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ABSTRACT The thalamocortical and corticothalamic connections of the
three cortical auditory fields —first (Al), second (AIl), and anterior (AAF)—were
defined using anterograde and retrograde tracing techniques. Microinjections of
tracers were placed at one or two different physiologically identified loci after
these fields had been mapped using microelectrode recording techniques. This
approach ensured that the injections were well within the borders of each field
that was studied. By making injections at different positions in the cochleotopic
representations in Al and AAF the systematic topographies of the connections
between these cortical fields and the medial geniculate body subdivisions were
determined.

The thalamocortical and corticothalamic reciprocal projections of single loci in
Al were from and to single columns passing rostrocaudally through the deep
dorsal nucleus (Dd) and medial division (M) of the medial geniculate body (MGB)
and from and to folded sheets of labelled neurons passing rostrocaudally through
pars lateralis (V1) and pars ovoidea (Vo) of the ventral division. The connections
of Al with VI and Vo were very strong. There were also thalamocortical and
corticothalamic connections between the lateral division of the posterior group
of thalamus (POl and single loci in AL

The thalamocortical and corticothalamic reciprocal connections of AAF with
the auditory thalamus were similar to the AI connections with the exception
that the connections with the ventral division of the MGB were relatively
weaker and, in the case of the thalamocortical projection, more discontinuous.

AIT loci are thalamocortically and corticothalamically connected with the
caudal dorsal nucleus (Dc), the ventral lateral nucleus (VL), and the medial
division (M).

The topography of all connections of AAF and Al with the MGB varied
systematically and was consistent with a cochleotopic organization of connections
between the MGB and the two cortical fields.

Since the thalamocortical and corticothalamic connections of these three
cortical fields are reciprocal, we were able to compare directly their connections
in individual cats by introducing anterograde tracer in one field and retrograde
tracer in another. While Al and AAF were connected to the same subdivisions
of the MGB and had the same systematic topography of connections, the
connections of AIl and Al (or AAF) were largely segregated (with the only
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overlap occurring in M). Results of injections introduced into other cortical fields
in this study and the results of previous studies by other investigators (Rose and
Woolsey, '58; Graybiel, *73; Casseday et al., *76; Winer et al., ’77) are consistent
with the interpretation that there are two largely segregated connectional
systems between the auditory thalamus and cortex: a “cochleotopic system” that
includes Al and AAF and a “diffuse system” that includes AL ‘
Small injections of anterograde tracers at higher-frequency representational
sites in Al or AAF, or of retrograde tracer in Al, produced a discontinuous,
periodic pattern of dense and light labelling in V1. Reconstructions showed that
these discontinuities of label, in three dimensions, formed paraliel columns

oriented rostrocaudally.

The auditory neuroaxis is remarkable in its
structural complexity. At each of its many
levels there are multiple, morphologically dis-
tinet subdivisions. Many of these subdivisions
contain complete functional representations of
the cochlear sensory epithelium. The diver-
gent and convergent patterns of connection
between each level of the neuroaxis are elab-
orate. In order to understand how information
is processed within the auditory nervous sys-
tem it is important to have knowledge of the
spatial organizations of these connections.

This study was directed at elaborating the
three-dimensional details of the connections
to and from several subdivisions at one con-
nectional level-—the geniculocortical system.
The thalamocortical and corticothalamic pro-
jections of the “second” auditory field (AID)
and the anterior auditory field (AAF) were
studied. The connections of the “primary” au-
ditory field (AD) with the thalamus (Colwell
and Merzenich, ’80) were used to provide a
second referent that, along with the neuronal
architecture, enabled a more detailed under-
standing of the complex connections of AAF
and AIl with the MGB.

The following specific questions were ad-
dressed.

1. What are the forms (in three dimensions)
of the arrays of neurons from the several
subdivisions of the auditory thalamus that
project to restricted loci in each of these cor-
tical fields? Likewise, what are the forms of
the terminal fields in the subdivisions of the
thalamus that arise from the projections of
restricted loci in these three cortical fields?

2. What are the fopographic organizations
of the connections of these cortical fields with
the subdivisions of the auditory thalamus,
and how do they relate to the functional or-
ganization of these cortical fields and target
nuclei?

3. How are the connections of these three
cortical fields with the thalamus similar and

how are they different?

These questions were addressed by using
anterograde (tritiated amino acids) and retro-
grade (horseradish peroxidase) tracing tech.
niques, which allowed a reconstruction of the
three-dimensional structure of the terming.
tions and the sources of the projections. An
investigation of the topographic order of the
connections of the cortical fields with respect
to their internal functional architecture was
made possible by deriving limited maps of
these fields using microelectrode recording
techniques. Thus, the sites of injections of
tracers were typified in terms of the internal
“cochleotopic” organization for the AAF and
Al cortical fields. By systematically varying
the positions of tracer injections within these
fields according to their “cochleotopic” order,
the topographic organizations of the connec-
tions of these fields with the thalamus were
demonstrated. Additionally, a two-injection
paradigm was employed by which the connec-
tions of the three auditory fields with the
medial geniculate body (MGB) could be di-
rectly compared in individual cats.

These studies revealed the complex three-
dimensional structure of the interconnections
of MGB subdivisions and the three auditory
cortical fields, Al, AIl, and AAF. AAF connec-
tions were very similar to those of the “pri-
mary” auditory cortical field, AL. The connec-
tions of AIl were completely different. These
results and those of others (Winer et al., ’77;
Casseday et al., ’76; Rose and Woolsey, ’58;
Diamond et al., ’58; Graybiel, ’73) were con-
sistent with a hypothesis that there are two
largely segregated auditory projection sys-
tems: a cochleotopic system providing input to
the cochleotopically organized fields (includ-
ing Al and AAF) via the rostral two-thirds of
the MGB and the lateral posterior group, and
a diffuse system, providing input to noncoch-
leotopic cortical fields (including AII) princi-
pally via the caudal aspect of the MGB.
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METHODS

Animal preparation, stimulation, and
recording

Successful cortical recording-injection ex-

eriments were performed in 39 hemispheres
of 28 cats. The protocol for animal preparation
was similar to that described by Merzenich
and colleagues ('75) and Knight (77). Adult
cats were anesthetized with an intramuscular
injection of ketamine hydrochloride (25 mg/
kg), and 6 mg doses were subsequently admin-
istered to maintain a surgical level of anes-
thesia. A craniotomy was performed over the
cortical field or fields of interest and the dura
was carefully resected. A photograph was
made of the cortical surface and vasculature.
A 10 X working print with an overlying 5
mm grid was made and was used to record the
sites of vertical microelectrode penetrations
and tracer injections. Recordings were made
with glass-coated, platinum-iridium microe-
lectrodes with impedances of 2.5 to 3.5 me-
gohms (at 1.0 kHz). Stimuli were delivered
via a hollow flexible tube sealed into the
contralateral external auditory meatus with
low melting point beeswax. The other end of
the tube was sealed into a chamber in which
an audiometric driver (Telex Model 61470-07,
10 ¢hms) was sealed. The stimuli were tone
pips of .2 seconds duration with trapezoid
envelopes (5 msec rise and fall times) and
repetition intervals of .8 to 1.0 seconds. The
“hest frequency” of a unit (or unit cluster) was
determined by finding that frequency at which
the unit responded at the lowest sound pres-
sure level. This value was determined by
viewing unit discharges on the stimulus-syn-
chronized sweep of an oscilloscope and by
listening to the amplifier output fed to a loud-
speaker. Best-frequency determinations were
made at three or more positions within the
responsive zone of cortex in each vertical pen-
etration.

Injection of tracers

Injections of anterograde and retrograde
tracers were introduced at locations in audi-
tory cortex that had been physiologically typ-
ified with a brief map derived with the mi-
croelectrode recording techniques outlined
above. In the physiological phase of the study,
the location of the cortical field to be injected
was defined; the approximate boundaries of
the field were determined in the region of the
injection; and the approximate axis of “isof-
requency contours”’ (see Merzenich et al., '75)
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was defined. These partial maps generally
required 10 to 20 penetrations in each cortical
field. They insured that injections were always
made well within given field boundaries.

For anterograde tracing, .1 ml of 4,5 *H-1-
leucine (81 C/mM, .5 mC/ml) was desiccated
and redissolved in 5 ul of sterile saline. The
final label concentration was 10 uC/ul. For
retrograde tracing, saturated solutions of hor-
seradish peroxidase (Sigma type V1) were pre-
pared in 5 pl of sterile saline. For injections of
both tracers together, the HRP was dissolved
in the leucine solution (Colwell, *75; Troja-
nowski and Jacobson, '75).

Pressure injections were made with 1- or 5-
pl Hamilton syringes with 27- or 31-gauge
needles. A glass micropipette was often affixed
to the tip of the metal needle with sticky wax.

Injections were made in the middle layers
of cortex (500—1000 p depth). They were made
manually over several minutes or by attach-
ing the plunger to the hydraulic microdrive
and initiating a continuous rate of advance-
ment that completed the injection in 20 or 30
minutes. Injection volumes ranged between
05 and .5 ul, with .15 and .2 ul the most
common volumes of injection. After an injec-
tion was completed, the micropipette or needle
was left in place for 15 to 30 minutes.

In two experiments where long survival
times were used for anterograde tracing, the
cortex was re-exposed 1 or 3 days prior to
sacrifice and the same loci that had received
sH-l-leucine injections were reinjected with
HRP. The previous injection sites had been
marked with carbon black.

The effective spread of tracers at the injec-
tion sites was usually difficult to assess on the
basis of examination of the injection site alone.
However, it was possible to estimate the effec-
tive spread for both tracers by defining the
limits of the labelling in the target structure.
Small injections (e.g., .1 to .2 pl) of either
tracer into Al or AAF produced label in pars
lateralis that never occupied more than one-
fourth to one-third of the nucleus. Al and AAF
occupy about the same cortical surface area
(Knight, "77; Merzenich, et al., "77). They are
each about 6 mm long across their cochleotopic
representations and 4 to 5 mm long along
their isofrequency axes in the center of the
field. Pars lateralis (V1) contains one represen-
tation of the cochlear epithelium which is not
grossly dissimilar in proportional dimensions
to the cochlear representation in Al or AAF
(Aitkin and Webster, *72). Thus, a rough es-
timate of 1.5 to 2.0 mm as the upper limit of
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the diameter of the effective injection site can
be made for V1. (It was, on the average, rough-
ly 1 mm in diameter.) That this is a reasonable
estimate of the limit for the spread of tracer

at AAF injection sites was further confirmed

in several cases in which two injections were
made into different cochleotopic representa-
tional sites in AAF. This procedure produced
two distinct and completely separated bands
of label in VI, even when the injections were
placed only 2 mm apart on the cortical surface
(see Fig. 11 for a representative example).

Anatomical procedures

Postoperative survival periods were either
short (2 days) or long (8 to 18 days). Longer
survival times increased autoradiographic la-
belling of fiber tracts (Cowan et al., '72; Hen-
drickson, ’72) and increased the level of la-
belling of terminal fields.

Following the postoperative period, animals
were anesthetized with sodium pentobarbital
and perfused intracardially with cold heparin-

ized saline (4°C) followed by cold .2 M phos- -

phate buffered 2.5% paraformaldehyde solu-
tion (pH 7.6). Brains were removed from the
skull and placed in cold fixative overnight.
The brains were then passed through a graded
series (5, 15, 30%) of cold .1 M phosphate
buffered (pH 7.6) sucrose solutions over a 24-
hour period.

Brains were blocked anterior to the injection
sites and posterior to the inferior colliculi and
were sectioned serially in the frontal plane on
a freezing microtome. Sections were collected
on a 90, 30, and 30 u rotating schedule or on
a 100, 50, and 50 w schedule. The 90 or 100 u
sections were incubated for 10 to 20 minutes
in a .07% solution of 3,3'-diaminobenzidine in
Trisma buffer (pH 7.6) with hydrogen peroxide
(Graham and Karnovsky, ’66; LaVail and
LaVail, ’72; Ralston and Sharpe, '73; LaVail
et al., ’73) except in two cases in which the
tissue was reacted according to Hanker, et al.,
(77). One serial set of 30 or 50 u sections was
also processed for HRP and subsequently proc-
essed for autoradiography (Colwell, *75; Tro-
janowski and Jacobson, ’75). This combined
technique allowed the simultaneous demon-
stration of HRP and autoradiographic labell-
ing in single sections. The third set of sections
was processed for autoradiography alone
(Cowan et al., ’72). Exposure times for the
autoradiograms were generally 3 months.

Data analysis

Sections were examined under bright-field
and dark-field illumination with a Zeiss Pho-

tomicroscope III or a lower power Olympuyg
Photomicroscope. Low-power dark-field pho.
tomicrographs were made of autoradiogramg
using a Nikon Ultraphot mounted over a Sage
(model 281) stereo light box. Photomicre.-
graphs were made with Kodak High Contrast
Ortho Process 4 x 5 sheet film or with Kodak
Panatonic X 35 mm film. HRP-labelled cellg
were plotted only if the cell bodies or proxima)
dendrites contained the darkly stained HRP
reaction granules seen under high-power
bright- or dark-field illumination. This meth.
od avoided false identification of labelling in
cells with endogenous peroxidase activity
(Wong-Riley, "76). HRP-labelled cells were lo-
cated on dark-field photomicrographs (see Fig-
ure 17).

The auditory cortical fields

The approximate positions of the cortical
fields on which this study focused (AI, All,
and AAF) are shown in Figure 1. Most of Al
in the cat is usually located in the middle
ectosylvian cortex (although its location may
vary from animal to animal). Al contains a
complete representation of the cochlea (Wool-
sey and Walzl, ’42; Hind, ’53; Merzenich, et
al., ’75), with the basal cochlea (high frequen-
cies) represented rostrally and the apical coch-
lea (low frequencies) represented caudally.
Limited sectors of the cochlea are represented
along bands that are oriented approximately
dorsoventrally within the field (Merzenich et
al., ’75; Tunturi, ’50). The anterior auditory
field is located anterior to AT and also contains
a complete and highly ordered representation
of the cochlea (Knight, '77). AAF shares a
high-frequency border with AI; successively
lower frequencies within AAF are represented
along “isofrequency contours” located succes-
sively more anteriorly and ventrally on the
anterior ectosylvian gyrus (Knight, *77). All
is located in the general region of the middle
ectosylvian gyrus ventral to Al (Woolsey, '60).
Unlike Al and AAF neurons, which have
relatively sharp tuning curves, AIl neurons
have relatively broad tuning curves (Hind,
’53; Merzenich et al., 75), and it is very
difficult to demonstrate any internal represen-
tational order within the AII cortical field.

The cortical loci of tracer injections are
shown in figure 2 for cases illustrated in this
study.

Basis of the parcellation of the medial
geniculate body used in this study

It is difficult to determine the boundaries of
the subdivisions of the medial geniculate body
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(MGB) made on the basis of Golgi techniques
n N jssl-stained material (see Fig. 3). In order
to define unequivocally the thalamic sources
and destinations of the thalamocortical and
Corticothalamic projections, we paid special
attention to the parcellation of the MGB. The
morphology of MGB subdivisions was exam-
ined using two methods: 1. The Nissl cyloar-
cpitectural structure was revealed in autora-
diograpbic and HRP material counterstained
with cresyl violet or neutral red. 2. To obtain
4 limited view of the dendritic morphology of
the neurons, multiple and large injections of
HRP were made in the cortex to increase
staining of the dendritic processes. Proximal
dendrites were visible under the light micro-
scope using this technique.

In the HRP material, we could identify pars
lateralis (VD), pars ovoidea (Vo), and the ven-
iral lateral nucleus (VL) of the ventral divi-
sion; the deep dorsal nucleus (Dd) and caudal
dorsal nucleus (Dc) of the dorsal division; and
the medial division (M). The positions of these
nuclei and the morphology of the neurons
within these nuclei, recorded from this mate-
yial, concurred with the observations of Ra-
mén y Cajal ('55) and Morest (64, ’65).

Comparison of HRP material with alternate
sections of counterstained Nissl material en-
ahled us to compare directly subdivisions
made on Niss] cytoarchitectural bases (Rioch,
'09: Rose, '49; Moore and Goldberg, 63} with
those made on the basis of dendritic morphol-
ogy (see Fig. 3). The pars principalis includes
all subdivisions of the ventral division of
MGB, as well as the caudal dorsal nucleus
and the dorsolateral aspect of the deep dorsal
nuclcus. The pars magnocellularis includes
the medial division and the ventromedial as-
pect of Dd. These correlations are in general
agreement with those made by Morest ('64).

Gnee the divisions made on the basis of
dendritic morphology were recognized in both
the HRP material and the alternate counters-
tained Nissl sections, it was far easier to
identify the various divisions in Nissl-stained
mazerial alone on the basis of cell size and
packing densities. The packing densities of
the various subdivisions were in general
agreement with those of Morest ('64), with Vi1
having the greatest density, followed by the
dorsal division, and VL and M being the least
densely packed. We would add that pars ovo-
idea is less densely packed than pars lateralis.
Also, in the tracing experiments to be de-
seribed in the results, HRP injections provided
dendritic profiles which assisted in the proper
assignment of nuclear origin.
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Although we could observe the position of
the subdivisions of the MGB made on the
basis of dendritic morphology in Nissl-stained
sections, it was still not possible to draw the
exact borders between some of these subdivi-
sions: there was sometimes .25 mm of uncer-
tainty regarding the location of these borders.
For instance, in the top section of Figure 3 it
can be seen that the division between the
ventral aspects of Dd and V1 is quite clear,
with these two nuclei being separated by
white matter. However, the absolute border
between the rostral aspect of V1 and the caudal
aspect of De is less clear, as can be seen in the
bottom section of Figure 3. Because of the
uncertainty as to the exact position of the
borders between some nuclei, we have not
drawn borders around subdivisions on the
sections shown in the following figures since
these borders would be in some cases only
approximate and thus artificial.

RESULTS
AI connectivity with auditory thalamus

14 is appropriate to describe thalamocortical
and corticothalamic projection arrays defined
with small injections in AAF and All in re-
lation to: a) the cytoarchitectural subdivisions
of the MGB, and b) the projection arrays
defined with small injections into functionally
corresponding loci in Al Therefore, it is nec-
essary to describe the basic features of the
corticothalamic and thalamocortical arrays
projecting from and to restricted Al loci. This
AI-MGB connectional data confirms and ex-
tends the descriptions of Al connections de-
fined in similar studies using the same tech-
niques (Colwell and Merzenich, '80).

The corticothalamic and thalamocortical
projections of Al were investigated by placing
single (or occasionally multiple) microinjec-
tions of *H-1-leucine or HRP at physiologically
defined loci within the field. Successful exper-
iments were performed in the Al auditory
fields of 19 hemispheres. The physiologically
typified loci of injections had best frequencies
ranging (in different experiments) from 1.5 to
95 KHz. As Colwell and Merzenich ('80) have
shown, corticothalamic and thalameocortical
Al projection arrays are virtually identical;
i.e., there is a remarkably faithful reciprocal
interconnection of discrete cortical loci with
complex thalamic arrays. Given this remark-
able reciprocity, a description of the corticoth-
alamic projection arrays from restricted Al
loci constitutes an accurate description of the
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figures of the thalamic cell arrays projecting
to those same cortical loci.

Corticothalamic projection of Al

After Al injections of *H-1-leucine and short
survival times (2 days), fibers were followed
from the cortical injection site to the thalamus
(see Fig. 4). Fibers left the injection site as a
tight bundle arching ventrolaterally. Corti-
cothalamic fibers descended from this bundle
in a broader, anastomosing group in the in-
ternal capsule. The remaining fibers contin-
ued medially in the frontal plane, arched dor-
sally, and entered the corpus callosum (destined
for contralateral auditory cortical areas). The
corticothalamic tract coursed ventral and lat-
eral to the rostral pole of the lateral geniculate
nucleus. Fibers entered the reticular nucleus
of the thalamus lateral to the lateral posterior
group of the dorsal thalamus. Dense pericel-
lular clustering of autoradiographic grains
around cells in the reticular nucleus indicated
terminal fields in this region (see Fig. 4).

Corticothalamic fibers continued medially
through the reticular nucleus ventral to the
LGN and entered the lateral division of the
posterior group of the thalamus. Labelling
within the POl was complex: at least two and
often as many as four or five foci of autoradi-
ographic (ARG) labelling were commonly seen
after single restricted Al injections.

Caudal to the posterior group, two descend-
ing profiles (one medial and one lateral) of
continuous ARG labelling coursed caudalward
from the rostral pole of the MGB. The medial
column of ARG label was continuous rostrally
with the label in POl. This columnar figure
passed along the rostrocaudal axis for about
2 mm from the rostral pole of the MGB into
the rostral aspect of the caudal third of the
geniculate before attenuating (see Fig. 5). Ex-
amination of these sections counterstained
with Nissl stains and examination of the mor-
phology of the HRP-containing neurons of this
cell array after injections of HRP into Al
revealed that this column extended through
the deep part of the dorsal nucleus rostrally
and extended into the medial nucleus of the
MGB caudally (Figs. 6, 12, and 13).

The lateral ARG-defined corticothalamic
projection was sheetlike in form. It began at
the rostral pole of the MGB and ended cau-
dally in the rostral aspect of the posterior

third of the MGB, at about the same level as
the end of the labelled medial column. The
lateral array first appeared rostrally, in the
transverse plane, as a band along the dorso-
lateral margin of the MGB, parallel to its
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surface. This grain field was situated in the
rostral aspect of the pars lateralis of the ven.
tral division (see Fig. 13, sec. 15). As th,,
‘sheetlike projection extended caudally in parg
lateralis, it moved inward from the surface of
the MGB and acquired a more vertical orien-
tation (see Fig. 5, sec. 10; Fig. 16, sec. 17).

In the middle third of the MGB, the sheet.
like projection divided to form, in frontal sec-
tions, a larger sheet of label in pars lateralig
and a smaller sheet or column of label in parg
ovoidea (see Fig. 6). Caudal to the level at
which this label in Vo first appeared in frontal
sections, the ARG-labelled terminal fields in
V1 and Vo were continuous, and together
formed an inwardly folded terminal field array
(see Fig. 5, sec. 16). Thus, three dimensionally,
V1 and Vo form a continuous sheet about 2

Abbreviations

AAF anterior auditory field

AES anterior ectosylvian sulcus

Al first auditory field

All second auditory field

ARG autoradiography

BIC brachium of the inferior colliculus

CcPp cerebral peduncle

D dorsal division of MGB

De caudal dorsal nucleus of the MGB

Dd deep dorsal nucleus of the MGB

Ds superficial dorsal nucleus of the MGB

EE ipsilateral and contralateral ear stimulation,
both excitatory

El ipsilateral ear excites, contralateral inhibits

Ep posterior ectosylvian auditory field

HRP horseradish peroxidase

1c inferior colliculus

1CC central nucleus of the IC

ICP pericentral nucleus of IC

ICX external nucleus of the IC

I.T insular-temporal cortical region

LGN lateral geniculate nucleus

M medial division of the MGB

MGB medial geniculate body

MGm pars magnocellularis or magnocellular division
of the MGB

MGp pars principalis or principal division of the MGB

oT optic tract

PAF posterior auditory field

PES posterior ectosylvian sulcus

PO posterior group of thaldmus

POl lateral division of PO

R reticular nucleus of the thalamus

SS suprasylvian sulcus

T temporal cortical region

TAA tritiated amino acids

\ pars-lateralis of the ventral division of the MGB

VL ventral lateral nucleus of the ventral division of
the MGB

Vo pars ovoidea of the ventral division of the MGB

VPAF ventral posterior auditory field

vt transitional zone of the ventral division of the
MGB
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Fig. 1. A is a surface view of the left lateral side of a cat brain. In this figure, the relative positions of the
three cortical fields examined in this study are represented with respect to the sulcal patterns (the position of
these cortical fields with respect to the sulci are not to be taken literally but only as an average or typical
example; see Merzenich, et al., *75). The subscripts A and B indicate apical (A) and basal (B) positions in the
cochlear representations within Al and AAF. In B, the isofrequency contours are indicated along the lines
within AAF and AL In this figure, the frequencies have been converted to cochlear place in millimeters from
the apex. SS: suprasylvian sulcus; AES: anterior ectosylvian sulcus; PES: posterior ectosylvian sulcus. This
figure is modified from Merzenich et al. (77).
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INJECTION SITE CENTERS

76-133 LEFT
1) AAF: TAA & HRP, 1.5 KHZ 76-133 RIGHT
2)AAF: TAA & HRP, 25 KHZ AAF: TAA & HRP, 2.5 KHZ

77-14 LEFT 77-14 RIGHT
1) AAF: TAA & HRP, 2 KHZ 1) AAF: HRP, 13 KHZ
2) AAF: TAA & HRP, 14 KHZ 2) Al: TAA, 13 KHZ

77 1 LEFT
) Al: TAA, 6 KHZ 77-1 RIGHT
2 ALl P 1) Al: TAA, 3 KHZ
2} All: HRP
76 -140 RIGHT 7712 LEFT
1) &2) All: HRP & TAA 1) AAF: HRP, 11 KHZ

2) Al: TAA, 11 KHZ

Figure 2
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mm long in the rostrocaudal dimension. In the
rostral aspect of the MGB the sheet passes
through V1 only, and caudally it passes
through V1 and Vo. In the middle aspect of the
MCB, the division of VI into Vo and VI pro-
duced a hole in this otherwise continuous
sheet.

A focus of ARG label appeared rostrally,
just preceding the most rostral appearance of
Vo, in the medial aspect of the ventral division
(see Fig. 5, sec. 13; Fig. 16, sec. 17). This label
became the medial point of folding for the
infolded sheet caudally (see Fig. 5, sec. 13 and
16); i.e., it constituted the most medial sector
of this folded sheet. Caudally, this region had
larger cells than those of VI. These neurons
were, in fact, similar to the cells of Vo. This
focus of ARG label was thus believed to be in
the dorsal part of pars ovoidea. It appeared to
correspond to the “transitional zone” of Morest
(’65), and hence was labelled Vt in Figure 5
and in subsequent illustrations. There was
always a region of lighter label between the
Vt and Vo components of the folded sheet (Fig.
5, sec. 16).

Topographic organization of the Al projection
onto the MGB

Injections at different physiologically deter-
mined locations in Al revealed that all nuclei
of the MGB which received projections from
(and project to) Al were topographically inter-
connected with it. The systematic topography
noted in these experiments was the same as
the topography described by Colwell and Mer-
zenich ('80).

With injections of anterograde tracer into
the sites of representation of successively
higher frequencies within AI, the sheetlike
labelled arrays in the ventral division shifted
medially, dorsally, and rostrally, and the col-
umnar arrays of label in Dd-M shifted more
dorsally, laterally, and rostrally.

Discontinuities in the Al projection

Almost invariably, injections into the higher
frequency part of Al resulted in four or five
patches of relatively intense ARG label within
the caudal infolded sheet of label in the ven-
tral division (Fig. 5, Sec. 16). Between the
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intensely labelled regions, ARG grain density
dropped to relatively low levels. There ap-
peared to be an increased likelihood of dis-
tinctive periodic discontinuities of labelling if
small injection volumes (i.e., 1 ul) were used.

Three-dimensional reconstructions revealed
that the patches of label were parallel columns
or bands, with their long axes oriented rostro-
caudally in the nucleus (see Fig. 7). When this
banding was seen, two or three bands were in
VI, one was in Vt, and one was in Vo.

Combined HRP-leucine injections into high-
frequency regions of Al also produced banding
of HRP-labelled cells in the caudal aspect of
the ventral division. These HRP-labelled cell
bands were identical in form and coincident
with the autoradiographically labelled bands.

With injections at low-frequency represen-
tational sites in Al, a distinct banding pattern
was hot seen in pars lateralis, although a
suggestion of a periodic pattern was seen in
two cases.

Connections of AAF with the thalamus

There were 17 successful cases in which
microinjections of HRP were placed in AAF
and 13 successful cases in which *H-1-leucine
microinjections were made into AAF. The
physiologically typified loci of injections
spanned five octaves (1.5 to 25 kHz) and were
evenly distributed over this range.

The thalamocortical connections of AAF

Single injections of HRP into AAF produced
multiple groups of labelied neurons in POl
(see Fig. 8, sec. 27). Caudal to the posterior
group, two components of labelled neurons,
one located medially and one laterally, ex-
tended through the rostral and middle thirds
of the MGB. The medial component was vir-
tually identical in form to that seen with
functionally corresponding Al injections, al-
though neurons were often more intensely
labelled than with equal volume injections
into Al The medial component was rostrally
continuous with the HRP-labelled cells in POI.
The label extended as a column, in the rostro-
caudal dimension, for about 1.5-2.0 mm
through the deep dorsal nucleus, to end in the
medial division (Fig. 8; Fig. 9; Fig. 11, sec. 20;

Fig. 2. Representations of the cortical loci of tracer injections for the cases illustrated in the following figures. The line
drawings of the sulcal patterns were made from photographs of the post morten cat brains. The injection sites were
located from photographs of the surgically exposed brains made during the recording phases of the experiments (see
methods) and by locating carbon black marks made at the injection sites. Both right and left sides of the brain have been
oriented so that rostral is td the reader’s left and caudal is to the reader’s right. Since the photographs from which the
drawings were made did not include the entire brain, the straight edges of the drawings indicate the limits of the

photographs.



Fig. 3. Nissl-stained frontal sections through the MGB. The sections in all the figures are in the transverse (frontal)
plane. The top section is taken through the rostral third of the MGB and the bottom section through the middle third. Dd:
deep dorsal nucleus; VI: pars lateralis; Vo: pars ovoidea; M: medial division; Dc: caudal dorsal nucleus; VL: ventral lateral

nucleus.
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_Fig. 4. An example of the path of cortical efferent fibers leaving a 3H-1-leucine injection site in AL The injection site is the
bright white area in the upper left hand corner labelled IS. The transcallosal corticocortical fibers (CC) arch dorsomedially
from the injection site and, in the upper right hand corner of the dark-field photomicrograph, these fibers enter the corpus
callosum. The labelled corticothalamic fibers (which are probably intermingled with labelled corticotectal, corticopontine, and
corticostriatal fibers) course ventrally in a broader, anastomosing pattern (CT). The course of the labelled fibers, portions of
which dropped out in this reproduction but which were visible under the microscope, is indicated by the white arrows. Heavy
ARG terminal labelling from this projection is present in the reticular nucleus of the thalamus (R), ventrolateral to the
lateral geniculate nucleus (LGN).
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Fig. 13, sec. 23). Labelled cells in the medig]
division were scattered more than in Dd; iy
other words, the packing density was much
less for M than Dd. Cells labelled in Dd after
AAF injections were stellate and were of Ime-
dium size, whereas in M, HRP-labelled cells
were large and multipolar. The intensity of
HRP labelling within individual cells in M
was consistently not as great as in Dd.

The lateral component of labelled neurong
also appeared to be in the same region ag the
Al thalamocortical projection arrays. How.
ever, HRP labelling in the ventral division
after AAF injections was always more discon.
tinuous than that seen after homotypic A]
injections. With AAF injections, cells in the
ventral division were almost invariably clumped
and occupied only limited sectors of the sheets
through V1, Vt, and Vo defined by the Al
projection arrays (Fig. 8, sec. 43 and 45; Fig.
9, sec. 69; Fig. 11, sec. 18). Occasionally, a
single clump of cells was labelled in the rostral
V1 and appeared roughly as a column oriented
rostrocaudally. More often, a single intensely
labelled clump or column was present, but a
few scattered neurons were also seen in other
regions of V1. When this situation occurred,
the overall distribution of cells, at least in the
rostral V1, approximated a broken sheet ori-
ented rostrocaudally (Fig. 11, sec. 18). Quite
often, the column of high-density labelling in
the rostral half of V1 appeared along its ven-
tral aspect (Fig. 11, sec. 18). Overall, the

Fig. 5. Representative example of the corticothalamic
projection of Al onto the MGB. A .1 ul (2u C) *H-l-leucine
injection was made at an 11 kHz locus in AI (See Figure 13
for the microelectrode map of the cortical surface and the

. position of the injection site.) Each section number repre-
! sents a sequential 200 u step. The dark-field photomicro-

graph of Section 10 is taken from the anterior portion of
the rostral third of the MGB; section 13 from the posterior
portion of the rostral third of the nucleus; section 16 from
the anterior portion of the middle third of the MGB. The
nucleus is 8.6 mm in the rostrocaudal dimension of this
cat, beginning with section 9 rostrally and ending with
section 27 caudally. There is no labelling after section 19
‘in all cases after Al injections the posterior third of the
MGB was unlabelled.

The projection comprises, laterally, a continuous sheet of
labelled terminals in the ventral division which is rostrally
in the form of a lamina in VI (section 10) and caudally is
in the form of a folded sheet (section 16) which includes VI,
Vo, and the “transitional zone” (Vt) (note that there are
often periodic discontinuities in the intensity of labelling
in the caudal aspect of the sheet projection—section 16).
Medially the projection is in the form of a continuous
column of label, which passes through Dd rostrally (section
10) into M caudally (sections 13 and 16). The lateral sheet
and medial column of labelled terminals are both about 2
mm long in the rostrocaudal dimension in this case.
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AUDITORY THALAMIC-CORTICAL CONNECTIONS

number of cells labelled in the ventral division
after AAF injections of HRP was far lower
than the number which resulted from equal-
volume Al injections. As with Al injections,
labelled cells in V1 were of medium size and
in general had ovoidal or fusiform cell bodies.
In the frontal plane, the cells had proximal
dendrites that tended to be aligned along the
long dimensions of the sheets defined by the
Al and AAF projection arrays.

Corticothalamic projections of AAF

The corticogeniculate fiber path of AAF into
the thalamus was similar to that taken by Al
corticothalamic fibers. In only one case was
autoradiographic label seen in the reticular
nucleus of the thalamus; however, this labell-
ing was located much further rostrally than
after Al injections. Since this was also the
only case in which the thalamus was sectioned
that far rostrally, it is probable that the au-
toradiographic label in the reticular nucleus
was missed in other experiments.

Single injections of *H-Ileucine in AAF
resulted in corticothalamic projection arrays
that were similar in form to those seen with
Al injections (see Figs. 8, 9, 10, and 11).
Unlike the AI corticothalamic arrays, the la-
bel in Dd was relatively more intense, and the
label in the ventral division was relatively
less iatense (see Figs. 8, 9, 10, and 11). In fact,
the ARG labelling in the ventral division,
although always present, was often so light as
not to appear in the dark-field photomicro-
graphs (see Figs. 8 and 9).

Reciprocal relationship of the thalamocortical
and corticothalamic connections of AAF

In 11 of these cases, mixtures of both 3H-1-
leucine and HRP were injected at single phys-
iologically defined loci in AAF. These com-
bined injections always produced spatially re-
lated (and partially superimposed) patterns of
label in POl and MGB. Results from sections
processed for both tracers showed that all
HRP-labelled cells were overlain by the re-
stricted autoradiographic arrays. The autora-
diographic label pattern was highly reciprocal
with the medial cell column (POI, Dd, M; see
Figs. 8 and 9) and was relatively continuous
over the always patchy and often strikingly
discontinuous lateral thalamocortical cell ar-
ray (V1, Vo, Vt; see Fig. 11).

Topographic organization of the AAF
projection to and from the MGB

The systematic topography of the thalamo-
cortical and corticothalamic connections of
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AAF and Al are alike in every respect (with
the exception that the connections of AAF
with the ventral division are relatively weak-
er). Thus, tracer injections at successively
higher frequency representational loci in AAF
produced labelled Dd-M columns that were
located relatively more dorsolaterally and ros-
trally (see Fig. 10) and labelled ventral divi-
sion sheets that were located more dorsome-
dially and rostrally (see Fig. 11). There was
an apparent reversal in the topographic inter-
connections of AAF along the Dd-V1 border,
with the caudal margin in AAF (representing
highest frequencies) interconnected along this
boundary. There was also an apparent topo-
graphic reversal of the representation of the
lowest frequencies along the mutual border of
Vo and V1. Away from the Vo-V1 border, suc-
cessively higher frequency representational
sites were connected to successively more me-
dial locations within Vo and in successively
more dorsal and medial locations in V1. A
high-frequency reversal at the V1-Dd border
and a low-frequency reversal at the VI-Vo
border were also recorded with Al injections.

Although the Dd-M connections with AAF
were systematically ordered with respect to
the cochleotopic organization of AAF, the or-
ganization was not as precise as were the
connections with the ventral division. This
imprecision was apparent in comparisons of
the regions of autoradiographic labelling of
Dd with labelled VI regions. Examples are
illustrated in Figures 10 and 11. In the exper-
iment represented in Figure 11, injections
placed at 2 and 14 kHz did not produce two
separable ARG-labelled regions in Dd; by con-
trast, separable labelled regions in VI were
very distinct. In the experiment represented
in Fig. 10, injections were placed further apart
in the tonotopic map in AAF (1.5 and 25 kHz
locations). In this double-injection case, two
clearly separable columns of label were evi-
dent in Dd. The topography of the Dd-M con-
nections was also noted to be less precise than
the ventral division connections for Al

There was a disproportionately larger rep-
resentation of higher best-frequency AAF
sites in pars ovoidea. With injections within
AAT at best-frequency locations of less than
about 2 kHz, the sheet of label passing
through Vo becomes very thin when compared
with labelling resulting from equal volume
injections at higher best-frequency locations
(e.g., compare Vo, in section 20 with Vo, in
section 23 of Figure 11). A similar dispropor-
tionate representation in Vo was recorded for
the connections of Al
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with high best-frequency place injections in
AAF (see Fig. 11) or Al (see Fig. 13, sec. 15),
the autoradiographic labelling in Dd and VI
often joined at their dorsal borders in the
rostral third of the MGB. This apposition of
labelled regions apparently reflects the topo-
graphic reversal between Dd and VI that oc-
curs in the projections from the high-frequen-
cy representations in AAF and AL

Banded periodicities in the AAF to ventral
division corticothalamic projection

When injections were made at higher best
frequency loci in AAF, a banding pattern in
the folded sheet of autoradiographic label in
the caudal region of the ventral division was
often seen. The four or five foci of more dense
label (one in Vo, usually one in Vt, and two or
three in V1) appeared to correspond with those
ceen in Al injection cases (Fig. 11, sec. 23).
Perhaps at least partially due to the sparse
distribution of HRP-labelled neurons seen
with AAF injections, a banded pattern of light
and heavy HRP labelling corresponding to the
panded pattern seen with the corticothalamic
projection array was never clearly evident.

Direct comparison of the Al and AAF
connections

Four experiments were performed to obtain
a direct comparison of the connectional struc-
ture and organization of Al and AAF. In these
experiments, partial maps of both fields in
single hemispheres were made, and single
injections of anterograde tracer in Al and
retrograde tracer in AAF were made at coch-
leotopically homotypic locations. Since the
connections of AAF and AI with the dorsal
thalamus are reciprocal, this protocol directly
compares the topographies of the thalamo-
cortical and corticothalamic connections of the
two cortical fields in single MGB’s. (Although,
after combined tracer injections in AAF, the
light autoradiographic label in the ventral
division was always relatively more continu-
ous than the HRP labelling, the boundaries
for the extent of the HRP labelling were al-
ways defined by the autoradiographically la-
belled terminal arrays.)
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The results of experiments in which alter-
nate sections were processed for one label and
then the other showed that the overall pattern
of connections for the two fields was very
similar (Fig. 12). In cases where each section
was processed for both tracers, HRP-labelled
neurons were found only in regions that were
overlain with above background ARG label
(see Fig. 13). These experiments demonstrated
that the thalamocortical and corticothalamic
connections of Dd and M with Al and AAF
were of the same form and topographic order.
The corticothalamic connections of Al and
AAF with the ventral division were also ap-
parently topographically identical, with the
single exception that the Al projection was
much more dense. The thalamocortical projec-
tions to Al and AAF from the ventral division
were similar in that they were derived from
the same regions of the nucleus as defined by
the corticothalamic projection of AL. However,
within this region, the neurons of the AAF
thalamocortical projection array were much
more sparse and discontinuously distributed
than were the arrays of Al projecting neurons.

AlI electrophystology

ATl is located ventral to Al The border of
Al with ATl was marked electrophysiologically
by an abrupt transition from sharply tuned
neurons and a cochleotopic organization with-
in Al to relatively much more broadly tuned
neurons and an apparent lack of a cochleotopic
organization within AIL Typical All neurons
were almost equally as senstitive (within
10-15 dB) across a broad range of frequencies,
commonly spanning several octaves. The Al-
AII border was generally oriented ventropos-
teriorly and dorsoanteriorly. Very extensive
maps of AIl were made in two hemispheres,
in an attempt to define all of its borders.
Posteriorly, in the region of the posterior ec-
tosylvian sulcus, All is bordered by cochleo-
topically organized regions of cortex (the “pos-
terior auditory field” and the “ventroposterior
auditory field”). The broad-tuning region be-
low AI extends for at least 6 mm ventrally.
However, on the basis of other differences in
recording, it was concluded that this large

Fig. 8. A representative example of the thalamocortical and corticothalamic connections to and
from a cortical locus in AAF. In this particular experiment, (76-62), a .5 pl mixture of HRP and *H-
1-leucine (5 uwC) was injected at a 6 kHz, best-frequency locus in AAF. A) is a surface view of the
cortex. Numbers indicate the best-frequency determination of vertical microelectrode penetrations.
The locus of the injection is indicated by the dark spot. B) indicates the HRP labelling, each dot
representing a single HRP-granule-containing neuron. Sections are numbered rostrally to caudally
in 120 p steps. C) shows adjacent autoradiograms to the sections in B.
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«AIl” region probably contains more than one
cortical field with neurons of broad-tuning
characteristics. For instance, there was gen-
erally a strip of ATl that borders Al ventrally,
roughly 1 mm in width, in which neurons
were more responsive to auditory stimuli.
Neurons in this region had lower thresholds,
and a greater number of spikes were evoked
by equivalent suprathreshold stimuli. Injec-
tions were centered within this strip and be-
low it. No obvious difference in the thalamo-
cortical connectivity of this Al-bordering strip
as compared with that of more ventral All
cortex was observed.

Because of the uncertainty of the homo-
geneity of the broad-tuning region ventral to
Al all injections of tracer that are reported in
this study were made within a zone about 1 to
2.5 mm ventral to the AI-AIl border. Partial
maps of the cochlear representation of Al near
the AIl border were always made prior to
injections. This mapping enabled the All in-
jection sites to be referenced to best-frequency
locations along the border of the adjacent Al
field.

Thalamocortical connections of All

In 14 cases, HRP microinjections were
placed at physiologically identified loci in AIL
These experiments demonstrated that All re-
ceives projections from the caudal and middle
thirds of the MGB. The projecting nuclei were
the caudal dorsal nucleus (Dc¢) of the dorsal
division, the ventral lateral nucleus (VL) of
the ventral division, and the medial division
(M). The Dc projection was the heaviest of the
three projections in terms of the numbers and
packing densities of the labelled cells (see Fig.
17). The VL projection was the next heaviest,
followed by M (see Fig. 14, sec. 50).

After injections of HRP into All, a contin-
wous array of labelled cells could be followed
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caudorostrally. The caudal pole of the MGB
was extensively labelled (Fig. 14, sec. 46 and
48; Fig. 15, sec. 7; Fig. 16, sec. 23, 24, and 26).
These neurons were located in Dec. They were
medium-sized stellate neurons, and they were
commonly closely packed within the projection
array. The projection pattern from Dc was
complex, with labelled cells often occurring in
prominent groups (Fig. 14, sec. 48).

More rostrally, at about the level of the
junction of the posterior and middle thirds of
the MGB, a label-free region appeared in the
lateral aspect of the MGB (Fig. 14, sec. 50;
Fig. 15, sec. 10; Fig. 16, sec. 20, 21, and 22;
Fig. 17). This label-free region was comprised
of the pars lateralis and pars ovoidea of the
ventral division. The label-free region was
surrounded by a broad band of labelled cells
in De, VL, and M. The cells in VL were of
medium size; the cells in M were large and
multipolar. This broad “C” (or reverse “C”)-
shaped band generally continued rostrally for
several hundred microns into the middle third
of the MGB.

Corticothalamic fiber projections of AIl

In 10 experiments, single microinjections of
3H-]-leucine were placed in physiologically
typified AII regions of auditory cortex. From
the injection site, corticothalamic fibers were
followed into the thalamus. Although labelled
fibers passed through the reticular nucleus in
a course similar to that of Al and AAF fibers,
there was no unequivocal preterminal labell-
ing in the reticular nucleus.

In the rostral third of the MGB, in short
survival cases, very light label was sometimes
noted along the lateral aspect of the MGB. In
the long survival case, this label was more
apparent and occurred in fascicles in regions
that were free of cell bodies. The tissue in
these fascicular regions also transmitted more

Fig. 9. A representative example of the thalamocortical and corticothalamic connections of an
isofrequency contour in AAF with the MGB. In this experiment (76-66), three injections (.5 ul each)
of a mixture of *H-1-leucine (5 xC) and HRP were made along a 3 kHz isofrequency contour in AAF.
A) is a surface view of cortex indicating the injection site and best-frequency determinations of
microelectrode penetrations. The dark-field photograph to the left is of a frontal section taken
through the injection site that has been processed for HRP. The white arrows indicate the limit of
the reaction product. The dark-field photograph to the right is of a frontal section through the
injection site that has been processed for autoradiography. The exposure time of this injection site
(and all injection sites) is the same as the exposure time for the sections through the MGB that
contain the terminal labelling. B) shows sections processed for HRP numbered rostral to caudal in
120 p steps. C) shows drawings made from D. D) shows dark-field photographs of adjacent sections
to B that have been processed for autoradiography. A comparison of columns B and C shows that
the thalamocortical and corticothalamic connections of Dd with the isofrequency contour in AAF
are reciprocal. Also, the three-dimensional form of the cell and terminal arrays in the MGB after
several injections along an isofrequency contour in AAF are similar to the form of cell and terminal

arrays after a single injection in AAF.
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light through the objective under dark-field
illumination in a manner typical of fiber bun-
dles cut in cross section. It is thus believed
that this lateral label was at least principally
of fibers descending to more caudal regions of
the MGB.

In the one long survival case, fiber labelling
was also noted in the dorsal aspect of the
cerebral peduncle. These fibers are probably
destined for the pontine nuclei and were sit-
uated in the region of the cerebral peduncle
where corticopontine fibers of temporal, occip-
ital, and parietal origin are located (Brodal,
'69). Also, descending fibers were noted in the
brachium of the inferior colliculus (BIC) in
the caudal MGB (Fig. 14, sec. 46). These
labelled fibers could be followed in the BIC to
the inferior colliculus. In slow flow Al cases,
fibers were also observed in the BIC in the
caudal aspect of the MGB, and these labelled
fibers continued within the BIC to the inferior
colliculus.

Terminal field labelling in MGB after AIl
injections of tritiated amino acids

Heavy labelling was observed in the middle
and posterior thirds of the MGB after single
injections of *H-l-leucine into AIL The auto-
radiographic label was of a pattern similar to
the HRP label and was noted in the Dc, VL,
and M subdivisions of the geniculate body.
The heaviest label was over De, followed by
VL (Figs. 14 and 15).

When following the labelling caudorostrally
in frontal sections, above background autora-
diographic grains were first seen in the caudal
pole of the MGB in Dc. The labelling in De
has an intricate and complex pattern, with
regions of light and heavy label (see Fig. 14,
sec. 48 and 50; Fig. 15). More rostrally, the
lateral region of the MGB (over pars lateralis
and pars ovoidea) was free of label (Fig. 14,
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sec. 50). At this level, label was recorded in
Dc, M, and VL and surrounded the label-free
region. Rostral to this level, the label over De,
M, and VL attenuated.

Reciprocity of thalamocortical and
corticothalamic connections

In 10 of these cases, both anterograde and
retrograde tracers were injected at single loci
in AIL These experiments demonstrated that
the projections to and from Dc, VL and M
were (with certain reservations) reciprocal
(Figs. 14 and 15).

The general strength of labelling of the two
tracers in MGB subdivisions coincided. Thus,
for both tracers, Dc had the heaviest labelling,
followed by VL. Labelling in M was the light-
est. Also, regions in Dc where HRP cells were
clumped generally had heavier ARG labelling
than surrounding areas of Dc (see Fig. 14, sec.
48 and 50).

On the other hand, clear variations in the
pattern of label densities of the two tracers
were often observed within the MGB subdi-
visions connected to AIL. That is, over some
HRP-labelled cell regions within an MGB sub-
division, labelling was very dense; over other
(even adjacent) labelled cell regions within
the same subdivision the corticothalamic pro-
jection could be very light (e.g., see Fig. 14,
sec. 48; Fig. 15, sec. 10). Thus, the Al corti-
cothalamic and thalamocortical projections
were reciprocal in the sense that all HRP-
labelled cells were overlain with above back-
ground ARG label. However, the relative
strength of the ascending and descending con-
nections was commonly regionally variable.

Topographic organization

Examination of several single injection cas-
es revealed no apparent systematic topogra-
phy of ATl projections to and from MGB nuclei.

Fig. 10. A comparison of the pattern of the corticothalamic projections from a single locus in
AAF with the pattern of projections from two cochleotopically dissimilar representational positions
in AAF. In this experiment, .2 ul injections of HRP and 3[-l-leucine (2 uC) were made at 1.5 and 25
kHz loci in the left AAF and at a 2.5 kHz locus in the right AAF. A and B are surface views of the
left (A) and right (B) cortices and indicate the positions of the best-frequency determinations and
injections. D shows dark-fields of the left thalamus; 9L is taken through POl and 10L through the
rostral MGB. C shows drawings made from D. The stippling indicates above background ARG
labelling. E (and F) are sections taken from the same level as D (and C) of the right MGB. Note the
topographic organization of the projection in section 10L with Dd, corresponding to the projection

from the higher frequency locus in AAF and Dd,

corresponding to the lower frequency place

projection. Also, the complex topographic projection from a single locus in AAF to POl is to several
distinct cell groups in POl (section 9R). This general pattern in POl does not change, but each
component appears to expand in area after two injections at dissimilar cochleotopic representational

positions in AAF (section 9L).
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these cases, injections were made at various
tions along the rostrocaudal dimension of
field with respect to the cochleotopic or-
ganization of AL Also, in these cases, injec-
fions were made from sites near the AI-AII
porder to positions about 2.5 mm ventral to

L.

A In one case, two injections were made in Al
at different loci. Both were about 1 mm from
the AL-AIl border, one being ventral to the
site of representation of 2 kHz in Al and the
other ventral to the site of representation of
11 kHz (Fig. 15). There was no obvious differ-
ence between MGB labelling in this case when
compared to single injection cases.

The connections of restricted All loci with
De invariably occupied large regions of this
nucleus. Each locus in ATl gave and received
projections to and from several apparently
separated regions within Dc (Fig. 14, 15, and
16). However, the entire nucleus is never
occupied by either label after single All injec-
tions (Fig. 14, 15, 16, and 17). Thus, there
may be at least some crude systematic topog-
raphy of this complex projection.

post
the

The AII connections in relation to Al
connections

An examination of the ATl connections with
the MGB indicated that AIl did not give or
receive projections from several regions of the
MGB to which Al is connected. To test this
observation directly, the two-tracer paradigm
was again employed to compare the AIl and
Al projection arrays. In these studies, antero-
grade tracer was again introduced at restrict-
ed AT loci; and retrograde tracer at restricted
ATl loci. The data presented here were from
four such Al and AIl injection experiments.

The results indicated that most of the All
projection arose from regions of the MGB
caudal to the thalamic origins of the Al pro-
jection (Fig. 16, sec. 22-26). Label in this
exclusive caudal region was contained within
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the Dec. Proceeding rostrally, when the Al
projection did begin, the ventral division com-
ponents of that projection fell within the label-
free region of the AII projection (Fig. 16, sec.
21 and 20; Fig. 17). The Dc component of the
AII projection at this level appeared just dor-
sal to the Al projection to pars lateralis (Fig.
16; Fig. 17). The VL component bordered the
Al projection to pars ovoidea ventrally (Fig.
16; Fig. 17).

Thus, Al and AII appear to have largely
separated projection arrays with Al intercon-
nected with the middle and anterior thirds of
the MGB and AII interconnected with the
posterior and middle thirds. In the middle
third, there is an overlap of the two reciprocal
projections which is_restricted to the medial
division.

DISCUSSION

Major conclusions of this study include the
following: 1. Any restricted Al locus receives
input from a folded sheet of neurons passing
through pars lateralis, pars ovoidea, and the
“transitional zone” of the ventral division,
from a column of neurons extending rostro-
caudally through the deep dorsal nucleus of
the dorsal division and the medial division,
and from neurons in the lateral division of the
posterior group. 2. AAF receives inputs from
these same nuclei, with the same basic pattern
of thalamocortical projection. However, unlike
the projection to Al, the projection to AAF
from the ventral division arises from a very
sparse and discontinuous array of neurons. 3.
Projections from all of these nuclei to Al and
AAF are systematically topographic and ap-
pear to be cochleotopically ordered. 4. AIl
receives projections from a different group of
thalamic nuclei than AT and AAF. The projec-
tion to AII originates from the caudal dorsal
nucleus, the ventrolateral nucleus, and the
medial nucleus (which also projects to Al and
AAF.) 5. Corticothalamic projections from

Fig. 11. A representative example of the topographic order of the corticothalamic and thalamo-
cortical connections with respect to the cochleotopic organization of AAF. In this experiment, the
left AAF was injected at 2 and 14 kHz loci with .1 pl of HRP and 3H-1-leucine. The surface view of
the cortex indicates the injection loci and recording data. The dark-field photographs on the left are
of sections that have been processed for both HRP and autoradiography. These sections have been
redrawn on the right. Each dot represents an HRP-granule-containing cell and the stippling
indicates autoradiographic labelling that is above background. The projections are topographically
organized and denoted by a subscript: 1 corresponding to the label resulting from the 14 kHz place
injection and 2 from the 2 kHz place injection. The sections are numbered rostral to caudal in 200
& steps. The exposure time for autoradiography was unusually long (4.5 months). Also, the dark-
field photomicrographs have been underexposed to show better the light ARG labelling in the
ventral division. The fact that all HRP-labelled cell arrays are overlain by above background
autoradiographic labelling indicates a degree of reciprocal connectivity.
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in single hemispheres of the connections of cochleotopically homotypic loci
on the left of this figure, .15 ul of HRP was injected into AAF at a 13 kHz
locus and .15 ul of ®H-l-leucine was injected into Al at a 13 kHz locus. The sections on the left have been processed for both
HRP and autoradiography and are photographed with dark-field illumination. These sections have been redrawn on the right.
Each dot represents an HRP-granule-containing cell and the stippling indicates regions of autoradiographic labelling. In the
experiment on the right, .2 ul of HRP were injected at an 11 kHz locus in AAF and .1 gl (2 pO) of *H-l-leucine was injected
at an 11 kHz locus in AL Again, the sections have been processed for both autoradiography and HRP and are redrawn on the
right. The similarity of the Al and AAF connections to MGB are apparent. Sections in these two experiments are numbered -

rostral to caudal in 200 u steps.
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Fig. 13. Two examples of a direct comparison
in Al and AAF with the MGB. In the experiment
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Fig. 14. An example of the corticothalamic and thalamocortical connections of a locus in AIl with the MGB. In this
experiment, an injection of .25 ul of *H-l-leucine and an injection of .3 ul HRP (7 days later) were made at the same locus in
AlL (Total survival time for autoradiography was 8 days.) The surface view of the cortex at the right shows the position of the
injection site in AII with respect to the functional organization of AL The numbers indicate the best-frequency determinations
of penetrations into AI. “AIl's” indicate the position of penetrations where broad-frequency responses of units and unit
clusters indicative of the AII field were noted. The dark-field photographs on the left are of sections processed for
autoradiography; the sections drawn on the right are of adjacent sections processed for HRP. Section 50’s are taken from the
caudal aspect of the middle third of the MGB, section 48’s from the caudal third of MGB, and section 46’s from the posterior
pole of the caudal third of the MGB. The numbers in the adjacent section 48’s indicate four subregions of Dc that contain both
dense groups of labelled HRP-granule-containing cells and distinct areas of more intense autoradiographic labelling. For all
sections, there is a general coincidence of the spatial disposition of the two labels. This is especially true considering that
adjacent sections are being compared and that the ARG-processed sections are more shrunken than the HRP sections. An
exception to this overlap of tracers is the labelled BIC fibers in the ventromedial region of section 46. Sections are numbered
caudal to rostral in 360 u steps. '
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these three cortical fields are all (with reser-
sations outlined earlier) reciprocal. 6. Tl}ere
is a segregation of the reciprocal conngcg(‘)ns
petween the caudal half of the ventral division
and Al into periodic parallel bands. This pe-
riodic banding was also noted in the corticoth-
alamic projections of AAF onto the caudal
aspect of the ventral division.

Relation to previous studies of MGB-auditory
cortical field interconnections

AAF

Gince AAF has only recently been discov-
ered (Merzenich et al., '75, Knight, '77), no
previous direct connectional studies have been
conducted in this field. However, the connec-
tivity of the dorsal aspect of the anterior
ectosylvian gyrus, in the approximate region
of the location of AAF in most cats, has been
considered in several previous studies. Rose
and Woolsey (58) found that the posterior
group of the thalamus was preserved after
cortical ablations that included most of the
auditory cortex. However, when the ablation
was extended to SII and included the general
region of AAF as well, the anterior region of
the posterior group (PO degenerated. Waller
recoyded retrograde degeneration in the ros-
tral aspect of the small-celled region (principal
division, probably VD) of the MGB after a
lesion restricted to the dorsal part of the
anterior ectosylvian gyrus (probably AAF). A
lesion possibly restricted to the region of AAF
produced scanty anterograde degeneration in
the magnocellular division (Pontes et al., ’75).
Lesions at various MGB loci produced anter-
ograde degeneration undoubtedly extending
across AAF in the study of Wilson and Cragg
(69). Lesions restricted to the “principal di-
vision” (probably V1) also produced degenera-
tion almost certainly extending into AAF in
the studies of Niimi and Naito ('74); this
degeneration was less pronounced than that
recorded in AI. Thus, there is no general
agreement between the various studies as to
what the connections of the dorsal aspect of
the anterior ectosylvian gyrus are with the
auditory thalamus. However, taken together,
these earlier data indicated that AAF proba-
bly received projections from POIl, was recip-
rocally connected to V1, and projected onto the
medial division. Thus, as a composite, they
are consistent with some of the results of the
present study of the connections of AAF.
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All

Lesions in AIl alone produced little or no
retrograde degeneration in the MGB (Rose
and Woolsey, '49; Diamond et al., '58). Anter-
ograde degeneration studies indicated that ATl
projected to the caudal pole (Dc) of the MGB,
as well as to other components of the dorsal
division (Pontes et al., ’75). Diamond et al.
(69) reported that AII lesions produced the
same pattern of anterograde degeneration as
Al lesions; however, their lesions almost cer-
tainly encroached upon Al or upon one of the
other cochleotopically organized cortical fields
bordering All Lesions of the caudal pole (Dc)
of the MGB produced anterograde degenera-
tion in AII (Sousa-Pinto, *73; Niimi and Naito,
"74), and HRP injections in ALl produced la-
belled cells in the “caudal,” dorsal, and mag-
nocellular divisions (Winer et al.,’77). Finally,
TAA injections into AIl produced autoradi-
ographic label in the caudal pole of the MGB
(De), VL, “magnocellular part,” and superfi-
cial dorsal and deep dorsal nuclei (Pontes et
al., "75).

Thus, several of these studies are in agree-
ment with the observation that Al gives and
receives projections from the caudal pole of
the MGB, which is consistent with the obser-
vations of reciprocal connections of AIl with
De reported in the present study. The reports
of thalamocortical (Winer et al., *77) and cor-
ticothalamic (Pontes et al., ’75) connections
with the “magnocellular” region presumably
correspond to the reciprocal connections with
the medial division observed in this study.
There is only one report of a corticothalamic
projection to VL (Pontes et al., *75) and no
report of a VL thalamocortical projection. Oth-
er reported connections probably reflect prob-
lems inherent in the experiment protocols that
were used (see below).

Al

The connections between Al and the thala-
mus of cat have been extensively studied with
the techniques of Marchi degeneration (Wooll-
ward and Harpman, ’39; Ades, ’41), retrograde
degeneration (Mettler, 32; Rose and Woolsey,
’49; Neff et al., '56; Diamond and Neff, ’57;
Rose and Woolsey, '58; Diamond et al., ’58;
Locke, ’61; and Jones and Powell, ’71), anter-
ograde degeneration after lesions in the MGB
(Wilson and Cragg, '69; Sousa-Pinto, *73; Ni-
imi and Naito, *74), anterograde degeneration
after lesions in AI (Rasmussen, '64; Kasama
et al., ’66; Diamond et al., ’69; Van Noort, '69;
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Jones and Powell, '71; Pontes et al., '75), re-
trograde axonal transport methods (Winer et
al., 77 Colwell and Merzenich, ’80), and an-
terograde axonal transport methods (Pontes et
al,, '75; Colwell and Merzenich, ’80). Retro-
grade degeneration was found to be quite
oxtensive in the rostral half of MGp after Al
lesions, but little or no degeneration was noted
in MGm (Rose and Woolsey, '49, ’58; Neff et
al., ’56; Diamond and Neff, ’57; Diamond et
al., ’58; Locke, '61). Lesions to MGp, and
particularly to V1, produced anterograde de-
generation in large regions of auditory cortex
(Wilson and Cragg, ’69; Niimi and Naito, 74);
however, the degeneration in cortex always
appeared heaviest in the region of Al (Sousa-
Pinto, *73; Niimi and Naito, ’74). These results
are probably a reflection of the strong thala-
mocortical projection of V1 to AL

After lesions in Al, anterograde degenera-
tion was recorded in MGp (Kasama et al., "66;
Van Noort, ’69), MGm, and POl (Jones and
Powell, *71). Diamond et al. (69) and Pontes
et al. C75) noted degeneration in V1, Vo, Dd,
and the “magnocellular” division (which prob-
ably includes the medial division). Tritiated
amino acid injections into Al produced labell-
ing in these same subdivisions of the MGB
(Pontes et al., *75; Colwell and Merzenich, ’80).
HRP injections in Al produced labelled cells
in the ventral, dorsal, and medial divisions of
MGB and in the regions of the posterior group
(Winer et al., ”77; Colwell and Merzenich, ’80).

New observations

The above brief review of the connectional
literature indicates that there is general
agreement between the present findings and
those reported previously in terms of the sub-
divisions of the MGB that are interconnected
with AI and auditory cortex caudal to AL (AID).
By using the more refined techniques of com-
bined microelectrode mapping/axonal trans-
port tracing, the present work extends knowl-
edge about the organization of the auditory
thalamocortical system. New observations in-
clude: 1) a description of the connections of
the anterior auditory field; 2) the observation
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of a topographic, and probably cochleotopic,
organization of connections of both AAF and
AT with all four of the major subdivisions of
the MGB to which they are connected (a sim-
ilar topographic order for AI has been reported
by Colwell and Merzenich ('80) using similar
techniques); 3) the folded sheet configuration
of connections of the ventral division with
single cortical loci in AAF and Al (also noted
by Colwell and Merzenich for Al connections);
4) the description of a banded segregation of
connections along the folded sheet configura-
tion of the ventral division (see also Colwell
and Merzenich, ’80); 5) the direct visualization
of the spatial relationships of the reciprocal
connections between AIl and AAF with the
MGB; 6) the direct visualization in individual
cats of the precise spatial interrelationships of
the AL, All, and AAF connections with the
MGB.

These observations were made possible by
several attributes of the protocol selected for
this study. The use of the microelectrode map-
ping techniques established the functional ar-
chitecture of the auditory cortex in individual
cats prior to the injection of anatomical
tracers. In previous investigations, the sulcal
patterns of the cat cortex and the evoked-
potential maps of Woolsey (’60) were usually
used to determine the position of the cortical
fields. However, the position of auditory cor-
tical fields in relation to the sulcal patterns
varies from animal to animal (Merzenich et
al., ’75, *77). Moreover, the cortical field maps
of Woolsey have been revised as a result of
new data obtained from microelectrode map-
ping studies (Merzenich et al., "75; Merzenich
et al., ’77). Thus this technique allowed us to
determine the connections of the anterior au-
ditory field, a cortical field whose anterior
aspect had previously been assigned to All
and whose remaining posterior aspect had
been assigned to Al. By this method we were
also able to determine the topography of con-
nections for the cochleotopically organized cor-
tical fields. By identifying the boundaries of
the auditory cortical fields we were confident
that the connections that were observed arose

Fig. 15.

In this experiment, .15 ul of a mixture of HRP and *H-1-leucine was injected at two

different loci in ATL A) indicates the position of the two injections. Both were made about 1 mm
from the AI-ATI border, at referenced positions of 2 and 11 kHz with respect to AL B) shows adjacent
sections processed for HRP (left) and autoradiography (right). Numbering is caudal to rostral in 200
i steps. Note that any topography of connectivity with respect to the two injection sites is difficult
to discern within this complex projection pattern. The two patterns of HRP and ARG label are, in
general, similar. However, within subregions of a thalamic nucleus there is often a variation in the
densities of distribution of the two tracers (for instance, Dc of section 10).
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only from single cortical fields; there was no
spillage of tracer into adjoining cortical fields.
Other attributes of the protocol adopted
were the Golgi-like labelling of proximal den-
drites with large HRP injections and the use
of the two-tracer/two-field protocol; these two
techniques insured the proper MGB subdivi-
sion assignation of the observed neuronal and
terminal arrays. This approach was important
since there is difficulty in determining the
subdivisions of the MGB of the cat based
entirely on Nissl architecture (Morest, '64;
Oliver and Hall, *78). In the past, different
investigators used different parcellations of
the MGB based on the work of Rioch (29)
(Nissl cytoarchitecture) or Morest (’64) (Golgi
cytoarchitecture) or combinations of these two
systems of parcellation. The approach adopted
here helped to integrate these two views.

The corticothalamic and thalamocortical fiber
paths are different

The corticogeniculate fibers pass from injec-
tion sites in all three studied fields into the
internal capsule. They pass ventral to the
LGN and through the reticular nucleus of
thalamus to enter the auditory dorsal thala-
mus. These observations are in general agree-
ment with those of Diamond et al. (69). It is
of interest to note that this corticothalamic
pathway is apparently different from the path
of thalamocortical fibers (Woollard and Harp-
man, ’39; Sousa-Pinto, *73). The thalamocort-
ical fibers traverse the putamen or pass
around it. They pass dorsal, caudal, or poste-
rior to the claustrum (but not through it) to
reach the auditory cortex. Thus, the genicu-
locortical pathway is ventral and lateral to
the corticogeniculate pathway.

Each cortical field is interconnected with
several nuclei in the thalamus

In previous studies, the argument has been
that either each auditory cortical field is con-
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nected to several subdivisions of the MGB
(Diamond et al., ’69; Winer et al., ’77) or that
each cortical field is connected to only one
thalamic subdivision (Sousa-Pinto, "73; Pontes
et al., ’75). In these experiments, electrophys-
iological mapping prior to the injection of
tracers insured that the tracers did not diffuse
into adjacent cortical fields. Thus, it is certain
that AI, AIl, and AAF each receive projections
from and project to several subdivisions of the
MGB.

Although every field receives projections
from several subdivisions of the MGB, each
studied cortical field also has a single different
subdivision to which it is most strongly con-
nected. The same conclusion has been made
by Winer et al. (77). Thus, Al is most strongly
interconnected (thalamocortically and corti-
cothalamically) to pars lateralis, AAF to the
deep dorsal nucleus, and AIl to the caudal
dorsal nucleus.

Al All, and AAF are parallel auditory
processors

Each of the cortical fields studied has strong
and direct connections with the MGB. The
electrophysiological recordings in these fields
indicate that they are activated by auditory
stimuli with approximately the same laten-
cies. These two lines of evidence demonstrate
that AI, AIl, and AAF are processing auditory
information in parallel.

Essential and sustaining projections

To explain the results of their retrograde
lesion studies, Rose and Woolsey ('49, '58)
proposed the concepts of “essential” and “sus-
taining” thalamocortical projections. An “es-
sential” projection from a thalamic nucleus to
cortex existed if destruction of one cortical
field produced marked degeneration in the
nucleus. A “sustaining” projection was present
if destruction of either of two cortical areas
produced little or no degeneration in a tha-

Fig. 16. An example of direct comparisons made, in single hemispheres, of the connections of Al
and AIl with the MGB. In this experiment, .2 ul of °H-1-leucine (2 uC) was injected at a 6 kHz locus
in Al and .2 pl of HRP was injected into AIl about 1 mm ventral to the AI-AH border. The surface
view of the cortex in the upper part of the figure indicates the positions of the injection sites. The -
dark-field photomicrographs on the right are of frontal sections through the tritiated amino acid
(TAA) and HRP injection sites. The sections on the left, in the lower part of the figure, have been
processed for HRP, with each dot representing an HRP-containing neuron. These HRP sections
indicate the pattern of the AIIl thalamocortical projection and the general pattern of the AIL
corticothalamic projection. The adjacent sections on the right are dark-field photographs of the
caudal extent of the Al corticothalamic projection. (Bright areas over the cerebral peduncle, in the
region of the section numbers, are due to the reflection of light from the fiber tract, not ARG
labelling.) Since Al is reciprocally connected to the MGB; this also indicates the caudal extent of
the AI thalamocortical pattern. Note that the connections of the two cortical fields with the MGB
are largely segregated, the exception being the medial division. Sections are numbered rostral to

caudal in 200 u steps.
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lamic nucleus, while destruction of both areas
together produced marked degeneration. There
are several possible explanations for the sus-
taining projection results. Rose and Woolsey
(’58) favored the idea that cells of several
thalamic nuclei send collateral axons to more

R.A. ANDERSEN, P.L. KNIGHT, AND M.M. MERZENICH

than one auditory field and that any set of
these collaterals can maintain the integrity of
the cells.

These present results are in some respectg
consistent with the collateral projection cop.
cept. All of the cortical fields which sustaip

CASE 77-1; LEFT MGB
COMBINED SECTION
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Fig. 17. This dark-field photomicrograph is of a section from the experiment in Figure 16, and has been
processed for both ARG and HRP. Autoradiographic label, representing the structure of the Al connections, is
apparent in the ventral division (V1, Vo). A group of HRP-containing cells, representing the structure of the
AII connections, is apparent in the caudal dorsal division, just dorsal to V1. That the two labelling patterns in
the ventral and dorsal divisions are segregated is apparent in these dually processed sections.
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GRB subdivision are interconnected with
it (see Fig. 18). AAF and AI. are both connected
10 PO, and both these cortical fields had to be
Jesioned to cause POl to degenerate (Rose and
Woolsey, '58; see Fig. 18B). The caudal dorsal
pucleus 18 reciprocally connected to AIT and
«temporal” cortex (T) (Diamond et al., ’69;
cranford et al., "76; Winer et al., ’77; see Fig.
18C). Both these cortical fields must be le-
sioned for De to degenerate (Diamond et al.,
'58; Rose and Woolsey, '58). The medial divi-
sion, which appears to be connected to every
auditory cortical field including AI, AIl, AAF,
VPAF, T (Diamond et al., ’69; Winer et al.,
n7), and PAF (FitzPatrick et al., "77; see Fig.
18D), only degenerated after all of the audi-
tory cortex had been destroyed (Rose and
Woolsey, '58; Diamond et al., ’58; Locke, ’61).

On the other hand, lesions to Al caused the
complete degeneration of the rostral aspect of
the principal division (Rose and Woolsey, 49,
'58; Diamond, '58). However, the ventral di-
vision, which comprises this region of the
MGB, is connected to at least four cortical
fields: Al and AAF, VPAF (Andersen, ’79), and
PAF (FitzPatrick et al., ’77). Thus, Al is clear-
ly not a singular destination for ventral divi-
sion fibers, as the most simple interpretation
of an “essential” projection might suggest.

The topography of connections of Al and AAF
reflects the cochleotopic organizations of the
projecting and target nuclei

There is a systematic variation in the order
of connections between Al and AAF and the
nuclei of the MGB. The topographies of these
connections, when compared with the cochleo-
topic organizations observed in electrophysio-
logical recording experiments in VI of cat

a)

A/

d) -

7

AAF Al VPAF; PAF b) AAF Al C)
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(Aitkin and Webster, ’72; Aitkin, ’73; Rose and
Woolsey, ’58) and Dd of squirrel monkey
(Gross et al., '74), are consistent with the
interpretation that loci in these two cortical
fields are interconnected with cochleotopically
homotypic regions of at least these MGB nu-
clei and probably all the MGB nuclei to which
AAT and Al are connected.

Two-systems hypothesis

Although each cortical field examined had,
overall, a unique pattern of connectivity, two
basic patterns of connectivity were recorded
(see Fig. 19). One pattern of connectivity is
limited mostly to the rostral aspect of the
MGB. This pattern is comprised of the mor-
phologically laminated nuclei of the ventral
division (Vo and V1) laterally and Dd and M
medially, and may also include POL. The cor-
tical fields exhibiting this pattern of connec-
tivity include Al, AAF, and VPAF (Andersen,
’79), and probably PAF (FitzPatrick et al.,”77).
Since these projecting thalamic nuclei and
cortical fields share the common feature of
being cochleotopically organized (with com-
ponent neurons commonly sharply “tuned”),
this pattern of connectivity will be referred to
as the “cochleotopic pattern” or “cochleotopic
system” (see Fig. 19).

The second pattern of connectivity is ex-
emplified by the connections of AIL. The AII
cortical field gives and receives projections
from the more caudal aspects of the MGB. AIL
is connected to the Dc, VL, and M subdivisions
of the MGB. The two-tracer/two-field experi-
ments demonstrated that the connections of
some of the “cochleotopic pattern” fields (Al
and AAF) with the MGB and the connections
of AIl with the MGB are largely segregated,

VY

POI

Al Al AAF VPAF;PAF e Al AAF VPAF

1/

Dd

Fig. 18. The reciprocal connections of the various subdivisions of auditory thalamus with several cortical
fields as elucidated by this study, Diamond, et al. ('58), Diamond et al. (69), and FitzPatrick et al. C77).
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with the only overlap occurring in the medial
division of the MGB (M). Previous studies
indicate that the “temporal” region of cortex
gives and receives projections from the MGB
in a pattern similar to the AIl connections

{Cranford et al., ’76; Diamond et al., ’58; Winer

et al.,, *77; Diamond et al.,-’69; Waller, '40).
(The insular region does not appear to be
directly connected to the MGB according to
Winer et al.) Since AIl and T have broadly
tuned neurons, indicating that they receive
convergence from a large sector of the cochlear
sensory epithelium, this pattern of connec-
tions will be referred to as the “diffuse pat-
tern” or “diffuse system” (see Fig. 19).

Thus, there appear to be two functionally
distinct and largely segregated systems con-
necting MGB subdivisions and auditory corti-
cal fields. The cortical fields of the "cochleotopic
system” include AI, AAF, PAF, and VPAF. The
cortical fields of the "diffuse system” include
All and the “temporal” cortical field.

Two auditory thalamocortical systems have
been previously reported. Rose and Woolsey
(’58) and Diamond et al. (58) noted that de-
struction of Al (as defined by Woolsey and
Walzl, '42) produced extensive retrograde de-
generation in the anterior aspect of pars prin-
cipalis of the MBG, whereas lesions ventral
to AI (All and “temporal” cortex) produced
retrograde degeneration in the caudal pole
of the MGB. These and other observations
led Rose and Woolsey (49, 58) to propose the
division of “essential” thalamocortical projec-
tions to Al and “sustaining” projections to
areas surrounding Al. Two general systems of
thalamocortical connections have been report-
ed by others in the cat (Winer et al., ’77;
Graybiel, 73) and the treeshrew (Casseday et
al., ’76). These two-system schemes are com-
prised of a major pathway between the ventral
division and Al auditory cortex (the “core”
system of Casseday et al., 76 and Winer et
al., "77, and the “lemniscal line” system of
Graybiel, *73) and a second major pathway
between areas of the auditory thalamus sur-
rounding the ventral division and areas of
auditory cortex surrounding AI (the “belt”
system of Casseday et al., 76 and Winer et
al,,’77, and the “lemniscal adjunct” system of
Graybiel, "73).

The “cochleotopic-diffuse” pathways report-
ed in the present investigation in general
correspond to the two-system parcellations of
others. The present findings extend the two-
system eoncept in important ways by indicat-
ing the following: 1. Both systems of connec-
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tions are comprised of several functiona]]

defined auditory cortical fields. Previous stug.
ies suggested one of the systems (the cochleg.
topic system) involved only the single auditor

cortical field AL. 2. The two anatomical Sys.
tems of connection correspond to two function.
ally distinct types of auditory cortical fields,
As previously elaborated, the auditory cortica]
fields of the cochleotopic system are cochleg.
topically organized and are comprised of ney.
rons with relatively sharp tuning curveg
whereas the cortical fields of the diffuse sys.,
tem have neurons with broad tuning curves
and an apparently noncochleotopic organizs.
tion. Irvine and Huebner ('79) have also re.
ported that neurons of the auditory cortex in
regions comprising the diffuse system are re].
atively more broadly tuned. 3. The topograph-
ic organization of connections of cortical fields
of the two systems are distinct. The topogra-
phy of connections of cortical fields of the
cochleotopic system appears to follow their
funetional cochleotopic organization, whereas
the topography of cennections of the diffuse
system appears to follow other rules of organ-
ization.

The segregation of connections into a coch-
leotopic system and a diffuse system appears
to extend beyond the thalamocortical-corti-
cothalamic loop. There is evidence for two
segregated, ascending systems of connection
from the IC to the MGB (see Fig. 19). The
projection of the central nucleus (in which
neurons are sharply tuned; see Rose et al., '63;
Merzenich and Reid, *74) onte the medial ge-
niculate is of the same form and systematic
topography (i.e., cochleotopic organization) as
the thalamocortieal and corticothalamic con-
nections of Al (Casseday et al., ’76; Kudo and
Niimi, '78; Andersen et al., '78). By contrast,
the pericentral nucleus (in which neurons are
broadly tuned; see Rose et al., ’63; Merzenich
and Reid, *74) appears to project to De¢ and to
other regions of the MGB that project to All
(Casseday et al., ’76; Kudo and Niimi, ’78;

"Andersen, ’79).

Thus, there appear to be two largely segre-
gated and parallel auditory projection systems
connecting the IC, MGB, and auditory cortex
(Fig. 19). From the ICC, information in the
“cochleotopic system” passes to the rostral
MGB and is reciprocally connected with the
“cochleotopic pattern” cortical fields. The top-
ographic organization of connections remains
consistent with the recorded cochleotopic or-
ganization of the IC, MGB, and cortical fields
throughout this ascending system.
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SS

CORTEX

MGB

Fig. 19. Schematic diagram of the spatial organization of the diffuse and cochleotopic systems. The top
illustration is of the cortical surface. The middle drawings are of frontal sections through the posterior (left),
middle, and anterior (right) thirds of the MGB. The bottom sections are through the posterior (left), middle,
and anterior (right) thirds of the IC. Arrows between the levels represent the direction of connection. Stippling
indicates the areas comprising the cochleotopic system and lines the areas of the diffuse system. The black
regions within the cochleotopic system indicate the divergent and convergent forms of connections of discrete
loci with the other levels.
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From the ICP, information in the “diffuse
system” passes to caudal regions of the MGB
that are exclusively and reciprocally connect-
ed to the “diffuse system” cortical fields. The
topographic order of the diffuse system cortical
fields with the MGB is complex and not indic-
ative of a simple cochleotopic.order.

Divergent-convergent form of projection

One interesting feature of these results is
the geometric forms of the projections. Thus,
single loci in AAF and Al receive convergent
projections from sheets and columns of neu-
rons in the MGB and give divergent projec-
tions to the MGB in the form of sheets and
columns of terminals. Along the connectional
sheet in the ventral division, there is also the
added complexity of discontinuities in the
thalamocortical and corticothalamic projec-
tion arrays.

An interesting feature of the sheet and
column geometries of these connections is that
they appear to reflect the form of the isofre-
quency contours within VI (Rose and Woolsey,
’58; Aitkin and Webster, ’72). It is quite prob-
able that the forms of the connectional arrays
in Vo, Vt, Dd, and M also reflect the forms of
isofrequency contours within these MGB nu-
clei which have not yet been functionally
mapped in three dimensions. Since multiple
injections along isofrequency contours in AAF
or AI produced the same general divergent
and convergent sheet and column labelling in
the MGB as was obtained with single injec-
tions, it is probable that all sectors along an
isofrequency contour in cortex are intercon-
nected with the same isofrequency contours in
the MGB.

Processing is presumably being accom-
plished within these complex divergent-con-
vergent patterns of projections by combining
auditory information in specific ways. It is of
interest that the level of complexity of the
divergent and convergent patterns of connec-
tions for the auditory system appears to be
greater than for the divergent and convergent
patterns of connections of thalamus with cor-
tex for the visual and somatosensory systems
(Merzenich et al., ’77). For instance, a line of
cells in the lateral geniculate nucleus (LGN)
projects to a point in striate cortex. The con-
version from simpler center-surround recep-
tive field properties in the LGN to more com-
plex receptive field properties in the striate
cortex is presumably accomplished by this
column-to-locus projection. That a sheet of
neurons in the ventral division projects onto
a locus in Al cortex indicates that an added

R.A. ANDERSEN, P.L. KNIGHT, AND M.M. MERZENICH

spatial dimension is being utilized by the
auditory system for some, as yet unknowp,
processing purpose.

The convergent and divergent pattern of
connections allows the prediction of the formy

‘of projections to and from loci in the MGB, A

relatively large locus located anywhere in the
MGB gives and receives projections in a con-
tinuous fashion centered along isofrequency
contours in Al or AAF. A smaller locus in the
ventral division projects in a periodic, discon-
tinuous fashion along an isofrequency contouy
in AL Conversely, that locus receives heavier
projections from the same patchy regions
which are centered along the isofrequency
contours in Al

Possible segregation of binaural response
properties by a parallel segregation of
connections

Recently, Imig and Adrian (78), Imig and
Brugge ("78), and Middlebrooks et al. ('78)
have shown that there is a segregation of two
major binaural response classes in Al This
segregation takes the form of repeating slabs
that are oriented approximately normal to the
isofrequency contours (Middlebrooks et al.,,
"78). The two basic binaural response classes
are cells that are excited by stimulation of
either ear (EE) and cells that are excited by
the contralateral ear stimulation, and the con-
tralateral excitatory response is inhibited by
simultaneous stimulation of the ipsilateral
ear (EI).

These current studies are consistent with
the existence of repeating subunits in both the
MGB and Al The fact that large Al cortical
injections produce a continuous sheet of label
in VI, whereas small injections produce band-
ing, suggests that there are repeating sub-
units in cortex that have alternating banding
patterns of connection with V1. It is possible
that these repeating subunits are the EE and
EI slabs. Thus, the banding in VI may result
from single small injections in cortex being
restricted mostly to only one binaural re-
sponse slab. This would suggest that VI also
contains binaural response slabs that are ori-
ented normal to the isofrequency contours of
V1. Since there is also banding in the projec-
tion of AAF onto V1, this observation suggests
that there may also be a segregation of EE
and EI neurons in AAF.

Interestingly, single injections of *H-l-leu-
cine in the central nucleus of the inferior
colliculus can result in a somewhat similar
banded pattern of labelling in V1 (Andersen
et al., ’78). A segregation of binaural response
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properties has been noted in the ICC by Roth
ot al. ¢78). Thus, it is possible that there is a
segregation in binaural response properties
{hat passes in parallel and through a segre-
gation of connections from the ICC through V1

AL
to Although EE-EI segregation is a possible
candidate, the actual functional significance
of the banded segregation of connections be-
tween the ventral division'and Al can only be
determined through further study.

POl may be a subdivision of the MGB

Injections of tracers in AAF or Al produced
thalamocortical and corticothalamic cell ter-
minal arrays in the thalamus that were al-
ways continuous through POl into Dd. It has
been noted that POl and Dd are very similar
cytoarchitectonically (Rose and Woolsey, '58;
Diamond et al., ’69). In addition, POl contains
predominantly sound-sensitive units with
sharp tuning curves (Phillips and Irvine, '76).
Thus, POl might properly be regarded as a
subnucleus of the MGB.

Reciprocal structure of the thalamocortical
and corticothalamic projections

These experiments demonstrate that all
three cortical fields that were studied are
reciprocally connected to the thalamus (with
the reservations mentioned above). A reci-
procity of thalamocortical connections has
been sited extensively by previous investiga-
tors (see Ramoén y Cajal, ’03; Ades, 41; Dia-
mond et al., ’69; Colwell, "77). Reciprocal con-
nections (in several species) between thalamus
and cortex have been noted in the auditory
system (see Rasmussen, '64; Diamond et al.,
'69; Horenstein and Yamamoto, ’75; Colwell
and Merzenich, '80), the visual system (see
Jacobson and Trojanowski, *75; Colwell, "75;
Ogren and Hendrickson, '76; Tigges et al.,
'77), and the somatosensory system (see Lin
et al., *79; White and DeAmicis, '77). The
current data and the studies of other sensory
cortical fields cited above are consistent with
the hypothesis that reciprocity of connectivity
might be a general rule for connections be-
tween the dorsal thalamus and the cortex. The
functional significance of these extraordinary
complex reciprocal connections of the auditory
forebrain demands further study.
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