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INTRORUCTION

An extraordinary number of investigations dealing with the various
processes of development of either the whole brain or brain rarts have
been studled anatomically, behaviourally, biochemically, electrephvsio-
logically, and pharmacologically in lower‘vertebrates, birds, and mammals,
including man (Hinwich and Himwich, 1964). Although most of thege studies
have emphasized the whole biological approach to normal develorment, some
have shown an interest in the pathological developmentvof the brain,
Daspite this proliferation of work, almost no data have been reported on
the rorphological changes in therdeveloping brain of the rhesus monkev.
This is surprising since this animal has proved to be a usefpl model for
various other kinds of brain research,

Ontogenetic investigations have leong been used to acquire an ‘under-
standing of the organization of the central nervous system., DProbably
their most important single advantage is the visibility of neuronal
groupings, interneuronal connections, the characteristics of individual
neurons, and the nigration of neurons and fibers before the infiltration
of the dense networks of fibers which characterize the adult brain, In
"addition, the dntogenetic approach clarifies the mechanical conditions that
bring about the major structural changes of the brain.

Recently, Portman, Alexander, and Illingworth (1972) investigated
the changes in weight and chenical composition associated with developnent
in 135 rhesus monkeys, ranging from 58 days gestation to over 10 Years.
They reported that (1) the relationship between brain weight and age forms
4 sigmoid curve, the greatest rate of increase occurring at about 125 days
of gestation; (2} at birth the.brain, which is about 70% of the adult size,

reaches maximal weight within one vear and remains nearly constant until



senescence., Kerr, Xenna, Waisman, and Allen (1969) reported similaf findings
for brain weight at biﬁth, and Zuckermaﬁ and Fisher’(i937) noted no signifi-
cant cﬁange in brain weight after the permaneﬁt incisors and second molars
are in place {(about two vears). In adaiiion to whole brain weight, Portman
et al. (1972) reported growth curves for rarts of the brain (Fig. 1)s
Starting about 90 days of gestgtion, the cerebral hemispheres showed the
first rapid increase in weight ana continued to graw until about 170 days
(five days after parturition) when there was a gradual increase until about
one year of age. At a later age, the cerebellumrof the rhesus monkey, like
that of man and other species (Larsell, 1934, 1947; Jansen, 1954), grows
more rapidly than the cerebrum and continues to increase in size after
parturiticn. The brain stem grows very érédually until about 130 days
gestation, when there is a rapid increase in weight until it reaches its
bmaximal weight at parturition. |

The preéent investiqétion is‘concerned with some of the nmajor morpho=-
legical changes within the brain sterm and cerehbellum during the period of
maximal growth. In general, the sequentiai maturation of individual neurocns,
the formation of neuronal groups, and the distribution of nerve fibers are
described, Specifically, the inferior olivary nuclear complex is examined
in detail as a prototype of neuronal development in the lower brain stem
since the spatial orientaticn of its cells, dendritic arbors, and axons
as well as its structural formation is one of the most complicated, yet
constant, aspects of the nervous system (Scheibel and Scheibel, 1955f.
Moréover, the inferior olivary complex was éelected.because it reaches its
greatest size and internal complexity in man (Ariens Kappers, Huber, and
Crosby; 1936) and thus suggests phylogenetic differences within the complex

and behavioural changes in the function it subserves. In addition, the
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rig. 1 The relationship of the weight of the brain and its parts to
gestational age of rhesus monkeys. Weights from animals of the present
study are included in the data for this figure. (Portman et al., 1972,
Fig. 2, p. 2080),



ontogenetic approach may provide additional insight into the distribution
of its afferents whose areas of termination have heen extensively studied,
Finally, the inferior olivary complex is closely related through its
cfferents with the slower maturing cerebellum, which also has phylogenatic=
élly different regions,

The inferior olivary nucleus is a conspicuous cell group in the
ventral portion of the lower brain stemn. The inportant aspects of its
phyleogeny and comparative‘morphology have been summarized by Papez {1929),
Verhaart (1970), Tateishi (1959), and Ariens Rappers et al, (1936),

Kooy (1917) distinguished three divisions of this nucleus: a nedial

accessory nuciéus, found in birds; and a principal nucleus which first
appeared in birds (Vogt-Nilsen, 1954) and became rrogressively more

prominent in the mammalian series. The principal nucleus can be further
subdivided into a dorsal lamella and a smaller ventral lamella. The princi=-
pal portion is largest in the primete brain where, as its name implies, it
constitutes the major portion of the inferior olive (Ariens Kappers et al.,
1236). The cells of the nucleus arise from the caudal part of the rhombic

lip of the alar plate and migrate in a ventronedial direction to form, in
'higﬁer vertebrates, its three divisions (Essick, 1912; Harkmark, 1954a, 1954b).,

The cellular mérphology of the inferior olivarv nucleus was initially
described in 1909 by Ramon v Cajal who described cells with small bodies
and spherical dendritic patterné and afferents which he believed were
collaterals from large ascending and descending fibers coursing over and
around fhe olivary nucleus (Scheibel and Scheibel, 1955). Basing their
report on an extensive study of a large group of animals, including a young
nonkey aﬁd a hunan infant, and using the Golgi method of ifpregnation,

Scheibel and Scheibel (1955) gave a more couplete description of the
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olivary compiex. They reported regional differences between varioué'cell
types within the infer?br olive, For exémple, cells with large, simple,
and relativeiy unramified dendritic arbors ére generally found in the caudal
regions of the dorsal and medial}acceséory nuclei. Another type has a
smaller, highly ramified, spherical dendrific vattern, similar to that
described by Cajal. These cells are located mostlv in the rostral portions
] . . . o
of the accessory nuclei and of tha principal nucleus, which are the phylo-
genetically newer regions of the olive. Additicnal cell tyves were revorted
for the olivary nucleus of the monkey and man. One cell, occasionally
observed in the dorsal accessory nucleus, has an extremely small cell body
and an uﬁramified dendritic mattern. Another cell, occasicnally found in
the middle of the gray matter of the prineipal nucleus, has a very ex?ensive
dendritic arbor spread over perhéps 100 or more olivary cells (Scheibel and
Scheibel, 1955), .

Althougﬁ not as distinct as the dendritic patterns, regional variation
in'the distribution of different types of afferent terminals has been dermon-
strated by the Golgi method (Scheibel and écheibgl, 1955; Scheibel, Scheibel,
Walbery,  and Brodal, 1956). fThree types of axonal endings have been observed
in most areas of the inferior olive: the bushy terminals originally described
by Cajal; a heawvy rosette-bearing type; and a thinner, bouton-bearing type.
The first appear to be everyvhere; the heavy rosette fibers are particularly
abundant in the ventral larella of the principal nucleus;land the spvarsely
distributed bouton—beéring type are observed in the dorsomedial part éf the
dorsal accessory nucleus, in the ventrolateral regions of the medial accessory
nucleus, and iﬁ both the dorsal and ventral lamella. Por the most part,
boﬁtons.impregnated with the Glees method do not show clearcut regional

differences. Only the ventral lamella, eépecially the caudal half, shows



a very high density of boutons; the other regions show scarcely any
(Blackstad, Brodal, and Walberg, 1951).

Hany different parts of the nervous svstem have been suggested as
possible sources for the inferior olivary afferents (Cresby, Humphrey, and
Lauer, 1962). The use of various techniques and many different species of
animals may partially account for the widely discrepant data on the subject.
Three fairly laxyge groups of fibers, which have been reported by a number
of investigators, project onto distinct regions of the olivary complex:

(1) the first ascends from the spinal cord and rrojects onto the caudal
regions of the dorsal and medial accessory nuclei; (2) a large descending
connection from the red nucleus and surrounding area is localized primaxily
in the rostrodorsal portions of the principal nucleus and, to a limited
degree, in the rostral sections of the accessory nucleij; (3) another deécen-
ding small group of fibers from the cerebral cortex, especiallv the frontal
and parietal icbes, is mainly distributed to the ventral lamella and the
medial accessory nucleus,

dﬁe of the first experimental demonstrations of the spinal cord fibers
terminating within the olivary complex was by Wilson and !tagoun (1945).
Using the Marchi methed, they reported that cats showed degeneration in
the dorsal accessory nucleus after hemisection of the cord at Cl and €2,
Similar findings were observed in a more extensive study in which the brain
stems were examined with the Glees method after lesions had been made at
various regions.within the cord at several different levels (Brodal, Walberyg,
and Blackstad, 1950). Except for the most restral region of the dorsal
accessory nucleus, they found terminal and preterminal degeneration through=
out thie nucieus, particularly in the caudal, ventrolateral portions. Although

not repofted in the Wilson and iagoun (1945) paper, possiblv because of the



use of the lMarchi procedure, extensive degeneration was also observed in
the ventrolateral parts of the caudal half of the nedial accessory nucleus
(Brodal et al., 1950). 1In addition, they reported that whereas the spino=-
olivary fibers originate in the posterior horn in all levels of the spinal
cord, most of the afferents are from the lumbosacral region, only a sparse
nunber being from the cervical and upper thoracic segments. Most of the
spino~olivary fibers ascend in the ventral and, to a limited extent, in the
lateral funiculi of the spinal cord, Using other techniques, several authors
have reported similar patterns of distribution of spino-olivarv fibers in
the cat (andexson and Berry, 1959; Johnson, 1954; Kusama, 1961), in the
rabbit (iizuno, 1966), and in the monkey (Mehler, Feferman, and Nauta, 1960),

Despitevmuch contrédictory evidence, the caudal regions of the princi- -
Ppal nucleus have also.been reported to receive spinal afferents (Anderson
and Berry, 1959; Bowsher, 1962; NHauta and Kuypers, 1958), Minimal degenex-
ation was observed bilatérally in the caudal parts of the principal ngcleus
in four of seven human cases of espinal cordotomy or medullary tractqtomy
performed to relieve intractable pain (Bowsher, 1962). No degeneration,
however, was seen in either the medial or dorsal accessory nuclei. 1In
another human case, ilehler (1962) did not observe any degeneration in the
principal nucleus after a bilateral middle cervical cordotomy. The absence
of degeneration in the principal nucleus after lesions of the spinal cord
was also noted by Mizuno (1966) in the cat and by ilehler, Feferman, and
Hauta (1960) in the monkey.

A large descending fiber bundle from the red nucleus to the rostral
inferior olivary complex has been reported for normal and pathbloqical
materjial and for experimental vork on both nonkeys and cats (Bebin, 1956;

Herrman and Brown, 1967; linman and Carpenter, 1959; Lapresle and llamida,



1970; Papez and Stotler, 1940; Poirier and éouvier, 1966; Stotler, 1954;
Verhaart, 1949; Walberg, 1954, 1956, 1953; Woodburne, Crosby, and McCotter,
1946). 1In general, these investigators have shown that interruptioh of
rubro-olivary fibers results in terminal degeneration in the rostrodorsal -
~portions of ﬁhe principal olivary nucleus, espegially the dorsal lamella
(Stotler, 1954; Walbery, 1556). Most investigators avree that the tract
originates in the rostral, small-cell part of the ipsilateral red nucleus
(parvicellularis), which, incidentally, is better developed than the caudal
region in higher mémmals (Arien Kappers et al., 1936). The morrhological
study of Poirier and Bouvier (1966), which included retrograde cellular
degeneration of more.thanvnine monéhs duration and short-term fiber degener-
ation, showed that monkeys with lesions that iﬁterrupted the rubrOfolivary
fibers, with or without a parfial'or complete involvement of the ipsilateral
superior cerebellar peduncie, expgrienced a complete cell loss in the parvi-
cellular part of the ipsilateral red.nucieus. If the rubro-sninal fihers
were spared, such lesions diéd not prodpce any cell loss in thg contralateral
red nucleus nor in the ipsilateral magnocellular (caudal) part of the red
nucleus. The rubro-olivary fibers project to the inferior olivary. complex
via the central tegmental fasciculus (CTF), which includes fibers from

othef origins. This pathway apparently is the sare as the teamento~olivary
tract of Woodburne, Crosby, aﬁd McCotter (1946), andbthe anule-olivary tract
of Mettler (1944), who contended that no rubro—olivarf fibers exist. Although
the rubro—plivary tract is now well éocumented, the anulé—olivary tract,
which consists of afferents to the clive that originate from the periaque-~-
ductal gray, also has its supvorters. Lesions of the periaquedﬁctal.qrgy
have Been associated with degeneration of terﬁinals rot only in the dorsal

lamella but alse in the ventral lamella and medial' accessory nucleus of the



cat (Hinmén and Carpenter, 1959; iabuchi and Kusana, 1970; Ualberg, 1956)
and the rnonkey (Poirier and Bouvier, 1966),

Initially, the cortico-olivary fibers were brieflyv described as part
of an extensive series of investigations of cortical projections (iettler,
‘i935, 1947). After large lesions made ‘in various parts of the frontal
and parietal cortex in the monkey, !archi-prepared sections of the lower
brain stem showed degeneration in the "medial segment of the inferior
olive" (itettlex, 1935, p. 536), The coftico-olivary fibers were.described
as accompanying the corticospinal efferents. Using electrophysiological
techniques, Snider and Barnard (1949) recorded evoked potentials in the
inferior olive of the monkev and cat after unilateral application of
strychnine to what thayvagquely described as "various areas of the cerebral
cortex" (p 253). A more precise distributicn of cortical projections
within the olivary complex of the cat was reported by Walberg (1956) who
used the silver impregnation technique of Glees. The majority of cortico-
olivary afferents originated from the sensorimotor part of the cortex,
with a few fibers arising from the temporal lobe and almost none from the
medial surface of the hemispheres. Again the cortico-olivary fibers were
-seen to travel in conjunction with the corticospinal tract and to project
bilaterally upon the olivary nucleus, Mest of the afferents terminated on
cells in the ventral lamella, a smaller percentage within the medial and
dorsal accessory nuclei. HMettler's use of the Marchi method probably
accounts for the limited terminal distribution observed by him (Mettler,
1935, 1947),

A clear somatotopical organization within the cortico-olivary projections
to the threa main divisiens of the olivary comnlex was demonstrated in a

series of experiments in the cat (Sousa-Pinto, 1969; Sousa-Pinto and Brodal,
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1936; Walberg, 1956).

The anatomical studies of the efferent fibers of the inferior olivary
complex in the cat (Brodal, 1954) greatly expanded and confirmed the work
of Holmes and Stewart (1208) in man. Both studies demonstrated that effer-
ents of inferior olivary cells form a distinct bundle within the inferior
cerebellar peduncle and then project solely to the cerebellar folia and
most of the deep cerebellar nuclei. A most striking point-to-point relation-
ship exists between specific parts of the inferior olive and specific lohes
of the cerebellum, which sets it apart from all other afferent cerebellar
pathways. In general, the accessory nuclei project to the vermian part of
the cerebellum. The anterior lobe receives olivary fibers from the dorso=
lateral parts of the dorsal accessory nucleus and from the intermediate
and caudal, ventrolateral sections of the media; accessory nucleué; the
principal nucleus sends efferents to the cerebellar hemisphere, where there
is similar médial—lateral distribution of fibers in both structures (Brodal,
1954} . Since tﬁe experimental anatomical investigations in 1959 of Szentago-
thai and Rajkovits (as.described in Hamori and Szentagothai, 1966) and of
Fox, Hillman, Seigesmund, and Dutta (1967), and the electrophysiological
investigations of Eccles and his collaborators (Eccles, Llinas, and Sasaki,
1964, 1966), there is now general agreement that the olivocerebellar fibers
terminate as climbing fibers around the Purkinje cells. This recalls Dow's
(1942) earlier opinion, which was not subscribed to by all investigators,
that the logical source of climbing fibers is the inferior olivary nucleus.
However, in a recent study of the discharges evoked in Purkinje cells by
‘climbing fiber activity produged by afferent stimulation in a group of
intac¢t animals and in a éroup of animals with total bilate?al chronic

lesions of the olivocerehellar vathway, Batini and Pumain (1968) demonstrated
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that only a part of the climbing fibers in the posterior lobe of the vermis
had their origin in the inferior olivary nucleus. In a more specific
electrophysiological study in the frog, Llinas, Precht, and Kitai (1967)

reported that vestibular root fibers end as climbing fibers.

In the present study the main focus has been upon the morphological
changes in the inferior olivary nucleus as a single entity; in more general
terms, those areas of the lower brain stem that are either directly or
indirectly neuronally related to the inferior olive were also examined.
Therefore, the present observations have attempted to answer the following

questions:

1. vwhat aré the general structural and internal morphological changes
in the inferior olivary nucleus at different stages of fetal life? Do
different parts of the inferior olive develop at different rates? Are
there identifiable mechanical forces that influence the shape of either

the whole olivary complex or of any of its divisions?

2. At the various stages of inferior olivary development, what other

parts of the lower brain stem are showing similar neuronal organization?

3. YAt what age do the various afferents project unon the inferior
olive? Do afferents from different structures have distinct terminal
areas, or do some of these contingents share projection areas within the
olivary complex? Illow do the various patterns of terminal distribution

change with age?

4. When do the olivary efferents become identifiable and is the

time the same for all parts of the inferior olivary complex? How does



appearance of the olivary efferents correlate with the norphological

development of the cerebellum?

13
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MIETHOD

Brain stens from 26 rhesus monkeys (Macaca mulatta) ranging from
60 days gestational age to 10 months after parturition were examined
(Table I). The brains were the byproducts of several different experi=-
nents by a large group of investigators over a four-year period. Complete
histories were available for all specimens, and exact ages of all animals
except one were known. Fetus #18, which died in utero a short time before
being aborted, may have been as much as two days younger than the recorded
age. In all cases, the mothers had been maintained during pregnancy under
standard conditions of light, temperature, and humidity and had been fed
a commercial monkey chow with supplements of vitamins and scasonal AR,
Medications had been prescribed only for specific illnesses.

Twenty of the brain stems were from fetuses ranging in age from
60 days gestation to @arturition, which in this species is 164%4 days
(lartman, 1932). Except for the stillbirth, the fetuses were obtained
eitﬁer by Caesarean section or eﬁperimentally induced abortien. It should
be notéd that experimental procedures on four of the fetuses may have
altered the normal neuronal development; however, as yet, no obvious
changes have been detected. The 92-day fetus was aborted two days after
ligation of an interplacasntal vessel., The 146-, 147- (#15) , and 153-day
fetuses werc part of an experiment in reproductive biclogy, in which the
146- and 153-day fetuses had bilateral orchiectomies at 109 and 105 days
of gestation reépectively, and the 147-day fetus undarwent a sham bilateral
oophorectomy in utero at 105 days gestation.

The remaining six brain stems were from monkeys of natural birth.
On the basis of morphological and hehavioural development, thesg monkeys

can be divided into neonates (from parturition to one month, #21 and %22)
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Table 1 Distribution of monkeys from which the brain stems were analvsed.
In some cases animals of the same or approximately the same age were con-
sidered as a single developmental stage, as indicated by shading and lack
of shading, e.g., %4, 5, and 6 are one developmental stage, whereas #7 and 8
are another stage.
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and infants (from one month to ten months, #23, #24, #25, and #26). All
the monkeys had been under close observation and were in good health before
the terminal experiment or illness.

Complete autopsies and histologic examinations were performed on all
animals as soon as possible after death. No monkeys that showed any
developmental malformation or obvious disease were included. Total body
weights were recorded, and organs were carefully dissected free and
weighed. "Brain weight" represents the combined weights of the cerebral
hemisphere, cerebellum, and brain stem. To reduce the risk of misinterpre-
tations because of postmortem changes, the brains were rapidly dissected
free of the skull and processed early in the autopsy. The brain stem was
disarticulated from the'rest of the brain by a straight cut through the
peduncle and midbrain.and then in most cases was sectioned sagittally in
the midline. One-half of the brain and stem was generally used in various
neurochemical analvses, Qhereas the remaining parts were placed into a 10%
neutral formalin solution and saved for morphological examination. Usually
15 to 20 minutes elapsed between death an@ the beginning of formalin
fixation. Fixation continued for at least two weeks, in most cases over
a month, and in a few instances for as long as three years, After adequate
fixation, the cut brain stems were déhydrated in various concentrations of
~ethyl alcohols and infiltrated with paraffin (Appéndix ).

Since'one of the primary objectives of the present investigation was
to identify the various afferent pathways of the inferior olivafy compleéx,
at each age level ope—half the brain stem was sectioned sagittally,
proceeding from the midline laterally. Whenever possible, either the
contralateral symmetrical half of the brain stem or a brain stem from

animals of the same or approximately the same age were cut in either the
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transverse (corocnal) or horizontal plane. 1In all cases, the embedded
brain stems were sectioned serially at either 10 or 154 with a Spencer
rotary microtome. Every tenth section was stained b& the silver reduction
mathod developed‘by Stotler (1953); in some cases, the adjacent series of
sections were stained for cells with cresyl fast violet (Appendix 1I).

Interpretations of varicus fiber connections were nade only after
verification of adjacent slides and similar areas in subsequent ages.

In addition, an attempt was made to identify, with the aid of oil'imﬁersion,
the terminal processes of the neurons.

Parts of the data were analysed with the aid of an IMLAC PDS-1 Graphics.
Computer (IMLAC Corporation, Meedham, Mass.) which was interfaced with a
Computex GTS0O Graphical Tablet (Computex, Inc., Cambridge, Mass.) and a
teletype for data output. The PDS~1 computer was programmed to calculate

.
LRg @iveEn LIEge

areas of images drawn on the computer oranhical tabhlet, 2

&1

was drawn on the tablet, the coordinate points (1000 lines on the X-axis,
and 1000 lines on“the Y~axis) were stored by the computer. The areas of the
images were then calculated by the computer at a signal from the operator
and the answers printed out on the teletype. i
Microphotographs were made on a Zeiss Ultraphot IT. The negatives
ware made on 4" hy 5" Kodak Pantomic X sheet film, developed in Microdal X,
¥
and printed for wedium and high contrast on Fktamatiec-sC parver. 11l cell
measurements were made with a stage micromete:\and calibrated ocular.
Drawings were made from microphotographs of the brain stems for each age

group. Three-dimensional models were constructed from serial drawings of

the inferior olivary complex.
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OBSZRVATIONS

A conmplete uﬁderstanaing of the inferior olivary complex necessitates
a detailed examination of its structure and various subdivisions and a
comprehension of its relationship to the rest of the lower brain stem and
cerebellum. Consequently, these observations will deal with (1) the general
architecture, including maturational changes of majer divisions and smaller
subdivisions at different fetal ages; (2) developmental changes of the whole
lower brain stem, including descriptions of the rain morphological landmarks
of the lower brain stem, with special emphasis on those structures that
send afferents to different parts of the olivary complex or that share
cormon innervation, and on the cercbellum, which is the recipient of the

olivary efferents.

A. Structural Organization of the Inferior Olivary Complex
By 60 daYs of gestation, the inferior olivary nucleus can be clearly

delineated from‘the surrounding undifferentiated lower brain stem. Although
the internal compléxity of the nucleus increases with age, its overall
pattern persists throughout the various developmental stages. Three-dimen-
‘sional diagrams of the different states show the relationship of the three
maln divisions: {1} the principal nucleus, (2) the medial accessory, and
(3) the dorsal accessory nuclei, so-called because of their relationship

to the principal nucleus (Figs. 2 and 3). Immediately apparent is the
consistent relationship between divisions: the principal nucleus has the
most complex structural arrangement and the greatest width; the medial
nucleus extends the farthest caudally and, since the divisions have the
same approximate rostral'poles; has the greatest length; ahd the dorsal

accessory nucleus is the least comnlex and the smallest.
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Fig, 2 Structural changes with age are illustrated in three-dimensional
diagrams of the inferior olivary complex of the 60- and 129-day fetuses.

Below them are representative coronal sections from the model showing the
main subdivisions of the complex. Because of the orientation of the model

sections "f" of the 60-day fetus and "d" of the 129-day fetus cannot be
seen. ,
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DLS dorsal-lateral segment
VMS ventral-medial segment
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DMS  dorsal-medial segment
VLS ventral-lateral segment



MEDIAI G0-DAY
DC DLS
= DLS
DL
@ VLS DL
£ DMS” Ny
VMS DLS (C) Vi.S- 2 ) (d)

VLS DL
L1 DL
VL

129-DAYS

1 porsal accessory
Medial accessory
Principal



20

Fig. 3 Three-dimensional diagram of the inferior olivary nucleus and
its three main divisions of the 147-day fetus. The first few caudal
sections of each division are numbered to aid orientation. The dorsal
accessory nucleus (A), depicted from its ventral surface, can be divided
into a dorsal-lateral segment, which extends over the dorsal lamella,
and a ventral-medial segment that is rostrally attached to the medial
extension of the ventral lamella. The principal nucleus (B) has had its
first and second caudal segment removed to demonstrate its dorsal lamella,
lateral band, and ventral lamella. The medial accessory nucleus (C) can
be subdivided into a small caudal segment, a dorsal-medial segment that
is topped by the dorsal cap and the ventral-lateral-cutgrowth (VLO), and
a large ventral-lateral segment, which extends rostrally under the
ventral lamella.
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Changes in the length and area of the three nuclei can be quantified.
An approximation of their length can be made from the number of sections
(150u between stained sections) on which each nucleus appears (Fig. 4).
A prominent feature is the constant relationship between each nucleus.
At all stages of development, the medial accessory nucleus is always the
longest, the dorsal accessory nucleus is shorter, and the principal nucleus
is the shortest. The length of the total olivary complex closely corres-
ponds with that of the medial accessory nucleus because the greatest rostro-
caudal variation between the nuclei is the change in length of the caudal
portion of the medial accessory nucleus. The greatest period of growth
for all nuclei occurs‘between 60 and 121 days, when the dorsal accessory
and principal nuclei more than triple their length and the medial accessory
nucleus almost triples its length. BAfter 121 days, the dorsal accessory
nucleus generally maintains a constant length until one month after partur-
ition when a gradual increase (450u) occurs until three months. The principal
and medial accessory nuclei, on the other hand, show some variability between
121 days and parturition, although the principal nucleus shows almost no
increase in length after 137 days. However, by three months after partur-
ition, the medial accessory nucleus has increased its length more than 1000u
from that of the 121-day stadge.

The total area of each nucleus increases with age; however, the propor-
tional area between the three divisions remains almost constant (Table 2).
At every stage of development, the principal nucleus censtitutes pronortion-
ally the greatest area of the olivary complex, the dorsal accessory nucleus
the least. The principal nucleus shows a slight increase in its proportional

area between 60 and 257 days, whereas the medial and dorsal accessory nuclei

tend to decrease slightly during the same period.
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Table 2. Percent of the total olivary complex for the three main nuclei
.at various days of gestation

Age Micleus

Days Gestation | Principal Hedial Dorsal
- 60 46,2 38.8 14.9
80 47.1 36.7 16.2

100 49.0 36,2 14,8

121 47.7 35.4 16.9

129 55.0 32.1 12.9

147 50.7 35.8 14.¢6

257 53.1 34.0 12,5

The nedial accessory nucleus, the larger of the accessory nuclei,

can be subdivided into a ventral and a dorsal area (Fig. 3). The ventral
divisions can be further Seéparated into a massive, oval-shaped caudal region
and a smaller, gradually narrowing, ventral-lateral segment, which extends
rostrally under the principal nucleus. The proportions between the caudal
region and the ventral-lateral Segment change with age., Under 100 days,

the caudal region accounts for about half of the total length of the medial
accessory nucleus whereas afterwards it constitutes only about a third of

the nucleus. The caudal region maintains about the same shape throughout
development, exXcept that it moves more laterally within the brain stem as

the corticospinal tract enlarges into a more nedial, triangular-shaped

bundle. The caudal region develops a slight dorsal, concave appearance at

the level of the caudal pole of the dorsal accessory nucleus. Slightly

more rosﬁral, a dorsal sulcus develops, which then becomes the line of
demarcation between the caudal region and the dorsal area, the dorsal-

medial segment. This demarcation is only partially represented in the younger
two fetuses, but becomes progressively more obvious, especially with increased
fiber development, in older fetuses. The angle between the two components

is obtuse, since the dorsal-medial portion is situated on a slanting plane at
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about a 45° angle with thelgidline. In the 60- and 80-day fetuses, the
dorsal-medial segment is rather small, extending for only a couple of
sections, but after 100 days its length increases until it can be clearly
identified in almost a third of the medial accessory sections. However,
with continued development its borders become highly diffuse because of the
maturational increase in the olivary efferents that rass through the
nucleus.

The dorsal area of the medial accessory nucleus can be still further
divided to include a small patch of cells, usually referfed to as the
"dorsal cap of Kooy" (1917), which extends for a few sections on the top
of the dorsal-medial segment (Figs. 2,3; Plate 4b) and projecting from
it is a small, narrow, ventral-lateral-outgrowth which, in turn, connects
briefly with the ventral lamella of the principal nucleus. At 60 and 30
days the ventral-lateral-outgrowth and the ventral lamella is proportion-
ally a large connection, but by 129 days it extends for no more than 300
and is only a few cells thick (Plate 16d, e, f). Likewise, by 129 days the
dorsal cap also persists for only a few sections. Most of the cells of these
structures are in the center part of the dorsal cap; thus, the borders are
somewhat diffuse, and as in the dorsal-medial segment, many fibers primarily
efferent from the principal nucleus, bifurcate this area.

Rost%al to the dorsal cap, only the ventral-lateral segment is seen,
Maintaining a ventral position under the medial half of the ventral lamella
of the principal nucleus, it gradually decreases rostrally in width, In
only the 60- and 80-day fetuses, the rostral role establishes a distinct
connection with the rostromedial extension of the ventral lamella (Fig. 2;

Plate 3a). In older fetuses the rostral pole of the ventral-lateral segment

comes Close to the same area of the ventral lamella but never makes any
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contact.

Throughout all stages of development, the principal nucleus is

basically U-shaped, with the dorsal and ventral lamella connected by a
lateral band, although both rostrally and caudally, the lamella join
together to form a common pole (Fig. 3). The whole structure is at a 30°
inclination to the midline. Medially the lips of the lamella are encased
by the accessory nuclei, whereas the lateral parts of the lamella, which
constitute its greatest area, form a lateral bulge on the side of the
brain stem. With age the principal nucleus tends to extend more and more
in a lateral rather than a caudal-rostral direction. The dorsomedial
border is the site of the hilus, which is a long, narrow, slit-like opening
between the lamellar leaflets, which occupies almost the entire extent
of the dorsomedial border and is also covered by the accessory nuclei.
The main developmental changes are represented by an increased
thickness of the lamella and the acquisition of deep folds (gyri) which
increase the overall area of the nucleus., At 60 days the lamella are
smooth and concentrated around the lateral band (Fig. 2), although the
caudal part of the ventral lamella extends enough medially to make contact
with the ventral-lateral-outgrowth. Throughout development, the ventral
lamella also makes a rostral connection with dorsal accessory nucleus,
which will be described in more detail under the dorsal nucleus. By 80
days the dorsal lamella is considerably thicker, includes a small sulcus
on its rostrolateral border, and projects more medially. In addition, in
both the 60« and 80-day fetuses a connection exists Q;tween the caudal,
medial extension of the dorsal lamella and the dorsal accessory nucleus

(Fig, 2, Plate 3c¢). Like that between the wventral lamella and the rostral

part of the ventral-lateral segment described above, the dorsal lamella-
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dorsal accessory connection cannot be identified in older fetuses. At

100 days a number of dramatic changes have occurred. Most apparent are

two large longitudinal sulci that course through the rostral three-fourthé
of the dorsal lamella (Fig. 3).. The more lateral sulecus is much larger
than the medial and in later stages extends the full length of the dorsal
lamella. The walls of the dorsal lamella are thin enough, however, to
allow the interior of the nucleus an elevation that complements the
external depression. On the other hand, the caudal part qf the ventral
lamella extends medially, as in the younger fetuses, and establishes
cohtact with the ventral-lateral-outgrowth, after which it recedes; then
about 300 to 400u moré rostrally, it again projects medially where at its
rostral third it makes contact with the dorsal accessory nucleus. This
small gap, where the medial extension of the ventral lamella dces not reach,
can be found in fetuses of all ages but does not appear to increase in size
with age as do most other parts of the olivary complex. At 107 days, the
ventral lamella displays a small sulcus in its lateral edge. A second,
smaller, more medial sulcus is also apparent in the 121-day fetus. Both
sulci and corresponding gyri increase in size with development, but never
attain the size of the dorsal sulci.

The dorsal accessorv nucleus shows the least amount of change

throughoué the various developmental stages (Figs. 2 and 3). TIts caudal
pole is slightly more rostral than the medial accessory nucleus, after
which it is quickly separated by the caudal pole of the nrincivmal nucleus
from the dorsal surface of the medial accessory nucleus. It then extends
rostrally as a broad, thin lamella over the medial aspect of the principal
nucleus. About midway, or at the approximate level of the ventral-lateral-

ocutgrowth, the dorsal nucleus curves ventrally over the medial surface of
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the dorsal lamella of the principal nucleus (Fig. 2). Rostrally, this
ventral-medial segment becomes larger, whereas the dorsal-lateral segment
decreases in size. In the rostral fourth of the nucleus, the dorsal-

lateral segment totally disappears, but ﬁhe ventral-medial segment connects
with the dorsomedial border of the ventral lamella. In 60- and 80~day fe-
tuses, this provides a common junction with the principal and medial accessory
nuclei. Finally, since the cellular organization in this area is extremely
diffuse in older fetuses, its exact boundaries are hard to identify and

appear to fuse in many places into the surrounding cells and fibers.

B. Developmental organization of the lower brain stem and cerebellum

Like the structural maturation of the inferior olivary complex, the
lower brain stem, except the cerebellum, shows its greatest neuronal
differentiation between day 60 and day 129 of gestation, after which it
morphologically resembles the adult organ. During this period of rapid
growth, the boundaries of nuclei groups become apparent, cellular differen-
tiation occurs, and varioﬁs long and short fibers establish their connections.
After 129 days, development is much slower and much less discernible and
consists primarily of an enlarging of established fiber systems and, to
a limited degree, of some cellular elements. The cerehellum, on the other
hand, develops much more gradually. That is, a number of major structural
changes occur between 60 and 107 days gestation, whereas changes in various
cellular and fiber developments can be observed from 60 days gestation to
almost a year after parturition. Consequentlyv, a mor;.detailed report is
presented of the main features of the lower brain stem for fetuses between

60 and 129 days of age; after this the observations focus primarily upon

the inferior olivary complex and the distribution of its afferents and
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efferents. The cerebellum, however, is described in detail at each age
level.

60-day fetus. At this stage of development, the basic form of the

adult brain stem has been established. Regional proliferation of neuro-
Slasts has formed recognizable major nucléar masses, the more distinct of
which are all the nuclei of the cranial nerves, the pons, the superior
olivary nucleus, and the inferior olivary complex. Identifiable also are
sone of the longitudinal fiber systems, such as the corticospinal tract and
the medial lemniscus as well as some of the shorter transverse fibers like
the cranial nerve rootlets. Consequently, the lower brain stem, at this
stage, can be divided into distinct regions: mesencephalon, metencephalon,
and myelencephalon (Fig. 5).

The mesencephalon, proportionally the largest area of the lower brain
stem, consists of three major regions: a tectum dorsally, a very large
fegmental area medially, and a very small peduncular region ventrally
(Plate la). The tectal zone shows a graduation of undifferentiated cells
into loosely defined superior and inferior colliculi. ledially there is
a very large mesocoele, the rudimentary cerebral aqueduct, whose walls are
.only slightly reduced from those of the lumen of the metencephalon and
myelencephalon. The mesocoale iz lined with é thick layer of darkly
staining neuroblasts. Although most of the tegmentum consists of undiffer-
entiated neuroblasts, there are recognizable cellular masses. Very apparent
are the oculomotor and trochlear nuclei, including their distinct nerxve
rootlets, Another conspicuous gray mass is the rudimentarv red nucleus,
wirich consists of a small oval mass of early developing motor neurons which
in plg§es are separated by descending oculomotor nerve rootlets (Plate 1lb).,

The more anterior small cell portion, which is characteristic of the acdult
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nucleus, is not discernible., On the ventral-lateral edge of the tegmentun
there is an increase in cell density; subsequent development shows it to
be the substantia nigra, which caps the very small peduncular region
consisting éf a small number of longitudinally-running corticospinal
éracts.

At this stage, the major divisions of the metencephalon are proportion-
ally the reverse of the mature organ; a rudimentary cerebellunm, a large
tegmental region, and a very small pons. The chief external features of
the cerebellum are a primary fissure that subdivides it transversely and a
posteriolateral fissure that separates the relatively larqe flocculo-
nodular lobes fron the rest of the cerebellum (Plate 2a). Attached to the
laterocaudal border of the floccular lobe is the choroid plexus, which
fills most of the lateral expanse of the fourth ventricle. The most dis-
tinctive internal trait is the embryonic or external granular cell layer,
which consists of dark-staining cells that form the outer border of the
whole cerebellum. It is thinnest on the rostrodorsal surface and becomes
progressively thicker laterally and caudally. The remaining cellular
elements consist of undifferentiated cells of various densities, including
a suggéstion of an internal granular layer, the early formation of the
lateral cerebellar ﬁucleus (dentate), and just a hint of the other deep
nuclei (Plates 2a, 2b, 22). Two small fiber systems enter the cerebellumn.
The larger consists of vestibulo-cerebellar fibers, some of which project
to the fioccular lobe and others, the larger number, approach the midline
wiere a few fibers continue on the contralateral side via the lateral
qommissuré (Plate 1d). The other recognizable fiber system can be
followed from the spinal cord, along the dorsal surface of the myelen-

cephalon, as part of the inferior cerebellar peduncle (restiform body),
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and then into the cerebellum where it intermingles with the vestibular
fibers from the region of the jﬁxtarestiform body.

The metencephalic tegmentum includes many undifferentiated neurcblasts,
which have coalesced to form recognizable cranial nerve groupings, a large -
superior olive formation, and a few longitudinally disposed fibers,
including a small, but identifiable, medial lemniscus and a few cranial
nerxve rootlets. Ventral to the tegmentum is the pons, which consists of
a dense collection of undifferentiated neuroblasts through which run the
small corticospinal tract (Plate lc).

The myelencephalon is characterized by a few undifferentiated cellular
masses: the cranial nuclei, a conspicuous inferior olivary nuclear complex,
and, most ventrally, a émall corticospinal tract, the rudimentary pyramids
(Plates 3a and 4a). Elthough the gracillis and cuneate nuclei are not clearly
delineated, their ef ferents, the internal arcuate fibers, are discernible
throughout the lewer tegmental region. These fibers course ventromedially,
passing through the undifferentiated reticular formation and inferior
olivary complex and crossing in the midline to form the small medial
lemniscus. Crossing the intermal arcuate fibers in a ventrolateral direction
are the coarser hypoglossal nerve rootlets, which also pass throuqh the
inferior olivary nuclear complex.

At this stage of development, the inferior olivary nucleus COnsisﬁs
primarily of undifferentiated neuroblasts and a few fibers (Plates 3 and 4).
An extremely thin fibrous matrix, which is ba asically part of thﬂ adjaceﬁt
fiber systems, surrounds the nucleus. For example, ventromedially is the
corticospinal tract, dorsally‘and mediallyv are pqrtions ofAthe:medial lemnis-
cus, and laterally the spinal cord afferents. On sagittal sections, however,

the caudal region of the olive has a dense network of fibers that avppear to
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be contiguous with fibers bf the spinal cord. In this region, a few fibers
also appear to enter the olive (Plate 4c). In addition, a few spinal

fibers course along slightly anterior tothe lateral border of the medial
accesscory olive and enter its QOrsal border and the caudal region of the
principal olive. These fibers project, almost at right angles to the border
of the olive, to the approximate center of the nuclei. None, however, can
be seen terminating on any of the immature olivary cells.

80-day fetus. The lower brain stem of the 80-day fetus is larger and

rmuch more complex than that of the 60-day fetus (Fig. 6). Although some
cellular differentiation has occurred, primarily among the cranial nuclei,
the most striking changes are the definite organization of some of the
larger nuclear groups, such as the superior olivary nucleus or the deep
cerebellar nuclei, which were previously just barelv detectable, and the
tremendous increase in the number of both large and small fibers. Many
longitudinal fibers course throughcout the tegmental region. Come form
distinct bundles, such as the medial longitudinal fasciculus (#LF) and the
medial lemniscus, which Can be followed from the rostral half of the
myelencephalon to the rostral meséncephalon. The corticospinal tract has
also greatly enlarged to act as a major mechanical or structural influence
on the organization of the lower brain stem. For example, the subthalanmic
i
nucleus ;s forced more caudally toward the edge of the rostral mesencepha-
lon, the ventral aspect ¢of the substantia nigra is delimited, the pons is
greatly enlarged, the inferior olivary complex is raised off the floor of
the medulla, and the caudal extent of the nuclear groups of myelencephalon
is influenced by its decussation,

In the mesencephalon, fibers course in all directions. The tectospinal

tract arises from the ventral border of the superior colliculug, where it
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forms a distinct bundle that curves in a ventral convex direction and
thereby clearly separates the periventicular gray from the superior collic-
ulus. Within the tegmentum, the bundle becomes more diffuse and projects
toward the midline where it undergoes complete decussation; on the contra-
lateral side, it becomes interwoven with the MLF and cannot be further
separated. Some of the tectospinal fibers, it should be noted, pass through‘
the caudal portion of the red nucleus and the ventral region of the oculo-
motor nuclear complex. At this stage of development, it is impossible to
determine whether any of the tectospinal fibers terminates or gives off
collaterals to these nuclei,

The area of the red nucleus is alsc the crossing point, and perhaps
the area of termination, for a number of other fibers. A large bundle,
seen most distinctly on sagittal sections, originates in the caudal half
of the subthalamic nucleus and projects caudally between the ventral
surface of the red nucleus and the dorsal border of the substantia nigra;
many of the fibers then intermix with those of the medial lemniscus whereas
other fibers can be followed through the medial lemniscus to the undifferen-
tiated cellular area just lateral to the red nucleus. Another group of
fibers that pass through the rostral part of the magnocellular region of
the red nucleus is the habenulointerpeduncular tract. However, no fibers
from this tract appear to project to the cells of the red nucleus.

The tegmental region, with its many longitudinal fibers, is still
proportionally the largest area of the metencephalon, although both the
cerebellum and the pons have increased in size. The é;eatest degree of
development in the cerebellum is the midline vermis and the deep nuclei
(Plate 5a). The vermis is characterized by a deep primary fissure and a

number of small fissures, which separate the many small folia. The flocculo-
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nodular lobe shows about the same development as in the 60-day fetus.
There is a distinct external granular layer, from vhich cells migrate
centrally to coalesce as the precursor of the internal granular layer
(Plate 22). However, all four deep cerebellar nuclei can now be clearly
delineated (Plate 5b ). The smallest and most medial, the fastigal nucleus,
is heavily infiltrated with fibers, whereas the largest and most lateral,
the dentate, is relatively free of fibers within its oval boundary.
Between these two are a lateral, wedge-shaped emboliform nucleus and medially
the globose nucleus, both of which have many fine afferent fibers entering
along the dorsal surface. Except for an occasicnal large round cell, seen
predominately in the fastigial nucleus, little cellular maturation has
occurred. Host of the cerebellar afferent fibers enter via the restiform
body. As in the 60-day fetus, there is a large vestibulo-cerebellar tract
that projects to thé floccular lobe and the fastigial nucleus. Present for
the first time, however, are a lgrge number of spino-cerebellar fibers that
can be traced from the dorsolateral region of the myelencephalon to the
cerebellum where they curve around the anterior border of the dentate
nucleus and project primarily upon the anterior lobhe. The other cerehellar
afferent system, the middle cerebellar peduncle, consists of a small bundle
of fibers that originates mainly from the rostral pons, The superior cere-
bellar peduncle, the brachium conjunctivum, is fairly small and appears to
arise mainly frgm the emboliform and globose nuclei, descend into the
mesencephalon and then to decussate, after which it can no longer be
followed,

In addition to the longitudinal fibers of the metencephalic tegmentumn,
there are a numher of transverse oriented fibers, such as those of the

superior olivary nucleus, and numerous vertical running fibers, which are
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primarily related to the cranial nerves (Plate 6b). The cellular organi-
zation of the tegmentum is similar to that of the 60-day fetus., However,
in the pons there is an increase in the number of cells, which is related
to the pontocerebellar afferents. Here again, the most noticeable
change in the pons is not cell population, but the tremendous enlargement
of the corticospinal tract and cerebellar afferents.

The general organization of the myelencephalon is still fairly ambiguous,
consisting principally of undifferentiated neuroblasts that have coalesced in
diffuse nuclear groups (Plate 6c). There is, however, a‘proliferation of
fibers. For example, it is difficult to distinguish between the boundaries
of the gracile and cupeate nuclei, yet there is a noticeable increase in the
number of internal arcuate fibers, especially in the caudal part of the
brain stem. The cellular boundaries of the vagal complex are enigmatic,
but the nerve rootlets are very apparent. There are a few giant cells
scattered in the lateral expanse of the tegientum, but no recoqgnizable
reticular nuclear groupings. Therefore, the hypoglossal nucleus and its
tract, the inferior olivary complex, and the pyramids are the chief traits
of the myelencephalon at this stage. The hypoglossal nucleus consists of
a longitudinal column of neurons. 3Bundles of fibers emanating from the
nucleus transverse the tegmentum, pierce the dorsal accessory nucleus and
the principal olivary nucleus, and exit from the brain stem between the
principai olive and pyramid.

The inferior olivary complex, like the rest of the lower brain stem,
shows a multitude of fibers of all types. The increase in the number of
internal arcuate fibers that transverse the dorsal accessory oliva and the
dorsal-medial segment of the medial accessory nucleus is_such that artificial

separations occur. There is a general profusion of a fine fihrous matrix
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within all divisions of the olive, especially in the medial region of the
principal olive, the early formation of the hilus (Plate 7c). In addition,
a thin fibrous capsule surrounds the rostrolateral expanse of the principal
olive (Plate 7a).

The most noticeabie change, however, is the massive influx of fibers
from the lateral funiculus of the spinal cord although most of the spinal
fibers project over the dorsal and lateral surfaces of the olivary complex
to more rostral parts of the brain stem (Plate 7h). Most of the spino-
olivary afferents éroject around the dorsal and lateral borders of the
caudal segment of the medial accessory nucleus and terminate on the middle
third of the ventral-lateral segment at about the level of the caudal
extension of the principal‘oljve. These form a rather dense fibrous matrix
around the cells in the middle third of the ventral-lateral segment, whereas
both the rostral and caudal thirds are relatively free of any fibers,

A small group of afferents enters the small sulcus at the rostral role
of the principal olive, where most of them become part of the fine matrix
of the dorsal lamella (Plate 7a). Subsequent developnent shows these to be
precursors of the rubro-clivary tract. Another bundle of fibers, identifi-
ablé for the first time, runs transversely between the ventral border of the
caqdal part of the medial accessory nucleus and the pvramids. At this stage
of development, it is impossible to determine whether these fibers are
afferents cor efferents of the olive; they can be identified only between the
olive and the midline, where they intermingle with the medial lemniscal
fibers and the cells of the midline arcuate nucleus (Plate 6a).

Althbugh a few efferents can be traced from the hilus at this stage
of development most of them originate from the ventral-lateral segment.

After leaving this segment, the fibers project to the contralateral side
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of the brain stem, around the ventral and lateral borders of the medial
accessory and principal nuclei, and then along the lateral border of the
tegmentum. Lfferents from the rostral third of the principal nucleus form
a small hilus and then project through the dorsal-medial segment into the
nidline fibers, where they cannot be separated from the medial lemniscal
and internal arcuate fibers.

92-day fetus. At this stage, marked cellular differentiation and

fiber maturation have occurred throughout the lower brain stem. Morpho-
logically, more and more cells and fibers, especially the cranial nuclei,
resemble those of the adult. Both large and small tracts such as the MLF,
madial lemniscus, brachium conjunctivum, lateral lemniscus, and nmasenceph-
alic root of the trigeminal, can easily be identified and their courses
traced (Plates 8a,b).

Cellular proliferation is particularly evident in the mesencephalon
where there is a distinct separation of the superior and inferior colliculi.
The latter shows a dense concentration of cells, forming.a recognizable
nuclear unit., Coinciding with the enlargemant of the colliculi is the
decrease in size of the lumen of the mesencephalon, the cerebral agueduct,
which now forms a narrow canal that joins the lumina of the fourth and third
ventricles. However, a thick ependymal layer still coats the agueduct.,

Within the tegmentum, internal differentiation of the red nucleus forms
two morphological regions. The smaller caudal portion, seen in the 60=-day
fetus, is now represented by large multipolar neurons that are interspersed
by a dense network of fibers of the oculomotor nucleus, the brachium con-
junctivum, and, in dorsolateral areas, the medial lemniscus (Plates dc,d).
Some of the axons of the brachium conjunctivum form terminal nets around

many of the large multipolar neurons. The conspicuous efferent bundle from
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the caudal red nucleus is the rubrospinal tract, which emcrges from the
large nultipolar cells, -crosses to the contralateral side, and projects
caudally along the dorsolateral border of the pons where it blends with a
nunber of léngitudinal fibers‘of the metencephalon. A small rostral region
.éf the red nucleus, the pars parvocellularis, consists of a cluster of
closely packed smaller neurons. It is also traversed by many fibers whose
origin cannot be determined, except for a few of the larger tracts, such

as the habenulointerpeduncular tract and the bracﬁium conjunctivum, The
rubro-olivary tract, an uncrossed descending efferent system from the
parvocellularis, is a very small bundle of fibers that project caudally
through the unérossed brachiunm conjunctivum and descend down the brain stem
via a diffuse central tegmental fasciculus (CTF). A few of the fibers of
the CTF can be followed through the metencephalon to the rostrodorsal aspect
of the principal nucleus of the inferior olivary nucleus.

In the metencephalon, the rapid growth of the vermian component of the
cerebellum is particularly noteworthy (Plate 8a). It has developed numerous
secondary and tertiary lobules, unlike the neocerebellum which despite an
increase in overall size, is still relatively small and free of lobulation.
" The external granular layer is present through the whole cerebellum and
waves of cells migrate from it centrally. At this age, the cellular
>organization of the cerebellar cortex consists of a thick external granular
layer and a fairly diffuse array of undifferentiated cells that compose the
internal granular layer (Plate 22). The external granular laver is a dense
collecﬁion, about 6 to 8 cells deep, of early neuroblasts and that covers
the outer surface of the cerebellum. Beneath it is a small region of a
few cells, the precursors of the molecular layer, Finally, in the larger

lobules, a number of fine fibers course throughout the central reagion of
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the internal granular lavers. The deep cerebellar nuclei are clearly
represented; structurally, the dentate ig changing and now has a central
core of efferents. The other nuclei also show an increase in cellularA
organization and fiber develoﬁment. All the peduncles are well developed,
and afferents can be traced from the restiform body into the large folia
of the vermis although, even under high magnification, only a few small
fibers enter the secondary and tertiary lobules. As in the 80-day fetus,
about the same number of afferents from the pons enter the cerebellum.

The superior peduncle displays a continued increase of efferents, especially
from the emboliform and globose nuclei. Only a few efferents are directly
traceable from the dentate nucleus.

Structurally most of the nuclear groups of the nmyelencephalon can be
clearly identified, e;g., all the componeﬁts of the lemniscal system: the
gracilus and cureatus nuclei, the internal arcuate fibersf and the medial
lémniscus. he hypogloséal nucleus, along with some of its associated
nuclei, has developed as a longitudinal column of multipolar neurons.

The restiform body has increased in size, and fibers can now be traced from
the lateral cuneate nucleus to it. The reticular formation is still composed
mostly of uhdifferentiated neuroblasts and intervening longitudinally
oriented fibers. However, occasional neurons, larger than the surrounding
cells, are noticeable; there is a cluster of cells in the region where the
adult lateral.reticular nucleus is located. 1In addition, fibers'appearing

to origina£e from this general area project into the restiform body,

The inferior olivary nucleus of the 92-day fetus shows a dramatic
increase in total siée, in differentiation of its cells, and ih'the number
of fibers both within and surrounding the olive (Plate 9). The olivary

corplex, particularly the dorsal lateral border of the principal olive,
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is covered with a thin fibrous capsule. The outermost portions of the
dorsolateral and ventral aspects of the capsule are made up of fibers
running in a rostral to caudal direction; the inner layer consists mainly
of fibers encasing the olive in a dorsal to ventral direction. Because of
the extensive fiber development, the medial accessory olive can be clearly
separated into a ventral-lateral segment and a dorsal-medial segment. Further-
more, the ventral-lateral segment can be subdivided into two discrete parts
by their afferents. That is, the caudal portion has relatively few fibers,
except those, already described in the 80-day fetus, that enter via the
ventral bundle that courses between the ventral olive and the pyramids.
However, slightly moré rostrally, at about the caudal extent of the princi-
ral olive, the ventral-lateral segment becomes so heavily infiltrated by
spino-olivary fibers that each cell is totally surrounded by a dense fibrous
matrix (Plate 9a). More rostrally, the afferents become fewer and fewer,
until at the most rostral fourth of the ventral-lateral segment they almost
disappear. The course of the spinc-olivary tract has also widened the
distance between the dorsal aspect of the ventral-lateral segment and the
ventral lamella of the principal olive.

A number of spino-olivary fibers can be identified for the first time
entering the caudomedial part of the dorsal accesscry nucleus, where they
form a rather loose latticework of fine fibers in its caudal-most region,
and, to a more limited degree, the caudal region of the princinal nucleus
(Plate 9b). Some fibers may also enter the ventral-lateral-outgrowth, but
it is difficult to separate the spinal afferents to the inferior olive and
those that project to more rostral regions of the brain but transverse
through the olivary‘complex.

The other major afferents are rubro-olivary fibers carried in the CTF.
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These fibers can be traced from the rostral red nucleus to the rostral
pole of the principal olive, where most of them now enter the rostral
fourth of the dorsal lamella, forming a loose intermesh of fine fibers.
A few other rubro-olivary fibers can als§ be traced to the most rostral
tip of the dorsal accessory olive.

The only other olivary afferents, seen for the first time, are from
the corticospinal tract. Consisting of a few, small, distinct fibers,
these afferents turn abruptly, at about a 45° angle from the corticospinal
tract, and enter for a short distance into the medial accessory nucleus,
its most caudal segment and the caudal part of the ventral-lateral segment,
where they are immediately lost in the internal fibrous matrix (Fig, 7).

At this stage of development, most of the efferents emerge from the
ventral-lateral segment of the medial accessory and course in a ventromedial
direction to the midline where they cross to the contralateral side. They
then traverse ventrally to the contralateral medial accessory nucleus.
Although a few of the fibers penetrate the lateral regions of the principal
nucleus, most efferents can be followed around the lateral border of the
principal nucleus and then aleng the lateral border of the brain stem until
they reach the restiform body. A few efferents can also be traced from the
dqrsal—medial segment of the medial accessory nucleus and from the dorsal
accessory olive. These fibers likewise cross to the opposite side and
penetrate the dorsal-medial segment and the dorsal lamella before crossing
the diffuse reticular formation lateral to the internal arcuate fibers and
entering the restiform body. In addition, more rostr;ily there are a few
efferents from the principal nucleus, most of which originate from the
rostral dorsal lamslla. These fibers form a small hilus -and project

medially, but they cannot be traced heyond the midline because of the
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Fig., 7 A sagittal section of the medial myelencephalon of the 92-day
fetus. Spino-olivary afferents can be identified entering the medial
accessory nucleus, especially its ventral-lateral segment (VLS) and, to
a more limited degree, its dorsal-medial segment (DM) and caudal segment
(CA). A few spinal afferents also enter the caudal part of the dorsal
accessory nucleus (DA). Although not illustrated here, some spinal
fibers also project into the medial region of the ventral lamella (VL).
A few cortico-olivary fibers can be traced from the corticospinal tract
into mainly the caudal segment (CA).
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density of fibers in this area.

100~ and 102-day fetuses. Since the degree of development and the

general appearanée of the lower brain stem appear to be similar in 100-

and lO2nday‘fetuses, they will be discussed together. Although some signs
6f an immature brain stem are still present, such as many undifferentiated
neurcblasts throughout the tegmentum, the lack of myelination of most tracts,
and the small size of many nuclear groups, the general landmarksAof the

adult organ are present (Fig. 8). In the mesencephalon, cells of the oculo~
motor and trochlear nuclei, the caudal vortion of the red nucleus, and the
substantia nigra are noticeably enlarged compared with those of the 92=day
fetus,

Coinciding with the cellular growth is the continued increase in the
number of fibers, which is such that the large multipolar cells in the
caudal part of the red nucleus are like individual islands among a maze of
‘interlinking-fibers (Fig. 9, Plate 10c). In addition, tectospinal fibers
curve around the central gray and through and around the oculomotor and
red nuclei. In fact, many of the large multipolar neurons of the magno=-
cellular region appear to line up, so to speak, along the traversing tecto-
4spiﬁa1 fibers (Plate 10d). The rubrospinal fibers also project in conjunc-
tion with the tectoépinal fibers, so that in many »nlaces they cannot be
separated from tectospinal fibers, nor can their exact neuronal origin be
established. It is still very difficult to completely follow the rubro-
olivary tract, but there are a few more fibers than in the 92-day fetus,
which originate from the parvocellular region and project straight caudally
throﬁgh the magnocellular region and the brachium conjunctivun (Fig. 9),
Plates ;Oa, ¢, e). Another small fiber system, finally, is the decussating

subthalamicoreticular fibers, which traverse the ventral portion of the
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Fig., 8 A representation of a sagittal section of the lower brain
stem of a 100-day fetus and a comparison with the 0- and 80-day
fetzl brain stems. : '
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Fig. 9 Schematic horizontal section of the mesencephalon at the
level of the red nucleus of a 100-day fetus. The two regions of the
red nucleus are illustrated. The rubro-olivary tract originates from
the rostral part; the rubrospinal tract develops from the caudal part
and then crosses to the contralateral side. The brachium conjunctivum

and the tectospinal tract also contribute to the maze of fibers within
this region.

46



47

red nucleus. Many of these fibers appear to become part of the loose fib-
rous matrix of the caudal parvocellularis, just rostral to its junction
with the magnoceilular region.

In the-metencephalon, the cerebellum shows the greatest develcpment.
As in younger fetuses, the vermian portion shows more morphological change
than the neocerebellun. However, the surface of the whole cerebellum is
covered with a thick external granular layer, which contains cel;s in
different stages of mitotic division. These cells can easily be observed
migrating centrally through a discernible molecular layer into a diffusely
packed granular layer. On the peripheral edge of the internal granular
laysr is a linerf single large cells whose subsequant development shows
them to be immature Purkinje cells. The white matter still éonsists of a
mesh of fibers, but a few longer fibers can be followed to the periphery
of the larger lobules (Plate 22). Aall the deep cerebellar nuclei are easily
.delineated; as in younger fetuses, the dentate nucleus shows the greatest
degree of development.

A conspicuous gradation of cellular differentiation in the myvelenceph-
alen is evident in the cranial nuclei, cuneate and gracile nuclei, and the
-reticular formation., Also conspicuous is the enlargement of the inferior
olivary nuclear complex, including a slight further maturation of its cells
(élate 1) ;

Examination shows an increase in the number and complexity of the
afferent fibers to the inferior olivary complex., Fibers from the spinal
cord enﬁer the caudal portion of the dorsal accessory olive and form a thin
fibrous matrix on the caudal one-third. To a limited degree, the spino-
olivary fibers also invade the most caudal nortion of the medial accessory

olive, bhut most of the spino-olivary fibers still project to the nmiddle
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part of the ventral-lateral segment. However, by this time, only the ros-~
tral fourth is free of the afferents. More and more spino~olivary fibers
course between the ventral-lateral segment and the corticospinal tract to
enter the nucleus ventrally (Plate 11).

As in the 92-day fetus, fibers from the corticospinal tract enfer the
posterior regions of the medial accessory; however, the more rostral
section of the nucleus now receives fibers also. These fibers are relatively
few in number and their path is more diffiult to trace as more and mnore
spino-olivary fibers course through the region between the ventral-lateral
segment and the corticospinal tract.

The rostral area of the principal olive is covered by a thin capsule,
about as thick as in the 92-day fetus, from which a number of afferents
enter the most rostral pole. Most of the afferents enter the rostral~dorsal
lamella, but a few also enter the more rostral border of the ventral lamella.
In addition, a few fibers can be traced over the dorsal surface, where they
enter the dorsal lamella via the lateral longitudinal sulcus. However, the
rubro-olivary afferents are difficult to distinguish just rostral to the
olivary complex because of the enlargement of the superior olivary nucleus
andfthe trapezoid body, as well as the continued increase of ﬁedial
leqniscial fibers.

107- and 109-day fetuses. By this stage, a number of salient develop~

mental changes have occurred in the mesencephalon of these fetuses. Most
obvious are the increases in size of the oculomotor and trochlear cranial
nerves, of the brachium conjunctivum, and of the reduncle, which now clearly
contains laterally corticopontine fibers. Closer examination reveals many
changes in the nuclear groups and smaller fiber systems; for example, sub-

divisions within the oculomotor complex, separation of the substantia
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nigra into a compact and reticular zone, and organization of the nucleus
of the lateral lemniscus within its fiber system. Analvsis of the smaller
fiber systems reveals their close association with the red nucleus. More
small fibers arise from the parvocellularis, particularly the dorsal-
lateral region, which as in the 100-day fetus, projects caudally through
the middle portion of the brachium conjunctivum and then into the diffuse
tegmental area of the metencephalon (Plates 12a,b).

Corresponding to the development of the corticopontine division of
the mesencephalic peduncle is a dramatic increase in the pontine nuclei.
This increase is such that the corticospinal tract as it passes through
the pons is now totally surrounded by pontine nuclei. In the rostral pons
are many terminating corticopontine fibers, and, likewise, a number of
transverse pontocerebellar fibers, which can be traced along the lateral
contour of the tegmentum and into the cerebellum where they nix with afferents
from the restiform body. Most oﬁ the pontocerebellar fibers are restricted,
however, to the more rostral and dorsal areas of the péns (Plate 12c).

The tegmental portion of the metencephalon has rmuch the same arrangement
as in the 100- and 102 day fetuses, except for a definite increase in the
medial and lateral lemnisci. In addition, there is a further organization
of the statoacoustic nuclear complex and a graduation of neurons from the
ventral tegmental reticular nucleus. For the most part, however, the teg-
mentum renains grimarily 2 longitudinal fiber system; separation of small
fiber systems, such as CTF, is very difficult (Plate 12d).

At this stage, both external and internal changes have occurred in
the cerebellum. Structurally, the most noticeable is the enlargement of
the hemispheres, which now display large, rounded folia which, for the most

part, appear to follow the pattern alrecady established bv the vermis. A
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consideration of the internal organization reveals that the vermis is also
more advanced morphologically than the hemispheres (Plate 22)., First, the
folia of the vermis have a white layer with many fikers projecting through
the rudimenﬁary granular cells which is lacking in the undifferentiated
.éells of the hemispheres where only a few fibers course, In the vermis,
there is a visible layer of large multipolar cells (immature Purkinje cells)
under the distinct molecular layer, whereas in the hemispheres there is
only a suggestion of a molecular layer and only undifferentiated neuroblasts
are present. Tinally, although still present in the vermis, the external
granular layer is thinner with fewer cells migrating centrally than in the
younger fetuses} whereas the external granular in the hemispheres is much
thicker and there are many migrating cells. 1In the deepvnuciei, which
provide an internal transition from the vermis to the hemispheresc the
dentate nucleus continues to show the greatest development, Although its
.cells are still undifferentiated neuroblasts, the change in distribution
is such that a rudimentary hilus with effarents is now recognizable. The
medial nuclei, on the other hand, show considerable cellular differentiation
and obvious fiber development. (Plate 13c).

The myelencephalon shows a further neurcnal diffarentiation, particu-
larly of the reticular neurons. Some of the numerous giant multipolar
éélls throughout the tegmental area form distinct groups, such as those at
the lateral reticular nucleus. HMost, however, are spread randomly among
the many fibers of the tegmentum, Further cellular differentiation also
discloses a definite lateral cuneate nucleus and a recognizable graduation
of cells within the vagal complex. In conjunction with the cellular changes,
there is ; profusicn of fibers. The restiform body now contains not only

spinocercbellar afferents but also cffarents of the lateral reticular and



cuneate nuclei, plus a few olivocerebellar fibers, which originate mainly
from the nedial accesscory nucleus. A multitude of fibers runs in all
directions within the diffuse reticular formation. The reticular cells
have likewise increased in size (Plate 13e). Az might be expected, the
medial lemniscus has also become a distinct ventral midline bundle, which
displaces the inferior olivary complex laterally.

The external structure of the inferior olivarv complex is similar to
that in the 100- and 102-day fetuses; however, there is evidence of addi-
tional fibers. A distinct fibrous capsule forming around the rostral third
of the principal olive is thickest at the ventrolateral surface and then
diminishes as it progresses caudally. Rubre-olivary afferents compose
most of the anterior part of the capsule, and can be traced from the olive
into the tegmentumn of metencephalen as the CTF (Plates l3c, d}. At this
stage of development, most of the rubrc-olivary afferents appear to project
to the most rostrolateral region of the dorsal lamella and to enter the
large dorsal sulcus. From this point, the fibers tend to move to thé nore
nmadial sections of the dorsal lamella and a few enter the dorsal-lateral
area of the dorsal accessory olive, BAnother part of the hundle curves
ventrally arocund the most lateral extension of the principal olive to the
under side of the ventral lamella, giving off afferents all along its course,
In addition, a few afferents project onto the lateral extent of the medial
accessory olive, but bnly in its rostral third (Fig. 11).

The spino-olivary afferents follow the same pattern already established
in the younger fetuses, but disproportionataly more and more fibers are now
distributed_to the medial accessory olive. Even the caudal-rmost portion
. of the medial accessory, which previously vas relatively f{ree of any

afferents, now has a fine matrix of spinc-olivary affercents, but the
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rFig. 10 Coronal section of the rostral part of the inferior olivary
nucleus of a 107-day fetus. Rubro-olivary fibers are shown entering
the principal nucleus, primarily the dorsal lamella (DL) and, to a
more limited degree, the ventral lamella (VL). A few afferents also
enter the lateral part of the dorsal accessory nucleus (DA) and the
ventral-lateral segment (VLS} of the medial accessory nucleus. The
distribution of the olivocerebellar fibers coxresponds with that of
the rubro-olivary afferents, that is, most originate from the dorsal

lamella and then cross to the contralateral side. CS: corticospinal
tract.
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majority still enter the middle region of the ventral-lateral segment.
In fact, the density of spino-olivary fibers along the ventral border of
the medial accessory is so great that afferents from the corticospinal
tract are no longer visible.

Not only is there an increase in the number of afferents into this
region but all the other fiber systems have likewise increased. Tt is
very difficult, for example, to identify exactly the efferents for those
regions of the olivary complex that are near the midline, such as the
medial part of the dorsal accessory of the dorsal-medial‘segment of the
medial accessory, because passing through these structures, all in the same
plane, are many internal arcuate fibers and efferents from the other divisions,
both ipsilaterally and contralaterally, of the olive. However, efferents for
the principal olive and the lateral parts of the medial accessory can be
clearly identified (Plate 13f). The distribution of efferents from the
principal olive is similar to the distribution of afferents, that is, most
of the efferents arise from the lateral region of the dorsal lamella and
only a few come from the ventral lamella. Similarly, nmost of the efferents
for the medial accessory olive come from those areas that recelve many
afferents.

12l~day fetus, 1In the mesencephalen, the major maturational changes
ay P

of this stage are an increase in fiber density, particularly the smaller
internuncials, and the continued organization of the reticular nuclei. The
increase in the number of internuncials makes it exceedingly difficult to
clearly delineate the various fiber systems, particularly within the tegmentum,
and ohscures some of the boundaries of the nuclear groups. The caudal region
of the red nucleus is still conspicuous because of its large multipolar cells,

but the increase in the brachium conjunctivum, which appears to give off
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collaterals that end around the large multipolar cells, makes identifica-
tion of the nucleus efferents difficult. Some rubrospinal fibers, however,
can be seen to leave the large cells and then decussate in the midline
where they then take a position ventral ﬁo the contralateral red nucleus,
As seen in younger animals, these fibers are closely associated in many
places with tectospinal tracts, which can now be seen to arise from cells
in the superficial as well as in the middle gray stratum of the superior
colliculus and to pass in an arch-like manner around the central gray.

The rostral contour of the red nucleus, like its efferents, is even harder
to demonstrate because of the large influx of fibers from many sources,
However, a few fibers, about the same amount as seen in the 107- and 108=day
fetuses, can be traced through the caudal portion of the nucleus and through
the dorsal region of the descending brachium conjunctivum.

A reticular nucleus, the deep tegmental nucleus of the mesencephalon
(also called the nucleus prefundus mesencephali), is just lateral to the
red nucleus and the descending rubro-olivary tract, It is further ecnclosed
by the medial lemniscus on its ventral side and the spinothalamic tract on
its lateral side. It receives afferents from a nunber of sources, including
the subthalamic nucleus, that pass through the ventral region of the red
nucleus. The nucleus also receives fibers from a lateral bifurcation of
the tectospinal tract and from the lateral corner of the substantia nicra.
In addition, its diffuse organization and its large number of internuncials
suggest that it alsoc connects with the red nucleus or contributes fibers
£g ithe :CTE -

Sections through the metencephalon show little change from that of the

previous developnental stage. The pons are a little larger, and additional

pontocerebellar fibers arise within the pontine nuclei and cross



and condense laterally to form the brachium pontis, which enters the
cerebellum. On the dorsal surface of the pontine nuclei are the distinct
tracts of the medial lemniscus, on its lateral side the spinothalamic énd the
lateral lermiscus, Rubro-olivary fibers can be seen in sagittal sections as
a diffuse array just dorso;ateral to the medial lemniscus, bhut in cross-
section it is difficult to identify this tract (Plate lda).

The development of the cerebellum has changed little from that of the
previous maturational stage. The external granular layer closely resembles
that of the 107- and 109-day fetuses. The molecular layer is slightly larger
and fewer cells migrate through from the external granular layer. The white
matter is slightly more dense in the vermis but about the same in the
hemispheres (Plate 22). The deep nuclei, on the other hand, show an
increase of the internal fibrous mnatrix, ?articularly around the fastigial
.nucleus, and a slight enlargement of the multipolar neurons, most noticeably
in the dentate.

The basic structure of the mylencephalon in general, and of the inferior
olivary nuclear complex in particular, is established; therafore, tﬁe matur-
ational chanrges that are now discernible eonsist of a further elabouration
of the various fiber systems. For example, with the proqreséive‘increase.
in the rubro-olivary fibers, the rostral portion of the principal olivary
~nucleus is becoming more encapsulated. The capsule is thicker in the lateral
and ventral arealof the rostral nucleus and becomes progressively thinner
toward the.caudal pole of the nucleus. As would be expected, the internal
matrix of afferent fibers corresponds with the distribution of the capsule,
that 