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Fig. 199A—E. Illustration of the regeneration of the EGL in vermal lobule IT after X-irradi-
ation. A Control, day P 4 rat. B Day P 4 rat in which the cerebellum was irradiated daily be-
tween days P 0 and P 4 and killed 2 h after the last exposure. EGL has disappeared except for
a few cells. Subsequent photographs are from animals that received the same irradiation treat-
ment, but survived for different periods. C Rat survived for 4 days after last irradiation. Note
reapearance of clumps of EGL cells (arrows). D Rat survived for 6 days after last irradiation.
The EGL has recovered but the arrangement of cells is irregular. E An irradiated day P 30 rat;
the cells of the EGL have migrated into the granular layer. Many ectopic cells are seen above
the Purkinje cells. GL, granular layer;, MO, molecular layer; pa, pia-arachnoid membranes;
PU, Purkinje cell layer. Altman et al. [24]

drites; these are interpreted as the mature, translocated climbing fiber ter-
minals. Synapse formation with parallel fibers begins at about day P 12, and
this process again follows a gradient from the bottom of the molecular layer up-
ward.

The formation of true synapses with parallel fibers is preceded by the appear-
ance of membrane thickenings in association with coated vesicles [3]. These
coated vesicles are seen in closed or open form. The open coated vesicles had
parts of the parallel fibers drawn toward them or entirely engulfed; it was pos-
tulated that the parallel fibers and future spiny dendrites exchange material be-
fore synaptogenesis (Fig. 17). Synapse formation with parallel fibers is a pro-
tracted process and such synapses were still sparse in the upper molecular layer
on day P 21 (Fig. 18). Electron microscopic observations also suggested that the
final step in the maturation of the molecular layer, the proliferation of glial
processes, likewise followed the gradient from the bottom of the molecular
layer upward. Synapse formation was also protracted in the glomeruli of the
granular layer. But a topographic gradient was not evident here [4].

Experimental Studies of Cerebellar Development
Interference with Postnatal Cerebellar Cytogenesis by Focal X-irradiation
Multiplying cells are extremely radiosensitive [29], and if the brain is exposed

to a source of ionizing radiation the cells of the EGL are destroyed [26, 28, 33].
We have irradiated the cerebellum with a single dose of 150 or 200 R of X-rays
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Fig. 20. Diagram illustrating the expected consequences of irradiation of the cerebellum after
birth with different exposure schedules on cell acquisition in the cerebellar cortex. Row [
shows schematically the sequential production of different cell types in normal animals and
approximate postnatal ages. Row 2 shows that with repeated doses of X-rays (arrows), which
destroy the cells of the EGL and prevent their regeneration, the acquisition of the postnatally
forming microneurons can be prevented. Row 3 shows that similar effects can be obtained by
delaying irradiation until day P 4. However, if the exposure to X-rays is begun on day P 8
(row 4), the basket cells are spared, and if it is delayed until P 12 (row 5) the stellate cells are
also spared and only the acquisition of the late granule cells is prevented. Row 6 is an example
of a schedule which permits the recovery of the EGL and the production of late-produced
microneurons. Altman and Anderson [[1]
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and found that a high proportion of the cells of the EGL are killed without vis-
ible harm to the Purkinje cells and other mature or differentiating neurons [10,
21, 22]. Some cells of the EGL do survive such an irradiation and within 4—~5
days they regenerate the EGL (Fig. 19) [23, 24]. This regeneration can be de-
layed by added exposures or prevented altogether if the supplementary ir-
radiations are continued until recovery is prevented by the natural dissolution
of the EGL on day P 21 [10]. With this procedure the population of the post-
natally acquired granule cells can be varied from close to none (when ir-
radiation is started on day P 0 and continued until day P 13) to a very small
fraction (if only a single dose is delivered on day P 0). An alternative method
[11]1s to vary the starting date of irradiations (Fig. 20). For instance, if the ex-
posure of the cerebellum is begun on day P 8, the basket cells are spared [7]. If
it is delayed until day P 12 the stellate cells are also spared, but a high pro-
portion of the late generated granule cells, those with parallel fibers in the up-
per molecular layer, are prevented from forming [8]. We have used these exper-
imental procedures in a series of behavioral studies [27, 32], but our present dis-
cussion will be restricted to the morphogenetic consequences of interference
with the acquisition of cerebellar microneurons on the dendritic development
of Purkinje cells with which they maintain an intimate synaptic relationship.

Developmental Effects of X-irradiation with Different Schedules

If focal X-irradiation of the cerebellum is started on day P 0 and continued at
intervals up to day P 13 to prevent the regeneration of the EGL, a cerebellum
develops that is essentially devoid of all basket, stellate, and granule cells [11].
The somata of Purkinje cells reach normal size (Fig.21), and their ul-
trastructural organization seems unaffected. However, the cell bodies are not
spread out in a monolayer and the stem dendrites are oriented haphazardly.
The cell bodies also retain the transient perisomatic processes with asymmetri-
cal synapses typical of climbing fibers. In addition, synapses of mossy fibers,
and others that were postulated to be of other Purkinje cells, were seen. A sub-
stantial part of the neuropil of the molecular layer was made up of dendritic
“thorns” which, in addition to having true synapses, had extensive postsynaptic
membrane specializations often in apposition to Purkinje cell or glia cell pro-
cesses.

Essentially .a similar developmental pattern was obtained if irradiation was
started on day P 4 and continued until day 15 [12]. The alignment of the Pur-
kinje cells in a monolayer and the outward orientation of the hypertrophied
cytoplasm (“apical cone”) that generates the dendritic arbor are established in
certain folia by day P 4. But the cells became scattered again when irradiation
was started on this day and the dendrites were haphazardly oriented. This sug-
gested that developmental events occurring after day P 4 are responsible for the
preservation of the monocellular distribution of Purkinje cell somata and the
perpendicular, upward growth of their stem dendrites.

In a related study irradiation was started on days P 3, P 4, and P 6 and was con-
tinued for varying periods (ranging from day P 4 to day P 11) with a schedule
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Fig. 21. A The vermis in an adult rat that received 150—200 R between days P 0 and P 13. The
cerebellum is made up mostly of the prenatally produced deep nuclei neurons and Purkinje
cells; few of the postnatally generated cells are present. B The cell bodies of Purkinje cells are
essentially normal in size and shape. Altman and Anderson [11]

Fig. 22. Ectopic zone of granule cells in the middle of the molecular layer in vermal lobule IX
of a rat that was irradiated with 150 R on days P4, 5, 6, and 7 and was killed at day P 30.
Altman [5]
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that was compatible with the recovery of the EGL [5]. Under these conditions
many of the granule cells that were delayed in descending from the EGL (the
EGL had first to be regenerated) became arrested in the molecular layer and
formed an ectopic zone there (Fig. 22). The longer regeneration was delayed,
the higher in the molecular layer the granule cells became arrested in a given
lobule (Fig. 23). It was postulated that the growth of the mossy fibers into the
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Fig. 23. Schematic survey of the pattern of granule cell ectopia (heavy black line in the
molecular layer) in the lobules of vermis (rectangles designated I-X) and in the fissura prima
(fpr) in rats that were irradiated on the days indicated (righr) either with two or four doses of
150 R. Circles represent Purkinje cells. Small dots are granule cells located in the granular
layer, either among the Purkinje cells or forming a diffuse ectopic zone in the molecular layer.
The time of recovery of the EGL is a function of the last day of irradiation and the number of
exposures. The longer the irradiation was continued the higher the ectopic zone was situated
in the molecular layer in a given lobule. Changes in the width of the molecular layer of dif-
ferent irradiation groups are not indicated. Altman [5]
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Fig. 24. Diagrammatic representation of the hypothesis of the synchronized descent of young
granule cells through the molecular layer (M O) and past the Purkinje cell layer (PU) and the
ascent of mossy fibers through the medullary layer (ME), leading to their meeting in the pro-
spective granular layer (GL) where they form synapses and their movements become arrested.
Altman [5]

cerebellar cortex is normally synchronized with the descent of granule cells and
that the two meet beneath the layer of Purkinje cells to form the granular layer
(Fig. 24). However, if the descent of granule cells is artificially delayed by ir-
radiation, the mossy fibers grow past the layer of Purkinje cells and grow into
the molecular layer. The longer the regeneration of the EGL is delayed and,
therefore, the descent of granule cells, the farther the mossy fibers penetrate up
into the molecular layer, and it is there that they arrest the descent of granule
cells and form an ectopic zone of granule cells. Contrariwise, if irradiation is
stopped sufficiently early (day P 4), and the granule cells descend in time, there
1s minimal or no granule cell ectopia, except in the earliest forming lobules
(Fig. 23). As mentioned before, the Purkinje cells fail to develop stem dendrites
directed perpendicularly into the molecular layer if irradiation is begun on day
PO or P4 and is continued long enough to prevent regeneration of the EGL.
However, if irradiation is started on day P 8 the basket cells that are produced
on the previous days are spared, and only the generation of stellate cells and the
bulk of granule cells is prevented [8]. Under such conditions the somata of Pur-
kinje cells remained aligned in a monolayer and developed singularly straight,
upright stem dendrites (Fig. 25). These stout dendrites were surrounded by the
descending axons of basket cells (Fig.26). It was postulated that the per-
pendicular outgrowth of the primary dendrite is promoted by the basket cell
axons through some inductive influence; they may also provide a channel
through the bed of parallel fibers for this initial event in dendritic development.
The scarcity or absence of secondary smooth branches, which normally appear
a short distance above the somata of Purkinje cells, may be due to the absence
of stellate cells. This was suggested by the observation that if an irradiation
schedule was used that allowed the regeneration of the EGL and the production
of some late stellate cells, the upper portion of the stem dendrite, which pre-
sumably grew into the regenerated part of the molecular layer, often had sec-
ondary smooth branches at its top. In other cases, or if regeneration was not al-
lowed by using irradiations until day P 15, the stem dendrite tended to turn
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downward near the top (often bifurcating there) and gave off numerous down-
ward directed tertiary spiny branchlets. These tertiary dendrites established
synaptic contacts with the spared, early developing parallel fibers of the lower
molecular layer; in these cerebella Purkinje cells had the appearance of “weep-
ing willows” in Golgi-impregnated material (Fig. 27).

When irradiation was begun on day P 12 after the generation of the basket celis
and many of the stellate cells, the Purkinje cells appeared stunted but otherwise
of normal shape [9]. This treatment reduced the granule cell population by 40%
[32] and, therefore, there was interference with the formation of the upper level
of the molecular layer. This observation of stunted but normally shaped den-
dritic development is compatible with the hypothesis that the stellate cells are
involved in the formation of secondary smooth branches. A summary of these
observations is presented in Fig. 28.

Finally, evidence was obtained that the sagittal orientation of spiny branchlets
in the vermis is dependent on the initial orientation of parallel fibers in the cor-
onal plane [6]. In animals in which irradiation was begun on days 4, 5, 6, or 7
with schedules that allowed regeneration of the EGL, the bipolar cells were of-
ten oriented in planes other than the normal coronal direction. Correspondingly
in adults there were often two parallel fiber zones in the molecular layer. There
was a lower zone in which the parallel fibers were oriented coronally, and an
upper zone (the regenerated part) where they were oriented in other directions,
occasionally sagittally (Fig. 29). Where the latter kind of reorganization occurr-
ed the dendritic configuration of many Purkinje cells was profoundly affected:
the orientation of the planar dendritic arbor was sagittal in the lower part of the
cell and coronal in its upper part (Fig. 30). This suggested that, beyond having

o Yene L
LR P TERRE R e, 82

b e B, o N,
Fig. 25. Vermal lobules VIII and VII from a day P 30 rat that was irradiated between days P 8
and P 15. Purkinje cells tend to have an unarborizing, upright dendrite
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Fig. 26. Unarborizing, straight Pur-
kinje cell stem dendrite (out of fo-
cus) with intimately apposed de-
scending basket cell axons (Bodian
tmpregnation), from a rat irradiated
between days P 8 and P I5. Altman

(8]
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a general role in inducing spiny branchlet formation, the parallel fibers are also
involved in inducing the planar outgrowth of these tertiary elements at a right
angle to the direction of the parallel fibers.

The following hypothesis was offered for the planar orientation of the spiny
branchlets of the Purkinje cells at a right angle to the orientation of parallel
fibers [9]. We mentioned earlier that before synapse formation occurs between
the growing Purkinje cell dendrites and parallel fibers at a given level of the
molecular layer, parts of the parallel fibers are drawn toward open coated ves-
icles in the Purkinje cell dendrite and are often engulfed (Fig. 17). This suggests
material exchange between those two elements prior to synaptogenesis. We
postulate that this event is the basis of an operating “exclusion principle,” or
contact inhibition, which precludes additional contacts between the same paral-
lel fiber and Purkinje cell. This would discourage the parallel fiber-induced
growth and proliferation of spiny branchlets in the coronal plane, but would not
interfere with their growth in the sagittal plane where they can establish contact
with other parallel fibers (Fig. 31). What this hypothesis does not explain is
why the secondary, smooth branches, which are postulated to be controlled by
stellate cells, are also growing in a planar fashion in the sagittal plane.

Genetic, Epigenetic, and Functional Factors in Cerebellar Development

Our thymidine radiographic studies revealed a great precision in the time of
origin of neurons of the cerebellum and of the structures directly connected
with it. Moreover, the different types of cerebellar macroneurons and mi-
croneurons are produced in a sequential order. Of the macroneurons derived
from the ventricular neuroepithelium, the deep nuclei neurons, which are the
major output elements of the cerebellum, are generated first. The Purkinje cells,
which represent the outflow link between the deep nuclei and the cerebellar
cortex, are produced next. The Golgi cells, which are interneurons of the cer-
ebellar cortex, are produced last. A similar precisely set order operates also in
the production of cerebellar microneurons derived from the EGL. The basket
cells are produced before the stellate cells, and the granule cells are divisible
into early elements that overlap with the basket and stellate cells and late el-
ements that outlast them.

==
-

Fig, 28. Schematic summary of the stages and time course of Purkinje cell dendritic de-
velopment in normal rats (top row) and in rats irradiated between the postnatal days, and the
number of X-ray exposures specified in the legend column on the left. Arrows indicate X-ir-
radiation; fragmented EGL symbolizes its destruction by irradiation; absence of EGL in-
dicates its failure to recover after irradiation or its natural dissolution; corrugated EGL sym-
bolizes its recovery after irradiation. ba, basket cell axons; bc, basket cell bodies; egl, ex-
ternal germinal layer; exp, exposure; ge, granule cells; Pc, Purkinje cells; pf, parallel fibers;
s, stellate cells. Altman [9]
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nation would be related to the uniquely stratified organization of the deep nu-
clei in relation to the cortex of the cerebellum and of the various cellular com-
ponents of the cerebellar cortex itself. Therefore, it would not be justified to in-
fer that a similar sequence of morphogenetic mechanisms determines the de-
velopment of other brain structures that are not hierarchically organized.
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Discussion

A major point of discussion was on the comparison of Dr. Altman’s results with
those of experiments on genetic mutants. Dr. Sotelo indicated that the results of
his Golgi studies on Purkinje cells of mutant mice did not agree with Dr. Alt-
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man’s hypothesis, and he went on to elaborate this apparent discrepancy. In the
weaver mutant, although the postmitotic granule cells die before migration, stel-
late cells and basket cells are present in normal numbers. In fact, because of the
reduced volume of the cerebellar cortex, the density of these cell types is greater
than normal. Yet, most of the Purkinje cells have dendritic trees resembling
those of the rat agranular cerebellum. Dr. Sotelo also felt that the reeler mutant
provides an ideal system for testing Dr. Altman’s hypothesis. Purkinje cells, dis-
persed throughout the granular layer and elaborating their dendritic arbori-
zation on a variety of cellular milieux, exhibit three types of dendritic patterns.
Only one of them, however, fits Dr. Altman’s hypothesis, although all three of
them have basket cell investment.

Dr. Altman responded as follows: “We believe that the doses of radiation used
in our experiments do not directly harm the maturing Purkinje cells and the
damage is restricted to the multiplying cells of the external granular layer. It is
conceivable that only normal Purkinje cells can respond to the inductive in-
fluences exerted by basket, stellate, and granule cells. In those cerebellar mu-
tants in which the Purkinje cells are also obviously affected, the trophic in-
teractions between the microneurons and the maturing Purkinje cells could be
drastically altered.”

Dr. Sotelo pointed out that those who work with mutants do not agree with that
view; In fact, they are inclined to believe that X-ray treatment affects more than
just one population of cells, meaning that the Purkinje cells are probably affect-
ed too. Obviously realizing that this line of argument cannot lead to an ob-
jective resolution of the differing views, Dr. Altman concluded the lengthy dis-
cussion on this point by stating that, despite the advantages and disadvantages
inherent in the various experimental procedures, it is good to have different ap-
proaches to study these intriguing interactions.

Another point of apparent discrepancy, raised by Dr. Chan-Palay, was on the
temporal separation of the arrival of the afferent systems very early (between
embryonic days 11 and 19) and the descent of granule cells much later (post-
natally). Dr. Altman explained that the mossy fibers make their contacts at two
levels. They make their first contacts in the deep cerebellar nuclei by about the
time of birth and they are occupied there for some time. Much later, they mi-
grate upward into the cerebellar cortex. There is indeed almost a week between
these two steps. It should be pointed out that, as far as fibers are concerned,
everything that was said, except concerning parallel fibers, was hypothetical.
Dr. Chan-Palay then reviewed a series of experiments done in their laboratory,
especially those done in collaboration with Dr. Yamamoto (Anat. Embryol.
159:1—15, 1980). These experiments involved transplantation of various
monoamine-containing neuron groups, such as the raphe and locus coeruleus,
into the fourth ventricle. They were able to produce ectopic granule cells and
even caused the growth of new areas of what looked like the granular layer and
also cause the migration of mossy fiber systems or other fiber systems. Most sig-
nificantly, they found hyperinnervation by the serotonin transmitter system
they were working with. The point Dr. Chan-Palay made was that the migra-
tion of the afferents appears to be very much cued in with the migration of the
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granule cells. Dr. Altman, however, felt that the picture is much more com-
plicated than it may appear to be.

Dr. Voogd showed a few slides on the developing chick cerebellum to bring up
an interesting point concerning Dr. Altman’s description of the layering in the
granular layer. When the migration of external granule cells into the internal
granular layer starts, around incubation day 10, strands of cells appear in be-
tween the Purkinje cell clusters. These strands can be seen clearly until day 14,
after which the migration pattern becomes increasingly diffuse. Although simi-
lar observations have been made by other investigators, Dr. Voogd reported a
new observation that the spinocerebellar fibers terminate on the first arriving
internal granule cells in a pattern of parallel, parasagittal strips, as one would
expect if, based on Dr. Altman’s suggestion, the earliest migrating granule cells
are contacted by the early arriving mossy fibers.

Dr. Voogd’s comments were of particular relevance to the hypothesis proposed
by Dr. Llinas later at the conference on the possibility that the vertical parts of
the granule cell axons may constitute the anatomical basis of the physiological
organization of the cerebellar cortex in vertical columns, at right angles to the
pial surface. The migration of the external granule cells as strands and the con-
comitant synaptic termination of the mossy fibers on these cells in a band-like
manner would seem to support such a hypothesis.

Dr. Llin4s brought into the discussion some physiological observations made in
his laboratory. They found very clear synaptic transmission (i.e., synaptic po-
tentials) in the 1-day-old rat which, Dr. Llin4s thought, is not supposed to have
any clear synapses. He raised the question as to whether clear, conventional
synapses of electron microscopy are needed for neuronal communication and
interaction. Dr. Altman’s response was in two parts: (a) There are clear synapses
in the 1-day-old rat cerebellum. These are the climbing fiber synapses on the
perisomatic processes of Purkinje cells, seen by Mugnaini, Larramendi and
many others. (b) In the immature cerebellum, there are contacts which are not
synaptic in nature. These are the open coated vesicles where a Purkinje cell
dendrite “sucks in” a parallel fiber. These have been seen in the rat, and Gona
(1978) has seen them in the frog cerebellum. These “protosynaptic”, or synaptoid,
contacts could serve the function of neuronal interaction.

Dr. Mugnaini commented on the phylogenetic aspect of cerebellar development
as follows: Any comprehensive theory of cellular morphogenesis should explain
not only the experimental differences with time in anyone species, but also the
phylogenetic differences in the dendritic patterns of Purkinje cells. For
example, Purkinje cells in the amphibians, reptiles, and birds have a long apical
main stem dendrite and very long spiny branchlets. Birds have typical basket
cells, but frogs and turtles lack the periaxonal painter’s brush. It should also be
mentioned that in birds parallel fibers synapse early on the apical dendrite,
although these synapses are later lost. They could have a morphogenetic role so
far overlooked. The parallel fibers which were not destroyed in Dr. Altman’s
X-irradiation experiments might have made synaptic contacts with the main
stem dendrites of Purkinje cells, exerting some influence on dendritic de-
velopment.
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In response to Dr. Marshall’s query on the role of perisomatic processes and so-
matic dendrites of Purkinje cells, Dr. Altman indicated that, while the role and
fate of the perisomatic processes is not clear, the apical column of organelle-
rich cytoplasm of the maturing Purkinje cell migrates up through the “ceiling”
of parallel fibers and, in doing so, probably exerts an inductive influence.

Dr. Grant asked if it is feasible to destroy that part of the anlage of the cerebel-
lum which gives rise to the locus coeruleus and then study the effects on the de-
velopment of the cerebellar cortex, in order to investigate the possibility that
Jocus coeruleus has a trophic function. Dr. Altman answered that a selective de-
struction of the locus coeruleus by X-irradiation may be difficult to accomplish
because it develops very early during embryonic growth. Dr. Llinas suggested
that lesions of locus coeruleus could be attempted by a chemical approach us-
ing 6-hydroxydopamine. Dr. Balazs, who has experience in this particular area,
provided information on this subject. First, 6-hydroxydopamine has secondary
effects on other cell types, and so all of this work needs to be repeated using
inhibitors to block the uptake by the nonselective areas. Secondly, this kind of
work has not been done very early in development. To determine what kind of
trophic effects, if any, the locus coeruleus may exert on the developing cerebel-
lum, we need to go back further in ontogeny to about day 13 or 14 of de-
velopment of the rat.

Dr. Snider asked (1) if the early organization of the small blood vessels has any
effect on the orientation of neuronal processes, as may be suspected on the basis
of Tennyson’s studies on substantia nigra; (i1) if recurrent collaterals from the
deep cerebellar nuclei might have any effect on the Purkinje cell dendritic de-
velopment, especially on the basal dendrites. Dr. Altman’s views were that it is
unlikely that blood vessels have any morphogenetic effect, since some of these
events occur before the capillaries invade the differentiating zones, and that the
possible role of collaterals of the deep cerebellar nuclei is not readily amenable
to expertmental analysis.

Dr. Chan-Palay expressed concern about the dosage of X-irradiation used in
Dr. Altman’s experiments, which she considered were excessive. Dr. Altman in-
dicated that the animals were irradiated as many as ten times and yet electron
microscopic examination failed to show any pathology, other than a few vacu-
oles in Purkinje cells. Body weights were normal as long as they were fed on
powdered food, which had to be done because the motor deficits precluded the
animals from feeding on pellets.

Dr. Palay asked about the source of the Golgi cells of the cerebellum. Dr. Alt-
man stated that they must arise from the neuroepithelium, rather than from the
external granular layer, since they are generated by day E 19, when the external
granular layer is not established yet.
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