
Abstract Novel neuroanatomic approaches for investi-
gating topographic maps at a systems level include com-
bined use of sensitive neural tracing techniques and com-
puterized methods for three-dimensional reconstruction
from serial sections. Application of these methods have
allowed discovery of new principles of topographic or-
ganization in the rat pontine nuclei. The pontine nuclei
are intercalated in the large pathways connecting the ce-
rebral cortex to the cerebellum. In rat, cerebropontine
projections are characterized by multiple delineated ter-
minal fields. It is generally accepted that these projec-
tions are topographically organized. The presence of
widespread axonal clusters in the pontine nuclei is typi-
cally interpreted to represent a complex scheme of orga-
nization. In recent anatomic investigations of somatosen-
sory corticopontine projections in young and adult rats, a
somatotopic distribution of axonal clusters, concentrical-
ly organized in an inside-out fashion, has been reported.
This review summarizes the topographic principles of
organization proposed for somatosensory corticopontine
projections, and discusses the possibility that widely seg-
regated corticopontine terminal fields are located inside
lamellar volumes. This organizational pattern may be ex-
plained by mechanisms operative during development,
and resembles the patterns of organization previously de-
scribed in cat and monkey. Possible implications of this
architecture are discussed in relation to map transforma-
tions from the cerebral cortex to the cerebellum.
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Introduction

The mammalian brain is characterized by orderly topo-
graphic arrangement of afferent and efferent projections
among it components (see, e.g. Woolsey 1958; Woolsey
and Van der Loos 1970; Welker 1971; Killackey et al.
1995; Chklovskii 2000), and knowledge of structural ar-
chitecture in brain regions and interconnecting pathways
is considered to be fundamental for understanding brain
function (Leise 1990; Nelson and Bower 1990; Brown
1992; Katz 1996; Kaas 1997). Connectivity patterns are
commonly characterized with neural tracing techniques
and the spatial distribution of labelled neuronal popula-
tions and axonal terminals is investigated in microscop-
ic serial sections (for review, see Köbbert et al. 2000;
Van Haeften and Wouterlood 2000). New approaches in
neuroanatomy include the use of computerized tech-
niques for three-dimensional (3-D) reconstruction of se-
rial section data (Leergaard and Bjaalie 2002a) and the
use of local coordinate systems for studying topography
in smaller regions of the brain (Brevik et al. 2001; 
Bjaalie 2002). For example, the combined use of sensi-
tive neural tracing techniques and tools for 3-D visual-
ization and analysis has made it possible to discover
new principles of topographic organization in the rat
corticopontine projection (for a methodological review,
see Leergaard and Bjaalie 2002a). The pontine nuclei
represent the first link in the large pathways connecting
the cerebral cortex to the cerebellum (for reviews, 
see Brodal 1982a; Brodal and Bjaalie 1992, 1997; 
Schmahmann and Pandya 1997), and the communica-
tion between the cortex and cerebellum is a central fea-
ture in many current theories of cerebellar function
(Marr 1969; Albus 1971; Ito 1984; Leiner et al. 1993;
Bower 1997; De Schutter and Bjaalie 2001). The com-
putations taking place in the pontine nuclei, and the
principle architecture of the pathways from the cerebral
cortex via the pontine nuclei to the cerebellum are not
well understood.

A substantial number of anatomic investigations of
the rat corticopontine system have characterized multi-
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ple, delineated terminal fields in the pontine nuclei that
are topographically distributed from medial to lateral
(for a review, see Ruigrok and Cella 1995). The projec-
tion system has been ascribed a longitudinal columnar
organization, in which different cortical regions project
to segregated ‘private’ zones, and to separate overlap-
ping or ‘convergent’ zones (Wiesendanger and Wiesen-
danger 1982; Mihailoff et al. 1985; Panto et al. 1995).
The segregated and clustered nature of corticopontine
projections has also been interpreted to represent a com-
partmentalized organization, in which functionally rele-
vant signals are brought together (Schwarz and Thier
1995, 1999; Schwarz and Möck 2001). However, be-
yond a general agreement that corticopontine projec-
tions terminate as widespread clusters and display a
complex medial-to-lateral topographic distribution pat-
tern, the principles of topographical organization in the
pontine nuclei have been debated (Schwarz and Thier
1995, 1999; Bjaalie and Leergaard 2000; Schwarz and
Möck 2001).

Use of computerized 3-D analyses of the spatial dis-
tribution of corticopontine axonal clusters, labelled in
single or dual tracing experiments, has allowed demon-
stration of somatotopic organization in the projections
from the primary somatosensory cortex (SI) to the pon-
tine nuclei in adult rats (Leergaard et al. 2000a, 2000b).
In this scheme of organization, labelled corticopontine
axonal clusters are distributed within concentric layers
with an inside-out organization. The clusters are de-
scribed as distributed within ‘logical’ lamellar volumes.
This description was influenced by previous findings
that corticopontine projection patterns in newborn rats
(Leergaard et al. 1995) are congruent with the inside-out
settling of neurons migrating into the pontine nuclei
(Altman and Bayer 1978, 1987; see also Altman and
Bayer 1996).

In contrast to the general notion of complex cortico-
pontine topography, the findings of Leergaard et al.
(2000a, 2000b) indicate a more basic pattern of organi-
zation, where widely segregated clusters fit into a three-
dimensional pontine map in which the neighbouring re-
lationships of the somatosensory cortical map are largely
preserved. This would imply that the rat pontine nuclei
consist of multiple clusters that are somatotopically dis-
tributed within concentric, lamellar volumes. This basic
organizational pattern may be explained by simple de-
velopmental principles, and resembles the patterns of or-
ganization previously described in cat and monkey (for
review, see Brodal 1982a; Brodal and Bjaalie 1997;
Schmahmann and Pandya 1997).

This review summarizes recently reported principles
of topographic organization in projections from the so-
matosensory cortex to the pontine nuclei in rat, and deals
with the establishment of topographic order in cortico-
pontine projections and the concept of a concentric in-
side-out arrangement of somatosensory, corticopontine
terminal fields. Finally, possible functional implications
of a clustered and laminar pattern in the pontine nuclei
will be discussed.

Establishment of topographic corticopontine 
projections

In rat, topographically organized projections have been
described at early postnatal stages. There is evidence that
topographic maps in the pontine nuclei emerge from ini-
tially diffuse and abundant projections during develop-
ment (Mihailoff et al. 1984). While Heffner et al. (1990)
demonstrated that pontine neurons attract axons in vitro
by target-derived diffusible (presumably non-specific)
factors, O’Leary and Terashima (1988) described in-vivo
that pontine afferents grow into the pontine nuclei at ste-
reotypic locations (Fig. 1A), a finding suggestive of
more specific target acquisition. The finding in newborn
rats that newly established corticopontine axons aggre-
gate in distinct curved clusters, that are interconnected
by thin rims of fibres, thus forming a semicircular, or la-
mellar structure (Fig. 1B), gave rise to the notion of cor-
ticopontine axons distributed in lamellar subspaces 
(Leergaard et al. 1995). In that study, a complete map-
ping of the 3-D distribution of early cortical projections
to the pontine nuclei was combined with previous data
on: (1) cortical development (Hicks and D’Amato 1968;
Smart 1984; Uylings et al. 1990; McCandlish et al. 1993;
see also Bishop et al. 2000; O’Leary and Nakagawa
2002); (2) the gradual emergence of subcortical projec-
tions (Stanfield and O’Leary 1985; Gribnau et al. 1986;
O’Leary and Terashima 1988; De Carlos and O’Leary
1992; Erzurumlu and Jhaveri 1992); (3) data on the or-
derly migration and settling of pontine neurons (Altman
and Bayer 1978, 1987). The correlation between spatial
distribution patterns and neurogenetic gradients prompt-
ed the hypothesis that the pontine topographical map
could be established by interaction of simple temporal
and spatial gradients present in source (cerebral cortex)
and target (pontine nuclei) regions (Fig. 1C; Leergaard et
al. 1995, 2000a, 2000b). Whether the detailed projection
pattern is shaped by multiple (specific) chemotropic sub-
stances operative in the pontine nuclei, or by one or few
(non-specific) substances in combination with other
mechanisms remains unresolved. Similar correlations be-
tween neurogenetic gradients and the pattern of efferent
and afferent connectivity, have also been suggested for
the corticostriatal projections (Bayer and Altman 1987,
1991; Leergaard et al. 2000a), corticothalamic (Bolz et
al. 1990, 1993; Novak and Bolz 1993), corticospinal
(Joosten et al. 1991, 1993, 1994), and thalamocortical
(Götz et al. 1992; Bolz et al. 1992) systems (for review,
see Lakke 1997). Thus, the correspondence of the ob-
served pontine labelling patterns with developmental
gradients described by others, suggests that the organiza-
tional blueprint of the large-scale distribution patterns
originates from sequential spatial and temporal events
during development.

150



How may widely dispersed axonal clusters 
constitute a lamellar scheme of organization?

The presence of multiple segregated clusters in adult rats
has typically been regarded as evidence for complex 
patterns of organization (Mihailoff et al. 1978, 1985; 
Wiesendanger and Wiesendanger 1982; Panto et al.
1995; Schwarz and Thier 1995, 1999; Schwarz and
Möck 2001), different from the simple, lamellar pattern

observed in young animals (Leergaard et al. 1995). How-
ever, several investigators have documented anterograd-
ely labelled clusters in adult animals with shapes remi-
niscent of the curved lamellar or semicircular patterns
seen in young animals, without specifically reporting
this finding (see e.g. Fig. 2, Fig. 3A, 3B; levels 5 and 6;
Fig. 4E, level 60 and 70; Fig. 4D, level 80). Further-
more, the resemblance of young and adult projection pat-
terns is readily seen when comparing the distribution of
pontine plexuses labelled by injection of fluorescent
tracer in the parietal cortex in two independent studies
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Fig. 1A–C Establishment of topographic corticopontine projec-
tions. A Diagram showing how corticopontine projections develop
as collaterals from primary corticospinal axons at stereotypic ros-
tral and caudal levels (modified from O’Leary and Terashima
1988, with permission). B Photomicrograph of a sagittal section
through the pontine nuclei of a 6 day old rat (modified from 
Leergaard et al. 1995, with permission). Crystals of DiI were im-
planted in the parietal cortex three days earlier. Labelled axons are
visible in the corticobulbar tract, and distinct rostrally and caudal-
ly located bundles within the pontine nuclei. The rostral and cau-
dal bundles are bridged ventrally by a thin rim of fibres (asterisk),
and form a semicircular lamella surrounding a central core region.
C Cartoon of the hypothesis explaining the establishment of gen-
eral topographic organization in the rat corticopontine system 
(Leergaard et al. 1995; reproduced from Leergaard et al. 2000b,
with permission). The cerebral neurogenetic gradient ripples out-
ward from the anterolateral cortex (Smart 1984; Uylings et al.
1990), and the cerebral axonogenetic gradient is presumed to fol-
low the neurogenetic gradient (Erzurumlu and Jhaveri 1992). 
Altman and Bayer (1978, 1987) reported that pontocerebellar neu-
rons migrate and form the pontine nuclei inside-out in a pattern of
concentric rings (presumably layers in 3-D) in a temporal se-
quence. Corticopontine fibres bundles grow into the pontine nuclei
at rostral and caudal locations around the time of birth (O’Leary
and Terashima 1988), attracted by chemotropic cues emanating
from neurons in the pontine nuclei (Heffner et al. 1990; O’Leary
et al. 1991; Bastmeyer et al. 1998). The distribution of early corti-
copontine projections (Leergaard et al. 1995) is congruent with the
concentric rings described by Altman and Bayer (1978, 1987).
Temporal gradients, from early to later, are illustrated by increas-
ingly brighter shades of grey. It is hypothesized that early arriving
corticopontine neurons innervate the early established core of pon-
tine nuclei (dark grey), whereas later arriving fibres innervate pro-
gressively more external volumes (grey and bright grey) (c caudal,
cb caudal bundle, cbt corticobulbar tract, d dorsal, pn pontine nu-
clei, r rostral, rb rostral bundle, v ventral)

Fig. 2 Photomicrograph of a sagittal section through the pontine
nuclei showing anterogradely double labelled segregated axonal
clusters that together make up a semicircular lamellar volume
(mirrored and modified from Schwarz and Möck 2001, with per-
mission; original version shown in Fig. 3E). Segregated injections
in the whisker barrel field of the primary somatosensory cortex
(see Fig. 3C) label adjacent axonal clusters. The shape and distri-
bution of the red and green labelled clusters is readily interpreted
as a lamella (dashed lines). The original photomicrograph was
mirrored to facilitate comparison with Fig. 1B



(Figs. 1B and 2; Leergaard et al. 1995; Schwarz and
Möck 2001). In young animals, two dense rostral and
caudal axonal clusters are bridged ventrally by a thin
bridge of fibres and together form a lamellar subspace
(Fig. 1B). In adult animals, axonal clusters are generally
more restricted and segregated, however, in some sec-
tions it is clearly visible that several segregated clusters
together form a semicircular shape, which may be inter-
preted as a ‘logical’ lamella (Fig. 2). Thus, widely sepa-
rated axonal clusters may be confined within the same
lamellar subspace. When investigating serial sections,
such phenomena are typically only observed in a few
sections, while remaining sections reveal more obscure
patterns. In this context, it is important to analyze com-
plete series of sections and consider the 3-D nature of

the distribution patterns (Fig. 4; see also discussion be-
low). 

The concept of concentrically arranged 
corticopontine projections

Several anatomic investigations have pointed out that
corticopontine projections are orderly distributed, and re-
gional differences in the location of projections from
motor, somatosensory, visual and auditory cortical re-
gions have been described (for review, see Ruigrok and
Cella 1995). Leergaard et al. (2000b) found that the peri-
oral representations of SI project to a central core in the
pontine nuclei (Fig. 5B, 5C), whereas extremity and
trunk representations are located more externally
(Fig. 5B,D–G). The somatotopic order of the cortical
map is largely preserved among the pontine representa-
tions, i.e. both rostrally and caudally located clusters re-
tain the neighbouring relationships of the SI somatotopic
map (Fig. 5A,B). The presence of multiple projection
clusters from each body representation indicates that the
pontine nuclei contain several representations of the SI
map. The complementary shapes and distribution of the
projections from major SI body surface representations
(Fig. 5C–G) supported the notion that segregated clus-
ters are incomplete parts of ‘logical’ lamellar volumes.
Further investigations at a higher resolution, involving
simultaneous injection of two anterograde tracers into
different SI whisker barrels, demonstrated narrow, partly
overlapping, paired clusters of labelling in the pontine
nuclei (Leergaard et al. 2000a). 3-D reconstructions re-
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Fig. 3A–G Presentation of anterograde corticopontine tracing da-
ta in drawings and photomicrographs of microscopic sections. 
A, B Pontine axonal plexuses are labelled by injection of neural
tracer into the primary somatosensory cortex, and coded as dot in
drawings of a seven selected transverse sections through the pon-
tine nuclei. A Modified from Mihailoff et al. (1978), with permis-
sion. B Modified from Wiesendanger and Wiesendanger (1982)
with permission. C Drawing of two tracer injection sites (DiI and
DiAsp) in the whisker barrel field of the primary somatosensory
cortex, which gave rise to labelled axonal clusters in the pontine
nuclei. D, E Show photomicrographs of two sagittal sections
through the pontine nuclei, containing adjacent red (DiI) and
green (DiAsp) axonal clusters. F, G Show interpretations of the la-
belled zones based on image analysis. D–G reproduced from
Schwarz and Möck (2001) with permission. The labelling patterns
obtained in these three different studies of somatosensory cortico-
pontine projections appear different and are difficult to compare
(Ped peduncle, pn pontine nuclei) Bar 500 µm
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Fig. 4 Computer-generated 3-D reconstruction of the rat pontine
nuclei subdivided into consecutive series of sagittal and transverse
slices (Leergaard et al. 2000b; reproduced from Leergaard and
Bjaalie 2002; with permission), showing the distribution of pon-
tine terminal fields after injection of BDA into the trunk represen-
tation of the primary somatosensory cortex (B). A 3-D reconstruc-
tion of the pontine nuclei in view from ventral. The ventral surface
of the pons is represented as a transparent surface, and the dorsally
located descending peduncles are visible as solid surfaces. The
dots represent the distribution of BDA labelled fibres within the

pontine nuclei. The local coordinate system for the pontine nuclei
is shown as a rectangular frame. Curved solid lines represent nu-
clear boundaries. Coordinate systems of relative values from 0 to
100% are used. The halfway (50%) reference lines are shown as
dotted lines. The rectangular boxes in C illustrate 200 µm thick
transverse and sagittal slices (shown in D and E, respectively)
from the computer reconstruction. The numbers assigned to each
slice refer to the internal pontine coordinate system. Depending on
the chosen plane of sectioning, the shapes of the terminal fields
appear different. Compare also with Fig. 1. Bar 500 µm

Fig. 5A–G Three-dimensional surface models showing somatoto-
pic organization of pontine projections from major body surface
representations in the primary somatosensory cortex (SI) (data
from Leergaard et al. 2000b). A Colour-coded cartoon of the SI
somatotopic map (modified from Welker 1971, with permission).
B Line drawing of the pontine nuclei showing computer-generated
surface representations of pontine projections from the perioral

(red), forelimb (yellow), trunk (green), proximal hindlimb (pink),
and distal hindlimb (blue) somatosensory representations of SI.
The concentric internal-to-external arrangement of the clusters is
apparent, and both rostrally and caudally located clusters largely
preserve the somatotopic neighbouring relationships of the SI
map. The individual computerized surface models are shown sepa-
rately in C–G



vealed that these clusters are somatotopically organized
components of concentrically organized lamellar sub-
spaces (Fig. 6; see also, http://www.nesys.uio.no). 

Three main distribution gradients can be observed in
the adult rat corticopontine projection. First, the frontal
to occipital axis of the cerebral hemisphere is represent-
ed from medial to lateral in the pontine nuclei (Wiesen-
danger and Wiesendanger 1982; Mihailoff et al. 1985;
Leergaard et al. 1995; 2000a, 2000b). Second, cortical
sites at increasing distance from the anterolateral cortex
project to progressively more external subspaces in the
pontine nuclei (Figs. 5 and 6; Leergaard et al. 1995,
2000a, 2000b). Third, at increasing distance from the an-
terolateral cortex (which projects centrally in the pontine
nuclei), cortical sites of origin close to the anterolateral
cortex have a stronger projection to caudal parts of the
pontine nuclei, and a weaker projection to rostral parts
(this concerns in particular projections from the limb
representations in SI; Fig. 5; Leergaard et al. 1995,
2000b), while the most medially located cortical regions
predominantly project to rostral parts of the pontine nu-
clei, and have minor caudal projections (Leergaard et al.
1995; Leergaard and Bjaalie 1998, 2002b). Thus, in rat,
corticopontine terminal fields are organized inside-out in
a concentric fashion, and a given cortical location gives
rise to multiple, elongated clustered terminal fields that
are distributed in accordance with the principles above.
Recent electrophysiological investigations (Eycken et al.
2000) demonstrated restricted receptive fields in the pon-
tine nuclei in agreement with the somatotopic map pre-
sented by Leergaard et al. (2000b).

The general topological rule that cortical sites of ori-
gin distributed from frontal to occipital give rise to ter-
minal fields in the pontine nuclei distributed from medial
to lateral, is seen already in the corticofugal pathways
(Glickstein et al. 1992; Coleman et al. 1997). It is likely
that the mediolateral spatial gradient in the pontine nu-
clei is directly derived from the mediolateral organiza-
tion of fibres in the descending peduncle. This mediolat-
eral distribution is clearly present in primates (Nyby and
Jansen 1952; Dhanarajan et al. 1977; Brodal 1978; 
Wiesendanger et al. 1979; for review, see Schmahmann
and Pandya 1997), and rats (Wiesendanger and Wiesen-
danger 1982; Mihailoff et al. 1985), but not in cats,
where corticopontine projections are widely distributed
in the mediolateral dimension (Brodal 1968, 1983; Enger
and Brodal 1985; Bjaalie 1989; Bjaalie and Brodal
1989).

An inside-out organization of sharply defined lamel-
lar zones in the pontine nuclei was first emphasized in
primates (Nyby and Jansen 1952; Dhanarajan et al. 1977;
Brodal 1978; Wiesendanger et al. 1979; Hartmann-
von Monakow et al. 1981). Brodal (1978) characterized
corticopontine terminal fields in the monkey as resem-
bling the skins of an onion. In cat, Brodal (1968) empha-
sized the rostrocaudal continuity of labelled patches, and
described somatosensory corticopontine terminal fields
as rostrocaudally oriented columns. Later work, mapping
the pontine projections from other regions of the cat ce-
rebral cortex, visualized numerous patchy terminal fields
distributed within lamellar zones (Brodal 1983, 1987;
Enger and Brodal 1985; Bjaalie 1989; Bjaalie and Brodal
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Fig. 6A, B 3-D reconstruction
showing the topography of
pontine terminal fields arising
in the rat SI whisker barrel
field (Leergaard et al. 2000a;
modified from Leergaard and
Bjaalie, 2002a, with permis-
sion). The anterograde tracers
BDA (blue) and FR (red) were
injected into electrophysiologi-
cally defined individual whis-
ker representations in SI
(shown in the upper left inset)
and the distribution of labelling
was computer reconstructed in
3-D (upper right inset). 
A Computer-generated dot map
showing the distribution of
BDA (blue) and FR (red) la-
beled fibers within the ipsilat-
eral pontine nuclei. The clus-
ters of blue dots surround the
clusters of red dots externally.
B The outer boundaries of la-
belled clusters are demonstrat-
ed by solid surfaces. The la-
belled clusters arising from the
same row of SI barrels are lo-
cated in dual lamellae that are
shifted from internal to external



1989). Although the corticopontine labelling pattern was
primarily characterized as a complex mosaic, Bjaalie and
Brodal (1989) also recognized a concentric lamellar in-
side-out organization. By combined use of retrograde
tracing and 3-D reconstructions techniques, Nikundiwe
et al. (1994) showed that pontocerebellar neurons are
distributed in gradually shifting lamellae. Similarly,
Bjaalie et al. (1997) demonstrated that corticopontine
terminal fibres in cat form small-scale clusters and large-
scale lamellae, thereby supporting the notion that the ce-
rebro-ponto-cerebellar system is organized according to
relatively simple topographic rules. In rat, however, most
authors adopted the early terminology of Brodal (1968)
and described the projections to the pontine nuclei as lo-
cated in multiple rostrocaudally oriented columns
(Fig. 1A,B; Mihailoff et al. 1978, 1984, 1985; Wiesen-
danger and Wiesendanger 1982; Lee and Mihailoff 1990;
Panto et al. 1995). This tendency to emphasize the
rostrocaudal continuity of the labelling patterns probably
relates to the use of a transverse section plane. When a
sagittal section plane is used, however, different label-
ling patterns appear (Figs. 2 and 3D–G; Schwarz and
Thier 1995; Schwarz and Möck 2001). This was shown
to advantage with the use of 3-D reconstruction and digi-
tal slicing of the same data set into both transverse and
sagittal section planes (Fig. 4; Leergaard et al. 2000b).

In summary, the terminal fields of rat corticopontine
projections are typically topographically distributed at
segregated locations in the pontine nuclei. The clusters
are located within a pattern of concentrically organized
volumes, and their internal-to-external position is related
to the distance of the cortical site of origin from the an-
terolateral part of the parietal cortex. Thus, anterolateral
parts of SI project centrally in the pontine nuclei, while
medial parts of SI have predominant caudal projections
(Wiesendanger and Wiesendanger 1982; Panto et al.
1995; Leergaard et al. 2000b). Projections from cortical
areas located further away from the anterolateral cortex
(i.e. more frontally, medially, or posteriorly) have a ros-
tral preponderance of fibre distribution in the pontine nu-
clei (Leergaard and Bjaalie 1998, 2002b). This is in ac-
cordance with previous findings that pontine projections
from the occipital hemispheres (visual and auditory ar-
eas) in rodents are predominantly located in the rostro-
lateral regions of the pontine nuclei in rats (for review,
see Ruigrok and Cella 1995). From a comparative ana-
tomic perspective, is it apparent that the global topo-
graphic layout of corticopontine organization in the rat
largely resembles the one found in primates.

Architectural features of corticopontine brain maps

The topographic organization of brain maps are general-
ly thought to reflect specific computational properties
(Nelson and Bower 1990). It follows from the discussion
above that the architecture of the somatosensory cortical
projections onto the pontine may be characterized as
small-scale clusters that are distributed within large-

scale, topographically organized, logical lamellar sub-
spaces. Possible implications of these topographic pat-
terns are briefly discussed below.

Clusters

Clustering is a common architectonic phenomenon in the
brain. Grouping of neural elements is apparently advan-
tageous in terms of wiring economy, by allowing local-
ized connectivity patterns (Mitchison 1992). Complex
clustered patterns, resembling those found in the pontine
nuclei, have been described in the basal ganglia, thala-
mus, tectum, ventral complex of the lateral lemniscus,
and trigeminal nuclei, among others (see, e.g., Huerta et
al. 1983; Gerfen 1992; Cox et al. 1996; Mize et al. 1998;
Malmierca et al. 1998; Alloway et al. 1999; Groenewegen
et al. 1999). The functional consequence of a clustered
organization is debated. Malach (1994) proposed that the
segregation and clustering of axonal terminals in the ce-
rebral cortex should be viewed as devices for maximiz-
ing neuronal diversity, rather than devices for segrega-
tion of information in separate processing streams. The
modular, or clustered, organization in the neostriatum
has also been viewed as suitable for specific integration,
or combination of sensory signals (Graybiel 1990;
Brown 1992; Brown et al. ; Alloway et al. 1999). In line
with this, the sharply delineated clusters in the pontine
nuclei might facilitate integration of signals. The close
spatial relationship between the narrow, partially over-
lapping clusters in the pontine nuclei (Figs. 6 and 7B–D;
Leergaard et al. 2000a), provides large interfaces be-
tween clusters, and appears to create specific somatoto-
pic gradients of cortical influence on pontine neurons.
The 3-D geometry of clusters (Figs. 5 and 6) might also
contribute to integrative processing. The transformation
from an essentially 2-D cortical map to a widespread 3-
D clustered map in the pontine nuclei creates enlarged
interfaces towards neighbouring clusters and opportuni-
ties for new neighbouring relationships (Leergaard and
Bjaalie 1998; Schwarz and Thier 1999; Leergaard et al.
2000b). The 3-D map of major SI body representations
in the pontine nuclei largely preserves the neighbouring
relationships of the cerebral cortical map and to some
extent also new neighbouring relationships are formed
(Leergaard et al. 2000b). Thus, somatosensory signals
from adjacent body representations remain in close spa-
tial proximity within the pontine nuclei and have large
interfaces. Furthermore, the widespread distribution of
clusters in the pontine nuclei seems to provide consider-
able divergence. The presence of several somatosensory
maps in the pontine nuclei (Leergaard et al. 2000a,
2000b) could indicate that signals are dispersed to differ-
ent functional units. Clustering of labelling is not neces-
sarily equivalent to a modular organization, such as de-
scribed in the cerebral cortex. Cortical modules (Lorente
de Nó 1938; Mountcastle 1957) are based on identifiable
basic units that are defined by several criteria (Mount-
castle 1979; Leise 1990). From recent tracing studies of
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the corticopontine system, it is evident that a slight dis-
placement of the cortical site of injection corresponds to
a gradual shift in the localization of labelled clusters in
the pontine nuclei, rather than labelling of ‘new’ clusters
(Leergaard et al. 1995, 2000a, 2000b). The somatotopic
organization of major SI body representations (Leergaard
et al. 2000b), and the partially overlapping and smoothly
shifting whisker representations in the pontine nuclei
(Leergaard et al. 2000a), indicate a continuous (non-
modular) organization of corticopontine afferents. In this
respect, the clustered appearance of the labelling is
merely a product of the sharply delineated tracer depos-
its. Schwarz and Thier (1995, 1999) proposed a modular
organization of the pontine nuclei, based on the argu-
ment that dendritic trees of pontine neurons respect the
boundaries of terminal fields of axons originating from
an arbitrary site in the cerebral cortex. Neurons located
within the boundaries of a given terminal field, are
thought to share the same input, different from that of
neighbouring fields. It is difficult to conceive how the
proposed pontine modules relate to narrow and partly

overlapping terminal fields (Fig. 7; Bjaalie and Brodal
1989; Bjaalie et al. 1997; Leergaard et al. 2000b). A cen-
tral issue in this respect is how dentritic arbors relate to
the clustered axonal terminal fields (Fig. 7; see also dis-
cussion below). If dendrites extend into multiple clus-
ters, then convergence and integration of signals is like-
ly. Otherwise, if dendrites remain confined within puta-
tive compartmental borders, a certain degree of conver-
gence would still follow from overlap of terminal fields
(Leergaard et al. 2000a).

Lamellae

Laminar distribution of neural components is also a fun-
damental organizing principle in the mammalian brain.
The loose lamellar organization described in the pontine
nuclei is notably different from the sharply defined lami-
nae found in e.g. the cerebral cortex (Zilles and Wree
1995) or the inferior colliculus (Malmierca et al. 1995).
The hodologically defined lamellar subspaces in the pon-
tine nuclei are logical compartments, and not cytoarchi-
tectonically defined structures. The identification of such
logical lamellar subspaces facilitate the description of
global topographic distribution principles, and are there-
fore helpful for understanding the overall spatial relation-
ship of labelled axonal clusters. The lamellar subspaces
described in the pontine nuclei represent higher order or-
ganizational patterns that preserve topographic order at a
global scale, while the interdigitating, possibly divergent,
clustered pattern introduces a potential for convergence,
integration, and diversity of neuronal properties

Transformation from continuous cerebral 
to fractured cerebellar maps

The corticopontine projection is the first link in the pro-
jection from the cerebral cortex onto the cerebellum. It
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Fig. 7A–D The relationship between pontocerebellar neurons and
corticopontine axonal clusters in the pontine nuclei. A Golgi-
stained neurons close to the descending corticobulbar and cortico-
spinal tract (reproduced from Mihailoff et al. 1981, with permis-
sion). B Original digital plot of a transverse section through the
pontine nuclei, containing two axonal clusters labeled by dual
tracer injection into separate whisker barrels in the primary so-
matosensory cortex (data from Leergaard et al. 2000a). BDA la-
belled axons are represented as black dots, FR labelled axons as
red dots. C Photomicrograph of BDA (black) and FR (white) la-
belled axons from the same transverse section as shown in B (po-
sition indicated by rectangle in B). D Composite illustration of la-
beled corticopontine axons (data from Leergaard et al. 2000a) su-
perimposed with a typical Golgi labeled neuron, shown to the
same scale (modified from Mihailoff et al. 1981, with permission).
The extent of dentritic arbors of typical pontine cells combined
with narrow corticopontine axonal clusters illustrates the potential
for pontocerebellar neurons to sample information from several
narrow axonal clusters. Bar in B 500 µm; Bar in C, D 50 µm



is notable that the two brain regions connected by these
pathways have very different patterns of topographic or-
ganization. SI contains a relatively continuous map of
the body surface (Woolsey 1958; Welker 1971; for re-
view, see Chapin and Lin 1990). By contrast, the tactile
responses in the cerebellar granule cell layer form a
highly discontinuous, or fractured, map (Shambes et al.
1978; Bower et al. 1981; Bower and Kassel 1990; for
review, see Welker 1987). From physiological data, it is
evident that the tactile-related cerebro-cerebellar circuit
exhibits precise projection patterns (Bower et al. 1981).
The nature of the map transformation from the continu-
ous cerebral to the discontinuous cerebellar map re-
mains obscure. The clustered aspect of the corticopon-
tine projections may be interpreted to represent an inter-
face between the different cerebral and cerebellar maps
(Schwarz and Thier 1995, 1999; Schwarz and Möck
2001); however, the finding of preserved spatial rela-
tionships among somatosensory corticopontine projec-
tions at several locations in the pontine nuclei, would
rather suggest the presence of several organized somato-
sensory representations in the pontine nuclei (Leergaard
et al. 2000b). This interpretation is further supported by
dual-tracing evidence of co-located, partially overlap-
ping and systematically displaced pontine projections
from SI whisker barrels (Leergaard et al. 2000a). Thus,
at least the somatosensory maps in the pontine nuclei
appear to possess a smooth and continuous organization.
Orderly somatotopic shifts are found among major body
representations (Leergaard et al. 2000b) as well as
among individual whisker representations (Leergaard et
al. 2000a). While the neighbouring relationships of the
SI map are largely preserved, some additional new
neighbouring relationships are introduced by interdigita-
tion of clusters, and the transformation from 2-D to 3-D
maps (Leergaard and Bjaalie 1998; Schwartz and Thier
1999; Leergaard et al. 2000b). Further detailed investi-
gations of the projections from the pontine nuclei onto
the cerebellum are needed to elucidate the organization-
al principles underlying the transformation from contin-
uous (SI) to fractured (cerebellar) somatosensory repre-
sentations.

Integration versus segregation of information

While pontine projections from different regions of the
cerebral cortex generally have a segregated nature 
(Wiesendanger and Wiesendanger 1982; Mihailoff et al.
1985; Panto et al. 1995), several anatomic and physio-
logic investigations have proposed the presence of zones
of overlap, or convergence, of projections from separate
cortical sites (Rüegg et al. 1977; Potter et al. 1978; 
Mihailoff et al. 1978, 1981, 1985; Wiesendanger and 
Wiesendanger 1982; Panto et al. 1995). From a function-
al point of view, it is important to determine to what ex-
tent topographic specificity is preserved or integrated
among pontine projections from neighbouring and more
separated cortical locations.

Evidence of maintained specificity (recognized as dis-
tinct clustering of neuronal elements) at several stages in
the reciprocal pathways connecting the cerebral cortex
with the basal ganglia, thalamus, and cerebellum, has
given rise to theories of discrete parallel circuits, or
‘closed loops’, in which the influences from different
cortical regions remain largely segregated throughout the
pathways (Alexander et al. 1986, 1990; Alexander and
Crutcher 1990; Goldman-Rakic and Selemon 1990;
Middleton and Strick 1998, 2000, 2001). The idea of
parallel pathways through the basal ganglia was initially
postulated by Heimer and Wilson (1975) and supported
by subsequent experimental findings (for a review, see
Groenewegen et al. 1990). Alexander and co-workers
proposed that structural convergence and functional inte-
gration occurs within rather than between circuits cours-
ing through the basal ganglia (Alexander et al. 1986,
1990; Alexander and Crutcher 1990). Other investigators
have argued that the large degree of structural conver-
gence in the projections to the basal ganglia provides ev-
idence against the concept of parallel circuits (Chevalier
and Deniau 1990; Percheron and Filion 1991). The con-
troversy with regard to parallelism in basal ganglia cir-
cuitry relates to the precision of the somatotopic organi-
zation and the degree of functional convergence. The im-
portant question concerning the theories of parallel cir-
cuits through the basal ganglia and the cerebellum is
whether the presumed parallel pathways are functionally
segregated or interact at their interfaces (Parent and 
Hazrati 1995; Mink 1999). The finding of partial overlap
among corticopontine projections from neighbouring
cortical locations (Leergaard et al. 2000a) suggests con-
vergence of (functionally related) afferent pathways onto
single pontine neurons (‘open loops’), while the finding
of decreasing overlap with increasing distance between
the cortical sites of origin is associated with segregated
pathways (‘closed loops’). The degree of functional
overlap among different terminal fields and convergence
onto single pontine neurons depends on the relationship
between the dendritic arbors of pontine neurons and cor-
ticopontine axonal terminal fields. Ultra-structural analy-
sis is required to finally confirm synaptic convergence
anatomically. Nevertheless, there is evidence indicating
structural convergence in the pontine nuclei. Although
Schwarz and Thier (1995) emphasized a compartmental
organization with dendritic trees of pontocerebellar neu-
rons largely respecting individual terminal fields of cor-
ticopontine axons, Mihailoff et al. (1981) demonstrated
pontine neurons with long dendrites, probably extending
into more than one afferent projection area (Fig. 7A).
Corticopontine synapses are mainly established distally
on thin dendrites (Holländer et al. 1968; Mihailoff and
McArdle 1981), and, thus pick up signals from a rela-
tively large zone outside the soma. In cat, dendritic trees
average 187 (±73)×339 (±81) µm (Brodal and Steen
1983). Dendritic trees in monkey appear to be within the
same range (Copper and Fox 1976; Brodal 1982b). In
rat, roughly judged from illustrations of Golgi stained
cells (Mihailoff et al. 1981) and cells visualized by intra-
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cellular fills (Schwarz and Thier 1995), dendritic arbors
extend between 50 to 300 µm from the soma. Pontine
neurons tend to be elongated and asymmetric, in parallel
to the long axes of pontine terminal fields (Brodal
1982b; Brodal and Steen 1983; Schwarz and Thier
1995). It seems that pontine neurons have the potential
to integrate afferent signals from multiple clusters dis-
tributed both within and across several lamellar subspac-
es (Leergaard et al. 2000a). A comparison of Golgi
stained neurons (Mihailoff et al. 1981, their Fig. 46) with
our results (Leergaard et al. 2000a) shows to advantage
the potential for local integration (Fig. 7). This notion is
apparently opposed to the modular pattern with strict
boundaries proposed as a general principle of organiza-
tion in the pontine nuclei (Schwarz and Thier 1995,
1999; for a discussion of this topic, see Brodal and 
Bjaalie 1997; Schwarz and Thier 1999, 2000; Bjaalie
and Leergaard 2000). The combined evidence of partly
overlapping terminal fields of corticopontine projections
from individual whisker barrels (Leergaard et al. 2000a),
and relatively large pontine neurons (Mihailoff et al.
1981) strongly indicates convergence among projections
from individual SI-whisker barrels. It is, however, less
clear whether sensory projections representing other
body parts, or different modalities, are segregated or
converge in the pontine nuclei. In a recent study,
Schwarz and Möck (2001) made dual tracer injections
into functionally related, segregated somatosensory and
motor regions in the cerebral cortex, and reported largely
non-overlapping, but often co-located labelled clusters in
the pontine nuclei (Figs. 2 and 3C–G). Thus, it appears
that functionally related signals from segregated cortical
locations are brought together in close spatial proximity
in the pontine nuclei.

The orderly mapping, combined with the widespread
distribution of pontine terminal fields, may also serve to
integrate somatosensory signals from adjacent body rep-
resentations, and possibly, also to combine these with in-
formation of a different modality from other regions of
the cerebral cortex and from subcortical sources of affer-
ents to the pontine nuclei. Specific convergences in the
pontine nuclei among projections from different cortical
sites and among cortical and subcortical projections have
been described (Mihailoff et al. 1985, 1989; Kosinski et
al. 1986, 1988; Aas 1989; Aas and Brodal 1989; Bjaalie
and Brodal 1989; Lee and Mihailoff 1990; Mihailoff
1995; see also Mihailoff et al. 1992). Close spatial rela-
tionship among pontine terminal fields originating in dif-
ferent parts of the cerebral cortex may partly represent
the substrate for large receptive fields of pontine neurons
(Rüegg and Wiesendanger 1975; Baker et al. 1976;
Rüegg et al. 1977; Potter et al. 1978; Thier et al. 1988;
Suzuki et al. 1990; Mihailoff et al. 1992).

Conclusions

The use of computerized anatomic tools for 3-D recon-
struction and analysis has introduced a new perspective

on the architecture of the rat pontine nuclei. The rat so-
matosensory corticopontine system displays an inside-
out arrangement of clustered terminal fields, with a com-
plex array of widespread but orderly distributed cortico-
pontine axonal terminal fields (Leergaard et al. 2000a,
2000b). This pattern resembles the organization previ-
ously described in cat and monkey (for reviews, see
Brodal 1982a; Brodal and Bjaalie 1997; Schmahmann
and Pandya 1997). The large-scale pattern of organiza-
tion may be explained developmentally by a simple to-
pographic relationship between cortical site of origin and
the location of pontine terminal fields. In rat, as in cat
and monkey, widely separated axonal clusters are located
within logical lamellar subspaces that are organized from
the inside and out. Within the somatosensory system, the
somatotopic order of the 2-D cerebral map in SI is large-
ly preserved in a 3-D clustered pontine map (Leergaard
et al. 2000a, 2000b). Thus, the fractured somatotopy de-
scribed in the cerebellum is most likely associated with
the second link in the cerebro-cerebellar pathways, the
pontocerebellar projections. The lamellar subspaces de-
scribed in the pontine nuclei represent a higher order to-
pographic organization, while the segregated and inter-
digitating pattern of axonal clusters represents a potential
for convergence and integration. The 3-D geometry of
narrow and partly overlapping axonal clusters in the pon-
tine nuclei may serve to increase pontine neuronal diver-
sity, by providing differentially weighted convergence of
cortical signals onto single pontine neurons.

Topographically specific pathways and domains re-
present a basis for theories of segregated, parallel circuit-
ry (Alexander et al. 1986; Middleton and Strick 2000).
The high degree of global segregation revealed in the to-
pographic maps of the pontine nuclei is apparently con-
sistent with such theories. There is, however, also evi-
dence of overlap in the pontine nuclei of projections
from adjacent cortical sites (Leergaard et al. 2000a), and
more remote areas (Bjaalie and Brodal 1989), indicating
integration of functionally related information. Thus, to
what degree single pontine neurons receive convergent
signals from the remote cerebral cortex remains an unre-
solved issue, and in this respect it is important to accu-
rately determine how pontine dentritic arbors relate to
narrow clustered axonal terminal fields, as well as char-
acterizing the input and output relations of individual
pontine neurons. The global understanding of the topo-
graphical mapping of corticopontine projections summa-
rized here may represent a basis for further experimental
investigations of how cerebral signals are integrated and
/ or relayed to the cerebellum. To this end, application of
a local coordinate system for the pontine nuclei (Brevik
et al. 2001) and accumulation of 3-D spatial distribution
data in data repositories (Bjaalie 2002; Leergaard and
Bjaalie 2002a) may represent important methodological
innovations for comparison of multimodal localization
data, and ultimately for gaining new knowledge about
the cerebro-cerebellar system.

158



Acknowledgements This work was supported by a post doctoral
fellowship from The Research Council of Norway to the author,
and by EC grant QLRT-2000-02256 to Jan G. Bjaalie. I thank Jan
G. Bjaalie for kind advice and critical comments to the manu-
script, Cornelius Schwarz for providing a high-quality copy of
Fig. 2 from Schwarz and Möck (2001), and Carina Knudsen for
assistance with graphic reproduction.

References

Aas J-E (1989) Subcortical projections to the pontine nuclei in the
cat. J Comp Neurol 282: 331–354

Aas J-E, Brodal P (1989) Demonstration of a mamillo-ponto-cere-
bellar pathway. A multi-tracer study. Eur J Neurosci 1: 61–74

Albus JS (1971) A theory of cerebellar function. Math Biosci
25–61

Alexander GE, Crutcher MD (1990) Neural representations of the
target (goal) of visually guided arm movements in three motor
areas of the monkey. J Neurophysiol 64: 164–178

Alexander GE, DeLong MR, Strick PL (1986) Parallel organiza-
tion of functionally segregated circuits linking basal ganglia
and cortex. Annu Rev Neurosci 9: 357–381

Alexander GE, Crutcher MD, DeLong MR (1990) Basal ganglia-
thalamocortical circuits: parallel substrates for motor, oculo-
motor, “prefrontal” and “limbic” functions. Prog Brain Res 85:
119–146

Alloway KD, Crist J, Mutic JJ, Roy SA (1999) Corticostriatal pro-
jections from rat barrel cortex have an anisotropic organization
that correlates with vibrissal whisking behavior. J Neurosci 19:
10908–10922

Altman J, Bayer SA (1978) Prenatal development of the cerebellar
system in the rat. II. Cytogenesis and histogenesis of the infe-
rior olive, pontine gray, and the precerebellar reticular nuclei.
J Comp Neurol 179: 49–75

Altman J, Bayer SA (1987) Development of the precerebellar nu-
clei in the rat: IV. The anterior precerebellar extramural migra-
tory stream and the nucleus reticularis tegmenti pontis and the
basal pontine gray. J Comp Neurol 257: 529–552

Altman J, Bayer SA (1996) Development of the cerebellar system
in relation to its evolution, structure and functions. CRC Press,
Boca Raton

Baker J, Gibson A, Glickstein M, Stein J (1976) Visual cells in the
pontine nuclei of the cat. J Physiol 255: 415–433

Bastmeyer M, Daston MM, Possel H, O’Leary DD (1998) Collat-
eral branch formation related to cellular structures in the axon
tract during corticopontine target recognition. J Comp Neurol
392: 1–18

Bayer SA, Altman J (1987) Directions in neurogenetic gradients
and patterns of anatomical connections in the telencephalon.
Prog Neurobiol 29: 57–106

Bayer SA, Altman J (1991) Neocortical development. Raven
Press, New York

Bishop KM, Goudreau G, O’Leary DD (2000) Regulation of area
identity in the mammalian neocortex by Emx2 and Pax6. Sci-
ence 288: 344–349

Bjaalie JG (1989) The corticopontine projection from area 20 and
surrounding areas in the cat: terminal fields and distribution of
cells of origin as compared to other visual cortical areas. Neu-
roscience 29: 81–93

Bjaalie JG (2002) Localization in the brain: new solutions emerg-
ing. Nat Neurosci Reviews 3: 322–325

Bjaalie JG, Brodal P (1989) Visual pathways to the cerebellum:
segregation in the pontine nuclei of terminal fields from differ-
ent visual cortical areas in the cat. Neuroscience 29: 95–107

Bjaalie JG, Leergaard TB (2000) Functions of the pontine nuclei
in cerebro-cerebellar communication. Trends Neurosci 23:
152–153

Bjaalie JG, Sudbø J, Brodal P (1997) Corticopontine terminal fi-
bres form small scale clusters and large scale lamellae in the
cat. Neuroreport 8: 1651–1655

Bolz J, Novak N, Götz M, Bonhoeffer T (1990) Formation of tar-
get-specific neuronal projections in organotypic slice cultures
from rat visual cortex. Nature 346: 359–362

Bolz J, Novak N, Staiger V (1992) Formation of specific afferent
connections in organotypic slice cultures from rat visual cortex
cocultured with lateral geniculate nucleus. J Neurosci 12:
3054–3070

Bolz J, Götz M, Hubener M, Novak N (1993) Reconstructing cor-
tical connections in a dish. Trends Neurosci 16: 310–316

Bower JM (1997) Control of sensory data acquisition. Int Rev
Neurobiol 41: 489–513

Bower JM, Kassel J (1990) Variability in tactile projection pat-
terns to cerebellar folia crus IIA of the Norway rat. J Comp
Neurol 302: 768–778

Bower JM, Beermann DH, Gibson JM, Shambes GM, Welker W
(1981) Principles of organization of a cerebro-cerebellar cir-
cuit. Micromapping the projections from cerebral (SI) to cere-
bellar (granule cell layer) tactile areas of rats. Brain Behav
Evol 18: 1–18

Brevik A, Leergaard TB, Svanevik M, Bjaalie JG (2001) Three-
dimensional computerised atlas of the rat brain stem precere-
bellar system: approaches for mapping, visualization, and
comparison of spatial distribution data. Anat Embryol 204:
319–332

Brodal P (1968) The corticopontine projection in the cat. I. Dem-
onstration of a somatotopically organized projection from the
primary sensorimotor cortex. Exp Brain Res 5: 210–234

Brodal P (1978) The corticopontine projection in the rhesus 
monkey. Origin and principles of organization. Brain 101:
251–283

Brodal P (1982a) The cerebropontocerebellar pathway: Salient
features of its organization. In: Chan-Palay V, Palay S (eds)
The cerebellum – New Vistas. Springer, Berlin, Heidelberg,
Exp Brain Res [Suppl 6], pp 108–132

Brodal P (1982b) Further observations on the cerebellar projec-
tions from the pontine nuclei and the nucleus reticularis teg-
menti pontis in the rhesus monkey. J Comp Neurol 204: 44–55

Brodal P (1983) Principles of organization of the corticopontocer-
ebellar projection to crus II in the cat with particular reference
to the parietal cortical areas. Neuroscience 10:621–638

Brodal P (1987) Organization of cerebropontocerebellar connec-
tions as studied with anterograde and retrograde transport of
HRP-WGA in the cat. In: King JS (ed) New concepts in cere-
bellar neurobiology. Liss, New York, pp 151–182

Brodal P, Bjaalie JG (1992) Organization of the pontine nuclei.
Neurosci Res 13: 83–118

Brodal P, Bjaalie JG (1997) Salient anatomic features of the cor-
tico-ponto-cerebellar pathway. Prog Brain Res 114: 227–249

Brodal P, Steen N (1983) The corticopontocerebellar pathway to
crus I in the cat as studied with anterograde and retrograde
transport of horseradish peroxidase. Brain Res 267: 1–17

Brown LL (1992) Somatotopic organization in rat striatum: evi-
dence for a combinational map. Proc Natl Acad Sci USA 89:
7403–7407

Brown LL, Smith DM, Goldbloom LM (1998) Organizing princi-
ples of cortical integration in the rat neostriatum: corticostriate
map of the body surface is an ordered lattice of curved lami-
nae and radial points. J Comp Neurol 392: 468–488

Chapin JK, Lin CS (1990) The somatic sensory cortex of the rat.
In: Kolb B, Tees RC (eds) The cerebral cortex of the rat. MIT
press, Cambridge, Mass, pp 341–380

Chevalier G, Deniau JM (1990) Disinhibition as a basic process in
the expression of striatal functions. Trends Neurosci 13:
277–280

Chklovskii DB (2000) Optimal sizes of dendritic and axonal ar-
bors in a topographic projection. J Neurophysiol 83:2113–
2119

Coleman KA, Baker GE, Mitrofanis J (1997) Topography of fibre
organisation in the corticofugal pathways of rats. J Comp Neu-
rol 381: 143–157

Copper MH, Fox CA (1976) The basilar pontine gray in the adult
monkey (Macaca mulatta): a Golgi study. J Comp Neurol 168:
145–173

159



Cox CL, Huguenard JR, Prince DA (1996) Heterogeneous axonal
arborizations of rat thalamic reticular neurons in the ventro-
basal nucleus. J Comp Neurol 366: 416–430

De Carlos JA, O’Leary DD (1992) Growth and targeting of sub-
plate axons and establishment of major cortical pathways.
J Neurosci 12: 1194–1211

De Schutter E, Bjaalie JG (2001) Coding in the granular layer of
the cerebellum. Prog Brain Res 130: 279–296

Dhanarajan P, Rüegg DG, Wiesendanger M (1977) An anatomical
investigation of the corticopontine projection in the primate
(Saimiri sciureus). The projection from motor and somatosen-
sory areas. Neuroscience 2: 913–922

Enger M, Brodal P (1985) Organization of corticopontocerebellar
connections to the paramedian lobule in the cat. Anat Embryol
172: 227–238

Erzurumlu RS, Jhaveri S (1992) Emergence of connectivity in the
embryonic rat parietal cortex. Cereb Cortex 2: 336–352

Eycken A, Bjaalie JG, Volny-Luraghi A, De Schutter E (2000)
Electrophysiological study of the rat pontine nuclei. Eur
J Neurosci 12 [Suppl 11]: 189.09 (Abstract)

Gerfen CR (1992) The neostriatal mosaic: multiple levels of com-
partmental organization in the basal ganglia. Annu Rev Neuro-
sci 15: 285–320

Glickstein M, Kralj-Hans I, Legg C, Mercier B, Ramna-Rayan M,
Vaudano E (1992) The organisation of fibres within the rat ba-
sis pedunculi. Neurosci Lett 135: 75–79

Goldman-Rakic PS, Selemon LD (1990) New frontiers in basal
ganglia research. Trends Neurosci 13: 241–244

Götz M, Novak N, Bastmeyer M, Bolz J (1992) Membrane bound
molecules in rat cerebral cortex regulate thalamic innervation.
Development 116: 507–519

Graybiel AM (1990) Neurotransmitters and neuromodulators in
the basal ganglia. Trends Neurosci 13: 244–254

Gribnau AA, De Kort EJ, Dederen PJ, Nieuwenhuys R (1986) On
the development of the pyramidal tract in the rat. II. An an-
terograde tracer study of the outgrowth of the corticospinal fi-
bers. Anat Embryol 175: 101–110

Groenewegen HJ, Berendse HW, Wolters JG, Lohman AH (1990)
The anatomical relationship of the prefrontal cortex with the
striatopallidal system, the thalamus and the amygdala: evi-
dence for a parallel organization. Prog Brain Res 85: 95–116

Groenewegen HJ, Wright CI, Beijer AV, Voorn P (1999) Conver-
gence and segregation of ventral striatal inputs and outputs.
Ann N Y Acad Sci 877: 49–63

Hartmann-von Monakow K, Akert K, Künzle H (1981) Projection
of precentral, premotor and prefrontal cortex to the basilar
pontine grey and to nucleus reticularis tegmenti pontis in the
monkey (Macaca fascicularis). Arch Suisses Neurol Neuro-
chir Psychiat 129: 189–208

Heffner CD, Lumsden AG, O’Leary DD (1990) Target control of
collateral extension and directional axon growth in the mam-
malian brain. Science 247: 217–220

Heimer L, Wilson RD (1975) The subcortical projections of the al-
locortex: similarities in the neural associations of the hippo-
campus, the piriform cortex, and the neocortex. In: Santini M
(ed) Golgi Centennial Symposium. Raven Press, New York,
pp 177–193

Hicks SP, D’Amato CJ (1968) Cell migrations to the isocortex in
the rat. Anat Rec 160: 619–634

Holländer H, Brodal P, Walberg F (1968) Electronmicroscopic ob-
servations on the structure of the pontine nuclei and the mode
of termination of the corticopontine fibres. An experimental
study in the cat. Exp Brain Res 7: 95–110

Huerta MF, Frankfurter A, Harting JK (1983) Studies of the prin-
cipal sensory and spinal trigeminal nuclei of the rat: projec-
tions to the superior colliculus, inferior olive, and cerebellum.
J Comp Neurol 220: 147–167

Ito M (1984) The cerebellum and neuronal control. Raven Press,
New York

Joosten EA, Ven PF van der, Hooiveld MH, Donkelaar HJ ten
(1991) Induction of corticospinal target finding by release of a
diffusible, chemotropic factor in cervical spinal grey matter.
Neurosci Lett 128: 25–28

Joosten EA, Bär PR, Gispen WH, Bregman BS (1993) Transient
projections from rat occipital cortex are able to respond to a
spinal target derived diffusible factor in vitro. Neurosci Lett
164: 85–88

Joosten EA, Gispen WH, Bär PR (1994) Tropism and corticospi-
nal target selection in the rat. Neuroscience 59: 33–41

Kaas JH (1997) Topographic maps are fundamental to sensory
processing. Brain Res Bull 44: 107–112

Katz PS (1996) Neurons, networks, and motor behavior. Neuron
16: 245–253

Killackey HP, Rhoades RW, Bennet-Clarke CA (1995) The forma-
tion of a cortical somatotopic map. Trends Neurosci 18:402–407

Köbbert C, Apps R, Bechmann I, Lanciego JL, Mey J, Thanos S
(2000) Current concepts in neuroanatomical tracing. Prog
Neurobiol 62: 327–351

Kosinski RJ, Neafsey EJ, Castro AJ (1986) A comparative topo-
graphical analysis of dorsal column nuclear and cerebral corti-
cal projections to the basilar pontine gray in rats. J Comp Neu-
rol 244:163–173

Kosinski RJ, Azizi SA, Mihailoff GA (1988) Convergence of cor-
tico- and cuneopontine projections onto components of the
pontocerebellar system in the rat: An anatomical and electro-
physiological study. Exp Brain Res 71: 541–556

Lakke EA (1997) The projections to the spinal cord of the rat dur-
ing development: a timetable of descent. Adv Anat Embryol
Cell Biol 135:I–XIV: 1–143

Lee HS, Mihailoff GA (1990) Convergence of cortical and cerebel-
lar projections on single basilar pontine neurons: a light and
electron microscopic study in the rat. Neuroscience 39: 561–577

Leergaard TB, Bjaalie JG (1998) From cortical 2-D to brain stem
3-D maps: organization of corticopontine projections in devel-
oping and adult rats. Soc Neurosci Abstr 24:262.9 (Abstract)

Leergaard TB, Bjaalie JG (2002a) Architecture of sensory map
transformations: axonal tracing in combination with 3-D re-
construction, geometric modeling, and quantitative analyses.
In: Ascoli G (ed) Computational neuroanatomy: principles and
methods. Humana Press, pp 199–217

Leergaard TB, Bjaalie JG (2002b) Do gene expression gradients
determine map transformations from cerebral cortex to pontine
nuclei? Computational and experimental neuroanatomic stud-
ies in rodents. In: Society for Neuroscience 2002. Abstract
viewer and itinerary planner. Washington, DC, Program No
361.16 (Abstract)

Leergaard TB, Lakke EA, Bjaalie JG (1995) Topographical orga-
nization in the early postnatal corticopontine projection: a car-
bocyanine dye and 3-D computer reconstruction study in the
rat. J Comp Neurol 361: 77–94

Leergaard TB, Alloway KD, Mutic JJ, Bjaalie JG (2000a) Three-
dimensional topography of corticopontine projections from rat
barrel cortex: correlations with corticostriatal organization.
J Neurosci 20: 8474–8484

Leergaard TB, Lyngstad KA, Thompson JH, Taeymans S, Vos BP,
De Schutter E, Bower JM, Bjaalie JG (2000b) Rat somatosen-
sory cerebropontocerebellar pathways: spatial relationships of
the somatotopic map of the primary somatosensory cortex are
preserved in a three-dimensional clustered pontine map.
J Comp Neurol 422: 246–266

Leiner HC, Leiner AL, Dow RS (1993) Cognitive and language
functions of the human cerebellum. Trends Neurosci 16:
444–447

Leise EM (1990) Modular construction of nervous systems: a ba-
sic principle of design for invertebrates and vertebrates. Brain
Res Rev 15: 1–23

Lorente de Nó R (1938) The cerebral cortex: architecture, intra-
cortical connections and motor projections. In: Fulton JF (ed)
Physiology of the Nervous System. Oxford University Press,
London, pp 291–321

Malach R (1994) Cortical columns as devices for maximizing neu-
ronal diversity. Trends Neurosci 17: 101–104

Malmierca MS, Rees A, Le Beau FE, Bjaalie JG (1995) Laminar
organization of frequency-defined local axons within and be-
tween the inferior colliculi of the guinea pig. J Comp Neurol
357: 124–144

160



Malmierca MS, Leergaard TB, Bajo VM, Bjaalie JG, Merchan
MA (1998) Anatomic evidence of a three-dimensional mosaic
pattern of tonotopic organization in the ventral complex of the
lateral lemniscus in Cat. J Neurosci 18: 10603–10618

Marr D (1969) A theory of cerebellar cortex. J Physiol 202:
437–470

McCandlish CA, Li CX, Waters RS (1993) Early development of
the SI cortical barrel field representation in neonatal rats fol-
lows a lateral-to-medial gradient: an electrophysiological
study. Exp Brain Res 92: 369–374

Middleton FA, Strick PL (1998) The cerebellum: an overview.
Trends Neurosci 21: 367–369

Middleton FA, Strick PL (2000) Basal ganglia and cerebellar
loops: motor and cognitive circuits. Brain Res Rev 31:
236–250

Middleton FA, Strick PL (2001) Cerebellar projections to the pre-
frontal cortex of the primate. J Neurosci 21: 700–712

Mihailoff GA (1995) Orthograde axonal transport studies of 
projections from the zona incerta and pretectum to the 
basilar pontine nuclei in the rat. J Comp Neurol 360: 301–
318

Mihailoff GA, McArdle CB (1981) The cytoarchitecture, cytolo-
gy, and synaptic organization of the basilar pontine nuclei in
the rat. II. Electron microscopic studies. J Comp Neurol 195:
203–219

Mihailoff GA, Burne RA, Woodward DJ (1978) Projections of
sensorimotor cortex to the basilar pontine nuclei in the rat: an
autoradiographic study. Brain Res 145: 347–354

Mihailoff GA, McArdle CB, Adams CE (1981) The cytoarchitec-
ture, cytology, and synaptic organization of the basilar pontine
nuclei in the rat. I. Nissl and Golgi studies. J Comp Neurol
195: 181–201

Mihailoff GA, Adams CE, Woodward DJ (1984) An autoradio-
graphic study of the postnatal development of sensorimotor
and visual components of the corticopontine system. J Comp
Neurol 222: 116–127

Mihailoff GA, Lee H, Watt CB, Yates R (1985) Projections to 
the basilar pontine nuclei from face sensory and motor regions
of the cerebral cortex in the rat. J Comp Neurol 237: 251–
263

Mihailoff GA, Kosinski RJ, Azizi SA, Border BG (1989) Survey
of noncortical afferent projections to the basilar pontine nu-
clei: a retrograde tracing study in the rat. J Comp Neurol 282:
617–643

Mihailoff GA, Kosinski RJ, Azizi SA, Lee HS, Border BG (1992)
The expanding role of the basilar pontine nuclei as a source of
cerebellar afferents. In: Llinas R, Sotelo C (eds) The cerebel-
lum revisited. Springer, New York, pp 135–164

Mink JW (1999) Basal ganglia. In: Zigmond MJ, Bloom FE, Lan-
dis SC (eds) Fundamental neuroscience, pp 951–972

Mitchison G (1992) Axonal trees and cortical architecture. Trends
Neurosci 15: 122–126

Mize RR, Wu HH, Cork RJ, Scheiner CA (1998) The role of nitric
oxide in development of the patch-cluster system and retin-
ocollicular pathways in the rodent superior colliculus. Prog
Brain Res 118: 133–152

Mountcastle VB (1957) Modality and topographic properties of
single neurons of cat’s somatic sensory cortex. J Neurophysiol
20: 408–34

Mountcastle VB (1979) An organizing principle for cerebral func-
tion: the unit module and the distributed system. In: Schmitt
FO, Worden KF (eds) The neurosciences fourth study pro-
gram. MIT Press, Cambridge, Mass, pp 21–42

Nelson ME, Bower JM (1990) Brain maps and parallel computers.
Trends Neurosci 13: 403–408

Nikundiwe AM, Bjaalie JG, Brodal P (1994) Lamellar organiza-
tion of pontocerebellar neuronal populations. A multi- tracer
and 3-D computer reconstruction study in the cat. Eur J Neu-
rosci 6: 173–186

Novak N, Bolz J (1993) Formation of specific efferent connec-
tions in organotypic slice cultures from rat visual cortex cocul-
tured with lateral geniculate nucleus and superior colliculus.
Eur J Neurosci 5: 15–24

Nyby O, Jansen J (1952) An experimental investigation of the cor-
ticopontine projection in Macaca mulatta. Skr Norske Vi-
densk-akad, I Mat-Nat Kl, 3: 1–47

O’Leary DD, Nakagawa Y (2002) Patterning centers, regulatory
genes and extrinsic mechanisms controlling arealization of the
neocortex. Curr Opin Neurobiol 12: 14–25

O’Leary DD, Terashima T (1988) Cortical axons branch to multi-
ple subcortical targets by interstitial axon budding: implica-
tions for target recognition and “waiting periods”. Neuron 1:
901–910

O’Leary DD, Heffner CD, Kutka L, Lopez-Mascaraque L, Missias
A, Reinoso BS (1991) A target-derived chemoattractant con-
trols the development of the corticopontine projection by a
novel mechanism of axon targeting. Development [Suppl 2]:
123–130

Panto MR, Cicirata F, Angaut P, Parenti R, Serapide F (1995) The
projection from the primary motor and somatic sensory cortex
to the basilar pontine nuclei. A detailed electrophysiological
and anatomical study in the rat. J Hirnforsch 36: 7–19

Parent A, Hazrati LN (1995) Functional anatomy of the basal gan-
glia. I. The cortico-basal ganglia- thalamo-cortical loop. Brain
Res Rev 20: 91–127

Percheron G, Filion M (1991) Parallel processing in the basal gan-
glia: up to a point. Trends Neurosci 14: 55–59

Potter RF, Rüegg DG, Wiesendanger M (1978) Responses of neu-
rones of the pontine nuclei to stimulation of the sensorimotor,
visual and auditory cortex of rats. Brain Res Bull 3: 15–19

Rüegg DG, Wiesendanger M (1975) Corticofugal effects from
sensorimotor area I and somatosensory area II on neurones of
the pontine nuclei in the cat. J Physiol 247: 745–757

Rüegg DG, Sequin JJ, Wiesendanger M (1977) Effects of electri-
cal stimulation of somatosensory and motor areas of the cere-
bral cortex on neurons of the pontine nuclei in squirrel mon-
keys. Neuroscience 2: 923–927

Ruigrok TJH, Cella F (1995) Precerebellar nuclei and red nucleus.
In: Paxinos G (ed) The rat nervous system. Academic Press,
San Diego, pp 277–308

Schmahmann JD, Pandya DN (1997) The cerebrocerebellar
system. Int Rev Neurobiol 41: 31–60

Schwarz C, Möck M (2001) Spatial arrangement of cerebro-pon-
tine terminals. J Comp Neurol 435: 418–432

Schwarz C, Thier P (1995) Modular organization of the pontine
nuclei: dendritic fields of identified pontine projection neurons
in the rat respect the borders of cortical afferent fields. J Neu-
rosci 15: 3475–3489

Schwarz C, Thier P (1999) Binding of signals relevant for action:
towards a hypothesis of the functional role of the pontine nu-
clei. Trends Neurosci 22: 443–451

Schwarz C, Thier P (2000) Reply. Trends Neurosci 23: 152–153
Shambes GM, Gibson JM, Welker W (1978) Fractured somato-

topy in granule cell tactile areas of rat cerebellar hemispheres
revealed by micromapping. Brain Behav Evol 15: 94–140

Smart IH (1984) Histogenesis of the mesocortical area of the
mouse telencephalon. J Anat 138: 537–552

Stanfield BB, O’Leary DD (1985) The transient corticospinal pro-
jection from the occipital cortex during the postnatal develop-
ment of the rat. J Comp Neurol 238: 236–248

Suzuki DA, May JG, Keller EL, Yee RD (1990) Visual motion re-
sponse properties of neurons in dorsolateral pontine nucleus of
alert monkey. J Neurophysiol 63: 37–59

Swanson LW (2000) A history of neuroanatomical mapping. In:
Toga AW, Mazziotta JC (eds) Brain mapping. The systems.
Academic Press, San Diego, pp 77–109

Thier P, Koehler W, Buettner UW (1988) Neuronal activity in 
the dorsolateral pontine nucleus of the alert monkey modulat-
ed by visual stimuli and eye movements. Exp Brain Res 70:
496–512

Uylings HB, Van Eden CG, Parnavelas JG, Kalsbeek A (1990)
The prenatal and postnatal development of rat cerebral cortex.
In: Kolb B, Tees RC (eds) The cerebral cortex of the rat. MIT
Press, London, pp 34–76

Van Haeften T, Wouterlood FG (2000) Neuroanatomical tracing at
high resolution. J Neurosci Methods 103: 107–116

161



Welker C (1971) Microelectrode delineation of fine grain somato-
topic organization of (SmI) cerebral neocortex in albino rat.
Brain Res 26: 259–275

Welker W (1987) Spatial organization of somatosensory projec-
tions to granule cell cerebellar cortex: functional and connec-
tional implications of fractured somatotopy (summary of 
Wiscounsin studies). In: King JS (ed) New concepts in cere-
bellar neurobiology. Liss, New York, pp 239–280

Wiesendanger R, Wiesendanger M (1982) The corticopontine
system in the rat. II. The projection pattern. J Comp Neurol
208: 227–238

Wiesendanger R, Wiesendanger M, Rüegg DG (1979) An anatom-
ical investigation of the corticopontine projection in the pri-
mate (Macaca fascicularis and Saimiri sciureus). II. The pro-
jection from frontal and parental association areas. Neurosci-
ence 4: 747–765

Woolsey CN (1958) Organization of somatic sensory and motor
areas of the cerebral cortex. In: Harlow HF, Woolsey CN (eds)
Biological and biochemical bases of behavior. University of
Wisconsin Press, Madison, pp 63–81

Woolsey TA, Van der Loos H (1970) The structural organization
of layer IV in the somatosensory region (SI) of mouse cerebral
cortex. The description of a cortical field composed of discrete
cytoarchitectonic units. Brain Res 17:205–242

Zilles K, Wree A (1995) Cortex: areal and laminar structure. In:
Paxinos G (ed) The rat nervous system. Academic Press, San
Diego, pp 649–685

162


