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ABSTRACT
THE INTRINSIC ORGANIZATION AND CONNECTIVITY OF TRIGEMINAL NUCLEUS

INTERPOLARIS AND THE INTERSTITIAL SYSTEM OF THE SPINAL TRIGEMINAL
TRACT IN THE RAT

By

Kevin Dean Phelan

The intrinsic cyto- and myeloarchitectonic organization of
trigeminal nucleus interpolaris (Vi) is examined using correlated
Nissl and myelin stained preparations (CHAPTER ONE). Six distinct
regions are defined in Vi. In addition, detailed descriptions of the
rostral and caudal boundaries of Vi with the medullary dorsal horn
(MDH) and trigeminal nucleus oralis (Vo) are provided.

The interstitial system of the spinal trigeminal tract (InSy-SVT)
is demonstrated to consist of several morphologically and functionally
heterogeneous regions based on differences in cytology (using Nissl,
myelin and Golgi preparations), and efferent projections (revealed
through the retrograde transport of horseradish peroxidase, HRP)
(CHAPTER TWO). Two thalamic projecting components (the trigeminal
extension of the parvocellular reticular formation and the dorsal
paramarginal nucleus) and one cerebellar projecting anucleus (the
insular trigeminal-cuneatus lateralis, iV-Cul) are defined. The
paratrigeminal nucleus is also demonstrated to be morphologically
distinct from the ramaining MDH derived components of InSy-SVT.

The regional distribution and morphology of thalamic, cerebellar
and spinal projecting Vi neurons is compared (CHAPTER THREE). The two
spinal recipient zomes in Vi are revealed to contain either

predominantly thalamic or cerebellar projecting neurons, while both
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similarities and differences are reported for the organization of
these projections in the remaining regions of Vi.

The origin, course, distribution and light microscopic morphology
of spinotrigeminal afferents is revealed through the anterograde
transport of HRP and tritiated amino acids (CHAPTER FOUR). Two regioms
of Vi, their extensions into caudal Vo, and similarly located regiomns
in the trigeminal main sensory nucleus are identified as spinal
recipient zones. In addition, a complex spatial relationship between
the distribution of trigeminospinal projection neurons and spinal
afferents is described.

An ultrastructural examination of neuroans and neuropil within iV-
Cul indicates that this component ot InSy-SVT represents a unique
medullary precerebellar nucleus (CHAPTER FIVE). Eight morphologically
distinct types of presynaptic boutons and the striking absence of axo-
axonic synapses characterize this nucleus. In addition, the
ultrasructural morphology of HRP-labeled spinal afferent inputs to iV-
Cul is described.

These combined results are discussed in terms of their impact on
our present understanding of the structural and functional

organization of Vi and InSy-SVT.
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INTRODUCTION

The series of investigations which form the body of this Dissertation were
designed to provide more detailed information regarding the structural and
functional organization of trigeminal nucleus interpolaris (Vi) and adjacent regions
in the rat. In the last half century, somatosensory research has gradually focused
more intently upon the trigeminal (V) sensory system. Early interest in this area was
dominated by clinically oriented studies devoted specifically to identifying the
neural mechanisms underlying orofacial pain, primarily in response to the need to
define more effective treatments for the relief of pain associated with disorders of
the V nerve (see, for example, Sjoqvist, '38; and others). With the advent of the
modern armamentarium of hodological and neurobiological techniques came the
realization that the V sensory system possesses many specialized features, the
presence of which provide unique opportunities to investigate not only specific
attributes of the system itself, but also more generalized somatosensory organization
and function (Kruger, '71; and Kruger and Young, '81). Contemporary research of
the V sensory system has, as a result, become far more diverse in nature and
includes studies in every aspect of V sensory function. However, despite the vast
amount of literature presently available in this area, our understanding of sensory
processing within the V system is far from complete, as evidenced by the fact that
the specific neural mechanisms underlying V somatic afferent sensations, including

nociception (pain), still remain rather elusive.
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Perhaps some of the foremost contemporary questions regarding the V

sensory system concern the specific roles played by trigeminal nucleus oralis (Vo)
and Vi in overall V sensory function. The relative importance of these two rostral
subdivisions of the spinal V nucleus (SVN) is clearly reflected in the fact that they
form the bulk of the SVN in mammals and give rise to a large proportion of the
secondary V projections to diverse targets along the neuraxis. Although recent
studies have begun to elucidate the functional nature of these nuclei, many aspects
of their intrinsic organization still remain unknown. The anatomical information
presented in this Dissertation, regarding the intrinsic organization of Vi and
adjacent regions of the medulla in the rat, provide a foundation upon which future
studies may build in order to eventually gain a fuller understanding of the overall
function of these regions in medullary somatosensory mechanisms.
Background Review

The intent of this introduction is not to provide a complete review of the
structural and functional organization of the V sensory system since more detailed
background reviews are provided within the various chapters of this Dissertation as
well as elsewhere in the literature (see, for example, the reviews by Matthews and
Hill, '82; Brodal, '81; Kruger and Young, '81; Dubner, Sessle and Storey, '78;
Anderson and Matthews, '77; Darian-Smith, '73; Dubner and Kawamura, '71;
Kruger, '71; Kahn, Crosby, Schneider and Taren, '69; Darian-Smith, '66). The brief
review which follows serves only as an introduction to the V sensory system in
general, with particular emphasis on those aspects of its organization which are the
focus of the various studies contained in this Dissertation.

The sensory V nuclear complex (SVC) consists of the main sensory V nucleus
(Vms) and SVN. The latter nucleus has classically been divided into three
cytoarchitectonically distinct nuclei which in rostrocaudal sequence of appearance
are: Vo, Vi and the medullary dorsal horn (MDH). Each of the four components of
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SVC receive the central processes of general somatic afferent (GSA) fibers of the V

nerve. These fibers convey exteroceptive (cutaneous) impulses from nociceptive
(pain), thermoceptive (temperature), and tactile receptors located in the skin of the
face and head, mucous membranes of the nasal and oral cavities, the teeth and
surrounding tissues, sinuses, cornea and conjunctiva, and much of the dura. These
exteroceptive fibers arise from neurons located in the V (Gasserian or semilunar)
ganglion and are peripherally distributed via the ophthalmic, maxillary and
mandibular divisions of the V nerve to relatively non-overlapping territories
organized in a dermatome-like fashion somewhat analogous to that established by
spinal nerves, although some distinct differences exist (for further details see kruger,
*71). An ascending branch of the V root, formed by the central processes of the
primary V fibers, terminates in Vms while a descending branch courses caudally
along the lateral aspect of the brainstem to form the spinal V tract (SVT) and
terminates within SVN. The majority of the primary V sensory fibers dichotomize
upon entering the brainstem into ascending and descending branches which
terminate within Vms and the various subdivisions of SVN, respectively thereby
supplying a dual input of primary V afferents to these nuclei. The remaining primary
V fibers project exclusively to either Vms or SVN.

The peripheral somatotopy of the primary V afferent fibers is maintained
throughout its central representations in SVC. The precise somatotopic organization
of primary V afferents within SVT and SVC, however, is essentially an inverted
representation of the ipsilateral head and face with ophthalmic division fibers
situated ventrally, mandibular division fibers dorsally and maxillary division fibers
lying in intermediate regions. The topographical organization of these fibers is
arranged such that medial portions of the face are situated medially within the
nucleus while lateral portions of the face and head are found in regions located near

SVT. The somatotopic organization within MDH is far more complex, since primary
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V afferents are differentially distributed to the various laminae of MDH. In

addition, an "onion-skin" pattern in the organization of facial sensory regions within
this nucleus, with midline structures (e.g., mouth and nose) represented rostrally
within MDH and lateral regions of the face represented more caudally, is also
present in MDH (Dejerine, '14).

In addition to the GSA fibers traveling within the V nerve, other
exteroceptive GSA fibers traveling within the central processes of the facial
(intermediate), glossopharyngeal and vagus cranial nerves terminate within SVC.
The central processes of these non-trigeminal primary afferents, which are
peripherally distributed to regions of the external ear and palate, conform to the
general somatotopy of V afferents and are spatially located within the dorsal and
lateral aspects of SVT and SVC (Yokota and Nishikawa, ‘77; and others).

The SVC along with the dorsal column nuclei (DCN) and adjacent related
structures have collectively been considered to represent a functional somatosensory
unit within the brainstem. In essence, these nuclei form a separate, but continuous,
entire body surface representation of the peripheral distributions of the V, spinal
and other cranial nerves.

Historically, it was assumed, mainly on the basis of clinical and pathological
observations, that the specific sensory modalities conveyed in the V nerve were
partially segregated centrally. The functional subdivision of SVC into a rostral
"lemniscal" component, corresponding to Vms, and a caudal "spinothalamic” or
"anterolateral" component, corresponding to MDH, was suggested on the basis of
the fact that a dissociation of pain and temperature sensations could be selectively
achieved through surgical interruption of SVT and SVN at the level of the obex with
only minor tactile deficits (Sjoqvist, '38; Kunc, *70; and others). This separation of
sensory modalities within SVC was a pleasing concept since it seemed to parallel the

separation existing within spinal systems and supported the close similarities
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between the V and spinal systems. However, it is now known that the situation is far

more complex. In fact, there is no distinct separation of specific sensory modalities
within SVC. Nociceptive and tactile impulses, for example, has been shown to
distribute to all three subdivisions of SVN and Vms. However, although the
different sensory nuclei of SVC share nociceptive and tactile related primary
afferent inputs, there are distinct differences in the functional roles played by each
nucleus within V sensory function. MDH, for example, is considered to contain the
essential elements in the central transmission of nociceptive information originating
in tooth pulp, while the nociceptive inputs to Vo may be more concerned with reflex
activity (Hu and Sessle, '84). In addition, although V afferents form a
topographically organized vibrissae afferent related pattern in Vms, Vi and MDH, it
has recently been demonstrated that Vms plays the major role in vibrissae-related
pattern formation in more central V structures (i.e.,thalamus and cortex), while the
roles of Vi and MDH in this regard remain obscure.

The cytoarchitectonic distinctions of subdivisions within SVC is also
supported by differences in their secondary projections within the neuraxis. It has
long been known that the secondary projections of Vms mainly consist of a massive
ascending projection to the thalamus. In addition, minor projections to other
intramedullary sites including the cerebellum, inferior olive, cranial motor nuclei,
parabrachial nucleus have been described. These latter projections exist primarily in
the form of collaterals. On the other hand, the projections of SVN as a whole are
rather widespread including ascending projections to the thalamus, the superior
colliculus, the cerebellum, and the parabrachial nucleus; descending projections to
the spinal cord; and intramedullary projections distributed to the medullary reticular
formation, the inferior olive and several cranial motor nuclei. In addition, each of
the different nuclei of SVN exhibit distinct patterns in their projections within the

neuraxis. Thus, thalamic projections have been shown to arise from neurons situated
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only in distinct lamina of MDH and numerous neurons throughout Vi, while the

number of thalamic projecting neurons within Vo appears to vary according to
species. In addition, distinct differences exist within the precise spatial termination
pattern of the various trigeminothalamic efferent projections from MDH or Vi
(Peschanski, '84). In contrast, cerebellar projecting neurons are absent within MDH
while such neurons are present throughout Vi as well as restricted primarily within
the dorsomedial subdivision of Vo (Falls, Rice and VanWagner, '85). The
complexity of the V secondary projection system is increased by the presence of an
expansive intranuclear projection system within the SVC which allows for extensive
modulation amongst the various subnuclei and modulation at all levels of the SVC.
Thus, for example, MDH has been demonstrated to exert a strong inhibitory
modulatory influence over more rostral levels of the SVN, especially Vo. Certain
homologies have been inferred between the various nuclei of SVC and components
of the spinal somatosensory system based on similarities in their structural and
functional organization. Anatomical and electrophysiological studies have firmly
established the presence of morphological and functional similarities between the
organization of MDH and the spinal dorsal horn. MDH is now widely accepted as
the V homologue of the dorsal horn, hence its name. The SVT is in this case
spatially continuous with and considered functionally analogous to the tract of
Lissauer.

The relay of tactile impulses through Vp to the thalamus has resulted in the
general consideration of Vp as the functional V homologue of the DCN (that is,
nucleus gracilis and nucleus cuneatus) which belong to the "lemniscal system'.
Although some questions still remain concerning its questions regarding strict
homologies (see Kruger, '71, '81).

In contrast to MDh and Vms, the rostral subdivisions of SVN (i.e., Vi and

Vo) remain rather enigmatic and have not generally been recognized as
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homologous to any specific nucleus in the spinal somatosensory system. It has been

suggested that the origin of a large, secondary V projection to the cerebellum within
Vi indicates that Vi may represent the V homologue of the lateral cuneate nucleus
(Cul). However, this relationship has been disputed in the literature. It has also
been postulated that Vo and Vi may represent nuclei unique to the V sensory
system and therefore do not represent simple homologues of components in the
spinal somatosensory system. On the other hand, it has also been suggested that the
rostral part of Vo along with Vms may together represent the V homologue of the
DCN. However, this latter view is hard to reconcile with the distinct differences in
the projections of these nuclei. The resolution of this question must await the results
of future studies on the structural and functional organization of Vi and Vo.

Our present body of knowledge pertaining to the intrinsic structural and
functional organization of SVC is limited. Although extensive studies have been
conducted on the structural and functional organization of Vp and MDH, primarily
with respect to their processing of tactile and nociceptive stimuli, respectively;
relatively fewer studies have focused on the more rostral subdivisions of SVN.
Particularly conspicuous is the lack of detailed anatomical investigations on the
structural and functional organization of Vi especially considering the importance of
Vi in the V sensory system. '

This importance is clearly exemplified by the fact that Vi is unique among
the various nuclei of SVC in that it contributes to secondary V projections directed
towards diverse targets within the neuraxis including the thalamus, the superior
colliculus, the cerebellum, the inferior olive, the reticular formation, and the spinal
cord. However, despite this information, the precise role of Vi in the processing of
orofacial somatosensory information remains unclear. Detailed anatomical studies
on the cyotarchitectural organization of Vi are not available in any species.

Questions concerning the homogeneity of Vi are debated. In addition, despite the
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presence of several different populations of projection neurons in Vi, few detailed

studies of the distribution and morphology of these neurons have been conducted.
The answers to these questions are essential in order to analyze the extent of
similarities between the various nuclei of the SVC and the proposed homologous
regions in the spinal cord.
Overall Obiecti { Specific Ai

The overall goal of this Dissertation is to address the presently inadequate
level of understanding of the intrinsic structural and functional organization of Vi
and adjacent regions in mammals. The intent of the combined experiments is to
provide more specific anatomical information on the structural organization of rat
Vi, the intrinsic organization of three of its major efferent projections (i.e., thalamic,
cerebellar and spinal) and the organization of one of its non-trigeminal afferent
inputs (i.e., spinal input). In addition, these studies are designed to provide
anatomical information on the intrinsic organization and connectivity of the
interstitial system of the SVT (InSy-SVT). It is hoped that the results of these
studies in conjunction with previous investigations will enhance our understanding
of the structural and functional organization of Vi and InSy-SVT, provide a clearer
indication of the roles of these regions in overall V sensory function, and allow for
more direct comparisons of the organization of these regions across species.

The selection of rat to investigate the structural and functional organization
of Vi was based on several factors. First, the central sensory representation of the V
nerve in the rat occupies a relatively large portion of lateral medullary, thalamic and
cortical levels of the brain and clearly reflects the central importance of the V
sensory system in this animal. Second, rats possess a highly specialized mystacial
vibrissae system which accounts for a large part of the area occupied by medullary
thalamic and cortical regions concerned with the processing of orofacial sensory

information. Since this vibrissae system exhibits a precise somatotopic organization,
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which is conserved throughout its central representation at various levels of the

brain, it provides a unique opportunity to study the somatotopic organization of the
sensory system in general. Furthermore, histochemical (Belford and Killackey, '79;
and Durham and Woolsey, '84) and cytological (Ma and Woolsey, '‘84) markers for
this system have been established. Third, the rat has been extensively used as a
model for the development, organization, plasticity and function of sensory systems,
primarily due to the presence of the large, highly unique V sensory system and the
ease with which it can be manipulated. Finally, detailed information on the V
sensory system in the rat is invaluable from a purely comparative standpoint in
determining generalized patterns in the organization of this system throughout
mammalian species.

This Dissertation consists of five main phases of research represented by the
individual chapters which are presented in the form of separate papers. Each
chapter addresses a specific set of particular aims concerning the structural and/or
functional organization of rat Vi and InSy-SVT.

1) Chapter One is an investigation of the intrinsic organization of Vi using
correlated Nissl and myelin stained preparations. The specific aims of this study are
to provide detailed descriptions of the cyto- and myeloarchitecture throughout Vi in
order to determine whether regional differences exist in this nucleus, as well as
whether precise boundaries can be identified between Vi and MDH and Vi and Vo.

2) Chapter Two is an investigation of the intrinsic organization of InSy-SVT
using correlated Nissl and myelin stained preparations, as well as Golgi and
retrograde horseradish peroxidase (HRP) axonal transport techniques. The specific

aimms of this study are to provide detailed descriptions of the cytology and
connectivity of neurons within InSy-SVT in order to determine whether
morphological and functional heterogeneity exists within this system and to

determine the extent of structural and functional similarities which this region may
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share with adjacent somatosensory regions (e.g., Cul, SVC, and lateral reticular

(LR) nuclei.

3) Chapter Three is an investigation of the organization of trigeminothalamic
(TT), trigeminocerebellar (TC) and trigeminospinal (TS) projections originating
from neurons within Vi using the retrograde transport of HRP. The specific aims of
this study are to examine and compare the distribution and morphology of TT, TC
and TS neurons throughout the rostrocaudal extent of Vi in order to determine
whether morphological criteria can be used to identify either of these projection
neuron populations in Vi, as well as to determine whether regional differences exist
in the organization of these three major efferent projections.

4) Chapter Four is a light microscopic investigation of the spinal afferent
input to the SVC using anterograde transport techniques (i.e., HRP and tritiated
amino acids). This study also examines the relationship between this afferent input
and trigeminospinal projection neurons within SVC by taking advantage of the
simultaneous anterograde and retrograde transport of HRP. The specific aims of
this study are to provide details concerning the origin, course, distribution and
morphology of spinal afferents throughout each of the SVC nuclei and adjoining
regions and to determine the spatial interrelationship of these afferents with the
distribution of trigeminospinal neurons.

S) Chapter Five is an investigation of the ultrastructural organization of the
insular trigeminal-cuneatus lateralis nucleus (iV-Cul) which represents one of
several components of InSy-SVT defined in Chapter Two of this Dissertation. The
first aim of this study is to provide an ultrastructural survey of the cytology and
synaptic organization of iV-Cul in order to gain insights into its structural and
functional organization, as well as to compare its structural organization to that of

other adjacent sensory nuclei (i.e. Cul, LR and SVN). The second aim of this study
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is to ultrastructurally identify and characterize the spinal afferent input to this

nucleus which was revealed in Chapter Four of this Dissertation.
Sienifi
The overall significance of the studies presented in this dissertation is related
to the contribution that it provides towards a greater understanding of the role of Vi
in V sensory processing mechanisms. On a broader scale, it is hoped that the
information will ultimately enhance our understanding of the organization of

medullary somatosensory systems in general.



CHAPTER ONE

AN ANALYSIS OF THE CYTO- AND MYELOARCHITECTONIC
ORGANIZATION OF TRIGEMINékLA qUCLEUS INTERPOLARIS IN THE

INTRODUCTION

The mammalian spinal trigeminal nucleus (SVN) has classically been divided
into three cytoarchitecturally distinct nuclei: a rostrally situated trigeminal nucleus
oralis (Vo), an intermediately positioned trigeminal nucleus interpolaris (Vi), and a
caudally located trigeminal nucleus caudalis (Olszewski, 'S0). This latter nucleus has
more recently been referred to as the medullary dorsal horn (MDH) to reflect
structural and functional similarities it shares with the spinal dorsal horn (Gobel,
Falls, and Hockfield, *77; Craig and Burton, '81; Hoffman, Dubner, Hayes, and
Medlin, '81; Shigenaga, Chen, Suemune, Nishimori, Nasution, Yoshida, Sato,
Okamoto, Sera, and Hosoi, '86). Although there have been a multitude of
anatomical and electrophysiological studies focused upon MDH and Vo, primarily
because of their early recognition as central components in trigeminal (V) pain
pathways; Vi has, by contrast, received relatively little attention. Only recently has it
become clear that Vi plays an important role in the reception, central processing
and modification, and the relay of primary V afferent inputs, including nociceptive
information (Biedenbach, '77; Mann, Oliveras, Sierralta, and Besson, '82; Hayashi,
Sumino, and Sessle, '84; Hayashi, '85; Arvidsson and Gobel, '81; Westrum, Canfield,
and Black, '76a,b; Westrum, Canfield, and O'Connor, '80, '81; and Jacquin, Mooney,

12
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and Rhoades, '86). The recognition of these functions has sparked a renewed

interest in the structural and functional organization of Vi.

A review of the literature indicates that knowledge regarding the
cytoarchitectural organization of Vi is limited. Although Vi has been described in a
variety of mammals including the rat (Torvik, 'S6; Wunscher et al., '6S; Fukishima
and Kerr, '79; and Altman and Bayer, '80), mouse (Astrom, '53; and Steindler, '85),
opossum (Oswaldo-Cruz and Rocha-Miranda, '68), rabbit (Meessen and Olszewski,
'49), goat (Karamanlidis, '74), pig (Breazile, '67), cat (Brodal, '56; Eisenmann et al.,
'63; Wold and Brodal, '72; and Ikeda, '79) and various primates including man
(Olszewski and Baxter, '54; Brown, 'S6, '58a; Noback and Goss, '59; Kerr, '68;
Gerhardt and Olszewski, '69). However, these descriptions are limited to cursory
accounts of constituent cell types and their distribution throughout the nucleus. In
addition, the myeloarchitecture of Vi has only been briefly examined (Gobel, '71;
and Gobel and Purvis, ‘72), despite the fact that such analyses have proven useful in
determining the intrinsic structural organization of MDH and Vo (Gobel et al., '77;
Falls and King, '80; Falls, Rice and VanWagner, ‘86). The absence of a
comprehensive and correlative analysis of the cyto- and myeloarchitectural
organization of Vi, in any species, is especially surprising considering the fact that
such an analysis would prove useful in settling disputes in the literature concerning
the presence of distinct boundaries between Vi and MDH and Vi and Vo, as well as
questions regarding the presence of regional cytoarchitectural heterogeneity within
the nucleus.

The precise delineation of a boundary between Vi and MDH, in the peri-
obex region (POR), would allow for more accurate descriptions of the organization
of afferent and efferent systems within this region of SVN. This delineation gains
particular importance since this portion of SVN has recently been implicated in the

processing of nociceptive information (Hayashi et al., '84; Hayashi, '85b) including
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that emanating from the tooth pulp (Westrum et al., ‘76a,b, '80, ‘81). There is

presently considerable disagreement regarding the existence of a precise border
between Vi and MDH, in spite of the fact that Vi does not exhibit the distinct
laminar organization which characterizes MDH. It has generally been reported that
there is a gradual change in the structural organization of SVN in this region with
some investigators suggesting the presence of a rostral alaminar MDH within this
transition zone in rat (Arvidsson, '82; Wunscher, Schober and Werner, '65), cat
(Craig and Burton, '81; Marfurt, '81; and Eisenmann, Landgren and Novin, '63) and
primate (Gerhardt and Olszewski, '69). Several studies provide brief cyto-, myelo- or
chemoarchitectural evidence which support the view that a distinct spatial overlap
exists between separate regions belonging to Vi and MDH within POR of man
(Brown, 'S6), monkey (Kusama and Mubachi, '70), rabbit (Meessen and Olszewski,
'49), pig (Breazile, '67), guinea pig (Friede, 'S9) and rat (Krieg, '42). More recently
Steindler ('85) has reported the presence of a unique cytoarchitecturally distinct
"septum"” which forms a distinct border between Vi and MDH in the mouse; while
Jacquin, Renehan, Mooney, and Rhoades ('86) and Shigenaga et al. ('86)
schematically illustrate at least a partially distinct border between Vi and MDH in
the rat and cat, respectively. It is clear from the above reports that the presence of a
distinct boundary between MDH and Vi has not gained general acceptance. This is
perhaps the result of not having the cyto- or myeloarchitectural changes which occur
within this region fully characterized, therefore making it difficult to compare the
structural organization of the MDH/Vi transition zone across species.

The presence of a cytoarchitecturally distinct border between Vi and Vo has
also been disputed in the literature. Although several studies suggest the existence
of a sharp Vi/Vo border in primates (Olszewski, 'S0; Gerhardt and Olszewski, '69),
donkey (Karamanlidis, '75), and pig (Breazile, '67); other investigators have denied
that such a boundary is readily distinguishable in monkey (Kerr, Kruger,
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Schwassman and Stern, '68), goat (Karamanlidis, '68), and cat (Wold and Brodal,

*73). None of these studies however, provide ample cytoarchitectural evidence to
support either view. This controversy is further compounded by the fact that some
investigators have reported the existence of a separate "dorsomedial” subdivision or
nucleus which spans Vi and Vo, thereby providing some structural continuity
between these two nuclei (Astrom, 'S3; Torvik, '56; Valverde, '61, '62). However, the
presence of this "dorsomedial” nucleus within rostral SVN has not generally gained
acceptance in the literature. In fact, some investigators have even questioned the
significance of subdividing rostral SVN based on cytoarchitectural criteria alone
(Kerr et al., '68; Bates and Killackey, '85). In response to these criticisms, recent
studies in the rat redefined the Vi/Vo border based on correlative differences in
cytoarchitecture and thalamic (Fukishima and Kerr, '79) and cerebellar (Falls et al.,
'86) connectivity of rostral SVN. These studies however, fail to provide adequate
documentation of the cytoarchitectural changes which occur at the Vi/Vo transition
zone to permit resolution of whether there is a sharp border between Vi and Vo in
the rat. Although the conflicting reports cited above may simply reflect a species
difference in the organization of the Vi/Vo transition zone, it is also possible that
many of these inconsistencies might be resolved if detailed analyses of this region
were conducted across species. Regardless, it is clear that a comprehensive analysis
of this region would ensure more accurate descriptions of the distribution of
afferent and efferent systems within rostral SVN, thereby contributing to a more
complete understanding of the functional organization of Vi.

The intrinsic organization of Vi has long been the subject of controversy.
While cytoarchitectural studies, in general, have indicated that Vi possesses a
population of small, medium and large-sized neurons which are distributed rather
uniformly throughout the nucleus without forming any apparent subdivisions
(Olszewski, '50; Olszewski and Baxter, '54; Crosby and Yoss, '54; Brodal, Szabo, and
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Torvik, 'S6; Brown, '58b, '62; Noback and Goss, '59; Taber, '61; Breazile, '67;

Oswaldo-Cruz and Rocha-Miranda, '69; Gerhardt and Olszewski, '69; and Wold and
Brodal, '73), other studies provide indications to the contrary. A conspicuous
concentration of larger neurons has been reported within the ventrolateral aspect of
rat Vi (Torvik, 'S6; Wunscher et al., '65; and Fukishima and Kerr, '79) and this
region in mouse has recently been shown to contain discrete cytological patterns of
organization which are similar, although complementary, to vibrissae afferent
segmental zones revealed by succinic dehydrogenase histochemistry (Ma and
Woolsey, '84). Moreover, the cytoarchitectural descriptions provided by Torvik ('56)
and Krieg ('50) each suggest the presence of at least two or more morphologically
distinct regions within Vi. The non-homogeneity of Vi suggested in these latter
studies is generally supported by the Golgi study of Astrom ('53) in the mouse which
identifies several morphologically distinct regions within the nucleus based primarily
on differences in the morphology and distribution of afferent fibers. In addition, the
results of axonal transport studies of the distribution of specific afferent inputs to Vi
also suggest that there are regional differences in its functional organization (Phelan
and Falls, '84b; and Hayashi, '85b; see also Chapter Four). In fact, it has become
increasingly clear that Vi is a non-homogeneous nucleus containing a marked
heterogeneity of morphologically and functionally distinct neurons which do exhibit
some disparity in their distribution (Phelan and Falls, '83, '85; and Panneton and
Burton, '85; see also Chapter Three). Despite the fact that there exists ample
evidence to indicate that Vi is a rather heterogeneous nucleus, there have been no
cytoarchitectural studies which specifically provide support for any of the proposed
subdivisions. Considering the emerging complexity in the organization of Vi, it
appears essential to conduct a comprehensive analysis of the intrinsic cyto- and
myeloarchitectural organization of this nucleus to serve as a basis for future studies

on its structural and functional organization.
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This study provides detailed descriptions of the cyto- and myeloarchitectural

organization of Vi in the rat. A combination of Nissl, Kluver-Barrera, cytochrome
oxidase, and serial semithin myelin stained sections are utilized in order to more
precisely define the borders of Vi, especially the MDH/Vi and Vi/Vo transitions, as

well as the regional intrinsic organization of the nucleus.

METHODS

Adult, male Sprague-Dawley albino rats (200-300 gms.) were used in this
investigation. The main cytoarchitectonic observations of Vi reported in this study
were obtained through examination of three brains sectioned in the transverse,
horizontal or parasagittal plane. Each animal was anesthetized and perfused
transcardially, using a Masterflex pump delivery system, with an initial brief
heparanized physiological saline wash followed by 500 ml of a fixative consisting of
1% formalin, 0.5% glacial acetic acid and 5.9% ethyl alcohol. The brains were left in
situ and submerged in the same fixative for one week at 4° C. They were
subsequently removed from the skull, blocked, stored for an additional two days in
fixative and then successively placed into 10% and 30% sucrose solutions until they
sank. Serial brainstem sections were cut on a freezing microtome at a thickness of
50 pm. One set of alternating serial sections from each animal was stained according
to routine Nissl staining procedures with 0.5% cresyl-violet acetate. The remaining
sets of serial sections from each animal were stained for the simultaneous
demonstration of cells and myelinated fibers within the same section according to
the Kluver-Barrera ('53) staining method using 1% Luxol Fast Blue and 1%
Safranin.

The observations noted in the material prepared above were compared with
those obtained in supplemental material from several additional animals which were
perfused in a similar manner with a fixative consisting of 1% paraformaldehyde, 1%



18
glutaraldehyde and 0.5% CaCl, in a 0.12 M phosphate buffer (pH 7.4). The brains

of these animals were removed from the skull immediately following perfusion and
postfixed in the same fixative for an additional one to three hours at 4° C. The
brains were then serially sectioned on an Oxford Vibratome, at a thickness of 50 pm,
in one of the three standard planes. A single set of serial sections were mounted
from each animal and stained using either 0.5% cresyl-violet acetate or 1% neutral
red.

The myeloarchitectonic features reported in this study were determined
through examination and comparison of Kluver-Barrera stained sections and serial
plastic embedded semithin myelin stained sections. The semithin sections were
included in this study since they allow for easy visualization of the smaller
myelinated fibers which permeate Vi. Five animals were specifically prepared for
serial semithin light microscopic analysis. These animals were perfused
intracardially with a brief, heparanized physiological saline wash followed by 500 ml
of a fixative consisting of 1% paraformaldehyde, 1% glutaraldehyde and 0.5%
Ca(l, in a 0.12M phosphate buffer (pH 7.4). The brains were removed from the
skull and the brainstems were immediately blocked and serially sectioned on an
Oxford Vibratome, at a thickness of 100 pm, in either the transverse or horizontal
planes. Serial sections throughout the rostrocaudal extent of Vi were trimmed,
osmicated, dehydrated and embedded in Epon-Araldite. Serial sections, 1-2 um
thick, were cut from the face of each block, heat mounted onto glass slides and
subsequently stained with P-phenylenediamine (Hollander and Vaaland, '68).

The location and boundaries of Vi and adjacent structures, as well as the
borders of each of the proposed regions within Vi (Figure 1), were determined on
the basis of relative differences in the overall cyto- and myeloarchitectonic features
present within each of the preparations described above. In particular, differences in

the size, density, distribution and orientation of myelinated fiber systems, the overall
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texture of the neuropil and the types, orientation and distribution of cell profiles

were used as a basis for this differentiation. Careful attention was paid to the size,
distribution and orientation of the bundles of myelinated fibers which permeate Vi
neuropil (Gobel and Purvis, '72). The cytological characteristics of neurons within
Vi were examined using a S0X objective. Neurons were classified into different
types based on their overall Nissl staining characteristics, their orientation within
the nucleus and their relative somatic and nuclear size and shape.

The pattern of cytochrome oxidase staining within the peri-obex region of the
medulla was revealed in three animals using the histochemical modification of
Wong-Riley ('79). The animals were anesthetized with an intraperitoneal injection
of Nembutal (50 mg/kg) and perfused intraaortically with a brief heparanized 0.9%
physiological saline wash followed by S00 ml of a fixative consisting of 1%
paraformaldehyde and 1% glutaraldehyde in 0.15M phosphate buffer (pH 7.4). The
brains were then removed from the skull and immediately placed in a 0.15SM
phosphate buffer overnite at 4° C. Transverse serial sections were cut on a
Vibratome at a final thickness of 50 sm and collected in 0.15M phosphate buffer.
Alternate serial sections throughout the medulla from all three animals were
simultaneously incubated at 37° C in the dark for 1-2 hours in an incubation
medium consisting of: S0 mg diaminobenzidine tetrahydrochloride (filtered), 90 ml
0.15M phosphate buffer (pH 7.4), 15-30 mg of cytochrome C, and 4 mg sucrose. The
sections were then visually checked every 30 minutes for the presence of light to
dark brown reaction product within the tissue and the incubation stopped when
there was a clear differentiation between reactive and nonreactive areas of the
brain. The sections were then washed in 0.15M phosphate buffer, mounted onto
gelatinized glass slides and air dried. In one animal the sections were counterstained
with 0.5% cresyl-violet, while the sections in the remaining animals were

coverslipped unstained for purposes of comparison. Cytochrome oxidase positive
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zones were identified as regions of relatively dark areas against a pale background.

The staining was classified as either intense, moderate, or relatively low levels of
cytochrome oxidase activity. Differences in the relative intensity of cytochrome
oxidase staining throughout the peri-obex region were taken to indicate differences
in the metabolic activity of the various regions.

The somatic cross-sectional areas of neurons within each of the proposed
regions of Vi were determined from the transverse, Nissl stained sections with the
aid of a Nikon Image Analyzer and a drawing tube attached to a Leitz Orthoplan
microscope using a 40X objective. All of the neurons in a single field of view
exhibiting a distinct nucleolus were included in the sampling. Measurements were
pooled from randomly selected rostrocaudal and mediolateral areas within each
cyto- and myeloarchitecturally defined region. These measurements were grouped
into block intervals of 25 nmz and plotted as frequency histograms of somatic cross-
sectional areas for each region (Figure 9B-G). The total somatic cross-sectional area
histogram for Vi (Figure 9A) was compiled from the combined percentages
calculated from each separate region. The mean and standard deviations were
calculated for all pooled sets of measurements and appropriate statistical tests

applied to these data as necessary.

RESULTS

Based on correlated light microscopic observations taken from Nissl, Kluver-
Barrera and serial myelin stained semithin sections, rat Vi extends approximately
2.2 to 2.4 mm rostrocaudally in the lateral medulla. Its caudal pole is located in the
POR and its rostral pole is situated at the level of the caudal end of the facial motor
nucleus (Figure 1, levels 1 and 8, respectively). The caudal boundary of Vi is marked
by a distinct spatial overlap with the rostral pole of MDH (Figure 1, levels 1 and 2),
while the rostral boundary is characterized partly by a distinct overlap with Vo,
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especially the caudal pole of its dorsomedial region (DM), and partly by a more

gradual transition with Vo, especially in ventral and lateral regions of the nucleus
(Figure 1, levels 7 and 8). The spinal V tract (SVT) forms the lateral and ventral
borders of Vi throughout its entire length. The spinocerebellar tract (SCT) and the
restiform body (RB) cover the lateral aspect of SVT.

The structures forming the medial border of Vi vary according to the
particular rostrocaudal level within the medulla. At the extreme caudal pole of Vi,
the medial border is formed by the rostral pole of MDH (Figure 1, levels 1 and 2;
Figures 2, 10A-D, and 11A) which gradually gives way to the parvocellular reticular
formation (pcRF) at intermediate and more rostral levels of the nucleus (Figure 1,
levels 3-7). In addition to pcRF, the medial border of the extreme rostral pole of Vi
is partly formed by the overlapping caudal pole of Vo (Figure 1, levels 7 and 8;
Figures 2D and 11D). The dorsal border of Vi is formed by ventral regions of either
the cuneate (Cun), lateral cuneate (Cul) or spinal vestibular nuclei. The medial
border of Vi is difficult to distinguish in Nissl or myelin stained sections alone.
However, a careful comparison of the appearance of these regions in Kluver-
Barrera stained preparations reveals certain cell and myelinated fiber patterns
which can be used as a guide in closely approximating the position of these borders
in either Nissl or myelin stained sections alone. In particular, there is a sharp
increase in the size and density of myelinated fiber bundles, as well as an equally
sharp decrease in the size, staining intensity and density of cells as one progresses
from Vi to neighboring regions of the medulla (Figures 2, 10F and 11).

The overall shape of Vi, as seen in transverse sections, varies with respect to
its position within the lateral medulla. The extreme caudal pole of Vi is represented
by a small crescent-shaped region which gradually expands within POR. At the level
at which components of Vi have entirely replaced the rostral remnants of MDH (see

Figure 1, level 3), the nucleus is ovoid in shape and measures approximately 2.2 mm
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by 4.7 mm with its long axis directed dorsomedially within the lateral medulla.

Rostrally, the nucleus gradually becomes smaller in size and undergoes a slight shift
in its orientation. At a level just prior to the transition from Vi to Vo (see Figure 1,
level 8) the area occupied by Vi measures approximately 1.9 mm by 4.2 mm with its
long axis oriented in a more dorsoventral direction. Further rostrally, Vi gradually
reduces in size as it is displaced by the medially enlarging caudal pole of Vo.

Six separate and distinct regions of rat Vi can be distinguished on the basis of
differences in their overall cyto- and myeloarchitecture. The relationship between
these various regions can best be appreciated in the transverse plane as
schematically illustrated in Figure 1. Briefly, these six regions are: 1) A ventrolateral
parvocellular region (v1Vipc) which occupies the ventrolateral caudal half of Vi; 2)
A ventrolateral magnocellular region (vIVimc) which occupies a similar region in
the rostral half of the nucleus; 3) A border region (brVi) interposed between SVT
and vlVipc and vlVimc; 4) A dorsolateral region (dlVi) which lies predominantly in
the rostral half of Vi subjacent to the dorsal half of SVT; 5) A dorsal cap region
(dcVi), occupying the dorsomedial aspect of the nucleus throughout its entire
rostrocaudal extent; and 6) An intermediate region (irVi) which lies immediately
ventral to dcVi within the concavity formed by the medial borders of vIVipc and
vlVime.

The cells in Vi could be separated into small (<15 gm in diameter), medium
(15-25 pm in diameter) and large (>25 pm in diameter) neurons. The somatic cross
sectional areas of these neurons range from approximately 25-800 pm?Z. The vast
muajority of cells in Vi are small and medium-sized cells with somatic cross sectional
areas less than 250 gmZ. The somatic cross sectional areas of neurons in each of the
six regions of Vi generally parallels the distribution in the nucleus as a whole
(Figure 9B-G). However, these regions can be reported into two groups. The first
group consists of brVi, vlVipc and irVi which contain predominantly small to



23
medium-sized neurons measuring less than 250 umz. The second group consists of
d1Vi, vlVimc, and dcVi which contain a more evenly distributed population of
medium and large-sized neurons. Although the regions in these two groups may
exhibit extensive overlapping with regard to the distribution of somatic cross
sectional areas, these regions can be distinguished by differences in the somatic
shape and staining characteristics of its constituent cells (see below).

In order to facilitate descriptions of the progressive changes in the
interrelationships among the various regions of Vi as well as the specific changes
occurring at the rostral and caudal borders of the nucleus, the regional cyto- and
myeloarchitecture of Vi will be described from caudal (levels 1 through 4) to rostral

(levels 5 through 8) levels in reference to Figure 1.
The caudal half of Vi (Levels 1 through 4)

Level 1. The caudal pole of Vi first appears in the POR at a level which
closely corresponds to the first simultaneous appearance of the three subgroups of
the caudal medial accessory olive (Gwynn, Nicholson and Flumerfelt, '77). This level
also corresponds to the point at which SCT has just begun to wrap laterally around
SVT. The caudal pole of Vi is easily recognized as a thin crescent-shaped area
situated in the ventrolateral aspect of SVN (Figures 2A, 10, and 11A). This area
consists of the caudalmost extensions of vlVipc and brVi. Gradually, the crescent-
shaped area enlarges rostrally and displaces the rostral pole of MDH dorsally and
medially such that the ventral half of the substantia gelatinosa (SG, laminae I and
II) is shifted to a position deeper within SVN. Typically, the medially displaced SG
fractures into two or more small, round or irregular shaped pockets of neuropil
which lie along the medial border of the crescent-shaped area (Figures 10, 11A, and
12A). In addition, small, irregular-shaped pockets of SG commonly remain wedged
between SVT and the caudal pole of Vi, especially along its ventromedial edge.
These latter pockets of SG usually invade SVT to form irregular-shaped islands of
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neuropil which contribute to the interstitial system of SVT (InSy-SVT, Falls and

Phelan, '84; see also Chapter Two). The dorsal half of SG remains subjacent to SVT
(Figure 10C-E) and a few thin strands of neuropil can be seen extending laterally
into SVT to become contiguous with the dorsal paramarginal nucleus (PaMd), one
of several distinct components of rat InSy-SVT (see Chapter Two). Although a few
intensely stained neurons morphologically similar to marginal (lamina I) neurons
are present along the SG/vlVipc border, it is difficult to determine whether these
cells belong to lamina I or vlVipc. In fact, it is not clear in Nissl stained sections
whether a distinct marginal layer exists along the lateral margin of the displaced SG.
No other observable changes in the structural organization of MDH are present at
this level. The spatial dislocation of lamina II during the transition from MDH to Vi
is most clearly evident in cytochrome oxidase stained preparations (Figure 10),
where SG is relatively pale stained compared to the more intensely stained portions
of neighboring MDH and Vi.

In myelin stained semithin sections the crescent-shaped area of caudal Vi is
easily distinguishable from the medially displaced laminated MDH (Figure 11A),
since the area is relatively devoid of large diameter deep axon bundles (DAB,
Gobel and Purvis, 72). The few DAB's in this area differ from those in MDH in that
they contain a conspicuous population of larger diameter myelinated axons similar
in size to those in medial SVT. The SG/vIVipc border is marked by the presence of
numerous small diameter DAB's which represents the DAB's which form the border
between laminae I and II of MDH (Gobel, Falls, and Hockfield, 77)(Figure 11A). .
A large number of penetrating rays (PR, Gobel and Purvis, '72) extend throughout
the entire depth of the crescent-shaped area and diffuse abruptly upon entering
MDH. Another prominent myeloarchitectural feature of this area is the presence of
a dense system of fine, myelinated axons which course parallel to SVT as well as a

large number of smaller groups of myelinated axons coursing perpendicular to SVT
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(Figure 11A). These latter myelinated fiber groups are primarily responsible for the

contrasting appearance of the neuropil of this area in comparison to the
characteristic nonmyelinated appearance of the adjoining regions of SG. The
crescent-shaped region of Vi is also evident in cytochrome oxidase stained
preparations where it appears as a relatively intensely stained region compared to
the unstained lamina II neuropil (Figure 10B-D).

In Nissl stained sections, a number of small and medium-sized neurons as
well as a few larger cells are observed within the caudal pole of vIVipc (Figure 5).
The smallest cells have oval to fusiform-shaped somata (measuring <15 pm in
diameter) and central or eccentrically placed nuclei which often display prominent
nuclear indentations (Figures SA-E). These neurons have a high nuclear to
cytoplasmic ratio and many exhibit a deeply stained thin rim or cap of cytoplasm
containing a fine, granular Nissl substance. Pale staining cells are also common. The
small cells are distributed uniformly throughout the region and frequently are seen
as closely apposed pairs.

The medium-sized neurons in caudal vlVipc have oval to fusiform-shaped
somata (measuring 15-30 pm in diameter) with a prominent central or eccentrically
placed smooth nucleus (Figure SF and G). These cells exhibit a relatively low
nuclear to cytoplasmic ratio compared to the small neurons. Their cytoplasm
contains a fine to coarse, evenly dispersed intensely stained Nissl substance.
However, some pale staining medium-sized neurons are also found. The majority of
the neurons have their long axis oriented parallel to SVT. Medium-sized neurons
are also distributed uniformly throughout this region.

The largest neurons in caudal vlVipc have multipolar or stellate shaped
somata with a large centrally placed nucleus and an abundant amount of coarse,
intensely stained Nissl substance forming distinct Nissl bodies. A few thick primary

dendrites are usually seen in Nissl stained sections. The largest and most intensely
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stained of these neurons, especially those with stellate-shaped somata, are situated

in the dorsolateral aspect of vIVipc. The number of larger-sized cells is relatively
few in comparison to the numbers of small to medium-sized neurons.

The most striking cytoarchitectural feature of vlVipc portions of the crescent-
shaped area of caudal Vi is the increased density of compactly arranged small to
medium sized, intensely stained neurons in comparison to adjoining portions of
MDH. Many of the intensely stained neurons are organized into small aggregates of
five or more cells. These aggregates of intensely stained neurons, along with less
intensely stained cells, are typically organized into three large clusters which are
evenly spaced from the dorsolateral tip ventrally along the arcing contour of the
crescent-shaped area (Figure 2A). This unique clustering pattern is restricted to the
caudal 150 pm of viVipc and occupies the entire mediolateral width of this region.
Rostrally, at levels corresponding to positions between levels 1 and 2, these large
clusters are replaced by large aggregates. These latter aggregates are not always
seen in serial sections indicating that they represent discrete groups of neurons
rather than continuous rostrocaudally oriented columns of cells. However, they
occupy similar spatial positions within Vi from section to section. Although the
presence of DAB's may partially contribute to the appearance of the aggregates of
cells in this region, the consistent size and position of these aggregates in the
nucleus suggest that they are not artifactual in nature.

The crescent-shaped area also contains the caudal pole of brVi which is
characterized at this level by three unique cell patterns. The ventromedial edge of
brVi is represented by a band approximately 150 pm wide consisting of small to
medium-sized cells subjacent to SVT. The majority of the cells have oval to
fusiform-shaped somata with their long axes oriented parallel to SVT (Figure 3A
and B; and Figure 12D). A few small, round cells are also present (Figure 3C).
These cells were morphologically similar to those found in adjacent portions of
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