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The ventral complex of the lateral lemniscus (VCLL, i.e., the
ventral and intermediate nuclei) is composed of cells embed-
ded in the fibers of the lateral lemniscus. These cells are
involved in the processing of monaural information and receive
input from the collaterals of the fibers ascending to the inferior
colliculus. Whereas tonotopic organization is a feature of all
other nuclei of the auditory system, this functional principle is
debated in the VCLL. We have made focal injections of the
tracer biotinylated dextran amine into different frequency band
representations of the inferior colliculus in cat. Retrogradely
labeled cells and terminal fibers (collaterals of efferent local
axons and other ascending lemniscal fibers) were found in the
ipsilateral VCLL. The spatial distribution of the labeling was
analyzed using three-dimensional (3-D) reconstruction and
computer graphical visualization techniques. A complex topo-
graphic organization was found. In all cases, labeled fibers and
cells were distributed in multiple clusters throughout the dor-

soventral extent of the VCLL. The shape, size, and location of
the labeled clusters suggest an interdigitation of clusters as-
signed to different frequency-band representations. But an
overall mediolateral distribution gradient was observed, with
high frequencies represented medially and lower frequencies
progressively more laterally.

We conclude that the clusters may represent discontinuous
frequency-band compartments as a counterpart to the contin-
uous laminar compartments in the remaining auditory nuclei.
The 3-D orderly mosaic pattern indicates that the VCLL pre-
serves the spectral decomposition originated in the cochlea in
a way that facilitates across-frequency integration.
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A spatial representation of tonal frequencies, termed tonotopic
organization, is a fundamental organizing principle in virtually
all central auditory nuclei (for review, see Irvine, 1992). The
orderly frequency-to-place transformation takes place in the co-
chlea (von Békésy, 1960). In the brain, the tonotopic organization
(Irvine, 1992; Schreiner and Langner, 1997) is maintained by
point-to-point (frequency-specific) connections between the au-
ditory nuclei. The anatomic substrate for the tonotopic organiza-
tion is related to a laminar organization of afferent fibers and
recipient cells [e.g., in the cochlear nuclei (Pirsig et al., 1972;
Bourk et al., 1981; Blackstad et al., 1984), inferior colliculus
(Oliver and Morest, 1984; Malmierca, 1991; Malmierca et al.,
1993), and medial geniculate body (Morest, 1964)]. The present
paper addresses the organization of the nuclei of the lateral

lemniscus, which in several respects has appeared different from
that of other auditory nuclei.

Functionally, the nuclei of the lateral lemniscus constitute two
separate systems of auditory processing: the dorsal nucleus of the
lateral lemniscus (DNLL) belongs to the binaural system (for
review, see Covey, 1993), whereas the ventral part, here collec-
tively referred to as the ventral complex of the lateral lemniscus
(VCLL; for review and definition, see Merchán et al., 1997), is
part of the monaural system. The VCLL includes the ventral and
intermediate nuclei and various subdivisions defined by others on
the basis of variable sets of criteria (van Noort, 1969; Adams,
1979; Glendenning et al., 1981; Covey, 1993; Caicedo and Her-
bert, 1993; Caicedo et al., 1996; Malmierca et al., 1996; Schofield
and Cant, 1997). Whereas the DNLL follows the general princi-
ple of laminar, tonotopic organization (Bajo et al., 1997; Merchán
et al., 1997), such principles have not been easily demonstrated in
the VCLL. In the cat VCLL, Aitkin et al. (1970) found a ten-
dency for a dorsal-to-ventral gradient with low frequencies rep-
resented dorsally and high frequencies represented ventrally,
whereas Guinan et al. (1972), also by electrophysiological meth-
ods, failed to demonstrate a tonotopic map. After injections of
[ 3H]leucine into the cat VCLL, Whitley and Henkel (1984) found
little evidence of topographic projections and reported wide-
spread labeling in the inferior colliculus (IC). In the bat, a
complex tonotopic organization may be present (Covey and
Casseday, 1991; for review, see Covey, 1993; Covey and Casse-
day, 1995). By contrast, in recent studies of the rat, Merchán and
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Berbel (1996) found a concentric laminar pattern of retrogradely
labeled cells in the VCLL after small biotinylated dextran amine
(BDA) injections into the central nucleus of the IC (CNIC).

In the present study we have used the tracer BDA and exten-
sive three-dimensional (3-D) computerized analyses to search for
a tonotopic organization of the VCLL in cat. We provide ana-
tomic evidence of a topographic projection from the VCLL to the
CNIC. Our findings thereby suggest that the VCLL has a tono-
topic organization and thus follows the general principle of orga-
nization of the auditory system. The organization is, however,
different from the characteristic laminar organization found in
the remaining auditory nuclei. We discuss this organization and
its possible implications in pitch perception.

Preliminary results have been presented elsewhere in abstract
format (Merchán et al., 1996, Malmierca et al., 1997).

MATERIALS AND METHODS
Normal material. Serial sections of two formalin-fixed, paraffin-
embedded adult cat brainstems were used for the identification of the
myeloarchitecture and cytoarchitecture of the lateral lemniscus and its
nuclei (Figs 1, 2). The brain stems were sectioned at 15 mm; one was cut
transversely and the other horizontally. Sections of each fifth section
were stained either with thionin or with the Woelcke method for myelin
(Woelcke, 1942) combined with cresyl violet cell staining. The normal
material was kindly provided by Kirsten Osen (Department of Anatomy,
University of Oslo).

Surg ical procedures, injection, and histochemistry of tracer. For the
tracing experiments, nine young adult cats of either sex (weight, 2.0–4.4
kg) were used (Table 1). The animals were anesthetized with intramus-
cular injection of a mixture of ketamine (57 mg/kg) and hydrazide
chlorhydrate (8.6 mg/kg). Atropine sulfate was given to minimize the
production of bronchial secretions during the procedure. Aqueous solu-
tions of 10% BDA (lysine-fixable biotinylated dextran; molecular weight,
10,000; D-1956; Molecular Probes, Eugene, OR) in 0.1 M phosphate
buffer, pH 7.3, was injected iontophoretically into the left IC by passing
pulses of positive current (7 mA; duty cycle, 7 sec) for 20–30 min. The
micropipette was positioned stereotactically into the CNIC following the
coordinates of a cat brain atlas (Reinoso-Suárez, 1961). The electrophys-
iological maps of Merzenich and Reid (1974) and Servière et al. (1984)

Figure 1. Photomicrograph of a Woelcke- and cresyl violet-stained fron-
tal section through the cat brainstem. Horizontal arrows labeled 2A–2C
indicate the approximate levels of the corresponding horizontal sections
shown in Figure 2. The border between the DNLL and VCLL is
indicated with white arrows and a dotted line. The lemniscal fibers

3

encapsulate and pierce the VCLL and the DNLL in a continuous system.
The lemniscus is supplied medially by ascending auditory fibers from the
superior olivary complex and the dorsal cochlear nucleus crossing
the midline in the reticular formation (asterisk). The thinner fiber fascicles
of the commissure of Probst pierce the lemniscus from the medial side at
the level of the DNLL. Scale bar, 500 mm. BP, Brachium pontis; CoP,
commisure of Probst; D, dorsal; LL, lateral lemniscus; M, medial; PN,
pontine nuclei.

Table 1. Summary of BDA injections in the cat CNIC

Animal
Frequency
(kHz)a Plane of sectioning

93007b 0.5–2 Transverse
95006 1–4 Horizontal
96020 2–4 Transverse
96017 4–6 Transverse
95042 3–6 Sagittal
95041b 5–10 Sagittal
94070b 8–12 Transverse
93002 15–20 Transverse
96028b 30–45 Transverse

aEstimated frequency at injection site based on Servière et al. (1984).
bReconstructed cases.
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were used as a guide for placing injections in different frequency regions
(Fig. 3). The micropipette was left in situ for 15 min.

After 13–25 d survival, the animals were deeply anesthetized with an
overdose of pentobarbital and transcardially perfused with lukewarm
Ringer’s solution followed by a mixture of freshly depolimerized 0.2%
glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.3. The brains were stored in 30% buffered sucrose. Complete series of
sections were cut at 40 mm with a freezing microtome in one of three
standard planes (Table 1). The BDA labeling was visualized with an
avidin-biotinylated HRP procedure (ABC; Vectastain, Vector Labora-
tories, Burlingame, CA), as outlined by Veenman et al. (1992). Sections

spaced at intervals of 160–240 mm were counterstained with cresyl violet.
Sections were photographed through a Zeiss (Thornwood, NY) Axio-
phot light microscope (Figs 4A, 5).

Data analysis and computer-assisted 3-D reconstruction. Detailed cam-
era lucida drawings of labeled structures and anatomic landmarks in the
region of the lemniscal nuclei were made in every second section at a
total magnification of 843 (Fig. 6), using a Leitz (Wetzlar, Germany)
Diaplan microscope. Four cases were reconstructed in three dimensions
(animals 93007, 94070, 95041, and 96028; Table 1). The camera lucida
drawings were aligned with the aid of the surface contours, vessels, and
fiducial marks (made with a fine needle inserted through the tissue blocks

Figure 2. Photomicrographs of pairs of adjacent horizontal sections through the lateral lemniscus at the correspondingly labeled levels in Figure 1. The
sections in each pair have been stained for myelin and cells (Woelcke and cresyl violet; A–C) and cells only (thionin; A9–C9). A and A9 are at the level
of the DNLL; the others are through the VCLL. The cellular area, inside the tube of external fibers, is marked by a dotted line in A9–C9. Differences
in cytoarchitecture between the DNLL and VCLL have been used as criteria for defining the border between the two in the present study. The DNLL
(A9) is seen to be populated by uniformly large cells, which occur in irregular groups between the thick, unstained fiber fascicles. The VCLL (B9, C9),
in contrast, appears to contain neurons of various sizes, mainly medium-sized. The cells are more evenly dispersed, particularly in the ventral part where
the cell density is also larger (C9), in conformity with the less prominent internal fiber component ( C). Scale bar, 1 mm. BP, Brachium pontis; L, lateral;
R, rostral; SAG, sagulum.
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before sectioning) and digitized using a modified version of the program
MicroTrace (Leergaard and Bjaalie, 1995; Leergaard et al., 1995). From
each drawing, the external border of the VCLL, inside the tube of
lemniscal fibers, was recorded as a contour line. Labeled neurons were
recorded as single points, whereas the patches of labeled structures (plex-
uses of labeled terminal fibers, labeled cells, and dendrites) were re-
corded as contour lines surrounding the individual patches (Fig. 4). The
contour lines were used for calculating the volume of the VCLL and the
labeled subspace (Table 2). For comparisons of numbers of labeled cells
in different parts of the VCLL, we used simple profile counts. Thus,
labeled cells were plotted without adjustment for double counts (for
review of unbiased counting methods, cf. Coggeshall, 1992). However, we
have used these data for studying major relative differences within indi-
vidual animals only. In this context, the bias introduced by the counting
method is negligible.

For 3-D visualization and analysis of the VCLL and the distribution of
labeling (Figs. 7–12), we used software solutions developed at the De-
partment of Anatomy, University of Oslo (E.O. Andersen and J.G.
Bjaalie) for the Silicon Graphics (Mountain View, CA) Indigo 2 and O2
work stations (Leergaard et al., 1995, Bjaalie et al., 1997a). The software
was partly based on available modules in Open Inventor, release 2 (a
commercially available graphics tool kit). Tissue shrinkage attributable
to histological processing was estimated to be 10% (range, 8–12%). To
maintain correct proportions in the reconstructions, the z values (dis-
tances between section planes) assigned to each section were reduced
correspondingly. The contour lines (VCLL external border and contour
lines surrounding the plexuses of labeling) were used for resynthesizing
the surface of the VCLL (Figs. 7, 8) and the surface of individual clusters
of labeling inside the VCLL (Fig. 8). The program Nuages (Geiger, 1993)
was used to create a surface model of the individual clusters. The model
consists of separate clusters and clusters that were interconnected with
thin bridges. To create a maximum fit to the original data, an interactive
procedure was used to define whether clusters were continuous (bridged)
or segregated. In all cases there was little variation among clusters in the
density of labeled terminal fibers. To demonstrate the distribution of
labeling, each cluster was subsequently filled with a random pattern of
dots with a given density. The dot representation is used in Figures 9, 10
and 11A–C. In Figures 11D–F and 12, it serves as a basis for a pseudo-
color-coded density map. The density maps were produced by dividing a
particular projection (view along the long axis of VCLL) of the recon-
struction into squares of ;5 3 5 mm using a grid. Each square was
assigned a color corresponding to the density of cells within a radius of
100 mm centered on the square. Linear warping of data from multiple
animals was obtained by aligning the surface contours (Fig. 10).

Real-time rotations on the computer screen and stereo images (Fig. 8)
were used for inspection from various angles and for perceiving depth.
Computer images (Figs. 7–12) were printed on Tektronix Phaser 440 and
Phaser 450 printers.

RESULTS
Shape and size of the VCLL
The DNLL and VCLL are embedded in the lateral lemniscus,
which stretches from the rostral border of the superior olivary
complex to the base of the IC. It constitutes the direct continua-
tion of the trapezoid body after a sharp bend in the rostral and
dorsal directions. At the level of the VCLL, the fibers form two
incompletely separated components: external and internal (Figs.
1, 2). The external fibers form a peripheral tube, which is flattened
mediolaterally. They have a straight course and are more clearly
fasciculated dorsally. The internal fibers intermingle with the cells
and may include the ascending axons of these neurons. In agree-
ment with this notion, these fibers are more numerous and more
clearly fasciculated dorsally, where they have a rather tortuous
course. At the level of the DNLL, the internal fibers form thick
fascicles that merge with the external fiber component.

We have used cytoarchitectonic and myeloarchitectonic criteria
as a basis for outlining the VCLL (Figs. 1, 2). In our drawings and
3-D reconstructions, we intended to include only the cellular area
and not the tube of external fibers (Fig. 2, compare the cell
myelin- and Nissl-stained horizontal sections). [For a documen-

Figure 3. Photomicrographs of transverse sections through the center of
the BDA injection sites in the left IC of the three cats used in Figures
4–12. Stars show the location of the tip of the injection electrode. Insets,
Distribution of retrogradely labeled cells in a representative section
through the lateral superior olive. The injections cover the high-frequency
region (A), middle-frequency region (B), and low-frequency region (C).
The estimated ranges of frequency representations covered by the injec-
tions are given in Table 1. Some of the staining represents labeling of the
local fiber plexus in the IC (Malmierca et al., 1995). Scale bar, 1 mm.

10606 J. Neurosci., December 15, 1998, 18(24):10603–10618 Malmierca et al. • Organization of the Ventral Complex of the Lateral Lemniscus



tation of the detailed cell morphology, see Adams (1979) and
Glendenning et al. (1981).]

As judged from individual sections (Figs. 1, 2, 5A, 6) and 3-D
reconstructions (Figs. 7–12), the VCLL is shaped like a flattened
cylinder with the long axis oriented dorsoventrally and the larger
diameter of the oval cross-section oriented rostrocaudally. The
larger diameter is smaller ventrally, where it deviates ;30° from
the sagittal plane (Figs. 7, 8B,D, 9D–F, 12). Measured from our
3-D reconstructions, the VCLL extends ;4–5 mm dorsoventrally,
0.8 mm mediolaterally, and 1–2 mm rostrocaudally. The volume
shows little variation among the reconstructed cases with a mean
of 4.8 mm3 (Table 2).

Prompted by the present analyses, we have arbitrarily divided
the VCLL into three parts: the dorsal, middle, and ventral thirds,
respectively (Fig. 7). They basically correspond with the three
divisions introduced by Adams (1979). The dorsal third approx-
imately corresponds to the intermediate nucleus of Glendenning
et al. (1981). We used these subdivisions as a basis for evaluating
both differences in the distribution and extent of labeling within
and between cases (Table 2).

Figure 4. A, Photomicrograph showing patches of labeling in the VCLL after BDA injections into the ipsilateral IC (same case as shown in Fig. 5). B,
Camera lucida drawing of the same region showing the location of the labeled cell somata ( points), the patch borders (thick contour lines), and blood
vessels (thin contour lines, v). The user focused through the thickness of the specimen to draw the patch border at the maximum extent of labeling. This
explains the small deviations between the patch borders in the photomicrograph ( A) and the contour lines in the drawing ( B, arrows). The points and
contour lines were digitized and served as a basis for the 3-D reconstructions. Scale bar, 100 mm.

Table 2. Estimated volume of the VCLL, number of labeled cells, and
labeled volume

Volume
(mm3)

No. of
cells

Labeled
volume (mm3)

Low frequency, 93007
Dorsal third 2.08 148 0.18
Middle third 1.59 238 0.22
Ventral third 1.43 348 0.12
VCLL total 5.10 734 0.52

Middle frequency, 94070
Dorsal third 1.75 440 0.26
Middle third 1.35 375 0.23
Ventral third 1.44 368 0.17
VCLL total 4.54 1183 0.66

High frequency, 96028
Dorsal third 1.89 90 0.06
Middle third 1.73 295 0.08
Ventral third 1.27 115 0.05
VCLL total 4.89 505 0.19
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Figure 5. Photomicrographs of a transverse section through the VCLL of cat 94070 illustrating the labeling after BDA injection into the middle-
frequency region of the ipsilateral IC (compare Fig. 3 B). The framed regions are shown at higher magnification in B–D. The labeled structures are
distributed in 2-D patches (3-D clusters) composed of labeled cell bodies, proximal dendrites, and a terminal fiber plexus. The patches are shaped as
irregular bands ;150 mm thick. Elongated, labeled cell bodies and primary dendrites appear oriented in parallel with the long axis of the bands. Labeled
axons en passage course vertically throughout the tissue. Dorsally, the labeling is more diffuse. Scale bars: A, 1 mm; B–D, 200 mm. D, Dorsal; L, lateral.
LL, lateral lemniscus.
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Injection sites
Our nine injections together cover the whole range of audible
frequency representations in the CNIC (Table 1), as determined
by previously published tonotopic maps obtained with electro-
physiological techniques (Rose et al., 1963; Merzenich and Reid,
1974; Semple and Aitkin, 1979) and [ 14C]2-deoxiglucose experi-
ments (Servière et al., 1984). In the following, the distribution of
labeling in three representative animals will be illustrated and
analyzed in detail: case 93007, injected in the low-frequency
region; 94070, in the middle-frequency region; and 96028, in the
high-frequency region (Table 1, Fig. 3).

The center of each injection site can be readily identified (Fig.
3A–C, stars). Judging by the extent of staining at the injection site,
the three injections are segregated, although together they cover
the larger part of the tonotopic axis of the CNIC. The resulting
labeling in the lower auditory nuclei, which is in agreement
with previous studies on the ascending and descending con-
nections of the cat CNIC (Adams, 1979), shows that the active
uptake sites in the three illustrated cases occupy clearly segre-
gated compartments along the well known tonotopic axis of
the IC. This is illustrated by the distribution of labeling in the
lateral superior olive (Fig. 3, insets) which is in accordance

Figure 6. Series of camera lucida drawings illustrating the patches of labeling in the VCLL after injections in the high-frequency region (compare
Fig. 3 A) and the low-frequency region (compare Fig. 3C) of the ipsilateral CNIC. Asterisks indicate lemniscal fibers crossing in the reticular formation
(compare Fig. 1). In the high-frequency case, most of the labeling is located in the lateral half of the VCLL. The low-frequency case shows a larger
amount of labeling. In this case, the patches occur throughout most of the VCLL, and topographic differences are difficult to define. The central part
of the VCLL, however, contains less labeling than the medial and lateral borders. Scale bar, 1 mm. D, Dorsal; M, medial; S, section number.
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with well established tonotopic map of Tsuchitani and Boud-
reau (1969).

General features of labeling
As expected, the VCLL is labeled only on the side ipsilateral to
the injection site. The labeling includes cell somata, dendritic
processes, thick and thin axons, and terminal plexuses, including
en passant and terminal varicosities. This is in accordance with
reports by Merchán et al. (1994) and Merchán and Berbel (1996),
who described retrograde transport of BDA to cell bodies and
anterograde transport into the collaterals of retrogradely labeled
neurons that innervate the injection sites in the rat IC. In our
sections, the labeled structures appear intermingled in well de-
fined, mostly flattened or elongated patches (Figs. 5, 6), separated
by unlabeled cellular areas (as judged by comparing pairs of
BDA-incubated and cresyl violet-stained sections). The density of
labeled fibers within the patches is approximately the same
throughout the VCLL, whereas the density of labeled cells is
uneven. Elongated cells and dendrites tend to be oriented along
the length of the patches. Only few labeled somata or dendrites
occur outside the patches (Fig. 5D). Solitary thick and vertically
oriented labeled fibers pass through the patches (Fig. 5). These
axons may ascend from more ventral parts of the VCLL or from
other sources connected with the IC injection sites. The recon-
structions show that the two-dimensional (2-D) patches form 3-D
clusters (compare Figs. 6, 8).

The extent of labeling differs among cases (Table 2). The total
labeled volume (i.e., the tissue volume occupied by clusters of
labeling) and the total number of labeled cells are largest in the
middle-frequency case and smallest in the high-frequency case.
The extent of labeling also differs along the dorsoventral axis of
the VCLL. The differences in labeled volume and cell numbers

among the cases are most conspicuous in the dorsal third. The
highest amount of labeling was found in the dorsal third in the
middle-frequency case. These quantitative differences could be
related both to the size and the dorsoventral location of the
injection sites. In our middle-frequency case, in which the injec-
tion site is relatively large and seems to involve also the ventral
part of the dorsal cortex of the IC (Fig. 3B), the labeling in the
dorsal third of the VCLL is heavier than in the other cases.

Shape and size of clusters
The clusters of labeling illustrated in Figures 5 and 6 and in dot
maps (Fig. 9) are shown to advantage in the stereo pairs (Fig. 8).
The individual clusters appear mostly elongated, with a highly
variable thickness (down to 100 mm) and a length up to 2 mm.
They exhibit a systematic variation in size and shape among the
dorsal, middle, and ventral thirds of the VCLL. There are also
differences among the three cases.

In the high- and low-frequency cases, the clusters in the ventral
and middle thirds appear like mostly vertically oriented irregular
plates interconnected by thin bridges. In the dorsal third, they are
smaller, elongated (band-like), narrow, and tortuous and tend to
be oriented rostrocaudally. In the middle-frequency case (Fig.
9B,E), the clusters form a more continuous system, which appears
like a winding central core with peripheral extensions, whereas in
the dorsal third, on the contrary, it consists of small, rounded
clusters that merge into a spongeous pattern (also see Fig. 5A).
This dorsoventral difference is also present in a reconstruction
from another, sagittally sectioned middle-frequency case (95041;
Table 1, reconstruction not shown). A possible interpretation
would be that the more continuous system of labeling in the
middle frequency case is a “negative image” of the clusters of the
other frequencies. The shape, size, and location of the labeled

Figure 7. Computer-generated surface model of the VCLL, showing how the VCLL arbitrarily has been divided into dorsal, middle, and ventral thirds.
The arrow represents the long axis of the VCLL. The angle of views from caudal, lateral, and dorsal (along the long axis of the VCLL), correspond the
views used in Figures 8–12. C, Caudal; D, dorsal; M, medial; R, rostral.
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clusters thereby suggest an interdigitation of clusters assigned to
different frequency band representations. This interpretation is
supported by the model shown in Figure 10, where the three
reconstructions are superimposed.

Topographic organization
In all cases, the labeled clusters are found at all dorsoventral and
rostrocaudal levels (Figs. 6, 8–10). In the horizontal domain,
however, the distribution of labeling (Figs. 6, 8–12) varies as a
function of the location of the injection sites along the tonotopic

axis of the IC. The distribution pattern is complicated, and
differences between cases are difficult to see in individual sections
(Fig. 6). The 3-D reconstructions, however, reveal a mediolateral
distribution gradient with high frequencies represented mainly
laterally and middle and lower frequencies progressively more
medially (Figs. 8–12). In the following, we will describe the three
cases in detail.

In the high-frequency case, an angle of view from caudal shows
that the labeling is concentrated in the lateral half of the VCLL
(Figs. 8A, 9A, 10B). In the middle-frequency case, the labeling

Figure 8. Computer-generated stereo pairs showing the 3-D distribution of labeling within the VCLL in the high-frequency case (A, A9, B, B9; case
96028; Fig. 3 A) and the low-frequency case (C, C9, D, D9; case 93007; Fig. 3C). The external surface of the VCLL is represented as a transparent surface.
The outer boundaries of the clusters containing labeling are visualized as solid surfaces. The stereopairs A and A9 and C and C9 are viewed from caudal,
whereas B and B9 and D and D9 are viewed from lateral. To see a 3-D image, the viewer must cross the eye axis to let the pair of images merge. In A
and A9 and B and B9, the clusters, as a general rule, are located adjacent to the rostrolateral surface of the VCLL. In C and C9 and D and D9, the clusters
show a wider distribution with a mediocaudal predominance. Scale bar, 500 mm. C, Caudal; D, dorsal; M, medial; R, rostral.
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Figure 9. Computer 3-D dot maps showing the distribution of labeled fibers and cells within the VCLL, of the high-frequency case (A, D; case 96028;
Fig. 3 A), the middle-frequency case (B, E; case 94070; Fig. 3 B), and the low-frequency case (C, F; case 93007; Fig. 3 E). In A–C, the reconstructions are
viewed from caudal; in D–F they are viewed from lateral. Labeled fibers are shown as gray dots, retrogradely labeled cells as black (larger) dots, and the
external surface of the VCLL as contour lines. The density of labeled cells within the clusters does not show any systematic variation between the cases
and the three parts of the VCLL. Scale bar, 500 mm. C, Caudal; D, dorsal; M, medial; R, rostral.

10612 J. Neurosci., December 15, 1998, 18(24):10603–10618 Malmierca et al. • Organization of the Ventral Complex of the Lateral Lemniscus



appears evenly distributed in the rostrocaudal dimensions but
tends to avoid the medial and lateral borders of the complex (Fig.
9B,E). In the low-frequency case, the clusters occur throughout
most of the VCLL. However, in the ventral and middle thirds, the
labeling is skewed toward the medial and caudal surfaces, with
four to six finger-like extensions along the lateral surface and into
the central parts of the nucleus (Figs. 8C, stereo view required,
9C). In the dorsal third, the labeling is more evenly distributed.

An angle of view from dorsal (Fig. 11), along the “dorsoven-
tral” long axis of the VCLL (as shown in Fig. 7, arrows), is helpful
for further understanding the topographic differences. For de-
scriptive purposes, we introduce a horizontal reference line from
rostromedial to caudolateral through the middle of the VCLL.
The labeling in the high-frequency case is largely confined to the
lateral half (Fig. 11A). In the middle- and low-frequency cases,
the distribution of labeling is more widespread (Fig. 11B,C,
respectively). However, in the middle-frequency case, there is a
zone of higher density of labeling centered on the reference line
(Fig. 11B). In the low-frequency case, by contrast, there is a
high-density zone on each side of the reference line, with the
higher density of labeling medially (Fig. 11C). The same distri-
bution gradients are shown in the color-coded density maps for
the VCLL as a whole (Fig. 11D–F) and in more detail in each
third from dorsal to ventral (Fig. 12).

Some further topographical details are revealed in Figure 12.
In the high-frequency case (Fig. 12A–C), the labeling is confined
to a laminar subspace, visible as rostrocaudally oriented bands in
the lateral half of each image. In the middle-frequency case (Fig.
12D–F), the highest densities of labeling are located in the center
with gradually decreasing densities toward the external border.
The high densities (red and yellow) have a banded distribution,
particularly in the ventral two-thirds (Fig. 12E,F). In the low-
frequency case (Fig. 12G–I), the highest densities are located in
the medial half, with extensions toward lateral. The high densities
(from red to blue) form a band-like pattern also in the ventral
two-thirds (Fig. 12H,I).

DISCUSSION
By combined tract-tracing methods and computer-assisted 3-D
reconstructions, we have provided anatomic evidence in cat for
topographic connections between the VCLL and the IC. The
labeling pattern has three main characteristics: (1) labeled cell
bodies, dendrites, and terminal fibers of similar frequencies colo-
calize in distinct clusters; (2) the shape and size of clusters differ
from ventral to dorsal; and (3) there is a topographic organiza-
tion, with low-frequency clusters predominating medially and
high-frequency clusters predominating laterally. The present data
therefore indicate that a tonotopic organization is present in the
VCLL and in its connections. However, this topography is differ-
ent and unique compared with other auditory structures and may
serve functions other than mere frequency coding.

Clustering
The clustered pattern of projection from the VCLL to frequency-
specific domains in the IC conforms with previous observations in
cat (van Noort, 1969; Roth et al., 1978; Adams, 1979; Glenden-
ning et al., 1981; Henkel and Spangler, 1983; Whitley and Henkel,
1984; Oliver, 1987; Glendenning and Hutson, 1998). The present
study complements these studies by demonstrating the 3-D orga-
nization of the clusters (previously depicted as 2-D patches) and
the colocalization of labeled somata, dendritic processes, and
terminal fields of axonal collaterals (originating in the lower
auditory centers projecting to the IC and locally in the VCLL; cf.
Whitley and Henkel, 1984). Our material, as well as correspond-
ing BDA experiments in rat, shows that the space between the
labeled clusters contains unlabeled cells (Merchán and Berbel,
1996, their Fig. 3). This demonstrates that the clustering is a
primary feature not merely caused by molding factors such as
fascicles of unlabeled fibers (internal fibers; see Figs. 1, 2). Such
fibers could originate from sources not connected with the IC
[i.e., principal cells of the medial nucleus of the trapezoid body
(Glendenning et al., 1981; Spangler et al., 1985), octopus cells of
the posteroventral cochlear nucleus (Cant, 1997; Schofield and

Figure 10. Reconstructions from the three individual cases
(high-, middle-, and low-frequency cases; Fig. 9) superimposed
in the same model. Yellow dots represent the distribution of
labeling in the high-frequency case, red dots the middle-
frequency case, and blue dots the low-frequency case. The angles
of view are the same as in Figure 9. In the caudal view ( B) a
gradual transition from lateral ( yellow) toward central (red) and
medial (blue) is observed. In several places, a complementary
shape of the individual clusters is seen. For example, in the
dorsal third, the elongated band-like clusters of the low-
frequency case (blue) fit the holes of the more continuous
pattern of labeling in the middle-frequency case (red). The
clusters of the low-frequency case (blue) are mostly located
laterally but partly embrace and penetrate the regions occupied
by labeling of the other frequencies. C, Caudal; D, dorsal; M,
medial; R, rostral.
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Adams, 1997), and spherical and globular cells of the anteroven-
tral cochlear nucleus (Friauf and Ostwald, 1988; Smith et al.,
1991, 1993)]. The cluster pattern contrasts the laminar tonotopic
organization of other brainstem auditory nuclei, e.g., the inferior
colliculus (Malmierca et al., 1995), but it is a well known feature
from other brain regions such as the striatum (Gaybriel and
Ragsdale, 1978; Gerfen, 1992) and the nearby pontine nuclei
(Brodal and Bjaalie, 1997).

Tonotopy

The interdigitating, clustered pattern has hampered previous
attempts to reveal a tonotopic organization of the VCLL. In the
present study, however, using sophisticated 3-D computerized
analyses, we have demonstrated a topographic distribution pat-
tern, which most probably represents the substrate for a tonotopic
organization.

A horizontal frequency gradient axis has been demonstrated
previously in the VCLL of the rat (Merchán and Berbel, 1996). A
concentric organization was proposed, with low frequencies rep-
resented peripherally and high frequencies in the center. In the
ventral half of the VCLL, however, the high-frequency zone came
to the lateral border of the complex (Merchán and Berbel, 1996,
their Fig. 8), in accordance with the situation in the cat.

Our findings are compatible with the data shown in two elec-
trophysiological studies of cat (Aitkin et al., 1970) and rabbit
(Batra and Fitzpatrick, 1997). Aitkin et al. (1970) inserted elec-
trodes vertically and recorded best frequency responses to pure
tone stimulation. Their Figure 1 illustrates a case in which the
electrode passed medial to the junction between the DNLL and
VCLL and then penetrated the VCLL obliquely from dorsome-
dial to ventrolateral. As the electrode passed through the VCLL,

Figure 11. Dot maps (A–C) and color-coded density maps (D–F) of the distribution of labeling in the VCLL. The high-frequency case is shown in A
and D, the middle-frequency case in B and E, and the low-frequency case in C and F (for further details, see legend to Fig. 9). The angle of view in all
images is from dorsal, skewed slightly toward rostral and lateral, following the long axis of the VCLL, as indicated in Figure 7. For descriptive purposes,
we introduce a reference line from rostromedial to caudolateral tentatively through the middle of the VCLL. The color gradient in D–F shows the highest
densities in red and the lowest in violet. Densities ,5% of the maximum value are not shown. Scale bar, 500 mm. M, Medial; R, rostral.
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a full sequence of best frequencies from low to high was recorded.
This was interpreted as a dorsoventral tonotopic organization.
However, given the angle of the electrode penetration, the find-
ings of Aitkin et al. (1970) are consistent with the mediolateral
tonotopic gradient demonstrated in the present study. More
recently, Batra and Fitzpatrick (1997) have recorded single units
in the medial region of the rabbit VCLL with best frequencies
,2 kHz.

The present observations are also compatible with previous
anatomic studies. After injections of horseradish peroxidase in
frequency-specific regions of the IC, Adams (1979) showed ret-
rogradely labeled cells throughout the dorsoventral extent of the
VCLL. With the use of anterograde labeling after injections of
[ 3H]leucine in the VCLL, Whitley and Henkel (1984) likewise
concluded that the VCLL has a widespread and diffuse projection
to the CNIC. However, in agreement with our findings, an

Figure 12. Color-coded density maps of the distribution of labeling in the three defined parts of the VCLL, dorsal, middle, and ventral thirds, in each
of the high-, middle-, and low-frequency cases. The reference lines at the top and bottom indicate the tentative orientation of the larger diameter in the
cross-sections. From dorsal to ventral, the angle of the reference lines shifts ;30° (from a rostral-to-caudal orientation dorsally, to a rostromedial-to-
caudolateral orientation ventrally). The maps show a tendency for a banded distribution, most prominent in the ventral and middle thirds. Several shapes
are visible, e.g., U-shaped bands and finger-like extensions in the middle- and low-frequency cases. Presentation is otherwise as in Figure 7D–F. Scale
bar, 500 mm. M, Medial; R, rostral.
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injection centered on the lateral part of the VCLL (Whitley and
Henkel, 1984, their Fig. 4C) produced heavier labeling in the
high-frequency region of the CNIC (their Fig. 3). After an injec-
tion in the medial part of the VCLL (Whitley and Henkel, 1984,
their Fig. 4E), a higher amount of labeling occurred in the
low-frequency part of the CNIC. Indeed, Whitley and Henkel
(1984) discussed that their smallest injection located in the medial
edge of the VCLL could be interpreted as an evidence of a
mediolateral tonotopic organization.

Dorsoventral differences
Although the overall topographic gradient is the same throughout
the dorsoventral aspect of the VCLL, the dorsal third differs from
the middle and ventral thirds in other ways: (1) the cluster pattern
is different (Fig. 8); (2) the extent of labeling suggests that it has
a different projection to the IC, also including the dorsal cortex
(Whitley and Henkel, 1984); (3) it is made of presumably excita-
tory cells, in contrast to the glycinergic and GABAergic cells of
the ventral two-thirds (Winer et al., 1995; Saint Marie et al., 1997;
Vater et al., 1997; Riquelme et al., 1998); and (4) it receives a
glycinergic input from the medial nucleus of the trapezoid body
(Glendenning et al., 1981; Spangler et al., 1985).

Functional significance
In most auditory nuclei, tonal frequencies are represented in
continuous laminar compartments (for review, see Irvine, 1992).
In this context, the clustered, interdigitating tonotopic pattern
found in the VCLL represents an exception. Other neural sys-
tems, however, contain organizational principles resembling
those reported here for the VCLL. The pontine nuclei, interca-
lated in the main pathway from the cerebral cortex to the cere-
bellum, have been shown to contain a loose laminar organization
of both corticopontine fiber and pontocerebellar neurons (Ni-
kundiwe et al., 1994; Bjaalie et al., 1997b). At a small scale, both
fibers and cells, topographically related to specific cerebral and
cerebellar areas, are located in clusters. At a large scale, the
clusters tend to occupy laminar subspaces, which are usually thick
and probably overlapping. The interdigitating, frequency-specific
clusters seen in the VCLL (Fig. 10) resemble this pattern. This
organization may create a large interface between compartments
connected to different parts of the CNIC, comparable to the
situation in the pontine nuclei, in which there seem to be exten-
sive interfaces between different terminal fields originating in
different parts of the cerebral cortex. Also in the cerebral cortex,
axonal clusters are viewed as devices for maximizing neuronal
diversity rather than devices for segregation of information in
separate processing streams (Malach, 1994). In the VCLL, the
pattern of widespread, interdigitating clusters, confined within
distinct compartments, could likewise serve to create diversity of
neuronal properties.

The functional implication of this pattern would depend on the
spatial relationship of the dendritic arbors to the cluster borders.
In our study, the labeled dendritic processes are regularly con-
fined to a cluster. Reservations, however, have to be made for
unlabeled dendrites. Vater et al. (1997) demonstrated that calyx-
like terminals on VCLL cells form collaterals contacting dendritic
processes of nearby cells. They therefore suggested that VCLL
dendrites could extend into multiple tonotopic areas. The few
Golgi studies of dendritic arbors (Willard and Martin, 1983;
Willard and Ryugo, 1983) and electrophysiological studies of
tuning curves (Guinan et al., 1972; Covey and Casseday, 1991,
1995) in the lateral lemniscal nuclei are, however, inconclusive in
this regard.

Then what is the role in audition of the clustered, interdigitat-
ing tonotopic pattern of the VCLL? Currently, there is good
psychophysical evidence to suggest that pitch perception needs
not only spectral (Goldstein, 1973; Yost, 1982) but also temporal
(Moore and Rosen, 1979) information. There is a wealth of data
indicating that the VCLL neurons are well suited to analyze the
temporal properties of the auditory signals (Covey and Casseday,
1991; for extensive review, see Covey and Casseday, 1995). Lick-
lider (1951), and later Meddis and Hewitt (1991), have launched
a model to explain human pitch perception. This model proposes
the summation of the autocorrelated cell responses across
frequency-selective channels as a mechanism for extracting a
combination of both temporal and spectral information. The
model has been tested successfully for various types of pitch
stimuli (Meddis and O’Mard, 1997). It requires a neuronal cir-
cuitry that can generate (1) delayed versions of the input signal,
(2) convergence of the delayed signals onto single cells, and (3)
convergence between different frequency channels. The VCLL
could meet these requirements by (1) the multiple ladder-like
collaterals of the long lemniscal afferents, (2) the local collaterals
with ventral neurons supplying successively more dorsal neurons
(Whitley and Henkel, 1984), and (3) the spatially specific, but still
interdigitating, frequency representations. The detailed circuitry
of the VCLL, however, remains to be verified, and it is uncertain
how the inhibitory nature of the neurons in the ventral two-thirds
of the VCLL would suit the model. The present findings, never-
theless, open new avenues to further investigation of this hitherto
poorly understood link in the ascending auditory pathway.
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