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ABSTRACT

KINESTHETIC AND CUTANEOUS MECHANOSENSORY
REGIONS OF THE VENTROBASAL THALAMUS OF
RACCOONS AS DETERMINED BY
ELECTROPHYSIOLOGICAL MAPPING OF
PROJECTIONS IN RELATION TO DISTRIBUTIONS OF
CYTOCHROME OXIDASE ACTIVITY,
ACETYLCHOLINESTERASE ACTIVITY AND
NISSL CYTOARCHITECTURE
By

Sidney Irwin Wiener

In order to determine the presence, organization and architecture of
kinesthetic, as compared with other, mechanosensory projection zones in
the thalamus of raccoons, finely detailed maps of mechanosensory
projections were compared with three types of staining in the same
tissues. Unit-cluster responses to mechanical stimulation of the
postcranial body were mapped electrophysiologically in the thalami of 14
raccoons. A distinct zone of kinesthetic projections was found in the
rostral and dorsal aspects of the mechanosensory projection zone. These
projections are somatotopically organized, with projections from axial
structures dorsal-most and projections from successively more distal limb
regions located more ventrally in the thalamus. The kinesthetic forelimb
representation is enlarged and lies rostro-dorsal to a large central core
of forepaw glabrous digft projections. Evoked responses from light tactile
stimulation of the forepaw hairy skin, claws and glabrous palm were found

superjacent to the central core region. A zone containing projections



from cutaneous receptive fields of the axial body and hairy skin of the
1limbs is located dorsally at the caudal aspect of the central core. This
cutaneous body representation has a somatotopic érganization distinct from,
but similar to, that of the kinesthetic projection zone. Cutaneous tail
and glabrous hindlimb projections are on the lateral aspect of the
mechanosensory projection zone. Responses from combinations of glabrous
skin, hairy skin, claw or kinesthetic receptive fields usually occurred at
borders between zones containing only one of these response types.
Electrophysiologically mapped tissues were frozen, sectioned and
alternate section series were reacted for‘Nissl substance, cytochrome
oxidase activity or acetylcholinesterase activity. Electrolytic lesions
placed as tissue markers reveal that: 1) the mechanoreceptor projection
zone has higher cytochrome oxidase and lower acetylcholinesterase staining
than neighboring regions, 2) The kinesthetic projection zone is often
separated from other mechanoreceptor projections by bundles and laminae
of myelinated fibers, as are zones of cutaneous projections from distinct
body parts. These subdivisions are particularly well marked by the
cytochrome oxidase stain which is moderate to strong in neuropil and cell

bodies but absent in myelinated fibers.
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FOREWORD

This thesis is organized into three complementary communications.

Chapter I is a section entitled Literature review and statement of the

problem. Chapter II is an article entitled Organization of Kinesthetic and

mechanosensory projections to the ventrobasal thalamus in raccoons:

Mapping of evoked unit cluster electrical activity. Chapter III is an

article entitled Architecture of the kinesthetic and cutaneous

mechanosensory projection zones in the ventrobasal thalamus of raccoons:

Distributions of cytochrome oxidase activity, acetylcholinesterase

activity and Nissl substance in electrophysiologically mapped tissues.

Each chapter has its own references and references within Chapters
IT and III to the "accompanying paper" refer to Chapters III and II

respectively.
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LIST OF FIGURES
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Figure 1.1. Diagram of human right thalamus as seen from the 4
dorsolateral aspect (after Figure 2-14 of Brodal, 1981).
Abbreviations of nuclei: A-anterior group; CM-centre median; LD-
lateral dorsal; LG-lateral geniculate; LP-lateral posterior; MD-
medial dorsal; MG-medial geniculate; VA-ventral anterior; VL-
ventral anterior; VL-ventral lateral; VPL-ventroposterior lateral.

Figure 1.2. Diagrams of frontal sections of raccoon right 8
thalamus from rostral (at top of page) to caudal (at bottom of

page) after Sakai (1982). Abbreviations for nuclei: AV- anterior
ventral; CLN-central lateral; MD-medial dorsal; RE-reticular; VA-
ventral anterior; VB-ventrobasal complex; VL-ventrolateral complex

VMp-principal ventromedial.

Figure 1.3. Diagram of dorsal colurn-lemniscal pathway for low- 15
threshold cutaneous receptor input signals as discussed in text
(after Figure 2-10 of Brodal, 1981). Abbreviations: n.-nucleus;
SI-primary somatosensory cortex; VPL- ventroposterior lateral

nucleus.

Figure 1.4. A. Diagram of frontal section through left somato- 20
sensory thalamus of raccoon from portion of brain shown in

Figure 1.4B. Divisions between representations of different body
parts appear in tissue as myelinated fiber laminae. These give

this region a lobulated appearance. Figures 1.4C and D are

similar diagrams of horizontal planes in this region. (After

Figures 4 and 5 of Welker and Johnson, 1965). Abbreviations: CA-
caudate nucleus; H-head representation; L-hindleg representation;
OB-olfactory bulb; RE-reticular nucleus; T-thalamus; VPI-ventro-
posterior inferior nucleus.

Figure 2.1. In this and the following Figures, planes are coronal 59
(with the exception of Figures like 1F which are marked accordingly).
Vertical lines represent microelectrode penetrations as determined
stereotaxically and by examination of tissues. Horizontal bars
along penetration lines represent recording sites as determined
stereotaxically, whose peripheral receptive fields are categorized
by general location in a particular body part. However most
recording sites do receive projections from unique receptive

fields. A1l receptive fields are in the contralateral (right)

half of the body. Heavy lines circumscribe these projection

fields and are dashed to indicate the possibility of further
extension of projection zones medially and laterally. Regions
shaded with dots and labelled 'DEEP' receive kinesthetic muscle

and joint projections and yielded evoked unit cluster electrical
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activity with kneading, joint motion and tapping to the respective
receptive field but did not respond to cutaneous stimulation.
Diagonally cross-hatched regions receive forepaw projections
from glabrous skin as well as from claw, hair or deep receptive

fields. 'HAND' refers to forepaw and 'ARM' refers to forelimb,
excluding forepaw.

Figures 2.1A, B, C, D and E are diagrams of somatosensory projections
to the rostral most portions of the left thalamus of raccoon

507. Data was recorded from sagittally oriented rows of penetrations
and have been re-oriented to approximate coronal planes. Figure

2.1F illustrates the locations of these coronal planes from

a hypothetical horizontal section of the left half of the brain
(adapted from Welker and Johnson, 1965). The view from the

horizontal plane illustrates that the projections from the head

are medial and those from the leg are lateral, while the individual
forepaw digits have distinct projection zones (digit 1 = thumb,

etc.). Caudal to these 1ie the forepaw palm and cutaneous body
projections (Welker and Johnson, 1965). Planes are separated

by 0.25-0.3 mm rostrocaudally with that of Figure 2.1A rostralmost.
Kinesthetic projections from respective body parts form a discrete
region which overhangs the rostral aspect of the somatosensory

thalamus occupying much of the rostrolateral pole of the mechanosensory
projection region. Kinesthetic projections from more caudal

receptive fields are represented lateral to those from successively
more rostral receptive fields. Tissue sections from the approximate
level of Figure 2.1D are illustrated in Figure 1 of the accompanying
paper. Scale bracket = 0.5 mm.

P

Figure 2.2. Somatosensory projections to the left thalamus 61
of raccoon 511 as determined from evoked unit cluster activity

in coronal rows of microelectrode penetrations in the rostral

part of the mechanosensory region but caudal to those shown

in Figure 2.1. Same conventions, symbols and abbreviations

as in Figure 2.1. Figure 2.2B shows the locations of the respective
coronal planes in a hypothetical horizontal section of the left

half of the brain. Coronal planes A, C, D, E and F are respectively
separated by 0.5 mm rostrocaudally with plane A rostral most.
Kinesthetic projections form a dorsal shell overlying the forepaw
and hindpaw cutaneous and claw projections. Projections form
rostrocaudally continuous fields representing respective parts

of the body. Kinesthetic arm and hand projection zones are
extraordinarily large. Projections from hair and claws of the

hand 1ie adjacent to projections from contiguous receptive fields

on the glabrous forepaw. Bracket = 0.5 mm. Figures 2.2G and

H are Nissl stained and cytochrome oxidase activity stained

tissues containing electrode penetrations recorded in Figure

2.2E. Small case letters identify penetrations. (No evoked
responses were recorded in penetration 'n'.) In Figure 2E hollow
triangles indicate locations of marking lesions and lie to their
left ?1atera1). Tissue sections from the approximate levels

of Figure 2.2E and F in other animals are shown in Figures 2.3

and 2.4 of the accompanying paper.



Figure 2.3. Somatosensory projections to left thalamus in raccoon
537 as determined from evoked unit cluster activity in coronal
rows of microelectrode penetrations. Figure 2.3 D indicates
that the respective coronal planes are located caudally as shown
in a hypothetical horizontal section of the left somatosensory
thalamus. Coronal planes A, B, C, E and F are respectively
separated by 0.5 mm rostrocaudally with plane A rostralmost.
Projections from the cutaneous receptive fields of the body

are somatotopically organized. Projections from the caudalmost
receptive fields are located dorsal and lateral. Successively
more rostral receptive fields are respectively more medial and
ventral. Only scattered kinesthetic projections are found.

'CP' in Figure 2.3E indicates that unit cluster responses are
evoked only by visible displacement of the skin. Tissue sections
from another animal at the approximate levels of Figures 2.3A

and B are illustrated in Figure 3.5 of the accompanying paper.
Conventions, symbols and abbreviations are the same as for Figure
2.1. Bracket = 0.5 mm.

Figure 2.4. Somatosensory projections to the rostral portion

of the somatosensory region in the left thalamus of raccoon

507 as determined from evoked unit cluster activity in sagittal
rows of microelectrode penetrations. Abbreviations and symbols
are the same as in Figure 2.1. Arrowheads indicate penetrations
at the same rostrocaudal level. The penetration demarcated

by arrowheads in Figure 2.4A is the same penetration that appears
immediately lateral to the arrowheads in Figure 2.1D. Figure
2.4C shows the relative locations of the respective sagittal
planes in a hypothetical horizontal section of the left half

of the brain (adapted from Welker and Johnson, 1965). Sagittal
planes A and B are separated by 0.5 mm with B medialmost. Figure

Page
65

68

2.4A is somewhat medial to the plane of Figure 3.6 of the accompanying

paper. Figure 2.4B is somewhat lateral to the plane of Figure
3.7 of the accompanying paper.

Figure 3.1. Adjacent coronal sections of left diencephalon

of raccoon 536 reacted for: (A) Nissl substance (thionin reaction)
and (B) Cytochrome oxidase activity. Figure 3.1C is a tracing

of these sections which illustrates the receptive fields projecting
to the sites traversed by the electrode tracks. In this and
following Figures, all receptive fields are illustrated in a
schematic drawing of the right side of the body with the palm
facing out. Vertical lines represent electrode tracks, horizontal
bars are sites where unit cluster electrical activity was evoked
by mechanical stimulation, and arrows mark the locations of
marking lesions. Letters adjacent to recording sites indicate
receptive field characteristics (see Abbreviations). Figure

3.1D0 indicates that the approximate locations of penetrations
(indicated by arrow heads) and sections (horizontal 1ine) shown

in Figures 3.1A, B and C are rostral in the mechanosensory region
in a hypothetical horizontal section of the left half of the

brain. The view from the horizontal plane (adapted from Welker
and Johnson, 1965) illustrates that the projections from the

head are medial and those from the leg are lateral, while the

Xiii
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individual forepaw digits have distinct projection zones (digit
1 = thumb, etc.). Caudal to these lie the forepaw palm and
cutaneous body projections. This figure is at the same approximate
1eve} as Figure 2.1D of the accompanying paper (Wiener et al.,
1983).

Four lesions (indicated by arrows in the photographs
and in the diagrams) circumscribe the kinesthetic projection
zone. Large myelinated fiber bundles (which stain very weakly
for cytochrome oxidase activity; indicated by double arrows
in Figure 3.1B) separate the cutaneous (G and C in Figure 3.1C)
from the kinesthetic (K and J) projection zones. Fiber architecture
and more intense cytochrome oxidase activity distinguish the
somatosensory projection zone from neighboring thalamic regions.
(A third electrode track lies between the two indicated by arrowheads
and is not discussed here.) Scale bars = 1 mm. The three small
boxes in Figure 3.1A indicate the approximate sites that cell
area measurements were made in this section or a section 120
um rostral to it (see Figure 3.9). The most medial box is in
VL, where we encountered no reliable responses to mechanical
stimulation; the box lateral to that is in the kinesthetic projection
zone (two sites were sampled) and the most ventral box is in
the cutaneous projection zone.

Figure 3.2. Coronal sections through left diencephalon of raccoon
511 containing microelectrode penetrations (indicated by arrowheads)
and marking lesions (arrows). Conventions, symbols and abbreviations
are the same as for Figure 3.1. Figure 3.2A is stained for

Niss1 substance (thionin) and 3.2B is stained for cytochrome
oxidase activity. Figure 3.2C illustrates the peripheral receptive
fields projecting to the sites traversed by the electrode tracks

in the tissue as well as marking lesions in penetrations a,

b and d. Figure 3.2D shows the relative locations of these
sections and penetrations in a hypothetical horizontal plane.

In all cases lesions marking the borders of the kinesthetic
projection zone lie in close proximity to fiber bundles (marked

by double arrows). Dorsal portions of the somatosensory projection
zone which receive kinesthetic and non-glabrous cutaneous projections
are distinguished by large clusters of fiber bundles while glabrous
forepaw as well as cutaneous head projection zones have more

evenly spaced fiber bundles as well as the thin dorso-ventrally
oriented fibrous laminae separating the individual digit as

well as head representations. These sections are from the same
plane represented in Figure 2.2E of the accompanying paper and

are identical to those of Figures 2.2G and H of the accompanying
paper and penetrations are labelled with the same small case
letters. Scale bars = 1 mm.

Figure 3.3. Adjacent coronal sections through the somatosensory
thalamus of raccoon 537 stained for: (A) Nissl substance (thionin
stain), (B) cytochrome oxidase activity and (D) acetylcholinesterase
activity. Conventions, symbols and abbreviations are the same

as for Figure 3.1. 1In 3.3B, double arrows indicate the location

of fiber bundles on the border of the kinesthetic and cutaneous

Page
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mechanosensory projection zones. The course of a single microelectrode
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penetration is indicated by the vertical bar. Figure 3.3C illustrates
receptive fields on the forelimb sending projections to the
sites traversed by the electrode track in the tissue. Figure
3.3E indicates the relative locations of sections and penetrations,
caudal to those of Figure 3.2, in a hypothetical horizontal
plane. These sections are at approximately the same level as
Figure 2.2F of the accompanying paper. The cytochrome oxidase
stained tissue (Figure 3.3B) reveals fibrous laminae in the

labrous digit projection zone as found by Welker and Johnson
?1965). These laminae do not extend dorsally into the kinesthetic
projection zone. Cytochrome oxidase staining is weaker in VPI
and LP than in the bordering mechanosensory projection zone.
Acetylcholinesterase staining appears along the dorsal edge of the
kinesthetic portion of the mechanosensory projection zone where
it abuts LP as well as in VPI while it only appears in scattered
cell bodies throughout the mechanosensory projection zone.
Scale bars = 1 mm. Flattening of LD in 3.3A and B is artifactual.

Figure 3.4. A and B are cytochrome oxidase stained coronal
sections cut 120 y m apart in the left thalamus of raccoon 536.
These are approximately 1.1 mm caudal to those of Figure 3.1.
Figure 3.4C shows the relative locations of penetrations and
sections in a hypothetical horizontal section of the left half
of the brain. This Figure is at the same approximate level

as Figures 2E and F of the accompanying paper and is slightly
oblique to the stereotaxic coronal plane. Figure 3.4D is a
schema of the loci of the electrode tracks and marking lesions
in the sections of Figures 3.4A and B. Figure 3.4E illustrates
the receptive fields projecting to the sites traversed by the
electrode tracks in the tissues of Figures 3.4A and B. Small
case letters identify the individual electrode tracks. Conventions,
symbols and abbreviations are the same as in Figure 3.1.

Weakly staining, dorsoventrally oriented fibrous laminae
separate the heavily stained projections from the respective
forepaw glabrous digits as well as from the hindlimb and head.
These laminae are a distinguishing characteristic of these cutaneous
projection zones. The region dorsal to this does not contain
the fibrous laminae and displays evoked electrical activity
following stimulation of (deep) muscles (K) and joints (J),
light touch to hairy skin (H) or stronger and visible displacement
of the skin (P). In this plane of section, fiber bundles appear
to course mediolaterally within the plane of section in the
region containing kinesthetic projections and those from hairy
skin. In the glabrous forepaw projection zone, the bundles
course more perpendicular to the plane of section. Open white
circle and open black circle in Figure 3.4B indicate the points
used as reference 1imits for quantitation of stain density in
Figure 3.8A. As is shown in Figure 3.8A, the mechanosensory
projection zone and VL have dense staining while the neighboring
LP, VMP and VPI have less dense staining. Scale bars = 1 mm.

XV
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Page
Figure 3.5. Adjacent coronal sections through the caudal part 120
of the left mechanosensory thalamus of raccoon 528 stained for:
(A) Nissl substance (thionin stain), (B) cytochrome oxidase
activity and (C) acetylcholinesterase activity. Figure 3.5D
illustrates the receptive fields projecting to the sites traversed
by the electrode track in the tissue. Figure 3.5E indicates
relative locations of the sections and the penetration in a
hypothetical horizontal plane. This Figure is at approximately
the same level as Figures 2.3A and B of the accompanying paper.
In the cytochrome oxidase stained section, the fiber architecture
of the somatosensory projection zone takes on a characteristic
cross-hatched appearance from the mediolateral coursing of myelinated
fibers and the dorsoventrally oriented fiber lamina (marked
by double arrows). (The stainfree zone in the middle of the
line indicating the electrode track is artifactual.) In the
acetylcholinesterase stained section, the somatosensory projection
zone is free of reaction product. Dense acetylcholinesterase
staining is found in the pulvinar, LP and CM bordering the mechanosensory
projection zone which is virtually free of staining. Symbols,
abbreviations and conventions are the same as in Figure 1.
Scale bars = 1 mm.

Figure 3.6. Parasagittal section of the left diencephalon of 125
raccoon 519 containing microelectrode penetrations (arrowheads)

and marking lesions (arrows). (Other lesions and penetrations

are present but not indicated with symbols.) Tissues are stained
for (A) Nissl substance (thionin stain) and (B) Cytochrome oxidase
activity. Figure 3.6C illustrates the receptive fields projecting
to the sites traversed by the electrode track in the tissues

shown in Figures 3.6A and B. Figure 3.6E shows the relative
locations of the sections and penetrations in a hypothetical
horizontal plane. Figure 3.6 is in a plane somewhat lateral

to that of Figure 2.4A of the accompanying paper. Large myelinated
fiber bundles, (double arrows) which have been marked by electrolytic
lesions separate the kinesthetic zone into a distinct region

of cell bodies and neuropil which 1ies in a flattened band dorsal

to the cutaneous projection zone in its rostral aspect (Figure
3.6D). Symbols and abbreviations are the same as in Figure

3.1. Boxes in Figure 3.6A indicate approximate locations in

this, or a section 120 um medial to this, from which cell areas
were measured for cytoarchitectonic analysis (Figure 3.9).

The more rostrodorsal box is in the kinesthetic projection zone;

the more caudal and ventral box is in the cutaneous projection

zone. Open white circle and open black circle indicate points

used for reference 1imits in digital quantitation of staining
intensity in Figure 3.8B. As shown in Figure 3.8B, dense cytochrome
oxidase staining occurs in the mechanosensory projection zone,

the medial geniculate nucleus, and the lateral geniculate nucleus.
Weaker staining occurs in zones neighboring the mechanosensory
projection zone: the posterior complex dorsally and caudally

and an unidentified zone ventrocaudally. Scale bars = 1 mm.
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Figure 3.7. Sagittal sections of the left diencephalon of raccoon 129
519 located approximately 1.4 mm medial to those of Figure 3.6.
Tracks of two electrode penetrations (arrowheads) as well as
four marking lesions (arrows) are indicated. Sections are stained
for: (A) Nissl substance (thionin reaction), (B) acetylcholinesterase
activity and (C) cytochrome oxidase activity. Figure 3.7D illustrates
the receptive fields projecting to the sites traversed by the
electrode tracks in the tissues of Figures 3.7A, B and C. Figure
3.7E indicates relative locations of sections and penetrations
in a hypothetical horizontal plane. These sections are slightly
medial to those of Figure 2.4B of the accompanying paper. In
Figure 3.7C, the kinesthetic projection zone is bounded as outlined
by marking lesions in the rostral penetration. These lesions
lie in a fibrous lamina which forms an ovoid mass (outlined
by hollow triangles) slight dorsally elevated in its caudal
aspect, we believe this mass corresponds to the kinesthetic
projection zone. Rostrally, what we believe is the ventrolateral
nucleus is separated from the mechanosensory projections by
a fibrous lamina (marked by double arrows). In the acetylcholinesterase
stained section (Figure 3.7B), the lateral posterior nucleus
bordering the unstained somatosensory projection zone dorsally
and the medial geniculate bordering it caudally are densely
stained. Weaker staining in the posterior complex marks the
caudal borders of the cutaneous digit and head projection zones
in the cytochrome oxidase stained section (Figure 3.7C). Symbols
and abbreviations are the same as in Figure 3.1. Scale bars

= 1 mm,

Figure 3.8. Quantitation of cytochrome oxidase activity staining 134
in the raccoon thalamus: A) From the transverse section shown
in Figure 3.4B; B) From a sagittal section 120 wm medial to
that shown in Figure 3.6B. The images of actual histological
sections were digitized with a vidicon camera and a computer
and were represented as pseudocolor images. (Pseudocolor shows
different intensity levels as different colors and has recently
been popularized in brain scan data representations.) Picture
elements were visually selected for reference levels of lowest
(shown with open black circles in Figures 3.4B and 3.6B) and
highest (shown with open white circles in Figures 3.4B and 3.6B)
values on the digital intensity scale in order to optimize contrast
in the regions of interest. Picture elements with intensities
outside these limits were assigned the respective limit values.
The pseudocolor image was then traced (with human visual integration)
to summarize the staining intensity levels within the section
according to the following scales. (0% is the lightest and
100% is the darkest staining intensity.)

Figure 3.8A.0-40% no shading; 40-63% stippled; 63-

85% cross-hatched; 85-100% blackened.

Figure 3.8B.0-38% no shading; 38-56% stippled; 56-

72% cross-hatched; 72-100% blackened.

Intense cytochrome oxidase activity is found in the kinesthetic
and cutaneous mechanoreceptor projection zones (cf. Figures
3.4B and 3.6B). In Figure 3.SA high levels of cytochrome oxidase
are also found in the ventrolateral nucleus dorsally. Weaker
stain levels are found in the LP, VMP and VPI which border the
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mechanosensory projection zone.

In Figure 3.88, intense levels of cytochrome oxidase
activity are also found in the lateral geniculate and medial
geniculate of the thalamus. Moderate staining is found in the
caudate nucleus. Weak staining occurs in the posterior complex
at the caudal border of the mechanosensory projection zone.

Figure 3.9. Histograms showing distributions of areas of nucleolated 136
cell bodies in square sample regions with sides of 260 wum in

the thalamus. Sample regions were selected on the basis of

clear identity from electrolytic lesions made at borders of

zones displaying mechanically-evoked electrical activity. Regions
with lower density of myelinated fibers were also selected preferentially.
Sample regions were in the cutaneous projection zone (left column),
kinesthetic projection zone (middle column) and the ventrolateral
(VL) nucleus (right column) of the thalami of three raccoons

(in respective rows). As shown in the upper right corner, abscissa
is cell body area (x10-11 mz) and ordinate is number of cells

within respective range of areas. Since VL was not present

in the plane of this sagittal section it is not shown in the

top row. No clear distinctions appear in the cell area distributions
of the three respective regions. Although not statistically

tested, a trend appears for lower cell density in the kinesthetic
projection zone. The histogram from the kinesthetic projection

zone of animal 82536- row 2, column 2- is made up of measurements
from two square sample regions with sides measuring 260 wm each,
while all others are from one such area. Hence values of N

reflect cell density. Area measurement means (filled triangles)

and medians (open triangles) are computed from histogram values.
Means (and medians), of area measurements expressed as

10-11 m2, are summed from the histogram values of the three

animal samples: Cutaneous projection zone- 15.1 (13.5); Kinesthetic
projection zone- 13.7 (13.5); Ventrolateral nucleus- 12.4 (13.5).
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ABBREVIATIONS
Abbreviations for anatomical structures follow Berman and Jones

(1981). The following occur in the text of Chapter I:

D.im. Dorsal intermediate nucleus
H Head representation

L Leg representation

LA Lateral anterior nucleus

LCN Lateral cervical nucleus

LD Lateral dorsal nucleus

LG Lateral geniculate nucleus
LP Lateral posterior nucleus
mm Millimeter

n. Nucleus

Po Nucleus polaris

POm Medial part of the posterior nuclear complex
RE Reticular nucleus

SI Primary somatosensory cortex
ST Spinothalamic tract

sTN Spinal trigeminal nucleus
sTNi Nucleus interpolaris of sTN
VA Ventral anterior nucleus

VB Ventrobasal complex

VBX External nucleus of VB

VI Ventral intermediate nucleus
V.im. Ventral intermediate nucleus
VL Ventrolateral complex

X1X



VLC
VLo
VM
VMb
VMp
VP
VPI
VPL
VPLc
VPLo
VPM
VPMpc

um

Caudal part of VL

Oral part of VL

Ventromedial nucleus

Basal ventromedial nucleus
Principal ventromedial nucleus
Ventroposterior nucleus
Ventroposterior inferior nucleus
Ventroposterior lateral nucleus
Caudal part of VPL

Oral part of VPL
Ventroposterior medial nucleus
Parvocellular part of VPM

Micrometer (10'6 meter)

XX



The following occur in the text of Chapter II:

Cm Centimeter

DAB Diaminobenzidine

DCN Dorsal column nuclei

HRP Horseradish peroxidase

Hz Hertz (cycles per second)

IP Intraperitoneal

kg Kilogram

kHz Kilohertz

LP Lateral posterior nucleus

M Molar

mg Milligram

ml Milliliter

mm Millimeter

POm Medial part of posterior nuclear complex
VA Ventral anterior nucleus

VBX External nucleus of ventrobasal complex
VL Ventrolateral complex

VLc Caudal part of VL

VPI Ventroposterior inferioer nucleus
VPL Ventroposterior lateral nucleus
VPLo Oral part of VPL

um Micrometer (10°® meter)
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The following occur in the Figures of Chapter II:

CA

GLAB

um

1,2,3,4,5.

Caudal

Caudate nucleus
Dorsal

Glabrous skin
Lateral

Medial

Ol1factory bulb
Rostral

Thalamus
Micrometer (107° m)

Ventral

Digit with respective number (Thumb = 1, etc.)

XXii



The following occur in the text of Chapter III:

AChE
DAB
ECuMt
HRP
iso-OMPA
CcM

LP

VB
VBX
VL
VMP
VPI
VPL
VPLc
VPLo

um

Acetylcholinesterase
Diaminobenzidine

Medial tongue of the external cuneate nucleus
Horseradish peroxidase

Isopropyl pyrophosphoramide
Centre médian nuc]eu§

Lateral posterior nucleus
Ventrobasal complex

External nucleus of VB
Ventrolateral complex

Principal ventromedial nucleus
Ventroposterior inferior nucleus
Ventroposterior lateral nucleus
Caudal part of VPL

Oral part of VPL

Micrometer (10'6 meter)

XX111



The following occur in the Figures of Chapter III:

AChE Acetylcholinesterase

AD Anterior dorsal nucleus
AV Anterior ventral nucleus
C Claw

CA Caudate nucleus

CLN Central lateral nucleus

CM Centre median nucleus
D Dorsal
G Glabrous skin

GLAB Glabrous skin

H Hairy skin

IC Internal capsule

J Joint

K Kinesthetic muscle

L Lateral

LD Lateral dorsal nucleus

LGD Lateral geniculate nucleus

LP Lateral posterior nucleus
M Medial
m Meters

0B Olfactory bulb

P Cutaneous pressure

PO Posterior nucleus

PP Pes Pedunculi (Cerebral peduncle)

PUL Pulvinar nucleus

XXV



R Rostral

RE Reticular nucleus of the thalamus

SuB Subthalamic body

T Thalamus

um Micrometer (10'6 meter)

v Ventral

VL Ventrolateral complex

VMP Principal ventromedial nucleus

VPI Ventropostero-inferior nucleus

1, 2, 3, 4, 5 Digits with respective numbers (Thumb = 1)
Small case letters identify microelectrode penetrations in respective

figures.
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CHAPTER 1

LITERATURE REVIEW AND STATEMENT OF THE PROBLEM



INTRODUCTION

Our laboratory is currently investigating the organization of the
neural systems which transfer and transform electric signals originating
at kinesthetic receptors and related mechanosensory units in the raccoon
forepaw. This system is especially useful since in raccoons the cortical,
thalamic and medullary representations of this somatic sensory system are
outstanding in size and internal differentiation (Welker and Seidenstein,
1959; Welker and Johnson, 1965; Johnson, Welker and Pubols, 1968; Johnson,
1980; summary in Welker, Johnson and Pubols, 1964). Many portions of -
these representations have easily identified subdivisions related to
distinct parts of the forepaw.

We are engaged in a series of experiments designed to elucidate the
pathways carrying electrical signals which are elicited by stimulation of
somatic receptors for submodalities of mechanosensory inputs from regions
including skin, muscle, tendon, joint, claw and hair. Three spatially
discrete zones have been reported to exist in the raccoon primary
somatosensory cortex (Johnson, Ostépoff and Warach, 1982). which are
respectively characterized by responses to low threshold stimuli of:

1) muscles, joints and tendons (referred to as "deep" or
"kinesthetic"),

2) small, specific regions of glabrous skin with preservation
of information about spatial location, and

3) a "heterogeneous" population of mechanoreceptive fields
including dorsal hairy hand, claws and the fields described
in 1) and 2).



Anatomy of the thalamus

General structure of the mammalian thalamus. This description follows

that of Brodal (1981). The dorsal thalami of mammals are a pair of ovoid
masses separated by the third ventricle. The internal medullary lamina is
a series of sheets of myelinated fibers (or white matter) which subdivides
each thalamus into three cell masses or nuclear groups (as shown in

Figure 1.1 for the human). These nuclear groups are the anterior, the
medial and the lateral thalamic masses. In some literature the lateral
mass is referred to as the ventral mass instead. This is not suggested
here since it may cause confusion with the ventral thalamus which is a
separate entity from the dorsal thalamus (which consists of these three
thalamic masses). In addition, there are small nuclei which are sometimes
grouped with one of the three masses. Within the internal medullary
lamina are the intralaminar nuclei. The midline nuclei, sometimes
considered a fourth nuclear group of the dorsal tha]émus, lie just

beneath the ependymal 1ining of the third ventricle and within the
interthalamic adhesion which connects the two thalami. The thinly layered
reticular nucleus of the thalamus, considered part of the ventral thalamus,
is separated from the outer borders of the dorsal thalamus by the external
medullary lamina.

Within the nuclear groups, nuclei and subnuclei have traditionally
been distinguished based upon structural criteria including cell body
distribution (cytoarchitecture), myelinated fibers (myelo-architecture),
fiber patterns and more recently, glial architecture. The lateral nuclear
group is bordered by the internal medullary lamina medially and the
external medullary lamina laterally. The lateral nuclear group is

subdivided into dorsal and ventral tiers of nuclei. From rostral to



Figure |-|
Diagram of human right thalamus as seen from the dorsolateral
aspect (after figure 2-14 of Brodal, 1981). Abbreviations of nuclei:
A- anterior group; CM- centre median; LD-lateral dorsal; LG-lateral
geniculate; LP-lateral posterior; MD- medial dorsal; MG-medial
geniculate; VA-ventral anterior; VL-ventral lateral; VPL-ventroposterior

Tateral.
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caudal, the dorsal tier contains the lateral dorsal nucleus (LD), the
lateral posterior nucleus (LP) and pulvinar (see Figure 1.1). From
rostral to caudal, the ventral tier contains the ventral anterior nucleus
(VA), the ventral lateral complex (VL), the ventrobasal (VB) or ventral
posterior (VP) nuclear complex. Most caudal in the ventral tier of the
dorsal thalamus are the lateral and medial geniculate bodies. The latter
are sometimes referred to as a distinct division, the metathalamus.

Anatomy of the lateral mass of the thalamus in the class Carnivora, with

special reference to the ventrobasal complex.

In order to gain perspective of the significance of studies in the
raccoon, the organization of the ventrobasal thalamus (which responds to
somatosensory stimulation) in other mammals will be discussed. Contrasting
the specializations of the somatosensory thalamus of other mammals,
including primates, with those of the raccoon will help to distinguish
characteristic features of the raccoon thalamus. Although the divergence
of the carnivore line from that of the primates is ancient, members of
these two orders will be shown to share many anatomical, connectional and
fuhctiona] principles in their somatosensory systems. In later sections,
the somatosensory system of the raccoon will also be considered as a
possible model for human sensory processing systems on the basis of
similar behavioral and ecological specializations.

Dog. On the basis of "differences in the types and arrangements of the
cells,” Rioch (1929) delineated the ventrobasal thalamus of the dog, but
referred to it in terms of its components, the nucleus ventralis, pars
externa in its lateral aspect and the nucleus ventralis, pars arcuata in
its medial aspect. These both 1lie in his ventral group of the thalamus

which also includes VA and VL in its pars anterior. The pars externa and
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pars arcuata compose the "principal portion" of the ventral group.
Rioch's ventral group also includes a pars medialis (apparently the
ventromedial nucleus of more current nomenclatures), as well as pars
commissuralis or nucleus inter-ventralis medial-most. The cells of the
pars anterior were described as large and polygonal, whi]e cells of the
pars externa were both large and medium-sized, roundly polygonal and
densely staining. An "indefinite" fiber layer was observed between the
pars arcuata and pars externa. Fibers also course "longitudinally and
laterally" concentric to the outer surface of the nucleus while still

other fibers course in horizontal planes.

~



Cat. Rinvik (1968) includes the ventrobasal complex in his ventral group
(i.e. the lateral mass) of thalamic nuclei in the cat. [See Figure 1 of
Rinvik (1968)]. The nucleus ventralis anterior (VA) is the rostral-most
member of the group and contains large polygonal cells which are
moderately scattered and which contain several cytoplasmic processes.
Caudal to VA is the nucleus ventralis lateralis (VL). Rinvik (1968)

avers that the VL of the cat corresponds to the nucleus arcuatus in the

cat as described by Ingram et al. (1932) and Jasper and Marsala (1954).
Dorsal to VL is the nucleus lateralis anterior (LA). At the caudal part
of VL, the rostral end of the nucleus lateralis posterior (LP) lies between
VL and LA. The nucleus ventralis medialis (VM) is located medial to VL in
the rostral thalamus. As VL decreases in size caudally, the ventrobasal
complex (VB) appears and widens from fts lateral position toward the
internal medullary lamina. The ventrobasal complex is made up of the
nucleus ventralis posteromedialis (VPM) and the nucleus ventralis
posterolateralis (VPL). VB is characterized by large polygonal cells in a
network of myelinated fibers. Medial to VPM proper is the parvocellular
nucleus of VPM (VPMpc). Ventral to VPM and VPMpc is the nucleus ventralis
posterior inferior (VPI), which contains small, widely scattered cells.

In the cat, Jones and Burton (1974) found a region of transition
between the VL and VB complexes that is not well defined
cytoarchitectonically. The region was characterized by its position, the
dominant population of large cells, the presence of spinothalamic
projections and 1ts'appearance of receiving group I muscle afferent
projections from limbs. This region was termed the spinal part of the

ventrolateral complex (VLsp). More recently, this region has been
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referred to as the transitional region between the ventrolateral and
ventrobasal complexes (Berman and Jones, 1982).

Raccoon. Sakai (1982) presents an excellent description of the
anatomical organization of the lateral mass of the raccoon thalamus. See
Figure 1.2. VA and VL form a complex in the anterior thalamus. The more
rostrally located VA has a lower cell density than VL. Sakai (1982,

pp. 240 and 243) describes further:

"Ventral to VA, VL emerges from the dorsolateral edge of the
external medullary lamina. As VA diminishes caudally by occupying
the dorsaimost cap of the ventral thalamic complex, VL expands so
as to occupy a wide mediolateral extent of the thalamus.
Cytoarchitecturally, VL is characterized as a heterogeneous nuclear
mass containing darkly stained cells organized into small,
irregular clusters which are segregated by fiber bundles."

"In the raccoon, the largest and most distinctive component of the
ventral thalamic tier is the ventrobasal complex (VBC). VBC emerges
ventral to VL hugging the external medullary lamina. The VL/VBC
border is easily recognized by an increase, in VBC, in the
cellular packing density and the presence of large clusters of cells
with darkly stained cell bodies. Mediolaterally, the delineation

of VBC subdivisions is marked by the presence of large fiber
fascicles. 'More caudally, VL occupies the region dorsomedial to VBC
for some distance.”

"Medial to VA, VL and VBC is the ventromedial nucleus. This nucleus
consists of the principal ventromedial nucleus (VMp) and the basal
ventromedial nucleus (VMb; Hendry et al., 1979). In the raccoon,
VMp lies medial to VA and VL and is composed of widely spaced small
cells which stain 1ightly. VMb appears as a nuclear mass medial to
the arcuate division of VBC. Its cells are small and more densely
packed than those of VMp." (End of excerpt).

Anatomy of the lateral mass of the thalamus in primates.

Monkey. In Walker's (1938) description, the lateral nuclear mass of the

monkey (this term will describe the rhesus monkey, Macaca mulatta)

thalamus lies between the internal and external medullary laminae and
anterior to the pulvinar. Rostralmost this region is the nucleus
ventralis anterior (VA). The remainder of the rostral half of the lateral

nuclear mass is the nucleus ventralis lateralis (VL). VL is bordered



Figure I-2 . Diagrams of frontal sections of raccoon
right thalamus from rostral {at top of page)to caudal (at bottom of page)
after Sakai (1982). Abbreviations for nuclei: AV-anterior ventral; CLN-
central lateral; MD-medial dorsal; RE-reticular; VA-ventral anterior; VB-
ventrobasal complex; VL-ventrolateral complex; VMp-principal ventromedial.



anteriorly by VA, laterally by the thalamic reticular nucleus, medially by
the internal medullary lamina and the nucleus ventralis pésteromedialis
(VPM), posteriorly by the nucleus ventralis intermedius (VI) and the
nucleus lateralis posterior (LP) and dorsomedially by the anterior half of
the nucleus lateralis dorsalis (LD). LD extends from posterior VA to the
anterior part of the pulvinar along the dorsolateral part of the lateral
nuclear mass. LP is in the dorsal and posterior part of the lateral
nuclear mass. It is bordered by the nucleus ventralis postérolateralis
(VPL) and VPM ventrally, by the internal medullary lamina medially and by
the pulvinar caudally. Walker (1938) refers to VB in the macaque as the
nucleus ventralis posterior (VP). One subdfvision of this is VI, a thin
sheet of large cells anterior and dorsal to the main body of VP. Walker's
VP also contains VPM and VPL which respectively correspond to the pars
arcuata and the pars externa of Rioch's (1929) nucleus ventralis. VPM has
medium-sized, compactly arranged, polygonal cells and light myelin
staining. VPL is characterized by crosshatching of myelinated fibers which
course mediolaterally and dorsally. The nucleus ventralis posteroinferior
(VPI) 1ies beneath VPL and contains small, pale-stained, loosely-arranged
polygonal cells.

O1szewski (1952) generally follows Walker's (1938) descriptions and
naming of nuclef in his atlas of the macaque thalamus. [See Plates 26 and
27 of Olszewski (1952)]. He finds VA to be gradually displaced in its
caudal extent by the pars oralis of VL (VLpo or VLo) which expands from a
ventrolateral position dorsally and medially. A border region labelled
area X is described as cytoarchitectonically homogeneous and distinctive,
lying between VA, the pars caudalis of VL (VLc), and the internal

medullary lamina. In its caudal extent, VL is replaced ventrally by VPL.
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Within VPL, Olszewski finds the controversial pars oralis (VPLo), as well
as the pars caudalis (VPLc), and the pars medialis (VPLm). Although he
admits that it is difficult, Olszewski (1952, p. 19) finds the border
between VPL and VL transitional subnucleus observable in horizontal
sections. This confusing border region which is of particular interest
to us lies between VLc, which contains large cells, and VPL, which
contains large and small cells. Olszewski (1952) renames Crouch's (1934)
VI as VPLo. VPLo contains very large cells which are multipolar and
contain dark, finely granulated Nissl substance. The VPLo division of VPL
in the macaque is problematic since, (as will be discussed later,) unlike
the VPL of carnivores, it receives cerebellar afferents and no lemniscal
afferents. While these subdivisions of VPL are claimed to be
cytoarchitectonically distinct, a fourth..the pars postrema (VPLps) is
topographically distinctive.

Kalil (1981) reviews the organization of VB in the rhesus monkey.
VLo, with its clusters of deeply staining cells, is distinguished from
VPLo, with its sparse but evenly distributed cells, and from VPLc with its
smaller, densely packed cells. Kalil has difficulty distinguishing VLc
from VPLc along the dorsal border of VPLc in her transverse sections.
However, LP is differentiated from VPLc by virtue of its smaller cells and
the orientation of cell bodies along horizontally coursing fiber bundles.
Human. This description of the nuclei of the lateral mass of the human
thalamus is based upon that of Andrew and Watkins (1969) which is in
general agreement with the work of Hassler (1959). See Scha]teﬁbrand
and Bailey (1959). Unfortunately, the nomenclature in the human is quite
different than that of cat, raccoon and monkey. The nucleus polaris (Po)

caps the rostral-most portion of the lateral thalamic mass. Caudal to Po
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is the nucleus oralis which extends further laterally than Po. Nucleus
oralis is subdivided into a pars internus (0.i.) and a pars externus
(0.e.), which in turn are divided into dorsal and ventral regions.

Further caudal are the intermediate nucleus and the nucleus caudalis. The
intermediate nucleus is divided into dorsal (D.im.) and ventral (V.im.)
regions. In sagittal sections, V.im. can be distinguished from its rostral
and caudal neighbors, the ventral oral and ventral caudal nuclei
respectively, by its large, darkly staining and particularly laterally,
scattered cells. D.im. is distinct from V.im. but is not so easily
differentiated from the dorsal caudal nucleus. The caudal nucleus is
subdivided into four divisions: the ventral caudal n., pars externus, the
ventral caudal nucleus, pars internus, the ventral caudal nucleus, pars
parvocellularis and the ventral caudal nucleus, pars portae. In addition
there is a poorly defined caudal dorsal nucleus. Pulvinar is caudal-most
in the lateral mass.

The relationships between the nuclei of the animals discussed above
are outilned in Table I. The reviews by Crosby, Humphrey and Lauer (
(1962) and Jones (1981) were consulted in the construction of the table.
In some cases, homologies are not exact and borders overlap. Regions
with totally uncertain homologies are not listed. In general, more
subnuclei are delineated in monkey and man than in the cat. Fewer entries
appear in the column of human nuclei only because homologies are not as
well substantiated.

Parallels with somatosensory cortex of mammals. In order to gain a

broader perspective in understanding the ventrobasal thalamus, the
somatosensory cortex will be discussed. As is the case for other
specific thalamic nuclei in mammals, the somatosensory nuclei of the

ventrobasal thalamus receive fibers (which carry signals) from other parts
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Table I. Homologies of nuclei of the lateral (or ventral) mass of the

dorsal thalamus of some mammals.

Carnivore Monkey Human

(Jones, 1981) (01szewski, 1952) (Hassler, 1959)

VA VAp nucleus ventralis

VAmc pars oralis
X (nucleus polaris?)

VL VLo :

VPps nucleus ventralis
VLc oralis, pars
VPLo caudalis

VM VMp (VLm) nucleus

VPMpc VMb (VPMpc) zentrolateralis?

VP (VB) n. ventrocaudalis

(Following are portions of VB and n. ventrocaudalis)

VPL VPLc n. ventralis
caudalis, pars
extrema

VPM VPM n. ventralis
caudalis, pars
interna

VPI VPI

Crosby, Humphrey and Lauer (1962) and Jones (1981) were consulted in
the construction of this table. Citations below animal group names refer

to source of terminology.
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of the nervous system (discussed later) and have reciprocal relations with
regions of the cerebral cortex. A1l short-latency signals conveying
sensory inputs (except olfaction) reach the cortex exclusively through
thalamic connections. The cortex, in turn, makes connections with many
other important sites including alpha motorneurons which execute physical
behavior.

Throughout the class of mammals, somatosensory cortical specialization
parallels that of the thalamus. In those mammals wherein they appear,
cytoarchitectonic zones 3b, 1 and 2 are recipients of cutaneous signals.
Area 3a, located in the central sulcus which separates the sensory and
motor cortices, is electrically activated with deep stimuli in cats and
primates (reviewed by Jones and Porter, 1981). In the cat, this region
is distinguished cytoarchitectonically by an attenuating internal
granular layer, or layer IV (which extends anteriorly from area 3b)
overlyihg a pyramidal cell layer, or layer V (as found in the further
anterior area 4) (Hassler and Muhs-Clement, 1964). Jones and Porter
(1981) redefine area 3a of primates as the cortical focus which is
activated by group I muscle afferent fibers with a short latency of
response. While granule cells are consistently found in this region,
pyramidal cells do not serve as a reliable guide to its location.

Somatosensory pathways and tracts.

Overview of the mammalian plan. Mammals have three pathwayé that carry

signals via the medial lemniscus to the thalamus from the periphery
(reviewed by Angel, 1977). The lemniscal pathway consists of primary
afferent fibers which form synapses in the trigeminal-cuneate-gracile
complex. The spinocervicothalamic tract forms the projection from

séﬁond-order sensory cells in the spinal grey and courses through the
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dorsal funiculus of the spinal cord. The spinocervicothalamic system is
more developed than in primates (Ha and Morin, 1964; Truex et al., 1970).
The spinothalamic tract consists of fibers of second-order sensory neurons
in the spinal cord. These decussate in the cord and then project to the
thalamus. |

Primary afferent nerve fibers of the dorsal column-lemniscal system
enter the spinal cord via its dorsal roots (see Figure 1.3). These fibers
penetrate the dorsomedial border of the dorsal horn to reach a variety of
depths. The primary afferents then bifurcate to form an ascending branch
and a descending branch. The ascending projection fibers traverse the
fasciculi cuneatus (forelimb projections) and gracilis (hindlimb
projections) of the spinal cord to terminate in the respective nuclei of
the same name.in the dorsal medulla. Within these columns, these
projections have a topographic organization with caudal-originating fibers
1ying medial to more rostral originating fibers. The dorsal column nuclei
(the cuneate and gracile nuclei) send projections to VPL, the posterior
nuclear group, zona incerta and the .ventral part of the lateral
geniculate nucleus in the hedgehog (Schroeder et al., 1968). In more
developed animals (Malaysian tree shrew, Slow loris and marmoset,
respectively) these terminals are progressively more restricted to VPL.
The VPL afferents retain somatotopic (i.e. ordered in relation to
topographic relations of peripheral source) organization, with gracile
projections rostrolateral, cuneate caudomedially and trigeminal
projections located more medially in VPM.

The second-order nuerons of the spinocervicothalamic system are
located in Rexed's laminae III, IV and V (Bryan et al., 1974). Their
fibers ascend in the dorsolateral funiculus to terminate in the lateral

cervical nucleus (LCN). Projections from the LCN decussate at the spinal
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Figurel3. Diagram of dorsal column-lermmiscal pathway for low-
threshold cutaneous receptor input signals as discussed in text (after
figure 2-10 of Brodal, 1981). Abbreviations: n.-nucleus; SI- primary
somatosensory cortex; VPL- ventroposterior lateral nucleus.
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cord-medulla junction to join the medial lemniscus in its lateral aspect
and terminate in the VB. The LCN has been observed in the cat (Rexed and
Strom, 1952), the dog (Kitai et al., 1965), raccoon (Ha et al., 1965) and
monkeys (Ha and Morin, 1964; Mizuno et al., 1967).

The spinothalamic tract is composed of at least three components:

1) the spinobulbar, which terminates in the medullary
reticular formation,

2) the paleospinothalamic which projects to the reticular
formation and the thalamus, and

3) the neospinothalamic which converges with the medial
lemniscus to terminate in the thalamus.

Spinothalamic projections can arise from secondary sensory neurons
throughout the spinal grey matter, but they are especially found in
laminae IV and V (but also in laminae I, VI, VII and VIII). The fibers
decussate via the anterior commissure and ascend in the anterolateral (or
ventrolateral) quadrant of the spinal cord. Fibers which extend to the
diencephalon pass through the medulla dorsolateral to the inferior olive
to ascend dorsal to the medial lemniscus. Thalamic terminals include VB,
the posterior thalamic group and the intralaminar nuclei.

In addition to inputs from the medullary trigeminal-cuneate-gracile
complex, spinal cord neurons and the LCN, VB receives the terminals of
nerve fibers from the midbrain reticular formation, vestibular nuclei and
sensory cortex. These connections and some possible circuit properties
that they may express are proposed by Welker (1973).

On the basis of the organization of ascending afferent fibers in the
cat and monkey, Berkley (1980) proposes that the ventrobasal complex is
composed of a dense core of terminals which is surround<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>