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ABSTRACT

TOPOGRAPHICAL DISTRIBUTION AND MORPHOLOGICAL
FEATURES OF SECOND ORDER PROJECTIONS FROM IDENTIFIED
SUBDIVISIONAL AREAS OF RAT TRIGEMINAL NUCLEUS ORALIS

By
Lizabeth Ann Smith

This study examines the overall course, distribution and morphology
of efferent axons and their terminal arborizations originating from
neurons in rat trigeminal nucleus oralis (Vo) and innervating the spinal
cord, cerebellum, cranial nerve nuclei and diencephalon. Unilateral
deposits of Phaseolus vulgaris leucoagglutinin (PHA-L) were made
iontophoretically into each Vo subdivision. Labeled terminal arborizations
of a single type were observed bilaterally throughout the dorsal column
nuclei while terminal arborizations of three morphologically distinct types
were found bilaterally throughout laminae II-X of all levels of the spinal
cord. Vo efferents projected bilaterally and were of three types in the
granule cell layer of Crus I, Crus II, PML and the uvula of the cerebellum.
Two morphologically distinct types of mossy fibers terminated in the
Purkinje cell layer in these same orofacial tactile areas. A single type of
axon collateral innervating the deep cerebellar nuclei emanated from
parent mossy fibers destined for the cerebellar cortex. Vo efferents to the
thalamus were of several types. Vo efferents of a single type innervated the
oculomotor, trochlear, abducens, trigeminal motor, Edinger Westphal and

dorsal vagal nuclei while two types of Vo efferents terminated in the
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trigeminal sensory complex, facial motor, hypoglossal and solitary nuclei.
Based on the results of this study, ascending and descending Vo efferent
projections may contribute to the modulation of nociceptive and non-
nociceptive input in the thalamus, dorsal column nuclei, spinal cord dorsal
horn and cranial nerve sensory nuclei; influence output of cranial nerve
motor nuclei; modulate spinal cord motor output involved in withdrawl
reflexes (e.g., trigemino-neck reflex); and/or contribute to the expression of
other reflexes involving the integration of trigeminal sensory input with
spinal autonomic systems. Vo efferents to the cerebellum are positioned to

directly and indirectly influence final cerebellar output.
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INTRODUCTION

Trigeminal nucleus oralis (Vo) is thought to play an important role
in the reception, central processing, modification and the transmission of
nociceptive information to the brainstem and spinal cord from tooth pulp,
oral and perioral areas as well as mechanoreceptive information from the
face and oral cavity. Rat nucleus oralis (Vo) can be subdivided into
dorsomedial (DM), ventrolateral (VL) and border zone (BZ) subdivisions
based on differences in morphological and functional criteria. DM receives
terminal arborizations of a group of large diameter primary trigeminal
axons. Included within the DM neuropil are five additional types of
trigeminocerebellar projection neurons, all of which innervate one or more
of the orofacial portions of tactile areas (Crura I and II, the paramedian
lobule, and the uvula) in the rat cerebellar cortex (Falls et al., '86; Hu and
Sessle, '84; Tamarova et al., '73). In addition to these cells, in the cat, are
two morphologically distinct types of projection neurons innervating the
trigeminal motor nucleus (Sessel et al., '77), of which one type responds to
stimulation of intraoral low threshold mechanoreceptors while the other is
activated following stimulation of the tooth pulp. Rat DM also contains a
small population of trigeminospinal and trigeminohypoglossal projection
neurons (Borke et al., '83; Falls, '84b).

The neuropil of VL is comprised of terminal arborizations of a
population of small myelinated primary trigeminal axons (Falls, '86; Falls,
‘88) and two groups of ascending intratrigeminal axons (Falls, '84a)

originating from neurons in the medullary dorsal horn (MDH). Additional
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2
retrograde horseradish peroxidase (HRP) and fluorescent dye and Golgi

studies have demonstrated a subpopulation of Golgi type II interneurons
(Falls, '83), three morphologically diétinct types of intratrigeminal MDH
projection neurons (Falls, '84), morphologically distinct populations of
trigeminospinal (Falls, '84b; Ruggiero et al., '81), trigeminotectal (Bruce et
al., '87; Huerta et al., '83), trigeminothalamic (Bruce et al., '87; Erzurumlu
et al.,, '80; Fukushima and Kerr, '79; Kruger et al., '77; Silverman and
Kruger, '85) and trigeminofacial (Erzurumlu and Killackey, '79) projection
neurons. Trigeminospinal projection neurons are most numerous and
innervate all levels of the rat spinal cord while trigeminotectal and
trigeminothalamic neurons are fewer in number. Terminal arborizations
of five populations of primary trigeminal axons are found within the BZ
neuropil, three of which arise from different types of large myelinated
fibers (Falls, '87). Of the remaining two types, one is derived from small
myelinated parent branches (Falls and Alban, '86; Falls, '87; Falls, '88)
while the other originates from unmyelinated parent fibers and is confined
to the dorsal one-half of the subdivision (Falls, '86; Falls, '88). Additionally,
BZ contains the terminal arbors of one group of ascending intratrigeminal
axons from MDH neurons (Falls '84) as well as trigeminocerebellar (Falls
and Alban, '86) and descending MDH projection neurons (Falls, ‘84a). The
single population of trigeminocerebellar cells is found dorsally in BZ, while
MDH projection neurons are situated more ventrally within the
subdivision. Throughout BZ are morphologically distinct populations of
trigeminospinal (Falls, '84b), trigeminotectal (Bruce et al., '87), and
trigeminothalamic (Bruce et al., '87) projection neurons which are few in

number with trigeminothalamic cells being found least frequently.
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3
In general, the morphologically distinct populations of neurons

within each Vo subdivision of have most of their dendritic arbors confined
to the subdivision and are in a position to receive primary and non-primary
afferent inputs terminating within the neuropil. The second-order
projection neurons provide the efferent outflow from each Vo subdivision
and are able to affect the synaptic activity within numerous locations along
the neuraxis. Axons of neurons which remain within each Vo subdivision
and/or give off intranuclear collaterals as they leave Vo, have their
arborizations primarily confined to that subdivision of the parent cell
allowing for interaction with neighboring neuronal processes. Many
neural elements within each of the three subdivisions of Vo form synaptic
contacts in well-defined structures referred to as glomeruli, with each
glomerulus containing a primary trigeminal afferent axonal ending,
dendrites of projection and interneuronal Vo cells and non-primary axonal
endings.

Although a number of electrophysiological studies have been devoted
to discerning the functional organization of Vo, only recently have
anatomical analyses provided structural substrates underlying these
electrophysiological events. Vo has been implicated in the reception,
central processing as well as modification and transmission of orofacial
nociceptive and mechanoceptive information suggesting a role in
numerous chronic pain states (e.g., trigeminal neuralgia). Vo is a major
target of primary trigeminal neurons which innervate the tooth pulp where
the primary sensation elicited in man is pain. The purpose of this study
was to delineate the synaptic circuitry in Vo in order to understand possible
mechanisms involving orofacial pain and tactile information transmitted

by primary trigeminal neurons is processed and relayed by Vo to other
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4
areas of the neuraxis. This light microscopic study utilized the

anterograde technique of Phaseolus vulgaris leucoagglutinin (PHA-L) to
determine the overall pattern, organization, and morphology of efferent
axons from projection neurons in each Vo subdivision to targets in the
brain and spinal cord. The knowledge gained from this study will provide
for an understanding of the anatomical framework and circuitries through
which Vo processes orofacial nociceptive and mechanoceptive information

under normal and pathological circumstances.
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CHAPTER1

DESCENDING PROJECTIONS TO RAT DORSAL COLUMN NUCLEI AND
SPINAL CORD FROM IDENTIFIED SUBDIVISIONAL AREAS WITHIN
TRIGEMINAL NUCLEUS ORALIS UTILIZING THE METHOD OF PHA-L

INTRODUCTION

Neuroanatomical studies in our laboratory (Falls, ‘83a; 84a-c; Falls et
al., ‘85) and electrophysiological investigations (Hayashi,'82) have provided
experimental evidence that each subdivision of rat trigeminal nucleus
oralis (Vo) receives morphologically and functionally distinct groups of
primary and non-primary afferent axons which are positioned to directly
influence the activity of different groups of second order Vo projection
neurons. These projection cells provide the efferent outflow from each of
three Vo subdivisions; dorsomedial (DM), ventrolateral (VL) and border
zone (BZ), and affect synaptic activity in the numerous target areas along
the neuraxis. Several investigations utilizing anatomical and
electrophysiological methodology have established the existence of a direct
trigeminospinal projection originating from neurons in each portion of the
spinal trigeminal nucleus (SVN), i.e., Vo, trigeminal nucleus interpolaris
(Vi) and the medullary dorsal horn (MDH; trigeminal nucleus caudalis) in
rat (Burton and Loewy, '76; Burton and Loewy, '77; Leong et al., '84;
Ruggiero, '81; Satoh, '79; Falls, '83b), hamster (Bruce et al., '84), cat
(Burton et al, '79; Burton and Loewy, '76; Craig, '78; Hayashi et al., '84;
Kuypers and Maisky, '75; Matsushita et al., 80; Matsushita et al, '81,
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6
Matsushita et al., '82; Tohyama et al., '79), dog (Craig, '78), opossum

(Cabana and Martin, '84; Crutcher et al., '78), and monkey (Burton and
Loewy, "77). Vo trigeminospinal (Vo-TS) projection neurons situated in the
VL subdivision have been shown in retrograde studies to project bilaterally
to the entire length of the spinal cord (Leong et al., 84; Ruggiero et al., '81)
and by virtue of their position in the dorsal and ventral horns as well as the
intermediate gray (Lamina VII) have been suggested to influence the
activity of somatosensory relay neurons, motoneuronal cell pools and
internuncial cells throughout the spinal cord. Previous retrograde
transport studies have shown that rat VL contains large multipolar cells
that innervate cervical, thoracic and lumbar spinal cord levels (Falls '84b;
Falls et al."90).

To date, no anatomical studies have been undertaken to examine the
morphological features of efferent axons and their terminal arbors arising
from neurons in each Vo subdivision and innervating the spinal cord and
the dorsal column nuclei (DCN). The anterograde Phaseolus vulgaris
leucoagglutinin (PHA-L) technique allows for comparison of projections
from different neuronal populations, eg., spinal cord neurons, which have
been identified previously using retrograde transport methods (Falls, '84b).
This technique also allows for further characterization of morphological
features of parent axons and terminal arborizations arising from neurons
in each Vo subdivision and terminating in anatomically identified sensory,
motor and autonomic areas in the spinal cord. Detailed quantitative
anatomical information about precise spatial features including source,
destination, patterns of termination, and morphological details of Vo-TS
axonal connections is non-existent. In the present study, we have closely

examined and compared the distribution, relative densities and
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7
morphological features of Vo-TS axons terminating in dorsal and ventral

horns of the rostral cervical segments (RCC), cervical enlargement (CE),
thoracic segments (TC) and lumbar enlargements (LE) of the spinal cord as
well as efferent axons innervating DCN following injections 6f PHA-L into
each Vo subdivision. A preliminary report of these findings has been

published (Smith and Falls, '88).
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MATERIAL AND METHODS

Nine adult male Sprague Dawley albino rats (250-300g) were
anesthetized with sodium pentobarbital (35-40 mg/kg) and placed in a
stereotaxic apparatus (Kopf). All surgeries employed aseptic technique. A
small opening was made in the occipital bone and the dura matter incised.
Glass micropipettes (inside tip diameter 20-30 um) filled with 2.5% PHA-L
(Vector Labs) in 0.05 M phosphate buffered saline (pH 7.4) were lowered into
Vo passing through the cerebellum at an angle of approximately 90° with
respect to the horizontal plane. A pulsed (7 seconds on, 7 seconds off)
positive current of 5 mA (Midgard, Transkinetics model CS3) was employed
to iontophoretically deliver PHA-L for 45-60 minutes into each Vo
subdivision; DM (Cases 734, 741 and 824), VL (Cases 739, 751, 860 and 866)
and BZ (Cases 750 and 826) utilizing coordinates obtained from the
stereotaxic atlas of Paxinos and Watson ('86). The choice of the injection
sites was based on the results of previous anterograde PHA-L studies
(Smith and Falls, '88) of Vo efferents. The micropipette was left in place for
and additional 5 minutes following termination of current and then
withdrawn. At the completion of the experiment, the scalp was sutured
and the animal returned to its cage. All animals were housed, maintained
and cared for according to federally prescribed guidelines (NIH Guide, '85).
After postinjection survival periods of 10-14 days animals were deeply
anesthetized and perfused transcardially using a two stage procedure
(Berod, '81) with solutions of 250 ml of 150 mM acetate buffer (pH 6.5) with
4% paraformaldehyde followed by 750 ml of 65 mM borate buffer (pH 9.5)
containing 4% paraformaldehyde and 0.05% gluteraldehyde at 4° C. The

brain and spinal cord were removed and postfixed overnight at 4° C in the
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last perfusate solution. The pons-medulla and spinal cord was blocked and

20-30 um thick transverse sections were cut using an Oxford vibratome into
Tris buffered saline (TBS, pH 7.6) at room temperature (RT). Sections were
collected in tissue trays filled with TBS and processed immediately for
immunocytochemistry according to a modification of the method of Gerfen
and Sawchenko ('84). After three rinses in TBS with 0.5% Triton X-100
(TBS-TX) at RT, sections were placed in a solution of 3% normal rabbit
serum in TBS-TX for 30 minutes and then briefly rinsed (5 minutes) in TBS-
TX at RT. Sections were then incubated for 24-48 hours at 4° C in goat anti-
PHA-L (1:2000; Vector Labs) diluted in TBS-TX. To visualize the PHA-L
stain, sections were processed with the avidin-biotinylated HRP (HRP-ABC)
technique (Hsu et al., '81) using a vectastain ABC kit (Vector Labs). The
final peroxidase reaction was performed with a solution of 0.15 M Tris
Buffer containing 100 mg% 3,3' diaminobenzidine or DAB (Sigma), 40 mg%
ammonium chloride, 200 mg% B-D-glucose, and 38 mg% imidozole.
Sections were incubated in this solution for 45-60 minutes. After several
rinses in TBS-TX, sections were mounted onto gelatin-coated slides,
counterstained with cresyl violet and coverslipped. Detailed light
microscopic evaluation of each section was undertaken in order to
determine the overall course, distribution, organization and morphology of
efferent axons and their terminal arbors originating from neurons in each
Vo subdivision. Schematic drawings illustrating the distribution and
overall pattern of termination of parent axons and their terminal arbors
were made using an Aus Jena Documator at a magnification of 17.5X.
Drawings illustrating the position of parent fibers and their terminal
arborizations within schematic drawings were made using a 2.5X objective

lens attached to a Leitz Laborlux 12 microscope fitted with a drawing tube at
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a magnification of 31X. The morphological features of parent axons and

their terminal arborizations were illustrated using a 100X oil immersion
objective lens at a magnification of 1,250X. Photomicrographs of
corresponding sections were taken to illustrate morphological details. All
composite drawings, Figures 5-7, illustrate the course, distribution and
density of labeled Vo-TS efferent axons and terminal arborizations
encountered in fifteen consecutive sections through a spinal cord segment.
Within the confines of each segment analyzed, labeled parent axons and
their terminal arborizations were mapped out through a successive series
of serial sections and cataloged by terminal type. Through the same series
of serial sections spanning approximately 450-500 um, each of the three
distinct types of Vo-TS efferents were followed as they coursed through the
neuropil to assess direction as well as length of trajectory within each
segment in dorsoventral, mediolateral and rostrocaudal dimensions. A
similar method was utilized to examine the single type of Vo efferent

terminating in DCN.
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RESULTS

INJECTION SITES

Unilateral PHA-L deposits were localized in discrete areas within
each Vo subdivision (Figure 2). Only areas containing densely filled
neurons were considered to be effective zones from which efferent
projections originated. Weak anterograde label was observed following
injections in which PHA-L deposits only sparsely filled Vo projection
neurons. In several cases (824, 826 and 750) PHA-L diffused into the spinal
V tract (svt) and labeled numerous svt axons as far caudally as the MDH
which serves to indicate that PHA-L may have been subject to uptake and
transport by at least some fibers of passage. However, the potential
problems of retrograde transport of PHA-L by fibers of passage published in
other studies (Cliffer and Giesler, '88; Schofield, '90) did not play a
significant role in the results of this study since cases of PHA-L deposition
without spread into svt yielded similar results. The potential does exist that
the labeled fibers found in svt originate from VL neurons giving rise to
spinally projecting parent axons described in an earlier study by Falls ('
84b).

Most Labeled Vo-TS efferent axons coursed ventromedially and
caudally through the gigantocellular (RFg) and parvocellular (RFp)
reticular formation on their way to the medial longitudinal fasciculus (mlf)
bilaterally. In addition, a small contingency of Vo efferents coursed
caudally through Vi and MDH as they descended to the spinal cord and
DCN. Although the potential exists for possible labeling of intertrigeminal
fibers of passage originating from neurons located in Vi and MDH it was

not thought to be significant in this study. The pattern of distribution and
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morphologies of labeled Vo-TS efferents to the spinal cord were not identical

in characteristics as described previously for Vi efferents to the spinal cord
(Cook and Falls, ‘90; '91), while no published reports exist for SVN
projections from rat Vi or MDH to DCN.

In this study all nine experiments resulted in injections of PHA-L
largely restricted to either DM, VL or BZ. Three of the brains examined
(Cases 734, 860 and 750) were used to illustrate representative DM, VL and
BZ injection sites respectively in Figure 1 A-C, schematically and Figures 2
A-C, photographically. The DM injection site, Case 734 (Figures 1,2 A),
was situated in middle DM and partially filled dorsal and ventral zones
with slight spread into dorsal BZ. The injection site measured 1180 um
rostrocaudally, 850 um dorsoventrally and 400 um mediolaterally. The VL
injection site, Case 860 (Figures. 1,2 B), was located approximately midway
along the rostrocaudal length of Vo. The PHA-L deposit extended a short
distance into BZ and measured 720 um rostrocaudally, 525 um
dorsoventrally and 700 um mediolaterally. The BZ injection site, case 750 in
Figures. 1,2 C was located in the dorsal two-thirds of the subdivision with
some spread into the dorsal portion of VL. The injection site was located
midway along the rostrocaudal extent of Vo and extended 1080 um
rostrocaudally, 700 um dorsoventrally, and 300 um mediolaterally. In the
additional six experiments injections were made at other locations in Vo
subdivisions (Cases 739, 741, 751, 824, 826, and 860) and the injection sites

were similar in size to those illustrated above and yielded similar results.

PROJECTIONS TO THE DORSAL COLUMN NUCLEI
PHA-L labeled efferent axons and terminal arborizations were visible

in the DCN following injections into DM, VL and BZ. Injections restricted
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to DM (Figure 5 A, B) resulted in labeling of parent axons that passed

caudally in axon bundles through the ipsilateral dorsal cap and
dorsolateral regions of Vi and the dorsomedial portion of lamina III-V of
MDH with the greatest density of labeled efferents in laminae III and IV.
Terminal arbors were not observed in any of these regions of Vi and MDH.
Upon reaching the rostral pole of DCN and for the rest of their trajectory
paralleling the rostrocaudal extent of DCN, many parent axons would peel
off and leave the axon bundles dorsomedially and proceed through the Vi
and MDH neuropil to exit the dorsal and dorsomedial borders of SVN.
Upon reaching ipsilateral DCN many parent fibers gave rise to terminal
arborizations (parent axons coursed dorsally to nucleus cuneatus (Cu) and
entered nucleus gracilis (Gr) by weaving around the medial portion of Cu)
while a few others continued on, decussated and innervated contralateral
DCN. Decussating fibers took a path through the dorsal portion of the
solitary nuclei (Sol) to terminate in rostral portions of contralateral DCN
while at more caudal levels the decussating axons crossed through Sol and
hypoglossal nuclei (XII) to form terminal arbors in successively more
caudal portions of the contralateral nuclei. The densest population of
terminal arbors was found ipsilaterally in Cu and Gr with less dense
labeling found contralaterally in the same nuclei. In two cases, (734 and
824), terminal arborizations were observed in Cu bilaterally while bilateral
projections to Gr were only found in Case 734. The distribution of DM
efferents illustrated in Figure 5 B from Case 734 suggests that the greatest
density of terminal arborizations was ipsilaterally in DCN with a gradient
of labeling suggesting a greater number of arborizations in ipsilateral Cu
when compared to Gr. Labeled Vo efferent terminal arborizations were

positioned in the ventral three-fourths of Cu throughout its rostrocaudal
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extent whereas, labeled terminal arbors were found scattered throughout

Gx also along the rostrocaudal extent of the nucleus. In Case 741, labeled
Vo efferents were sparsely distributed in ipsilateral Cu.

PHA-L injections restricted to VL (Figures 6 A,B) resulted in a small
number of labeled parent axons that descended in axon bundles through
the ipsilateral ventrolateral magno-and parvocellular regions of Vi and the
ventrolateral portion of laminae III-V of MDH, with the heaviest
concentration of fibers in laminae III and IV. The parent axons were
unbranched throughout their course reaching the rostral pole of DCN. For
the rest of their trajectory, along the rostrocaudal extent of DCN, parent
axons would leave the bundles, turn and course dorsomedially along the
medial borders of Vi and MDH to form terminal arborizations in ipsilateral
DCN. Sparse terminal arbors were observed in the rostral two-thirds of Cu
and Gr with a greater density always observed in Cu. Terminal arbor
density was considerably less than that observed following DM injections
with labeled terminal arborizations situated ventrally in Cu and scattered
diffusely within Gr.

Following an injection in the dorsal two-thirds of BZ, with some
spread into dorsal VL (Figures 1,2 C; 7 A,B), a few PHA-L labeled parent
axons were observed to descend in axon bundles through the dorsolateral
region of ipsilateral Vi and the dorsolateral portion of lamina I of rostral
MDH. As described for the parent axons above, DCN efferents did not give
rise to terminal arborizations along their course. Continuing to descend at
DCN levels, the parent fibers left the axonal bundles, turned dorsomedially
and proceeded through Vi and MDH to ipsilateral DCN where they formed
terminal arborizations. Labeled Vo efferents were widely scattered

ventrally in the rostral two-thirds of Cu and diffusely in rostral Gr.
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Terminal arborizations were most dense in Cu when compared to those in

Gr. However, these terminal arbors were considerably less dense in Cu
and Gr when compared to those arising from DM and VL neurons.
Labeled parent axons and terminal arborizations in Cu and Gr
appeared to be of a single morphological type following PHA-L injections
into all three Vo subdivisions (Figures 9 A,B; 17 E). Each parent axon ( 0.8
to 1.0 um in diameter) terminated in a thin (0.5 to 0.8 um in diameter)
relatively unbranched terminal strand containing widely spaced boutons en
passant (0.5 to 0.8 um in diameter). A few short side branches capped by an
end bouton emanated from the terminal strand. Within their terminal
fields in Cu and Gr, terminal strands frequently intertwined with each

other forming a delicate plexus of interlacing terminal fibers.

PROJECTIONS TO THE SPINAL CORD

PHA-L labeled parent axons and terminal arbors were visible in the
gray matter of the RCC, CE, TC and LE following injections into Vo
subdivisions. The course of Vo efferent axons, their levels of termination,
their laminae and nuclei of distribution and the morphology of the parent
fibers and terminal arborizations were not uniform.

Labeled Vo-TS efferents, destined for specific regions of spinal gray
matter, traversed the brainstem and spinal cord primarily by two separate
and distinct routes. An additional route containing a small grouping of
labeled axons was observed in C1-C2 segments of ipsilateral RCC. Parent
fibers traveled along these routes without giving rise to terminal
arborizations. Labeled parent axons taking the first route (trans SVN)
were fewer in number when compared to those utilizing the second route

and originated from neurons in each Vo subdivision. They also projected
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bilaterally to the spinal cord with an ipsilateral predominance. Parent

axons following the ipsilateral path joined deep axonal bundles traversing
each Vo subdivision and descended through Vo and comparable portions of
Vi and laminae III-V of MDH. At caudal MDH levels the labeled parent
axons, still in the axonal bundles, shifted medially and entered the spinal
dorsal horn. As the parent axons descended in the dorsal horn, axonal
bundles containing the labeled fibers were located primarily in laminae V
with some situated along the ventral aspect of lamina IV. Labeled parent
axons arising from these bundles formed terminal arborizations of one
type, Type 1, in the dorsal horn and intermediate gray. Parent fibers
descending to the contralateral dorsal horn and intermediate gray followed
the same route through deep axonal bundles in contralateral Vo, Vi and
MDH as did the descending ipsilateral parent axons. These axons arose
form neurons in each Vo subdivision and decussated through the reticular
formation and caudal pontine levels to enter the same Vo subdivision
contralaterally. Within these contralateral Vo subdivisions the parent
axons emitted collaterals which formed terminal arborizations within the
subdivisions before entering the deep axonal bundles to descend spinal
levels.

The second and largest path (trans mlf/ventral funiculus (vfu)
consisted of parent axons which left each Vo subdivision ventromedially
and caudally, traversed RFp and RFg and formed distinct axonal bundles
which descended bilaterally in the mlf with an ipsilateral predominance
(Figures 5-7). In the spinal cord these bundles of labeled axons were located
in the ventromedial portion of vfu bilaterally. Labeled parent axons exited
these bundles, coursed dorsally and medially or laterally in the spinal
gray matter and formed terminal arbors of two types (Types 2 and 3)
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primarily in the ventral horn and intermediate gray. Type 2 arborizations

were also observed to arise from parent axons extending into lamina III of
the dorsal horn bilaterally. Labeled Vo-TS parent axons giving rise to Type
2 arborizations were observed to emanate from the vfu bilaterally while
parent axons giving rise to Type 3 arborizations were only observed in
ipsilateral vfu. The parent axons with Type 3 arbors destined for the
contralateral spinal gray would course through the ventral spinal
commissure (vsc). At C1 and C2 levels some labeled parent fibers were
observed to leave vfu laterally, course dorsally and laterally adjacent to the
ventral horn spinal gray matter in the lateral funiculus (Ifu) and enter
ipsilateral laminae III-V of the dorsal horn where they formed Type 2
terminal arborizations.

The additional route (trans RF) contained only a few labeled parent
axons. The fibers left Vo ventromedially and caudally at caudal pontine
levels, decussated and descended to the spinal cord through the RFp. In
the reticular formation the labeled parent axons are widely scattered and
did not form any discernable bundles. Upon entering RCC at the C1 and C2
levels the axons formed a small bundle in the dorsal funiculus (dfu)
adjacent to laminae II-IV of the dorsal horn. Parent arbors left the bundle
and gave rise to collateral terminal arborizations in ipsilateral laminae IV-
VI medially and the intermediate basilar nucleus (IBN) before decussating
in the dorsal spinal commissure to terminate in these same areas

contralaterally. These terminal arborizations fell into the Type 1 category.

PROJECTIONS TO ROSTRAL CERVICAL SPINAL CORD
Following DM, VL and BZ injections, numerous labeled parent axons

and terminal arborizations were observed to innervate RCC (C1-C4). Vo-TS
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efferents are of three morphologically distinct types (Types 1, 2 and 3). Two

types, Types 1 and 2, terminated in the dorsal horn and intermediate gray
and Types 2 and 3 arborized in the ventral horn and intermediate gray. All
three types were seen bilaterally in varying proportions after injections

made in all three Vo subdivisions.

The Density and Morphology of Vo Efferent Terminal Arborizations,
Rostral RCC

The density of labeled Vo-TS terminal arbors was greatest in the
ipsilateral dorsal horn following VL and DM injections and decreased
significantly in density following BZ injections. The intermediate gray
(lamina VII) was observed to be less densely innervated and received
terminal arborizations in approximately equal numbers from DM and VL
neurons. Cells located in BZ projected to the intermediate gray (lamina
VII). The projection was sparse and bilateral. The density of labeled Vo-T'S
efferents, from DM and VL neurons, terminating in the ipsilateral ventral
horn was observed to be almost equal to the density seen in the ipsilateral
dorsal horn. BZ neurons projected only sparingly to this area. Vo-TS
efferents terminating in the contralateral ventral horn were most
numerous from VL neurons followed by DM and BZ cells. In all three
cases, the density of labeled terminal arborizations was most pronounced at
C1-C2 segments and decreased significantly in C3-C4 segments.

The terminal arborizations of Type 1 Vo-TS efferents (Figures 10; 13;
14; 18 A,B) in the dorsal horn and intermediate gray (lamina VII) of RCC
were observed following injections placed in all three Vo subdivisions and
consisted of a sparsely branched thin terminal strand (0.8 to 1.0 um in

diameter) with widely spaced boutons en passant 0.6 X0.8 um in diameter.
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These terminal arbors were direct continuations of the parent fiber and

coursed rostrocaudally before ending in a terminal bouton. The trajectory of
the terminal arborizations was primarily dorsolaterally and dorsomedially
after the parent fibers exited deep axonal bundles within the dorsal horn or
dorsolaterally and ventromedially after the parent axons emerged from the
small grouping of fibers in dfu.

Type 2 Vo-TS efferents gave rise to collateral arbors terminating in
the ventral horn, intermediate gray and laminae III-VI of the dorsal horn
and were present in approximately equal densities following injections
made in all three Vo subdivisions. These efferents were characterized by a
thick parent fiber (1.5 um in diameter) which underwent secondary and
tertiary collateral branching along its trajectory (Figures 11; 15; 18 C,D).
These branches displayed large boutons en passant and end boutons (1.3 X
1.5 t0 3.5 X 2.5 um in diameter). Parent fibers of the Type 2 Vo-TS efferent
were observed in RCC to shift laterally from the fiber bundles in vfu
bilaterally, being of greater density ipsilaterally, and course in dlfu. Types
1 and 2 Vo-TS efferent terminal arborizations were observed to coexist
within the same portions of the same dorsal horn laminae with the greatest
density belonging to the Type 1 arborizations.

The Type 3 Vo-TS efferent terminated predominately in the
ipsilateral ventral horn and intermediate gray and decussated to terminate
in these same areas contralaterally. Its greatest density was within
laminae VIII and IX of spinal cord enlargements and the thoracic cord.
The terminal arborization of the Type 3 Vo-TS efferent is characterized by a
large diameter parent fiber (1.8 to 2.0 um in diameter) which follows a
sinuous course after entering the ventral horn from ipsilateral vfu (Figures

12: 16: 18 E,F). Occasionally, side-branches emanate from the parent fiber
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which gave rise to large end boutons (3.0 X 4.0 to 3.0 X 5.0 um in diameter).

Very few boutons en passant were observed. Collateral branches from
parent strands were observed to course dorsomedially, decussate in vsc,
and terminate in homonymous areas within the contralateral spinal gray.
Type 3 efferents were labeled in their greatest density after DM injections
followed by VL injections, with sparse labeling observed following BZ

injections.

Distribution and Density of Vo Efferents to Rostral Segments C1-C2 of RCC
Following DM Injections

The pattern in which labeled Vo-TS efferents terminated in the
dorsal horn laminae following a DM injection (Case 734) is illustrated in
Figure 5 C. In all cases studied the density of labeled Vo efferents to the
dorsal horn was always greatest ipsilaterally. Type 1 Vo efferent terminal
arbors were observed in their greatest density in medial portions of
ipsilateral laminae II-IV, including IBN while Type 2 terminal
arborizations were fewer in number and were scattered medially and
laterally in lamina IV. Terminal arbors of both types were observed
throughout lamina V and within some of the dorsalmost part of lamina VI.
The density of Type 1 and Type 2 Vo-TS efferents innervating contralateral
laminae II-VI was significantly less with only a few sparsely distributed
labeled terminal arbors in the medial portions of laminae II-V along the
lateral border of lamina V and dorsally in lamina VI. Contralateral IBN
received a similar density of labeled Vo efferents to that found ipsilaterally
and they were located in approximately the same regions along the

rostocaudal extent of C1-C2.
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Throughout the ipsilateral intermediate gray were found the

terminal arbors of Types 1 and 2 Vo-TS efferents. In addition, this area
received sparse innervation from the terminal arborizations of Type 3 Vo-
TS efferents. The density of innervation was similar to that found in
lamina V, except that here terminal arborizations of Type 2 Vo-TS efferents
were more numerous. Type 1 and Type 2 Vo-TS efferents were observed in
equal density throughout the Central cervical nucleus (CeC). Contralateral
lamina VII received slightly fewer labeled terminal arbors from the same
three types of Vo-TS efferents and they were spread throughout its
mediolateral extent. Contralateral CeC was less densely innervated with
Type 1 and Type 2 terminal arbors found only in its ventral portion.

Lamina X contained numerous terminal arborizations of Type 1 and
Type 2 Vo-TS e<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>