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ABSTRACT 
Short-survival and long-survival thymidine radiograms, and methacry- 

late-embedded tissue from normal and X-irradiated rat embryos were used 
to delineate the neuroepithelial source of the cerebellum and trace the 
earliest cell movements. The cerebellar anlage, crescent shaped, is demar- 
cated by two ventricular landmarks, the anterior extension of the tela 
choroidea of the fourth ventricle and the embryonic cerebellar fissure. The 
cerebellar tela choroidea extends from the medullary fourth ventricle poster- 
omedially to the lateral recess of the pontine fourth ventricle anterolater- 
ally. The embryonic cerebellar fissure begins caudally as a single midline 
incision beneath the fused posterior cerebellar primordium, then splits to 
follow the unfused cerebellar halves, first separating each from the isthmus 
then from the pons. 

The cerebellar primordium is divided into three parts. The lateral cere- 
bellar primordium caps the lateral recess of the fourth ventricle; it is contig- 
uous with the pons medially and separated ventrally from the anlage of the 
cochlear nuclei by the tela choroidea. The subisthmal cerebellar primordium 
is situated beneath the isthmus, medially lining the isthmus canal. Lat- 
erally and posteriorly, it is continuous with the lateral and postisthmal 
primordia. The postisthmal cerebellar primordium caps the postisthmal 
recess of the fourth ventricle and extends to the medullary fourth ventricle. 
As we shall describe later, each of these primordia is a source of different 
components of the developing cerebellum. 

Most cells of the superficially located nuclear transitory zone are labeled 
with 3H-thymidine administered on day El4 but not thereafter. A high 
proportion of the cells of the deeper cortical transitory zone could still be 
labeled on day E15. This supports the assumption made earlier that the first 
is composed of differentiating deep neurons, the second of Purkinje cells. 
The cells of the nuclear transitory zone originate in the lateral cerebellar 
primordium near the junction with the tela choroidea prior to the formation 
of the germinal trigone and migrate in a superficial position medially. 
Beginning on day E16, the nuclear transitory zone splits into two compo- 
nents. One has transversely oriented cells that seem to be the source of a 
decussating fiber tract, presumably the hook bundle of Russell. The other is 
composed of longitudinally oriented cells that apparently contribute fibers 
to the ipsilateral superior cerebellar peduncle. The translocation of the cells 
of the nuclear transitory zone from the cerebellar surface to its depth, to 
form the deep nuclei, and the radial migration of the cells of the cortical 
transitory zone to the surface, to form the Purkinje cell layer, will be 
described in the succeeding paper. 
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Although the investigation of the embryonic development 
of the cerebellum has a long history, the exact location of 
its germinal source has yet to be determined. Among recent 
attempts to delineate the anlage of the mammalian cere- 
bellum are the studies of Rudeberg (‘61), Korneliussen (‘67, 
’68), Kappel (’81), and Laxson and King (’83). Rudeberg, 
focusing on bovine and human brains, proposed a complex 
subdivision of the rhombencephalon into “migrations,” as 
hypothetical sources of components of the cerebellum and 
adjacent structures. In this scheme, the earliest divisions 
are migrations A, B ,  and Al (Figs. 2A, 3B). Derivatives of 
migrations A and B are AzBl (Figs. 3B,C and 4B,C). Rude- 
berg postulated that migration Al was the source of some 
unidentified isthmal nuclei, migration B of the cerebellar 
cortex, migration A of the external germinal layer, and, 
finally, migration A2B1 of the deep cerebellar nuclei, partic- 
ularly the lateral nucleus. Korneliussen, who studied cere- 
bellar ontogenesis in Cetacea (’67) and the rat (‘68), disputed 
the possibility that migration AzBl is the source of the 
lateral nucleus, believing rather that it contributed cells to 
some extracerebellar structure. Korneliussen proposed that 
the deep nuclei are derived from migration B, thereby leav- 
ing the site of origin of the Purkinje cells unaccounted for. 
Korneliussen (’68) stressed the tentative nature of these 
classifications, since they have been made in the absence of 
thymidine radiographic evidence of cell migrations. 

In our first application of thymidine radiography to the 
embryonic development of the cerebellum (Altman and 
Bayer, ’781, we determined that in adult rats the neurons 
of the deep nuclei are produced between days E l 3  and E15, 
with a peak (about 60%) on day E14, and the Purkinje cells 
between days E l 3  and E16, with a peak (nearly 60%) on 
day E15. The Golgi cells are produced later and over a more 
protracted period, with a peak on day E19. We presented 
some evidence from an embryological X-irradiation study 
(which is predicated on the extreme radiosensitivity of the 
developing cerebellum) that the growth of the cerebellar 
anlage begins laterally and then spreads medially. This 
was supported by thymidine radiographic evidence in adult 
rats of a general lateral-to-medial gradient in the produc- 
tion of deep neurons and Purkinje cells. 

Applying the chronological sequence obtained in adults 
with thymidine radiography to ontogenetic changes seen in 
the embryonic cerebellum, we hypothesized that the earlier 
emerging superficial differentiating zone, designated as the 
nuclear transitory zone, is composed of differentiating deep 
neurons, and that the later appearing deeper transitory 
zone is composed of young Purkinje cells. Such a hypothet- 
ical scheme assumed that at  a later stage of development 
the two cell types somehow exchanged their positions. We 
suggested that between days El7 and E20 the Purkinje 
cells migrate radially past the layer of deep neurons and 
settle superficially beneath the external germinal layer, 
which spreads from caudal to rostra1 during the same 
period. 

In the present series of studies, we have added three new 
sets of histological preparations to study cerebellar devel- 
opment. In order to study cell migration, a large series of 
short-survival thymidine radiograms were prepared and 
examined, with survival after injection ranging from two 
hr to several days. Because the settling patterns of groups 
of neurons, particularly the dispersed Purkinje cells, are 
difficult to study in radiograms from adults, this was ex- 
amined in a group of perinatal (E22) rats. Finally, we used 
a large series of plastic embedded embryos in which the 
cerebellum was sectioned in several planes to study changes 

in cell structure, cell orientation, and the course of out- 
growth of neurites and axons during cerebellar ontogeny. 
The results indicate that the cerebellar primordium is a 
discrete, crescent-shaped neuroepithelial structure at  the 
time that the deep neurons and the Purkinje cells are 
generated. Ventrolaterally and posteriorly, the cerebellar 
anlage is attached to the tela choroidea that borders the 
lateral and postisthmal recesses of the fourth ventricle, and 
ventromedially it is demarcated from the pons and the 
isthmus by the embryonic cerebellar fissure. But before 
presenting this description of the cerebellar primordium 
and its three subdivisions, an attempt will be made to 
relate our observations to the previous schemes of Rude- 
berg (‘61) and Korneliussen (‘68). 

MATERIALS AND METHODS 
Thymidine radiography 

Pregnant Purdue-Wistar rats were injected with a single 
dose of 3H-thymidine at  gestational ages E13, E14, E15, 
and E16. The day of sperm positivity was counted as day 
El ;  the specific activity of the radiochemical was 6.0 C/mM; 
injections of 5 pC/g body weight were made between 9:00 
and 9:30 A.M. In each injection group one to two dams were 
killed 2 hr after injection and at  daily intervals thereafter 
up to day E22. The fetuses that survived from 2 hr to 
several days after injection were the source of the short- 
survival thymidine radiograms; the fetuses that were killed 
on day E22 constituted the long-survival (fetal) group. The 
brains of the fetuses were blocked after removal coronally, 
sagittally, or horizontally and immediately immersed in 
Bouin’s solution. After 24 hr of fixation, the blocks were 
embedded either in paraffin or methacrylate. The paraffin 
specimens were sectioned serially a t  6 pm, and the meth- 
acrylate specimens a t  3 pm, and every 10th section was 
saved. Successive sections were either stained with cresyl 
violet and hematoxylin-eosin for examination without nu- 
clear emulsion or prepared for autoradiography. The latter 
were coated with Kodak NTB-3 emulsion in the dark, ex- 
posed for 90 days with a dessicant, developed in Kodak D- 
19, and stained with hematoxylin-eosin. In this series a 
total of 210 embryos were examined. 

Methacrylate-embedded embryos 
This collection consists of a large number of normal and 

X-irradiated whole embryos, ranging in age at daily inter- 
vals from day E l l  to E22. In the irradiated group a single 
dose of 200R X-ray was delivered to the dam and the fetuses 
were removed 6 hr after irradiation to visualize the radi- 
osensitive (pyknotic) primitive cells. The details of the irra- 
diation procedure were described earlier (Altman and 
Anderson, ’72). Both materials were cut in the three stand- 
ard planes at 3 pm and all sections were saved in embryos 
aged E l l  to E14; every fifth section at ages El5 to E16; and 
every tenth section at ages El7 to E22. Alternate sections 
were stained with cresyl violet and toluidine blue. This 
preparation provides not only better cytological preserva- 
tion than paraffin-embedded specimens hitherto used for 
routine processing but also allows visualization of fiber 
tracts and, under optimal conditions, single neurites or 
axons. 

RESULTS 
Data relevant to previous delineations of the 

cerebellar primordium 
The spatial relationship of the cerebellum to other central 

nervous structures differs in young embryos from that in 
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older embryos and postnatal rats due to a transient cephalic 
flexure. The subsequent flexure that the cerebellum itself 
undergoes during its early development (to be described) 
and the changes in its configuration throughout the embry- 
onic period further complicate this relationship. The desig- 
nation “coronal” will be used throughout this paper with 
respect to the cerebellar primordium. In the young embryo 
(Fig. l), such a section transects the posterior tectum dor- 
sally and the medulla (not shown) ventrally. In horizontal 
sections through the cerebellar anlage the tegmentum and 
upper pons appear in  a rostral position, followed by the 
diencephalon. The terms coronal and horizontal will be 
used somewhat loosely unless the plane of sectioning de- 
viates drastically from this definition. 

Rudeberg’s (‘61) classification of components of the roof of 
the metencephalon, as applied to a 10-mm (- E14.5) rat by 
Korneliussen (’68; Fig. 2), is indicated in a thymidine radi- 
ogram of a parasagittal section of the region of the cerebel- 
lar primordium of a rat injected on day E l 3  and killed on 
day El4 (Fig. 2A). Riideberg’s subdivision of the superficial 
differentiating layer into three zones is supported by the 
different cell labeling pattern from anterodorsal to poste- 
rior: migration Al contains a high proportion of unlabeled 
cells; the cells of migration A2 tend to be heavily labeled, 
and those of migration A lightly labeled. In the rat injected 
on day El4 and killed 2 hr later (Fig. 2B) the majority of 
cells are heavily labeled in the synthetic zone of the neuro- 
epithelium, a few cells are labeled in the proliferative zone 
near the lumen, but none in the differentiating zone. The 
rostral-to-caudal labeling gradient (Fig. 2A) indicates that 
most cells of “migration” Al are produced before the morn- 
ing of day E13, the cells of A probably before the morning 
of day E14, and the cells of A2 sometime between the two. 

Figure 3A illustrates the cytology of the metencephalic 
roof region in a midsagittal plastic section of a day El4 rat. 
There is a decussating fiber tract beneath the tectum. This 
is identified as the dorsally exiting trochlear nerve (nIV) 
composed of axons of the trochlear motor neurons situated 
in the same position more laterally (Fig. 3B). Apparently, 
the earliest differentiating neurons of migration Al are the 
trochlear motor neurons which, according to an earlier 
study (Altman and Bayer, ’811, are produced on days El2 
and E13. Medially (Fig. 3A) a differentiating zone (migra- 
tion Az) is not visible, but it is present more laterally (Fig. 
3B). A differentiating zone is still absent medially on day 
El5 (not shown) as well as day El6 (Fig. 4A), except in the 
isthmus region (migration All. Since deep neurons are ab- 
sent in the midline cerebellum this might support Riide- 
berg’s view that the laterally prominent migration A2, is 
the source of deep neurons. Rudeberg’s migration A2, which 
we called the nuclear transitory zone (Altman and Bayer, 
’78), is divisible by day El5 (Fig. 3C) into two parts, a 
caudal small cell component and a rostral component with 
spindle-shaped cells. The cells of the former may be trans- 
versely cut spindle-shaped cells while those of the latter are 
cut parallel or obliquely. By day E16, Riideberg’s migration 
Al appears to be composed of a new cell population situated 
caudal to the trochlear nucleus (Fig. 4A) and the superior 
vestibular nucleus (Fig. 4B). Migration A2 has disappeared, 
unless migration A2B1 is interpreted as the same cell pop- 
ulation. Migration B is most pronounced laterally (Figs. 
4B,C), being composed of radially oriented spindle-shaped 
cells that appear to be migrating radially from the thinning 
neuroepithelium (Fig. 5) .  Leading fibers are associated with 
these cells and they penetrate the white matter which we 
have previously designated as the intermediate fibrous 

A 
A1 
A2 
A2Bl 
AQ 
AV 
B 
C 
cc 
CE 
CN 
co 
CP 
CU 
ctz 
d 
dz 
ecf 
EGL 
GT 
hb 
ha 
HY 
ic 
IC 
icp 
if 
IST 
LAB 
lc 
LCP 
If 
lr 
LV 
M B  
ME 

migration A of Rudeberg 
migration Al of Riideberg 
migration A, of Rudeberg 
migration AzBl of Rudeberg 
aqueduct 
anterior vermis 
migration B of Riideberg 
caudal 
central (spinal) canal 
cerebellar primordium 
cochlear nuclei (anlage) 
coronal 
choroid plexus 
cuneiform nucleus 
cortical transitory zone 
dorsal 
differentiating zone 
embryonic cerebellar fissure 
external germinal layer 
germinal trigone 
hook bundle of Russell 
horizontal 
hypothalamus 
isthmal canal 
inferior colliculus 
inferior cerebellar peduncle 
intermediate fibrous layer 
isthmus 
labyrinth 
longitudinally oriented cells 
lateral cerebellar primordium 
embryonic lateral fissure 
lateral recess of the fourth ventricle 
lateral vestibular nucleus 
marginal nucleus of brachium conjunctivum 
medulla 

Abbreviations 

mf 
mlf 
mP 
ms 
n N  
NIV 
NVM 
NE 
ntz 
PCP 
Pi 
PL 
PO 
PT 
PU 
PV 
P Z  
r 
sc 
SCP 
SCP 
sf 
ST 
sv 
tc 
TC 
TE 
TG 
TH 
v l  
V 3  
v4 
VG 
VIIIG 
IX 

sz 

embryonic medial fissure 
medial longitudinal fasciculus 
medial protuberance of embryonic cerebellum 
medial sulcus 
trochlear nerve 
trochlear nucleus 
motor nucleus of the trigeminal 
neuroepithelium 
nuclear transitory zone 
postisthmal cerebellar primordium 
postisthmal recess of the fourth ventricle 
Purkinje cell layer 
pons 
pretectum 
Purkinje cells 
posterior vermis 
proliferative zone (neuroepithelium) 
rostral 
superior 
superior cerebellar peduncle 
subisthmal cerebellar primordium 
superficial fibrous layer 
subthalamus 
superior vestibular nucleus 
synthetic zone (neuroepithelium) 
transversely oriented cells 
tela choroidea 
tectum 
tegmentum 
thalamus 
ventrolateral neuroepithelium 
third ventricle 
fourth ventricle 
trigeminal ganglion 
vestibular ganglion 
uvula (lobule 1x1 
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Fig. 1. Parasagittal section through the hindbrain of a day-El4 rat. At this age the caudal tectum 
overlies the cerebellar primordium (and the isthmus); the caudal tegmentum and the anterior pons 
are situated rostra1 to it. Methacrylate. Scale: 200 rm.  

layer (Altman and Bayer, '78). The rostrally displaced nu- 
clear zone (Rudeberg's migration A2B1) contains trans- 
versely cut as well as longitudinally oriented cells; the 
latter appear to contribute to the superficial fibrous layer 
which is continuous rostrally with the superior cerebellar 
peduncle. 

Many important morphological changes occur in the de- 
velopment of the rat cerebellum on day E17. Relevant in 
the present context is the rotation of the isthmus region 
from an anterior (Fig. 3A), to an anterodorsal (Fig. 4A) and, 
finally, to a dorsal position (Fig. 6B). As a result of this, the 
second wave of Al cells seen on day El6 anteriorly and 
anterodorsally (Fig. 4B) now assume a dorsal position (Fig. 
6A). As shown in Figure 6A, most of the medially situated 
cells of A, are labeled in rats injected on day El5 and killed 
on day El7 whereas few of the cells of A2Bl are labeled. 
Since peak production time of cerebellar deep neurons is on 
day El4 (Altman and Bayer, '781, AzBl could very well 
represent the deep neurons, but the cells of A1 must belong 
to some late-produced extracerebellar structure. The early 
settling Purkinje cells of the posterior vermis, situated be- 
neath the just emerging external germinal layer, are also 
unlabeled. However, the bulk of migration B, which was 
interpreted as the translocating Purkinje cells, is labeled 
both ventrally and rostrally. 

In summary these observations support Rudeberg's ('61) 
hypothesis that migration A2B1 is the source of deep neu- 
rons with the qualification that this group of cells is iden- 
tical with migration A2 of the younger animals in a new 
position. Similarly, migration B could well represent the 
young Purkinje cells, marking their emergence from the 
neuroepithelium as it begins to recede.However, Kornelius- 
sen's ('68) major argument against such a scheme, namely, 
that the deep neurons are thus assumed to be located in a 
superficial position, in a position that is actually superficial 
to the trajectory of the settling Purkinje cells and the ex- 
panding external germinal layer (Fig. 71, remains to be 
resolved. We shall present evidence (Altman and Bayer, 
'84a) that the deep neurons become translocated on the 
succeeding days, settling in the deeper parts of the cerebel- 
lum vacated by the radially migrating Purkinje cells. 

Delineation of the cerebellar primordium 
with X-irradiation 

Irradiation with 200R X-ray kills a high proportion of the 
primitive cells of the nervous system. Cells undergoing 
mitosis are less sensitive to such a dose than cells in the 
synthetic phase or postmitotic migratory cells (Hicks, '58; 
Hicks and D'Amato, '66; Altman et al., '68). As a result, 
there is a dense band of pyknotic cells above the mitotic 
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Fig. 2. A. Parasagittal thymidine-radiogram of the region of the cerebellar primordium of a rat 
injected on day El3  and killed on day E14. Note the differing labeling patterns of Ritdeberg’s 
“migrations” A,,  A,, and A. B. Radiogram from a rat injected early on day El4 and killed 2 hr later. 
The cells of the three “migrations” are no longer labeled. Methacrylate. Scale: 100 pm. 
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Fig. 3. Midsagittai (A) and parasagittal (Bt sections of the cerebellar region in a day-El4 rat. There 
is considerable enlargement of the posterior neuroepithelium (the cerebellar prirnordium) by day E15. 
Methacrylate. Scale: 100 pm. 
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Fig. 4. Sagittal sections through the cerebellar region from medial to lateral (A-C), from a day-El6 rat. Methacrylate. Scale: LOO pm, 

7 
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Fig. 5. Vertically oriented, spindle-shaped cells with radial fibers in the cortical transitory zone of 
a day4316 rat. Note the transversely oriented (small) and longitudinally oriented cells of the nuclear 
transitory zone. Methacrylate; sagittal. Scale: 50 pm. 

zone in the neuroepithelium of most brain regions but fewer 
near the lumen. But in some other brain regions, among 
them in the general region of the cerebellum, the zone near 
the lumen is also severely affected by 200R X-ray and the 
pyknotic cells shed into the lumen through the disinte- 
grated ventricular wall of the neuroepithelium (Fig. 8). 
Accordingly, in our attempt to delineate the three-dimen- 
sional structure of the cerebellar primordium we have first 
chosen to determine the exact location of the “collapsing 
neuroepithelium” (Altman and Bayer, ’78) in serial sections 
cut in various planes. 

In sagittal sections of rats irradiated on day El4 and 
killed 6 hr later the collapsing neuroepithelium is re- 
stricted medially (Fig. 9A) to the posterior half of the me- 
tencephalic roof behind the isthmus; we shall designate this 
region as the postisthmal cerebellar primordium. More lat- 
erally (Fig. 9B), the collapsing neuroepithelium extends 
farther rostrally to the region beneath the isthmus; this 
region we shall call the subisthmal cerebellar primordium. 
Far laterally (Fig. 9C), the collapsing neuroepithelium shifts 

rostrally and occupies a position in the upper pons adjacent 
to the point of entry of the trigeminal nerve; this region we 
shall call the lateral cerebellar primordium. 

In coronal sections of rats irradiated and killed on day 
E14, the collapsing neuroepithelium extends in rostra1 sec- 
tions from the upper pons laterally about half-way to the 
isthmal canal medially (Fig. 10A). Caudally, the postisth- 
ma1 collapsing neuroepithelium is much broader, approxi- 
mating but not fully reaching the midline (Fig. 1OC). These 
observations suggest that, by the criterion employed, the 
cerebellar primordium is crescent-shaped, extending from 
the upper pons rostrally and laterally to the edge of the tela 
choroidea caudally and medially. 

The same pattern of neuroepithelial collapse was ob- 
tained in rats irradiated and killed on day El5 (Altman 
and Bayer, ’78: Fig. 5). In contrast, in rats irradiated and 
killed on day El6 there was no neuroepithelial collapse and 
with irradiation on day El3  neuroepithelial collapse was 
restricted to the lateral cerebellar primordium (Fig. 11; see 
also Altman and Bayer, ’78). These observations suggest 



EMBRYONIC DEVELOPMENT OF THE CEREBELLUM, I. 9 

Fig. 6. A. Labeling pattern in the cerebellar region of a rat injected on day El5 and killed on day 
E17. The cells of migration Al are labeled, those of A2B, (the nuclear transitory zone) are mostly 
unlabeled, particularly those situated anterodorsally. Paraffin. B. Corresponding methacrylate section 
from a day-El7 rat. Sagittal sections. Scales in A, B: 100 fim. 

that regional neuroepithelial collapse in the roof of the 
metencephalon can be taken as a marker of the cerebellar 
primordium on the days when the bulk of deep neurons and 
Purkinje cells are produced (days El4 and El51 but not 
earlier or later. On the optimal days, the boundaries of the 
cerebellar primordium can be clearly demarcated rostrally 
and laterally against the pons and more caudally and me- 
dially against the isthmal region (Figs. 9, 10). 

Delineation of the cerebellar primordium with 
short-survival thymidine radiography 

In anterior coronal radiograms of rats injected with 3H- 
thymidine on day El4 and killed on day El5 (Fig. 12A) the 
lateral cerebellar primordium is easily distinguished from 
the rest of the pons by several criteria: From the embryonic 
cerebellar fissure ventrolaterally the neuroepithelium is 
greatly enlarged; overlying the cerebellar neuroepithelium 
there is the intermediate fibrous layer; and, unlike in the 
rest of the pons, the differentiating zone (the nuclear tran- 

sitory zone) contains a high proportion of labeled cells. 
There is a ventrolateral-to-dorsomedial gradient in the pro- 
portion of labeled cells in the nuclear transitory zone, the 
concentration being high near the source of these cells and 
low at the uncertain boundary with the rest of the pons. In 
the subisthmal cerebellar primordium more caudally (Fig. 
12B), the intermediate fibrous layer is not as clearly out- 
lined and the boundary with the differentiating zone of the 
isthmus region, which also contains a high proportion of 
labeled cells, is uncertain. In the postisthmal cerebellar 
primordium (Fig. 12C, label mf) the embryonic cerebellar 
fissure converges on the midline. At this level the interme- 
diate fibrous layer is absent and the nuclear transitory zone 
is less clearly outlined. 

In rats injected on day El5 and killed on day El6 (Fig. 
13) most of the cells of the nuclear transitory zone are 
unlabeled; those that are labeled tend to be situated near 
the neuroepithelium ventrolaterally. The nuclear transi- 
tory zone and the intermediate fibrous layer are present 
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Fig. 7. Major morphogenetic events on day E17. Note the subdivision of 
the nuclear transitory zone (AZB,) into an anterodorsal component with 
longitudinal cells and a posteroventral component with small, or trans- 
versely oriented cells (compare with horizontal section in Fig. 17). Upper 

vertical arrow shows the anterodorsal superficial reach of the EGL. The 
advancing EGL (curved upper arrow) is partially missing. Lower vertical 
arrows indicate the radial route of migrating Purkinje cells (cortical transi- 
tory zone) with radial processes. Methacrylate; sagittal. Scale: 100 pm. 

now caudally (Fig. 13D). Throughout the cerebellar primor- 
dium the neuroepithelium has greatly decreased in width 
and overlying it a second differentiating zone is forming 
with radially oriented cells, the cortical transitory zone. In 
this zone the distal cells are mostly unlabeled while those 

still close to  the neuroepithelium tend to be labeled. These 
observations suggest that the cells of the nuclear transitory 
zone originate in the lateral cerebellar primordium ventro- 
laterally, mostly on day E14, and move out in an arc dorso- 
medially on day El5 with a gradient from lateral to  medial. 
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The cells of the cortical transitory zone, being generated on 
day El4 and El5 along the entire length of the neuroepi- 
thelium, begin their radial migration on day E16. 

By day El7 the medial border of the cerebellar primor- 
dium with the pons (Fig. 14A), and particularly with the 
isthmus (Figs. 14B, C, 151, has become clearly outlined by 
the deepening of the lateral portion of the embryonic cere- 
bellar fissure and the formation of a cone-shaped medial 
protuberance. (The medial protuberance represents the 
leading edge of the medially spreading cerebellar tissue 
and the lateral fissure the future rostral wall of the fused 
cerebellum.) This morphological development signals the 
onset of the separation of the cerebellum from the pons and 
the isthmus. The nuclear transitory zone forms a superfi- 
cial arch across the entire width of the cerebellum in the 
lateral (Figs. 14B, C) and subisthmal (Fig. 15A) cerebellar 
primordium. The medial spread of the superficially located 
nuclear transitory zone is particularly conspicuous in the 
caudal part of the postisthmal cerebellum (Fig. 15B). A 
major event on day El7 is the emergence of the EGL from 
the region of the germinal trigone ventrolaterally and in 
the caudal tip of the cerebellum ventrally. The nuclear 

transitory zone is absent in the postisthmal cerebellum and 
here a Purkinje cell layer is beginning to form beneath the 
EGL (Fig. 15C). At more rostral levels the radial migration 
of Purkinje cells has not advanced much with respect to  
day E16. 

Characterization of the cerebellar primordium in 
plastic-embedded sections 

In sagittally cut, plastic cerebellar sections of day El4 
(Fig. 3B) and day El5 (Fig. 3C) rats, the cells of the nuclear 
transitory zone tend to be of small size, particularly cau- 
dally. These are probably transversely oriented spindle- 
shaped cells which, as the radiographic evidence suggested, 
are migrating from their ventrolateral source dorsomedi- 
ally. But by day El6 their pattern becomes more compli- 
cated. In sagittal sections (Figs. 4 ,5 )  both transversely and 
longitudinally oriented cells are seen in the nuclear transi- 
tory zone, the longitudinally oriented cells being particu- 
larly prominent dorsomedially (Fig. 4B). In coronal sections 
(Fig. 16) the following pattern was indicated. In the post- 
isthmal cerebellar primordium (Fig. 16C) the nuclear tran- 
sitory zone is not conspicuous. More rostrally (Figs. 16A, B) 
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Fig. 9. Sagittal sections, from medial to lateral (A-C), through the hindbrain of a rat irradiated on 
day El4 and killed 6 hr  later. The collapsing neuroepithelium shifts from a posteromedial position 
anterolaterally, outlining the postisthmal, subisthmal, and lateral cerebellar primordia. The letters a, 
b, and c in circles indicate the approximate coronal planes of sectioning of Figure lOA, B, and C, 
respectively. Methacrylate. Scale: 200 pm. 
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Fig. 10. Coronal sections, from rostra1 to caudal (A-C), through the hindbrain of a rat irradiated on 
day El4  and killed 6 hr later. Arrows outline the collapsing neuroepithelium of the lateral, subisthmal, 
and postisthmal cerebellar primordia. Methacrylate. Scale: 200 pm. 

Fig. 11. Horizontal sections, from dorsal to ventral (A-C), through the hindbrain of a rat irradiated 
on day E l 3  and killed 6 hr  later. Neuroepithelial collapse is limited to the lateral cerebellar primor- 
dium. This suggests that there is a lateral-to-medial gradient in cerebellar neurogenesis and that the 
extreme radiosensitivity of the cerebellar neuroepithelium begins with the onset of the production of 
cerebellar neurons. Methacrylate. Scale: 100 pm. 
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with the ventrolateral neuroepithelium anteriorly (A) and is separated by 
the intermediate fibrous layer from the deeper cortical transitory zone of 
LCP (A) and SCP (B). The nuclear transitory zone is absent in the postisth- 
ma1 cerebellar primordium (C). Methacrylate; coronal. Scale: 200 pm. 

Fig. 12. Labeling pattern, from rostra1 to caudal (A-C), in the lateral(A), 
subisthmal (B) and postisthmal (C) cerebellar primordia of a rat injected on 
day El4 and killed on day E15. The nuclear transitory zone is continuous 

this zone splits into two components: a dorsomedial compo- 
nent composed of small or longitudinally oriented cells and 
a ventrolateral component of transversely oriented cells. 
Taking into consideration the radiographic evidence of a 
cytogenetic gradient in the nuclear transitory zone from 
ventrolateral to dorsomedial (Figs. 12-14) it appears that 
the early generated neurons dorsomedially turn by about 
90" whereas the later produced (and possibly still migrat- 
ing) ventrolateral cells retain their transverse orientation. 

This pattern changes somewhat by day El7 (Fig. 17). In 
the postisthmal cerebellum, where the ventral portion of 
the posterior vermis is beginning to form, the nuclear tran- 

sitory zone is absent (Fig. 17C). More rostrally (Fig. 17B) 
the longitudinally oriented cells of the nuclear transitory 
zone approximate the midline in a superficial position and 
seem to give rise to a decussating fiber tract. We tentatively 
identify the latter as the hook bundle of Russell (Fig. 17B, 
label hb) which is composed of efferents of the medial (fas- 
tigial) nucleus that cross to the opposite side within the 
cerebellum before joining the superior cerebellar peduncle 
(Thomas et al., '56; Achenbach and Goodman, '68; Angaut 
and Bowsher, '70; Haroian et al., '81). At this level the 
component with longitudinally oriented cells is relatively 
small (Fig. 16B). More rostrally and laterally (Fig. 16A), the 
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Fig. 13. Labeling pattern, from rostra1 to caudal (A-D), in the cerebellar primordium of a rat 
injected on day El5 and killed on day E16. In  this group, labeled cells in the nuclear transitory zone 
are limited to the vicinity of the ventrolateral neuroepithelium. In B arrows indicate the migratory 
route of nuclear transitory zone cells (from lateral to medial) and of the cortical transitory zone cells 
(from ventral to dorsal). Methacrylate; coronal. Scale: 200 pm. 
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Fig. 14. Oblique coronal sections, from rostra1 to caudal (A-C), through 
the lateral cerebellar primordium of a rat injected on day El5  and killed on 
day E17. The nuclear transitory zone spans the entire width of the cerebel- 

lum, which is demarcated medially by the deepening embryonic cerebellar 
fissure. The medial protuberance (C) leads the morphogenetic movement of 
the lateral cerebellar primordium medially. Methacrylate. Scale: 200 fim. 
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Fig. 15. Oblique coronal sections, from rostra1 to caudal (A-C), through 
the subisthmal and postisthmai cerebellar primordia; continuation of the 
series shown in Figure 14. In the subisthmal primordium the unlabeled, 
transversely oriented cells of the nuclear transitory zone are separating 

from the lateral neuroepithelium and are approximating the midline (B). In 
the postisthmal primordium the Purkinje cells begin to assemble beneath 
the EGL (C).  Methacrylate. Scale: 200 pm. 
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Fig. 16. Coronal sections, from rostra1 to caudal (A-C) in a day-El6 rat showing the lateral position 
of the transversely oriented cells of the nuclear transitory zone and the more medial position of its 
larger longitudinally oriented component (A,B). Methacrylate. Scale: 100 pm. 
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Fig. 17. Coronal sections, from rostra1 to caudal (A-C), in a day-El7 rat. The transversely oriented 
cells of the nuclear transitory zone accumulate medially in increasing numbers in B and appear to be 
the source of a decussating tract, presumably the hook bundle of Russell (B). The division with 
longitudinally oriented cells remains prominent rostrally (A). Methacrylate. Scale: 200 pm. 
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Fig. 18. Position of the contralaterally projecting division of the nuclear transitory zone in a rat 
injected on day El5  and killed on day E18. The nuclear transitory zone is clearly separated from a 
derivative of the isthmus, the marginal nucleus of the brachium conjunctivum. Paraffin; coronal. 
Scale: 100 pm. 

Fig. 19. The transversely and longitudinally oriented cells of the nuclear transitory zone in a 
sagittal section from a day-El7 rat. The longitudinally oriented division is associated with anterodor- 
sally projecting fibers, presumably axons of the superior cerebellar peduncle. Methacrylate. Scale: 50 
pm. 

superficially situated, transversely oriented component of 
the nuclear transitory zone diminishes and the longitudi- 
nally oriented cell group increases. This may be the future 
interpositus nucleus. Sagittal sections at this age (Figs. 7, 
19) indicate that this cell group may be a source of another 
fiber bundle that joins the superior cerebellar peduncle 
ipsilaterally. By day El8 (Fig. 18) the contralaterally pro- 
jecting cells of the nuclear transitory zone of the subisthmal 
cerebellum appear to have completed their migration in the 
medial direction. The next step in the movement of deep 
neurons, their translocation from the surface to  the depth 
of the cerebellum, will be described in the succeeding paper 
(Altman and Bayer, '85a). 

The identity of some structures originating in the 
surround of the cerebellar primordium 

The nuclear transitory zone of the lateral and subisthmal 
cerebellar primordia is continuous medially with pontine 
and isthmal cell masses (Figs. 12-15). In the dorsal isthmus 
a group of large and early differentiating cells was identi- 
fied as the trochlear motor nucleus (Figs. 3,4,6,7). Beneath 
this cell group a vertical column of large cells could be 
traced ventrolaterally (Figs. 4B, C), presumably represent- 
ing the superior and lateral vestibular nuclei. Following 
the generation and differentiation of the large isthmal neu- 
rons a new differentiating mass of cells appears dorsomedi- 
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Fig, 20. Coronal sections through the anterior region of the cerebellum 
in rats aged day El6 (A), El7 (B), and El8  (C) to show the progressive 
separation of the two nuclei of the nuclear transitory zone from an uniden- 
tified component of the isthmus. On the succeeding days the cerebellum 

separates from the isthmus and the EGL spreads from anterodorsal to 
anteroventral (arrow in Fig. 21B) and from medial to lateral (arrow in C) 
along the broken line indicated (C). Methacrylate. Scale: 200 pm. 

Fig. 21. A. The position of the labeled cell group of the isthmus region in a rat injected on day El5 
and killed on day E22 (compare with Figs. 6A, 15B, 18). Enlargement of the nucleus in B; identified 
as the marginal nucleus of the brachium conjunctivum. Vertical arrow in B indicates the direction in 
which the EGL is spreading, separating the cerebellum from the isthmus. Paraffin; sagittal. Scales: 
A: 200 gm, B 100 pm. 
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ally (Figs. 4B, 7, label Al) with transversely and 
longitudinally oriented components (Fig. 17). This complex 
(Rudeberg’s Al migration in the isthmus) is continuous 
with the nuclear transitory zone on day El6 (Figs. 16A, B, 
20A, label IST) begins to spin off by day El7 (Figs. 6, 7, 
label A,; 17A, ZOB, label IST) and is clearly outside the 
territory of the cerebellum by day El8  (Fig. 20C, label IST). 
Of the components of this complex one could be traced with 
some assurance because of its labeling pattern. This is a 
dorsomedially situated nucleus which has most of its cells 
labeled with injections on day El5 (Figs. 6A, label Al; 15B, 
18, labels MB) but not with injections on day El6 (not 
illustrated). The position of this nucleus does not change 
much throughout the embryonic period (Fig. 21) and is 
tentatively identified as the little known marginal nucleus 
of the brachium conjunctivum (Castaldi, ’26). 

Cell movements in the cerebellar primordium 
Observations made in day El4 to day El7 rats revealed 

three successive series of cell movements in the cerebellar 
primordium. The earliest cell movement is the transversely 
oriented migration of cells of the nuclear transitory zone 
from lateral to medial. This may begin as early as day El4 
(Fig. 3B), the very day that the bulk of the deep neurons is 
produced. This transverse migration continues on the suc- 
ceeding days and may not be completed until day El8  (Fig. 
18). In the meantime some of these cells become reoriented 
in the longitudinal plane with the result that a trans- 
versely oriented and a longitudinally oriented subdivision 
of the nuclear transitory zone is formed (Figs. 5 ,  7, 16, 17). 
The second event is the vertical migration of cells of the 
cortical transitory zone from the neuroepithelium to the 
surface. This is first seen on day El6 (Figs. 4,5,  161, the day 
after the bulk of the Purkinje cells is produced. By day El7 
vertically oriented cells with similarly directed fibrous pro- 
cesses are particularly abundant in the posterior vermis 
(Figs. 7, 22). By this time a third migratory or dispersal 
process begins; this is the superficial spread of the EGL in 
a semicircle from caudal to rostra1 (Fig. 7) and from lateral 
to medial (Figs. 14, 15, 20) from a new source, the germinal 
trigone (Figs. 7, 15). Associated with the dispersal of the 
EGL is the settling of the Purkinje cells in a discrete layer 
from ventral to dorsal (Figs. 7, 17). 

DISCUSSION 
Delineation of the cerebellar primordium 

J. ALTMAN AND S.A. BAYER 

The cerebellar primordium has a different structure, and 
the morphogenetic processes underlying cerebellar devel- 
opment are more complex, than hitherto assumed. Our 
delineation of the embryonic site of origin of the cerebellum 
was aided by a diverse set of embryonic materials sectioned 
in the cardinal anatomic planes (X-irradiated embryos, 
short-survival thymidine radiograms, and methacrylate- 
embedded embryos), and by the recently established se- 
quential origin of deep neurons and Purkinje cells (Altman 
and Bayer, ’78). Most previous investigators have refrained 
in the past from trying to delineate the entire cerebellar 
primordium, limiting themselves to the task of determining 
the identitv of several consuicuous cell masses in the repion -. 

Fig. 22. Vertically oriented cells with leading fibers of the upper cortical 
transitory zone in a day-El7 rat, identified as young Purkinje cells. The 
identity of the horizontally oriented cells in the depth of the cortical transi- 

of the roofbf the metencepkalon and the “rhombic lip.” 

inferences about some of these cell masses or “migrations.” 
our IJbservations support and extend Rudeberg’s C6l)  

Rudeberg’s migration Al was confirmed to be a source of 
extracerebellar structures. An early-produced component of 
this isthmal region is the trochlear nucleus and a late- 

tory zone remains to be determined. Methacrylate.-Scale: 50 pm 
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Fig. 23. Schematic outline of the fourth ventricle of the cerebellar region 
in a day-El6 rat. The postisthmal recess is situated above the tela choroidea 
posteriorly (compare with lower insert) and the lateral recess is most exten- 
sive anteriorly (compare with upper insert). In relation to the fourth ventri- 

produced component is the marginal nucleus of the brach- 
ium conjunctivum. Other less surely identified structures 
may include the superior vestibular nucleus and the cunei- 
form nucleus. But the cerebellar primordium extends far 
beyond the isthmus region and appears to  have, upon first 
consideration, an intricate structure. This is so because the 
cerebellar neuroepithelium follows the extensions of the 
rostral fourth ventricle, the lateral recess and the postisth- 
ma1 recess, and also a portion of the isthmal canal (Fig. 23). 
But with respect to  this ventricular configuration the cere- 
bellar primordium is clearly delineated as a single entity 
by two ventricular landmarks, the tela choroidea ventrola- 
terally and caudally, and the embryonic cerebellar fissure 
ventromedially. We have identified the latter as a continu- 
ous sulcus (Fig. 23) that appears rostrally as the embryonic 

cle, the base of the cerebellar anlage is delineated ventromedially by the 
two components of the embryonic cerebellar fissure, the lateral and medial 
embryonic fissures, and ventrolaterally by the crescent-shaped component 
of the tela choroidea (compare with Fig. 24). 

lateral fissure and caudally as the embryonic medial fissure 
(Fig. 24). Between these two landmarks the cerebellar pri- 
mordium forms a vaulted structure that changes its shape 
from rostral to caudal (Fig. 24). Looked at from above the 
cerebellar primordium is crescent-shaped, the cerebellar 
halves far removed from one another rostrally but fused 
caudally. The closest rostral points were referred to as the 
medial prominence; these are the growth points which ex- 
tending medially will, at a later stage of development, lead 
to the fusion of the hemispheres with the vermis (Altman 
and Bayer, '85b). 

We have divided the cerebellar primordium into three 
components, the lateral, subisthmal, and postisthmal pri- 
mordia (Figs. 12, 13), based on their location with respect 
to the extensions of the rostral fourth ventricle (Fig. 23). 
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Fig. 24. The cerebellar primordium in a day-El6 rat (heavy outline) in relation to the tela choroidea 
caudally and ventrolaterally and in relation to the embryonic lateral fissure (broken lines) ventrome- 
dially. On the left side the isthmus is not shown. The dorsomedial boundary between the isthmus and 
the cerebellar primordium (right side) is uncertain. 

,The lateral cerebellar primordium is contiguous rostrally 
I with the pons and extends caudally to the postisthmal 
cerebellar primordium. Its boundaries with the subisthmal 
primordium are uncertain. The lateral cerebellar primor- 
dium may be the only source of deep neurons (Altman and 
Bayer, '85a), and its Purkinje cells distribute to  the cerebel- 
lar hemispheres (Altman and Bayer, '85b). The dorsomedial 
borders of the subisthmal cerebellar primordium is difficult 
to demarcate with respect to  the isthmus; evidence will be 
presented later that it is the source of Purkinje cells of the 
anterior vermis (Altman and Bayer, '85b). Finally, the post- 
isthmal cerebellar primordium has some unique features. 
First, as stated before, it is fused caudally. This appears to 
be the case as early as day El3 when the cerebellar primor- 
dium first becomes recognizable. Second, it is a region where 
the tela choroidea, and later the choroid plexus, separates 
the postisthmal recess from the underlying main compo- 
nent of the fourth ventricle (Fig. 23). Third, this is the 
region which is ahead of the rest of the cerebellum in the 
superficial distribution of the EGL and the radial migration 
of Purkinje cells (Figs. 6, 7). The postisthmal cerebellar 

(Altman and Bayer, '85b). 

DEEP NUCLEI NEURONS 

Fig, 25. Schematic illustration of the initial migratory route of the young 
deep nuclei neurons (nuclear transitory zone cells) from the ventrolateral primordium Purkinje to the posterior vermis 
neuroepithelium medially. 
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Fig. 26. Schematic illustration of the vertical (radial) migration of the 
Purkinje cells (cells of the cortical transitory zone). 

Early cell movements 
In rats injected on day El4 and killed on day El5  most of 

the cells of the nuclear transitory zone are labeled (Fig. 12). 
In rats injected on day El5 and killed on day El6 most of 
them are unlabeled (Fig. 13). This chronology is compatible 
with the supposition that the cells of the nuclear transitory 
zone are the neurons of the deep nuclei at an  early stage of 
their differentiation. In thymidine radiograms of young 
embryos the nuclear transitory zone was initially continu- 
ous with the ventrolateral neuroepithelium (Figs. 12, 131, 
and in methacrylate sections an early migration was indi- 
cated from lateral to medial (Figs. 3B, C). Since a nuclear 
transitory zone was not evident medially (Fig. 3A) we as- 
sume that of the deep neurons generated laterally those 
destined to settle medially migrate in that direction (Fig. 
25). A large band of transversely oriented cells was partic- 
ularly conspicuous superficially on day El7 (Figs. 15B, 17B) 
and day El8  (Fig. 18). The straightforward interpretation 
of this as a sign of migration, however, was complicated by 
the observation that these cells were the source of a decus- 
sating fiber tract, tentatively identified as Russell's hook 
bundle (the efferents of the medial nucleus crossing within 
the cerebellum). Another cell group with longitudinally 
oriented cells may have been the source of efferents that 
join the superior cerebellar peduncle ipsilaterally (Fig. 19). 
Obviously, cell orientation by itself may reflect two differ- 
ent events: the migration of cells or the outgrowth of axons 
of stationary cells in a particular direction. 

The greatest difficulty with the assumption that the nu- 
clear transitory zone is composed of cells of the deep nuclei 
is their superficial position. In the succeeding paper (Alt- 
man and Bayer, '85a) we shall present evidence that in the 
period between day El8 and E21 the cells of the nuclear 
transitory zone translocate to the depth of the cerebellum. 
This latter event is associated with the migration of Pur- 
kinje cells in the opposite direction, from the cortical tran- 

EXTERNAL 

Fig. 27. Schematic illustration of the superficial dispersion of the exter- 
nal germinal layer from the germinal trigone connected with the tela 
choroidea. 

sitory zone near the neuroepithelium to the surface (Fig. 
26). Evidence for such a migration was first seen on day 
El6 in methacrylate sections (Figs. 5, 16) and thymidine 
radiograms (Fig. 13) but the speed of this migration must 
be slow because these cells, the majority generated on day 
E15, were still embedded in the cortical transitory zone on 
day El7 (Figs. 15, 17). The migration of these cells, which 
on the basis of their time of origin can be identified with 
the Purkinje cells, was closely tied to the superficial disper- 
sion of the EGL from the region of the germinal trigone 
that surrounds the cerebellar primordium in half a circle 
from caudal to anterolateral (Fig. 27). This event began on 
day El7 (Figs. 7, 14,15, 17) and where the EGL was present 
a Purkinje cell layer was forming underneath it. The dis- 
persion of the EGL signals the transformation of the cere- 
bellar primordium into the primitive cerebellum and it is 
coupled with the progressive maturation of the cerebellar 
cortex and the deep nuclei. 
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