle (11-12 kHz; Fig. 4) and higher
(22 kHz; Fig. 5) frequency injections labeled many
more neurons at several medial division loci.

4. Discussion

Placing the present results within a functional con-
text entails both practical and conceptual problems.
The practical constraint is that the limited amount of
physiological work presently available on the rat medial
geniculate body makes it difficult to summarize the
rules governing tonotopic, binaural, or other forms of

—

Fig. 4. Results from 11-12 kHz injections; for details of format, see the legend to Fig. 3. A: While the injections were centered in area 41,
there was appreciable diffusion into caudodorsal Te2D?/Oc2L (nomenclature after Zilles et al., 1990). The ensuing pattern of retrograde trans-
port (panels B-F) suggests that the diffusion did not confound the experiment, since there was no labeling in the visual thalamus, and because
the auditory thalamic transport was consistent with that in other experiments (Figs. 3, 5 and 6). The black inset shows the independence of the
foci of labeling in the ventral (V) and medial (M) divisions, and their antero-posterior discontinuity, and their congruence medio-laterally. B:
This was the most caudal section in these experiments with appreciable medial division labeling. C: The dorsal division labeling was significant
only in this section and in a few others (Fig. 5B,D). With regard to the dorsal and ventral divisions, this suggests strong nucleus-to-area affilia-
tions. D: The medial division had a characteristic distribution of neurons in the lateralmost half, while the ventral division labeling was unex-
pectedly broad along the medio-lateral dimension. E: This distribution resembled that in the preceding, 2 kHz, experiment (Fig. 3D,E: V), and
it supports a relation predicted between a thalamic lamina and a cortical isofrequency contour (Fig. 9). F: A few neurons near the rostral pole
of the auditory thalamus lay far more laterally than expected, and thus violated the simple prediction of a lamina-to-a-contour relationship, or
perhaps represented a shift toward higher frequencies more rostrally.
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organization. It might be argued that this issue is not
critical since a considerable body of data is available in
the cat (Clarey et al., 1992), and that the basic princi-
ples in the feline auditory thalamus ought to be ex-
tended to the rat, at least provisionally. However, there
is evidence of fundamental interspecific differences in
medial geniculate body organization. For example,
there are few GABAergic neurons in the rat auditory
thalamus (< 1%; Winer and Larue, 1988, 1996), and
many more in other species (>25%; Smith et al.,
1987 [monkey]; Winer and Larue, 1996 [cat, monkey]).
This implies that some as yet unspecified, GABA-de-
pendent processing is expressed robustly in the cat,
while in the rat such processing must be attenuated or
organized along fundamentally different principles. A
second, conceptual consideration is ecological, and
may be related to species specific differences in circuitry.
Cats are nocturnal predators adept at localizing and
tracking their prey in acoustically challenging environ-
ments, while rats scavenge and avoid detection by
stealth. It would seem implausible to regard the rat
medial geniculate body simply as a miniaturized version
of the cat’s, in terms of either size or function. By the
same token, more than 10 feline cortical auditory areas
have been distinguished (Aitkin, 1990), while in the rat
only a few such regions have been identified (Kelly,
1990; Burwell et al., 1995). If such differences are gen-
uine, then their implications for the thalamus remain to
be articulated.

4.1. Thalamic projections to cortex

To what degree can the present findings in the rat be
generalized to other species? At least for area 41/Tel,
two auditory thalamic nuclei — the ventral and the me-
dial divisions — are the primary sources of input, a
pattern much like that in the cat with regard to primary
auditory cortex (Al) (Niimi and Naito, 1974). A second
parallel is the common structure of thalamocortical
neurons in both the ventral division and the medial

division in the rat and cat (Table 1). The cat ventral
division contains bushy tufted principal cells (Morest,
1964) that project to Al (and to its more rostral part-
ner, the anterior auditory field), while rat ventral divi-
sion neurons have a comparable structure (Clerici et al.,
1990; Winer et al., 1999) and an analogous projection
(Clerici and Coleman, 1990) with regard to area 41/Tel.
A further correspondence is that the laminar target of
the ventral division is chiefly in layers III and IV
(Vaughan, 1983 [rat]; Sousa-Pinto, 1973 [cat]; Jones
and Burton, 1976 [monkey]; Hashikawa et al., 1995
[monkey]). The concordance among these different di-
mensions is strong circumstantial evidence that com-
mon patterns of organization can be derived, at least
to a first approximation, for this segment of the audi-
tory forebrain. Much the same argument can be made
with regard to the neuronal structure of the medial
division (Winer and Morest, 1983a [cat]; Winer et al.,
1999 [rat]) and with respect to its ascending projections
(Niimi and Naito, 1974 [cat]; Ryugo and Killackey,
1974 [rat]). Such parallels cannot be extended to every
aspect of auditory thalamic organization since (as noted
above) there are substantial qualitative and quantitative
species differences in the proportion of GABAergic neu-
rons.

4.2. Representation in the isofrequency domain

The systematic representation of best frequency is a
cardinal feature of auditory cortical organization
(Schreiner, 1992) and, by extension, in the correspond-
ing thalamic nuclei as well. In other species, the relation
between the fine-grained tonotopic map in the ventral
division (Imig and Morel, 1985 [cat]) and the corre-
sponding representation in auditory cortex (Reale and
Imig, 1980 [cat]) is relatively well established (Middle-
brooks and Zook, 1983 [cat]). The structural basis for
the ordered map of frequency is believed to be the fi-
brodendritic laminae, which consist of principal tufted
cell dendritic arbors and the terminal plexus of afferent

-

Fig. 5. Results from 22 kHz injections. A: The four deposits were restricted to area 41 (left side). The physiological range of best frequency
spanned ~ 12-25 kHz (center), with the injections centered in the 18-22 kHz region. The sparse white matter labeling below the deposit was
transport, not diffusion; the dorsal disposition of these axons suggests possible commissural labeling. This experiment had the most widely dis-
tributed labeling in our series (compare with Figs. 3, 4 and 6), involving most of the caudo-rostral, and much of the medio-lateral, axes of the
ventral division (black inset). The medial division labeling was concentrated caudally and laterally, as in the other experiments. B: The labeling
involved, to varying degrees, each of the three primary divisions. Most labeled neurons in each division were near the lateral or ventral nuclear
border. C: Since the deposit filled only ~20% of area 41 (panel A, center), the retrograde transport occupied a disproportionately large part
of the ventral division (V), and suggested considerable thalamocortical convergence. Indirect evidence that the isofrequency plane’s main axis
was dorso-ventral comes from the label-free ventral division subregions above and below the foci of transport. In contrast, injections that
crossed a cortical architectonic border (Fig. 3A: center) labeled cells that extended to the thalamic border in at least some sections (Fig. 3D:
V). D: A progressive, caudal-to-rostral decline of medial (M) and dorsal (D) division labeling occurred. Ventral division projection neurons
were concentrated predominantly in the pars lateralis (see also panel C). This suggests that frequencies <22 kHz were underrepresented spa-
tially, or that there was an antero-posterior (as well as a dorso-ventral) counterpart to the representation of best frequency; these possibilities
are not mutually exclusive. E: Near the rostral pole, ventral division neurons were more central than those in more caudal sections (panels C,
D), consistent with the dorso-ventral hypothesis of representation. Here as well, the label-free zones above and below the focus were in accord
with the dorsal and ventral, uninjected regions above and below the deposits (panel A, center).
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Table 1

Comparison of primary and nonprimary streams in the ventral and medial divisions of the auditory thalamus

Dimension Ventral division Reference Medial division Reference

Modality specificity Auditory Aitkin and Webster (1972) Polysensory Wepsic (1966)
Tonotopic organization Precise Imig and Morel (1985) Coarse Rouiller et al. (1989)
Tuning curves Sharp Calford and Webster (1981) Broad Calford (1983)
Multimodal integration None Clarey et al. (1992) Prominent Aitkin (1973)

Cortical projection Convergent Brandner and Redies (1990) Divergent Huang and Winer (1997)
Laminar cortical target Layers 111, IV Vaughan (1983)* Layers 1, VI Ryugo and Killackey

Subcortical target(s)

Thalamic reticular

Harris (1987)*

Amygdala and

(1974)*
Shinonaga et al. (1994)

nucleus® striatum
Probable transmitter Glutamate Popowits et al. (1988)* Glutamate LeDoux and Farb (1991)*
Topography of projection Focal Patterson (1976)* Diffuse Arnault and Roger (1990)*
Type(s) of neuron Two Winer et al. (1999)* Five Winer et al. (1999)*
Type(s) of thalamocortical One Present study® Four Present study®
neuron
Type(s) of GABAergic neuron One Winer and Larue (1988)* One (?7)°¢ Winer and Larue (1988)*
Physiological plasticity Limited Weinberger and Diamond Robust Gerren and Weinberger

(1987)

Effects of lesioning None or modest

Kelly and Judge (1985)*¢

(1983)

Integrative deficit Glassman et al. (1975)°

aRat; unmarked citations refer to cat.
In the rat ventrobasal complex.

€A range of sizes was seen in a small sample of immunopositive neurons.

dBilateral lesions.
¢Unilateral lesions.

axons of midbrain origin, both of which are polarized
and form fibrodendritic laminae oriented dorso-ven-
trally (Morest, 1964, 1965 [cat]). While the frequency
representation must be continuous, each lamina is be-
lieved to constitute a more or less discrete sector with a
periodicity of ~ 50 um/lamina; this estimate is based
primarily on neurons in the pars lateralis and it suggests
that there is a topographic pattern of thalamocortical
projection in the rat which resembles the arrangement
in the cat, at least to a first approximation. Four fea-
tures constrain any more refined estimate of tonotopy
in the rat. The first is that the dendritic arbors of prin-
cipal tufted neurons are often much wider than those of
similar neurons in the cat, up to 80 um. Since a range of
about eight octaves is represented physiologically across
the ~3500 um caudo-rostral span of area 41, this
yields a value of approximately 450 um/octave, assum-

ing a linear thalamic-place to cortical-areal projection
for an isofrequency contour. However, high best fre-
quencies may be overrepresented (Sally and Kelly,
1988). A second limitation is that the ventral division
itself is never more than ~800 um wide, and often
much narrower. If the thalamic representation preserves
the ratio of frequency-to-area found in primary cortex,
then a value of 100 um/octave might approximate the
case. This could account for the apparent overrepresen-
tation from deposits that are limited to ~ 1 octave in
the cortex, yet span more than half the width of the
ventral division (Fig. 5C).

A third issue that could distort the frequency-specific
representation in the rat ventral division is the paucity
of Golgi type II neurons (Winer and Larue, 1988).
Their axons and dendrites are, in the cat, important
contributors to the laminar fibrodendritic plexus (Mor-

-

Fig. 6. Results from a 38 kHz injection. A: Each deposit was limited to area 41 (left side) and probably included frequencies from ~ 36-40
kHz (center). The deposit shown did not reach the white matter (right side) and was slightly oblique to the cortical surface. The retrograde la-
beling (black inset) extended from the posterior one-third of the ventral division (V) to its anterior extremity, with minimal involvement of the
medial division (M) except caudally, where the lateral half of the nucleus was labeled. B: The heaviest concentration of medial division labeling
was slightly rostral to that from the 11 kHz injection (Fig. 4B: M) and caudal to that from 22 kHz (Fig. 5B: M) deposits, suggesting that any
topographic cortical projection was irregular or complex. C: In the pars ovoidea, a thin sheet of retrogradely labeled neurons was oriented me-
dio-laterally. The transport defined almost exactly the border between the ventral and medial divisions, suggesting that still higher frequencies
are displaced ventromedially within the dorsal division. D: As the laminae in panel C extended rostrally, they began to turn, and the neurons
formed a more circular cluster that extended dorsally in more anterior sections. A few labeled cells lay in the medial division and along the
dorso-lateral perimeter of the dorsal division. E: The retrogradely labeled neurons in the rostral pole were far lateral to those from the 22 kHz
injection at the matching thalamic level (Fig. 5E). This implies, at least for higher frequencies, there is not a simple thalamic-laminar to corti-
cal-isofrequency contour transformation. The horizontal sheet of neurons (panel C) and the cluster (panel D) have now rotated 90° to form a
vertical ensemble. The dorsal and central extremities of this column were devoid of labeling, and the injection (panel A, center) was far from

the dorsal and ventral borders of area 41.



55

J.A. Winer et al.| Hearing Research 130 (1999) 4261

—R

mm

Experiment 1055 (R-69)

38 kHz Injection

—>




56 J.A. Winer et al.| Hearing Research 130 (1999) 42-61

Ventral division

HRP labeled

[ Nissl

PERCENTAGE OF NEURONS

2})0 2&0

Dorsal division

25—

20—

Medial division

25—

20—

o 50 100 150

SOMATIC AREA (um?)

200 250 >260

Fig. 7. Somatic size profiles of neurons retrogradely labeled with
horseradish peroxidase (stippled) or Nissl stained (black line) com-
pared in the three medial geniculate divisions. One hundred of each
type of neuron were measured for each histogram. The average size
and standard deviations within each histogram were indistinguish-
able, and the neuronal populations were normally distributed and
unimodal. The degree of overlap in the histograms suggests that al-
most all medial geniculate body neurons project to the neocortex
(Winer and Larue, 1987, 1988 [rat]). A: Ventral division. B: Dorsal
division. C: Medial division. The range of this distribution implies
that more than one type of projection neuron might be present.

est, 1964, 1965, 1971, 1975), which is reduced concom-
itantly in the rat.

The last constraint is the spatial distribution and
structure of thalamocortical axons. Retrograde meth-
ods can provide only indirect estimates of the total
dorso-ventral limits of any isofrequency band, and
they are even less informative about precise values for
the terminal distribution of single axons. In the cat,
small injections of different tracers into discrete por-
tions of a physiologically defined cortical isofrequency
contour tend to single-label adjoining or segregated
clusters of auditory thalamic cells of origin (Brandner
and Redies, 1990). The study referred to noted that the
exceptions to a point-to-point representation were most
pronounced in more rostral sections, an observation
consistent with the present outcome and which suggests
that even topographies which may in principle seem
simple are, in fact, marked by local discontinuities.
This suggests that gradients or complexities in the in-
ternal configuration of thalamic isofrequency laminae
exist whose significance remains to be explored in ex-
perimental work.

4.3. Revisiting the idea of parallel thalamocortical
pathways

Since about 1970, one of the most influential con-
cepts in central sensory processing has been that the
output from single receptors is represented centrally
through progressive connectional divergence, which
leads to many topographic maps of the periphery in a
variety of species (Woolsey, 1982; Dykes, 1983; Stone,
1983). The anatomical substrate for this process at the
level of the auditory thalamus and cortex was the result
from experimental tract tracing studies in which lesions
to different thalamic nuclei resulted in lamina-specific
degeneration, with the ventral division projecting to
layers III and IV and the medial division to layers I
and VI (Killackey and Ebner, 1972 [opossum and
hedgehog]).

Subsequent work has enlarged the concept of parallel
representation to the point where it is now possible to
compare and contrast the different streams of afferent
information across dimensions other than connectivity
alone. The ensuing, contemporary picture (Table 1) en-
larges and clarifies the earlier view, as some examples
show, and it can suggest new levels of complexity that

-

Fig. 8. Photomicrographs of three characteristic patterns of retrograde labeling in the auditory thalamus after tracer injections in primary and
nonprimary auditory cortex. A: After an injection that saturated areas 41, 20, and 36, every auditory thalamic divisions had many labeled neu-
rons (see Fig. 9, and Winer and Larue, 1987 [rat]). Protocol for all panels: wheat germ agglutinin conjugated to horseradish peroxidase and re-
acted with diaminobenzidine as the chromogen; 60 um thick frozen sections. Planapochromat, N.A. 0.16, X62. B: Labeling after deposits cau-
dal to area 41. Retrograde labeling was concentrated in the dorsal division nuclei and the marginal zone. C: In a third experiment, an auditory
cortex injection labeled medial division neurons through its caudo-rostral extent. Other neurons were labeled in the ventral (V), and dorsal (D)

divisions, as well as in the nearby tegmentum (LMN).
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Fig. 9. Hypothetical representation of best frequency in the rat medial geniculate body derived from isofrequency representation in auditory
cortex. A: Lateral view of cerebral hemisphere, onto which the principal auditory cytoarchitectonic fields (Tel-3) derived from other investiga-
tions (Zilles et al., 1990 [rat]) have been superimposed. B: Representation of unit best frequencies in albino rat primary auditory cortex in a
typical experiment (for locus, see the boxed area in panel A) taken from mapping studies (Sally and Kelly, 1988 [rat]). There is a systematic
representation from low (left side) to high (right side) frequencies organized along the caudo-rostral axis. Solid lines, major blood vessels;
dashed lines, architectonic borders. C: Estimates of predicted octave boundaries taken from panel B and proceeding from low (a) to high (g)
frequency. D: Schematic view of postulated isofrequency contours in the ventral division of the rat medial geniculate body. This was con-
structed by computing the area under each octave value in panel C and adjusting the shape of each isofrequency contour to match that of the
fibrodendritic laminae represented in Golgi preparations (Winer et al., 1999 [rat]).

«—

remain to be described more fully. Consider the dimen-
sion of modality (Table 1), in which the so-called pri-
mary pathway is exclusively auditory and the nonpri-
mary pathway is construed as polymodal. In fact, the
exclusively auditory cortex receives many different,
chemically specific and probably extra-auditory inputs,
including serotoninergic (DeFelipe et al., 1991 [cat]),
dopaminergic (Campbell et al., 1987 [monkey]) and
cholinergic (Aoki and Kabak, 1992 [cat]) afferents, to
name just a few. It might be argued that these are
common denominators of sensory cortex (McCormick,
1992) and hardly unique to primary auditory cortex.
Since there is cholinergic (Edeline et al., 1994a,b [rat])
and adrenergic (Edeline, 1995 [rat]) modulation of fore-
brain auditory neurons, these chemically diverse subsys-
tems may be distributed widely. Nonetheless, they act
directly and specifically on auditory neurons. One pos-
sible role for the cholinergic auditory neocortical inner-
vation is to facilitate rapid changes in the representa-
tion of frequency, suggesting that the map of best
frequency may be more plastic from a functional per-
spective than the topography of thalamocortical con-
nectivity might seem to imply (Weinberger, 1997; Kil-
gard and Merzenich, 1998 [rat]). In any event, it
suggests a prospectively dynamic role in cortex for ex-
trathalamic input whose roles might have once been
regarded as ancillary to the dominant thalamocortical
projection.

The tuning curves of cat cortical neurons provide
another pertinent example of the physiological com-
plexity that seems to confound simplistically dichoto-
mous functional categories. Even in Al, cells having
multipeaked tuning curves with a broad range of tonal
bandwidths and elaborate inhibitory/suppressive side-
bands are intermingled with single-peaked neurons
(Sutter and Schreiner, 1991 [cat]). If such neurons exist
in the rat, they could signify a kind of spectrotemporal
combination sensitivity, which suggests either that an
area often considered as functionally homogeneous pre-
viously in fact contains subregions, or that some part of
it receives specific input with unique intrinsic function.
It also implies that descriptors of nuclei and areas in the
thalamocortical auditory system underestimate the
computational power of tightly coupled ensembles of
neurons (Lund et al., 1995 [monkey]).
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