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| ABSTRACT
A Tight and e1ectron microscopic 1nvest1gat1on of the cauda]
cerebellar lobe of weakly electric fish reveals a bBasic morpho1ogy
similar to that of most vertebrate .cerebellae. The morpho1ogies of
the Purkinje, stel]até,,Go1§i and .granule cells parallel déscr{ptions

cf s1m11ar neurons found in other teleost as well as h1gher vertebrate

spec1es. Notably absent is-the basket cell. As in most teleosts, the

cerebellum Tacks any deep cerebellar Hﬁc1ei. A Jarge neuron, the
'eurydendroid cell, displays many of the mdrpho?ogi;&l characteristics
and synaptological relations shown by efferent neurons of higher'
,veftebrate'cerebeTTa “bqt is anomalously positioned in the cerebellar
cortex of the weak]y‘eTéctric fish. y

A curious feature of the caudal lobe morphology and a somewhat
aberfant distinction from the classic cerebellar b1an is the T'par-s
medialis" granulé cell 1éye} of the‘cauda1 Tobe. Associated with
this and extending into the molecular layer afe displaced or "ectopic"
granule cells. Residing upon a pial surface, the caudal Tobe "pars

medialis" is believed to be the undescended neurons of the exteypal

germinal layer.

~
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- INTRODUCTION
I "MORPHOLOGICAL FEATURES OF THE MAMMALIAN CEREBELL{M
A. berebe11ar Cortex _
The cerebellum has long been considered an integrator where\k‘f‘
converging sensory %nformation is processed and returned to effect
a smooth motor response (Eccles et al., T967; Eccles, 1977; Ito,
1980). Confronted with thé.mysteries of how the cerebellum acts to,
coqfdinate these sensory-modalities, investigators have explored the'
morphology of the afferent and efferent pathways in conjunction .with
its intrinsic‘cjrcuitry. The mammalian cerebellﬁm is a simple
- Taminar structnré composed of a few distinct layers (Larsell, 1952).
A superficial molecular Jayer resjdes just under the outer pial
covering. Beneath this stratumis a band of densely nacked neurons
referred to as the granule cell layer. Interposed between these two
Taminae is a Fegion composed of a monolayer of large neurons called
Purkinje cells, and referred to as the Purkinje cell layer. The
molecular, Purkinje cell, and granule cell layers combined,
constitute the cerebellar cortex (Eccles et al., 1967). The remaining
cerebellar tissue is referred to as the "white matter” (Larsell,
1952). Embedded deep withdn this white matter and in juxtaposition
to the brainstem is a bilaterally symmetricéT nuc]ear.mass‘ca11ed
the deep cerebellar nuc;;i (Korneliussen, 1968; Korneliussen, 1969;
Chan-Palay, 1977). Five major neuronal types are foﬁnd within the
mammalian cerebellar cortex - Purkinje, Golgi, granule, stellate
and basket cells. Purkinje and granule cells, because of their size

and the unique form of their dendritic arborizations, are the most

distinguishable.
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PURKINJE-NEURONS have a'densé1y branching tree of spiny -

'.dendrites,.orientediin ﬁ]anar_fashion¢ that arise ffom a single

apical trunk of a 1argg soma to arborize’in the molecular Tager
‘( of the cerebellar cortex (Cajal, 1955; Ariens-Kappers et a15,

19%7). The fine structure of Fhis neuroﬁ is as distinctive as
1ts characteristic morphology viewed in Tight microscopy. A
dense-cytopTasmic hatrix is filled with roﬁgh endoplasmic reticulum
(RER), mitochondria; Golgi apparatus and numerous free ribosomal

" material thet imparts considerable density to the matrix
(Larramendi, 1969). These organelles éfe arranged around a Iarée‘
central hucleus in a "whorl-1ike" fashion (Uchizono, 1969; Palay
and Chan-Palay, 1974). A“thin,glial sheath that surrouﬁds
the cell is typical of-the Purkinje neuron observed in the Electron

- Microscope (EM). Oc;asionally;-termina1s believed to be from
recurrent Purkin&e collaterals have been observed contacting the

“somata of these large neurons (Uchizono, 1969). The dendrites of
the Purk%nfe (P) cell aré distinguishable from other processes
principally by the numerous stubby spines that are filled with
ciste?na1 elements (Larramendi, 1969; Palay and £ha;-Pa1ay, 1974;
Schiebel et al., 1981). \

GRANULE CELLS were studied quite extensively by Cajal in his

pioneer work at the turn of the century (Cajal, 1955)}. Thése small
neurons are compactly arrénged principally within the granule celi

lTamina of the mammalian cerebellar cortex. From a spherical soma

fostering 3 - 5 short radiating dendrites, arises a thin axon that



traverses the granuie cell layer and extends into the moTécu1ar

e

layer (Braitenberg and Atwood, 1958); Here theég axons bifurcate.
aﬁd, tbgether with many other granule cell axohs; form wha; has
classically béen described as parallel fibers (Fox et al., 1969).
Ultrastructurally, a-large nucleus, de¢oid of an; nucleolus,
domindfes.the grénule cell perikaryon. A few mitochondria,

Golgi apparatus and ribosomes .constitute the organg1{es

of the cytoplasmic matrix ‘Palay and Chan-Palay, 1974). O0ften,
granule cells are observéd to be clustered in groups of 6 - 9 cell
bodies but their most.striking feature is the involvement of their
short dendrites with }0SSY FIBER terminal enlargements forming ﬁhat
has long been described as the glomerulus (Gray, 19613 Kaiserman-
Abramof and Palay, 1969). These mossy fibers form an interdigitated
" rosette around which synapse the cTub-shaped varicosities of the
granuie 6?11. Superimposed upon the gTomeEu1i is the axonal terminal
‘of .another granule cell 1a&ér neqroﬁ, the Golgi cell (Hamori and
Szentagothai, 1966) which will be described below. Between the "en
passant" mossy fiber terminals and granule cell dendrites of thé-

' mamqa1ian cerebellum are found two distinctly different synaptic
zones. One is the conventional synaptic zone while the other is
referred to as a "gap junction" (Sotelo and Llinas, 1972). Two
classes of mossy fibers have been described in the granule cell
Tayer o% the mammalian cerebellar cortex. Referring to the degree
of compaction of their vesicle populations and, pfesumab]y, implying

that their extracerebellar origins are varied, these terminals have



been defined as mossy fiber ¢ and d (compact and dispersed,

respectively) fPaTay and'Chén-PaTay, 1974). Redeq@ evidence ;ﬁso'
. suggésts that rechrrent‘collateréls of projectiyg nuCTéofuga1 ' e
“fibers aré mossy'ig nature and ferminaté ;ithih fhé grdhu1e cell .

1ayer of ‘the rat cerebellﬁm (Hamori et al. 1981) . The gYanu1e '

ce1] acts as an 1nterneuron, relayTng information transm1tted by .

mossy fibers to ce]ls whose dendr1tes permeate the" mo]ecu1ar Tayer

(Eccles et a1 ». 19663 Hamori and Szentagotha1, 1966). “The most

~

prominent example of this is seen between the para11e1 fiber term1na]s

-

and- the P ce11 dendr1tes in the intact cerebe1]ar cortex (Uch1zono, x -

~
P

19685 Larramend1, 1969) as well as those grown in organotypic - m,f
-cultures (Aggerwal and Hendelman, 1980).

N CLIMBING FIBERS are clearly distingqishabTe from the ‘other"
major terminals of‘thq;molecular layer, namely para]lei fiber boutons. - '
‘:fIh Go]g%-imp}egnated mater;éi climbing fibers, as the name suggests, =~ - -

.appear to form a profusely twining web afbunq.thq dendrités o?dthe

_moTecu]ar layer (Caja] 1955). In the EM, they are most prominently

v1ewed as they terminate on the 1atera1 surface of 2 -3 Purk1nJe

cell sp1nes (Larramendi, 1969). Para11e1 fibers, on the other hand i

rarely contact more ;han one spine, usua11y on 1t§ distal end.

Numerous veéicles, kinéf&ding some dense core vérietigs) as We]1 . ' e

as mitochondﬁiélmake up the intérna1 structure of the c]imbiné fiber °
Ltermina1. Usually, only a few clear vesicles are found in the

parallel fiber terminal {Palay and Chah-PaTay, 1974); In the
. smammalian cerebgi1um, c¢limbing fibers appear to originate from one

-~ ¢ -
'
-



:principal source, the %nferior oTivary{nuc1eus (Groenewegen et at.,
1979; Courvi]le_et al., 1980). From the"inferior o1§ve}>tggg
climbing fiber enters the cerebeTIum passing co]iaterals‘lo the
deep nuclei and continues only to term1nate in the mo]ecu]ar Tayer

e

~of the cerebellar cortex. Some ev1dence has been g1ven for the

. & presence 33 climbing fiber term1na1§ within the granule cell Tayer
h (Palay and Chan- Pa1ay;’1974) .

4¥  INTERNEURONS Constitute the remainder of the cells in the

_ mamme11an‘;erebe11ar cortex. The two classes of. GOLGI NEURONS
j; ' : :Q ~hiesi§§§g in the granu]e ee11'1ayer are virfua11y indistinguishab1e
‘ from each other morpho1og1ca]1y, except on. the bas1s of somatal
size (Ca3a1 1955). &ﬁ smaller variety 1s_found deep w1th1n the
gfahu1e cell 1ayer-aﬁd its'dendrites ramify mainly within this
lamina. A larger Goigi cell is posifioned adjacent to the Purkinje

. - cell layer but the arborization of their dendritic”processes‘is

“the round Golgi perikaryon radiate thin, sinuous dendrites, devo1d

243

of any spines. These processes branch profusely assuming a spherica1,

7
rather thdﬁ p]anar orwentat1on around the cell body The axons

o arise from the soma or proximal dendritic trunks to form a _
i A-- _ considerable p1exus in the vicinity of the cell body (Palay and Chan-
Paiay, 1974}. U1tras¥ructura11y the Goigi cell is distinguishable
4By its intermediate size between-the larger Purkinje neurons'aed

- the small granule cells that surround it. The perikaryon.has &

-lobulated nucleus with a promihent‘nuc1eo]us. Golgi apparatus,

. _-. - _-' * \

ars

prima?i]y within the molecular layer (Pa1kov§f§ et al., 1971) . Froml

i



mitochondria and Niss) Eodies surround the nucleus. Numerous ffee
ribosomes impart a density to the Golgi cell cytdh1asm. to a lesser
extent but in:much the same fashion ds the Purkinje- cytoplasm
“ .{Palay and ChaﬁlPéiay, 1974). "The surface of the Golgi cell body
is closely gpposed to theﬂnumerou5'adjacent granule cells.
Occasionally, a number of Eynaptic contéﬁts één been seen upon the.
Golgi perikaryal surface. Axially oriented microtubules and
mitochondria characterize the_fhin dendrites of the Golgi neuron.
However, the most striking part of this cell's ultrastructure is
‘seen with the axon terminals and their involvement with the glomerulus.
Flattened boutons are often seen contacting tﬁe “nreterminal
intraglomerular parts of the granule cell dendrites as well as their
terminal sphéroid protrusions” (Hamori and -Szentagothai, 1966). It
is believed that the Golgi neuron is inhibitory in nature (Eccles
et al., 1966). . . :
STEiLATE CELLS and BASKET CELLS are interneurons found within<
the molecular layer of the mammalian cerebellar cortex. The basket
cei1 is usually found in tﬁe lower one third of this lamina in close
association with the Purkiﬁje cells (Cajal, 1955). .From a pyramidal-
shaped soma, spiny branched dendrites course through the molecular
layer. Entwining the cell body and proximal dendrites of the
Purkinje neuron is the complex axon plexus of the basket cell (Fox
~ et al., 1967). Stellate cells are a class of polymorphous neurons
that are found in the upper two thirds of the molecular lamina.

Their contorted dendritic ramifications radiate in all directions
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from an oval to cigar-shaﬁed nucTeus {Lemkey-Johnston and

Larramendi, 1968). This contrasts the relatively straight cddfﬁé

-assumed by the dendrites of the basket cells (Cajal, 1955).‘ The

target of the stellate axon termina1s,-aga%n appears to be the ; iy
Purkinje cell (Chan-Palay and Palay, 1872). In their extensive
treatise on thé morph61ogy of thg rat cerebellar cortex, Palay
and Chan-Palay (1974) describe another neuron calied the LUGARD

CELL. Some Lugaro somata are driented horizontally within a

I J . .
gang1ionic or plexiform region just below the Purkinje cell 1ayqr.

Dendr1t1c processes often run b1po]ar1y, in a horizontal pTane, '

to rami fy extens1ve1y within the moIecuTar, and granule cell, 1ayefs.-
In some, the dendrites may extend some distance running completely
through the granule cell lamina (O'Leary et al., 196%). Ultrastruct-
urally, a random orientation of small mitochondria, Go]g% agpé%qtus
and a few ribosomes characterize a cytoplasm that is dominatéﬁ by

a large nu¢1eu§. §6matic contacts by qukihje axon recur%ent'COITate}a1§
have been seeﬁ on the surface of the Lugaro perikaryon and‘proxiqu
dendrites (Pa]ay and Chan- Pa1ay, ]974). The fleshy dendr1§gs~of .
this neuron-.have the occas1ona1 stubby spine’ and some neuro 3:?236
materjal is ax1a11yipos1t1oned within the processes. The axon

of the Lugaro cell are directed towards the molecular Tayer of the

cerebellar cortex (0'Leary et a].; 1968). T T



»
~ -

B. Deep Cerebellar Nuclei .-
An 1mportant feature of the mammaIIan cerebe]lum is the

presence of the deep nuc1e1 embedded w1t§1n the white matter.

Be11eved to be the main efferent component of the cerebellum, the
ceTls of the deep nuclei receive afferent collateral f1bers as well

as Purkinje axon terminals orwginatwng from,the cerebellar cortex
'(Groenewegen et al., 197¢; Dietrichs, ‘1981). In mammale two main
gnoups of cells are fopnd fhroughout the Tateral or'dentate nucleus
(Chan-Palay, 1977). There is a larger type that remains peripheral
_-and_ajsna11er-variety that is often identified deep within the
nucleus itself. Axons of a few of the smaller neurons course some
djetance'éhrough the 1a£er§1 nucleus forming what is referred to as -
) the'denyato-e1ivaryconnections that are efferent in nature
(Chan-Palay, 1977). 'Many of the large nenrons-of the deep nuclei

have bipolar dendritic trees that emanate from an oval or-e1liptiea]
cell Body. Occasionally stubby spines are found on the dendrites

of these neunons as-well as on the surface of'Ehe perikaryon itself.
-Along 'the lengths of the dendritic namifications, irreqular expansions
that have been described as "frond;jike” excrescences, are prominently
seen (Chan-Palay, 1977). The finejstructure of the large neurons in
the lateral nucleus of the rat cerebellum depicts a large nucleus
aroune_which are found dispersed ribosomal material, numerous small
mitochondria, Targe Nissl bodies and 5 well developed Go1gj apparafus}
Upon‘the perikar;al surface are a number of synaptic contacts. Among

the Tongitudinally running mitochondria and microtubules within the

dendritic processes of the large cells are prominent fascicles of



neurofilaments running axially (Chan-Palay, 1977).

I COMPARATIVE ASPECTS OF VERTEBRATE CEREBELLAR MORPHOLOGY, INCLUDING

TELEOSTS ' o <

The ‘basic structure characterizing the mammalian cerebei1um
appea;s to be well conserved throughout the\vertebr&;e phyla (Cajal,
1955;,Larse115 1967). Some variations do occur, however, and are
particularly visible in the teleosts (Larse]i, 1967, L1ihQ§; 1969}).
The deep cerebellar nuclei in most fish are absent. Insteéd, a large
neuron, -which wi]]ybe describeduin detail 1ater,_appeﬁrs to‘serﬁe

';Sthe réfe'of the efferent pathway(Nieuwgnhux;et a].,11974; Finger,
1978b).° The laminar cortex of the cerebgg%um of mammals and that‘pf
Tower vertebrates has been found to be qagte similar (Hillman, 1969;

- Llinas, 1969). In teleosts, there is a granule cell layer, a

mb]eﬁﬂ]ar layer and an intermediate, Purkinje cell or, plexiform
region_(ﬁauwels, 1978b). Medially and mid-caudally the cerebel1um
of some fe]éoéts contains a group of graﬁﬁ]e cells that have been &

, ." referred to as 'pars medialis’ (Larsell, 1967; Maler et al., 1974).

' Most of the neuronal elements found within the cortex 6f the higher -
vertebrate cerebellium are p}esent in species 0of the Tower phyla. e
Notably absent from the teleost group, however, is the basket cell
(Cajal, 1955; Larsell, 1967). P cells are among the largest neurons
of the te1eo§t cerebellum. Larsell (1967) describes this cell from
primitive vertebrates through the bird cerepe11um: Its form appears

to'BE clearly distinguishable from the other neuronal elements by

i
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nature bf the prolific spine growth pn-their'denélitic branches
(Ariens-Kappers et‘él., 1967). The arboriiations f e more
primitive P neurons- are mostly planar within the molecular strata
and arise as a single stock from the apical pole of thé soma. The

&one noticeable difference betwe_eﬁ Purkinje dendrites of higher and g
lower vertebrates is the dimiﬁished branching in the latter, |

rareTy'béyond the tertiary level in most teleosts (Cajal, i955;
Larsell, 1967; Llinas, 1969). The P cell ultrastructuré.ofuamghibians

(Sotelo, 1969) aséwel1 as teleosts (Nieuwenhuys and Nicholson, 1969b)
bears striking resemblance to those found in mammals (Uchizono, 1§69).
Tﬁé pe;ikéryon is almost completely enveloped in a thin giial sheath.
-ATthougH the nuclei rarely exhibit lobulation.or infoldings typical
kﬁéf‘higher vertebrates, they centre an arra& of cytoplasmic organelles,
such as mitochondria, Golgi apparatus, RER, and free ribosomes within
a dense gmatrix in similar "whorl-1ike" fashion. The Purkinje cell
dendrites are prominently visible in the molecular layer because of
the preponderance of short spines that cpmp1e£ely cerr their processes.
Within the spizgs found on some teleost Purkinje neuréns, is consider-
able cigternaT égteria1 (Nieuwenhuys and Nichoison, 1969b).
Thrcugﬁouf%the vertebrate phyla, granu1e‘ce1]s show Eemarkab1e“*
conservation fn their morphology. Their relationship with the
afferent mossy fiber terminals aséumes the c1assica1‘g1omerﬁ1ar form

including the complex interdiéitations between the club-shaped granule

cell claw and'the mossy rosette (Hillman, 1969; Pouwels, 1978c).

-
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Tefminating upon tﬁé exterior of theljlomefu1i are the @olﬁi cell

boutoﬁs, F1att;ned and containing a pleomorphic vesicie popu]atjon.

As found in the mammalian cgrebe]lar cortex, axons of granule cells

of lowér vertebrate classes traverse the granule cell layer and‘

b1furcate w1th1n the molecular layer form1ng an extens1ve network

qf paraliel fibers (Larsell, 1967}. Some evidence has been given | .

fof a few teleost granule cells that do not bifurcate in the developing |

cerebellum (Pouwels, 1978b). Ultrastrycfur611y, the c&assical

paraliel fiber - Durkinée spine contact fhat predominates in the
““‘--_mamma11an cortex, shares a/§1m11ar clarity of distinction in amph1b1ans

‘LSote]o, 1969) an e%eostélﬁlfuwenhuyset al., 1974). Even in these

tower vertebratés;rthe characte;:;E;Eﬁ?“Htures.d1st1ngu1sh1ng

r
parallel fibers and climbing fibers are ciearTy_estab115he . ~Where
the granu]e-ﬁel] boutons aré small and round containing but a few s;;;;\ﬁ&\\““*f\\

clear vesic1es, the climbing fiber terminals are tﬁree to four times

the size, containing mitochondria as well as many vesicles, incfuding

a number of larger dense core varieties (Kaiserman-Abramof and Palay,

1969; Hillman,-1969). The climbing fiber terminals may be found \
synapsing with the Tateral surfaces of 2 - 3 Purkinje spiﬁes as well

as the main dendritic trunk; while para]lej'fibers terminate onrthe

distal portion of only one stubby spine. Even at the light microscopic
Tevel, the climbing {fiber of the teleost cerebellum, és;}he name suggests, -

climbs all over dendrites found in the molecular layer (Finger,

1978a).
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Interneurons of the cerebellar cortex of lower vertebrates,
partjcu]arly teleosts, are quantitatively attenuated as éﬁmpared to

-mammals. As previously mentioned, the basket cell does not exist in

- most fish species.. Stellate interneurons, though few in number

are similar to those found in the mamma1ian'cerebe?1ar cortg%fg
(LarseiI,'1967; Llinas, 1969; Pouwels, 1978b). Throughout the
vértébrate phyla Golgi ée]]s-can be found in the granuléfcell layer
(Cajal, 1955; Larsell, 1967; Llinas, 1969). Two groups, distinguished “
chiefly by cell body size, are evident in amphibians.(Hillman, 1969)
and-teleosts (Nieuwenhuys et q]ﬁ; 1974):
Some Golgi cells previahs1y described in the ]iterafurq.may
‘ have been miscTassified. - Larsell (1967) described a‘GOTgi neuron
1ying-closé to the pleiiform Tayer in some teleosts that has a

morphology sjmf]aﬁ to descriptions given for deep cerebellar nuclear

cells.. Other cells have been described that have similar positions

T . _and s . CajaT.(TQSS) described a "cellule fusiforme horizontale"
\-‘-\

=N

that wig\positidqgg in the granule cell lamina, subjacent to
the Purkinje ‘cell layer of theosts.. Other neurons with similar
*morphologies have been described in the mammalian cerebgl]ar cortex
- and identified as a Lugaro cell (0'Leary et al., 1968). More recently,
the giant cells of the mormyrid (te]éost) cerebellum (Nieuwenhuys and
Nicholson, 1969a) and the eurydenéroid neurons ofiéther teleost
cerebella (Pouwels, 1978b; Finger, 1978b) share m;ﬁy of the same

characteristic features. It is believed that the giant cell of the

mormyrid cerebellum and the eurydendroid cells found in trout

- . -
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(PoﬁweTs; 1978¢) and catfish (Finger, 1978b) are all efferent in
'_ nature, which parallels the role ofﬁ;he deep cerebellar nuclear
cells. . . |

Niewwenhuys and Nicholson (1969a,b) point out that the
giant'ce11s of the mormyrid cerebellum ﬁave a disiinct]y different
morpho1og¥ than adjacent Purkinje:neurons. The smooth slightly
beaded dendrites of these neurons sharply contrast the spinous
Purkinje dehdrites. By itéﬁvery name, the eurydendroid cell
(Eury-wide; endroid-branching) paraliels the description given by
Catois, cited in Cajal (1955), of a neuron whose dendritic field
occgpied one-third of the cere5e11um. By thé fact thét_mbst '
teleosts Tack deep cérebelTar nuclei, this efferent hédron has
attracted some iﬁterest (Nieuwenhuyé et al., 1974; Pouwels,
1968b; Finger, 1978b). The ultrastructural characteristics
of this cell have received 1ittle atteg;ion. in the trout {t
has been shown that a few small mitochondria, RER, and some
“ribosomal components surround a slightly eccentric nucleus. .
In the developing trout embryo, axosomatic synapses by P
cg]l recurrent collaterals were common upon the perikaryal
surface and proximal dendrites of eurydendroid cells (Pouwels,
1978c).. Little mention was made concerning any other |
synapto]ogica1‘re1ations between these cells and other cdﬁponents

of the teleost cerebellum.
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ITI PERSPECTIVES ON CEREBELLAR DEVELOPMENT
* From a deQeIopménta],pqint of view the cerebellum, with
its few neuronal classes and simple laminar structure, has

received considerable attention'throqghout the vertebrate . -

phyla (Larramendi, 1969; Altman and Bayer, 1978; PbuweTs, 1978a,b,c).

In'examining the histogenésis of the trout cerebellum, Pouwels
(1978¢) identified Purkinje, granule, stellate, Golgi and
eurydendroid ctells, Purkinje, eurydendroid and'Qo1gf neurons
wére found to be derived from the ventricular maprig. A
sééondary matrix acted as. a substrate for smaTTercneurons,

such as granule and sté1laté cells. Similar observations have
been made in the developing mammalian cerebé11um; In mice
embryos, cells of the deep cerebe11a} nuc1e% and‘Purkinjgz

neurons were found to come from the primitﬁve‘epeqdyma.(M%a1e .
' ' . - -

and‘Sidmaﬁ, 1967; Larramendi; 1969). Altman and Bayer found

that in éats, Golgi neurons also deﬁe]obed from the

neuroepithelium rather than from the external germinal layer,

‘ from which granule neurons and other small cells are K

derived (Altman and Bayer, 1978). These authors also noted
that the development of the caudal portion of the
rat cerebellum, known as the flocculus, appeared to be much

siowef'than the remainder of the cerebellum. _This apparently

conservative developmental strategy found throughout the vertebrate

e
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phyla parallels a .curious migrational phenoména observed for some
cerebellar neurons. “Egﬁopic" or disp]acéd granule cells have been
identified within the molecuTar layer of the normdl adult rat"
cere5§11um (Chan-Palay, 1972; Stoughton et al., 1978). These cells
have been described as "having a focus that is a conical mound of
small neufons with its base flat against the pial surface" (Palay

and Chan-Palay, 1974). Synaptological homo]ogues of the glomerular
structure involving granule cell dendrites and mossy fiber rosettes,
have been identified for these ectopic cells, w1th the notab1e absence
of Golgi cell terminal interactions (Palay and Chan-Palay, ]974,

Stoughton et al., 1978). »

IV ARCHICEREBELLUM
One cerebé]iar region that has received a considerable focus

of attention frem morphologists and physiologists is the lobe that

resides caudal to the posterolateral fissure. Referred to as

vestibulocerebellum, flocculonodular lcbe and, f]dccu1us in mammals

as well as the auricular Tobe in amphibians, this area has been

generally considered archicerebellum (Liinas, 1969; Bell and Dow, 1967).

In teleosts, this region of archicerebellum referred to as the caudal

Tobe (Maler, 1974; Maler et al., 1976) has been found to be equivalent

to parts of the vestibulocerebellum of mammals. Extensive investigation

of the vestibulocerebellum or f]occu]us_in higher vertebrates, has
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implicated it in moderating a bisensory reflex known as ‘the
vestibuloocular reflex (VOR) (Robinson, 1976; Baker -and Berthoz,
]977; Bender, 1980). In this system, visual information from the
fet%na is relayed Q{a brainétem‘nuc1ei to the cerebellar cortex
in;the-form c% c¢limbing .fibers (Courville et a1.,—1980). Vestibular -
information reaches the same ;erebe11ar lobe either indirectly,
through thg brainst%p vestibular nuclei, or directly from the
vestibular apparatus. Both arrive in the formfof mossf fibers
'(Broda1 and Hoivik, 1964; Sime;on et al., 1974; Walberg, 19f§).
The efferent pathﬁay affecting Ehg smooth motor response for é}e- v
head coordination usqg11y invoTvég cells of the deep cerebellar nuclei.

The archicerebellum of teleosts generaily appears to be a
caudolateral expansion of the cerebellum properf"In some teleosts,
this caudolateral bﬁ1ge is quite large occupyihg almost half of the
cerebellar volume (Maler, 1974). It is divided from the remainder
of the cerebellar tjésue by a deep caudolateral fissure and from
‘the brainstem by a marked sulcus.  Cholinesterase staining of the
mammalian flocculonodular lobe exclusive ﬁo the rest of the cerebellum
(Silver, 1967) is also characteristic of the archicerebellum or |
caudal Tobe of the teleosts of the Gymnoti form order (Maler et al.,
1981). The archicerebellum of these fish receivesan indirect
electrosensory and proprioceptive input (Maler, 1974; Maler et al.,

1976) as well as some visual information (Bastian, 1976). Its

involvement in coordinating the body movements of these fish has

g

o

been the subject of a number of investigations (Bastian, 1975;
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Maler et al., 1976; Bastian, 1976).

'V RESEARCH PROPOSAL
In the mammalian cerebellar system, the difficuTty in
., discerning the nature of floccular control over the VOR‘]ies .
in eert; with the circuitry involving the veEtfbuTar and deep nue1ei.
Because of their position deep in the cerebellar ;hite matter and

-Q-

the 1ack of complete understanding of the complex synaptology igvolving

LN - |

their neurons,*a precise circuitry for these efferent cells has not
been estab11shed The Gymnot1form order of weﬁkly electric fishdo ndf
have a deep eefebeilar nucleus but rather & neuron w1th1n the /

, cerebe1lar cortex, the eurydendro1d ce]l which has been shown to, be
efferent in nature (Finger, 1978b; Pouwels, i;78c, Carr-et al. ]981)
The caudal lobe e? gymnotid species ie’heTieved to be int{mate1§
involved in coordinating thTS _fish's body movements, utilizing the

!
senses of eTectroreception (He111genberg, 1973 Maler, 1974),

proprioception and vision (Bastian, 1975; 1976). E]ectrosensoéy . .
information is relayed via the ELLL (Maler, 1979; Maler"et?et.r 1981},

" and other brainstem nuclei to the caudal lobe. To understand.the

roIe of the cerebellum and the nature of their neuronal responses

to external stimuli, this study sought to morphologicaliy characeerize

all of the elements of this cerebellar lobe, and in particu1ar,'%$e

eurydendroid cell. Through this study it is hoped thaf the caudal

Tobe can be viewed as a mode] system for interpreting the synaptology
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of a cerebellar system and the role that‘tﬁe cerebellum plays in
integrating sensony*jnformation. In particu1a;, it is hoped'thatﬁ '
the horpﬁoIogy'?f the efferent eurydendroid neuron might enhance
the understanding of the characterjstics of the efferent system of

the cerebellum. ' S

o

— -
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. MATERIALS AND NETHODS

Y .
.F

g ..~ Three spec1es of the Gymnotwform oné’; were used in this study
Eigemman1a virescens . ( transparent knife f1sh") of the family . i
Sternopyg1dae Apteronotus albifrons ("black ghosts") and another, known

- as “brown ghoste", both of the family Apteronotidae. The animals.
generally varied in length from 5 to 15 cms and were maintained in water
with a resistivity uf between 2-11 Ko-cm and a temperature of 25-27°¢.

The following procedures were conducted dur1ng the course of the study:

I PERFUSION TECH&IQUE
To ensdre maximum-preservation for both Tight and e1ectron
microscopic 1nvestwgat16ns a11 fish were perfused through’ the heart
(Maler et aT 1981) Prior to fixation, the f1§h were deeply anesthetized
with Ms222 (Tricaine Methane Sulfonate).  They wer; pinned to a b1oek

of Sylgard resin (Dow Corning no.184)'expOSing the Tateral surface of

“fhe fish's body. The pericardial cavity was exposed so that a 30 gauge

needle could be inserted into the conus arteriosus. To prevent backflow
from the'perfusion_medium a'small surgical clip (Yasargif clip, 4 mn)
was placed behtnd the tip of the needle and clamped over a portion-of
t@é cardiac'tiséue to ensure that the needle remained within the conus.
The atrium ‘was then severed to permit drainage of the arterial system.
The 30 gauge needle wasnattaened via a thin, flexible plastic tubing

to a'two-way valve. The inlet ports of this valve were attached to two

glass syringes - 2 10 ml for saline and a 30 ml fon_fixative. Perfusion_:

pressure was accomodated by.a Sage syringe pump-(ModeT 341) at nominal

-
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flow rates of.0.1 to 0.4 mls/min. The flow rate was'maintained s
that the conus was swollen to no more than 3 t1mes its original
size.- A sma]I volume of saline so]ut1on (hepar1n (1 mg/15 ml); sod1um

nitrite (15 mg/15 m1); 0.96% NaCl; O. 042% KC1; 0.02% MgCl,-6H,0;

2 T2
0.028% CaC'I2 and 0.075% dextrose in a 0.05 M Tris buffer at pH 7.2),
usually 2- 5 m1s was 1n1tna11y passed through the circulatory system.
The f1xat1ve, a.-1% - ]” glutaraldehyde- paraformaIdehyde soTut1on

(1n 0.12 M sodium cacodylate at pH 7.2 w1th 2.5 mM CaCT 5) was then T
E\adm1n1stered - 2 to 4 -mls initially. to give a rapid f1xat1on then
15-30 mls at only 30% of the initial perfusion pressure. The total
~ duration of the proisdure from the time of opening of the per1card1a1
cavity until the completion of the first 2-4 mls of f1xat1ve did not
,'usually exceeq 3 minutes, particularly for EM material where preservation
is so critical. Following fixa;ion, the cartilagenous skull cap‘bf

the fish was removed to expose the brain and the head stored in fixatiye
,fon at.least one noun before removing the brain from the cranial

cavity. Tne complete nrocedure was performed under a Zeiss OpMi -1

operating microscope.

IT STAINING FOR LIGHT MICROSCOPY
A. Following the perfusion of all brains used for 1ight micro-
scopy and Nissl staining, the fixative nas removed and the tissue
blocked and dehydrated through successive stages of ethano1'immers%on
from 70%, 95% to 100%. Xy]ene nnnseSf to clear the alcohol, were done
' pr1or to the bra1n mater1a1 be1ng p1aced in hot paraff1n ‘A vacuum

oven was used to enhance paraffin penetrat1on into the neura] tissue.
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i \ N b
Fg1lowingizrientation of .the individual pieces in a plastic or haper"

boat thé b s were allowed to harden and then cut into a pyram1da1

shape. Sect1on1ng of the tissue for 11qht m1croscopy was performed.
t

on an American Optical microtome (model 820). Ribbons qf paraffin

e

pyramids contain%ng seriél sections of tissue were then mounted on . *
‘glass slides, treated with xylene to remove the wax then rehydrated

in 100%, 95%lthen 75% ethanol andsfinally distil]ediwater. Cresyi'
violet staining and-coverSTipping completed the procedure for Jight“
microscopy. |

B. Richardson's Stain. Sections of qgu?a1 tissue embédﬁed in b1astfc'
'(see EM procedure) were made froﬁ .5 to 1 y thick. The Richardsen's

-

Pprocedure (Richardson, 1960) involvedlp1acing the b1astic-embedded
section on a s]idg smeared with Mayer's egg aTbumen.qnd'cbvered with
a small pool of water. Heating the slide to 60-80°¢ stretched the sections
flat and dried Them comple{élj. 1% periodic acid was dropped over
the section for é'minutesiit room tempefature. Fo11owihg a2 rinse ﬁith
distilled water, a pool of Mallory's Azur II-methylene blue (1% azur

11 i; water; 1% methyiene blue in 1% Borax solution) was placed over
the tissue and heated for 5 minutes. After a rinse and brief xylene
jmmersion the tissue was coversiipped.

C. The Golgi method used for sfaining was adapted from VaTvérde
(1970). This is a tripie impregnation procedure where pieces no larger
than 3-4 mm thick are immersed in an'aqueoué solution contaiang 2.33%
potassium dichromate and 0.19% osmium tetroxide. For each piece, a

minimum of 20 mls of this solution was used. The tissue was stored‘at

room temperature (18-25°C) for 7 days. The pieces were rinsed in a
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small volume of Q.75%-3queous silver nitrate.then stored in this
7 same éolution for 24 hdurs (minimum volume of 50 mls per pigce).
b . ~The pieces were removed, blotted and again immersed in the osmium-
dichromate solution, but for 6 days. After 48 hours iﬁ silver nitrate,
5 days in osmidm-dichromate and 72 hours in'silver-nitrate, pﬁe tissue
was dehydrated in absolute alcohol for 5 minutes énd embedded in
eitﬁer paraffin or celloidin. Seétjon?nd-was done on an American
Optical sliding microtome (Model 860) fhe pieces being cleared with
c]oQE‘oil prior to sectioning. Xylene was used to rinse the clove
011, and the sections Qeﬁe mounted on glass slides and coverslipped.
;Eolgi staiged neurons and fibers were observed as well as drawn using \o
a Zeiss microscope with a drawing tube apparatus. Measurements of

somata, dendrites, fibers and dendritic spreads were made using a Leitz

ocular filar micrometer calibrated with a stage micrometer. Photographs‘

[

of GoIgi—émbedded, Richardson's stained and bresyl violet material

was done on a Zeiss photomicrosape.

IIT ELECTRON MICROSCOPY
Tissue prepared for electron microscopy was perfused as previously
descriped. Uhon_rémova] from the fixative, 100 n sections were'made
of the cerebellar caudal lobe, using an Oxford vibratome (Mo&e] G),
into a cooled solution of 0.12 M‘cacodylate buffer (pH 7.2).
Follewing 2-3 brief (i_nﬁn) washes in this buffer the tissue was immersed

4
in a 2% osmium tetroxide solution, made in 0.12 M cacodylate buffer

and 7% dextrose, for 2 hours at 4°C in th€ Jark. Clearing the osmium
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and cacodylate so1dtioq Qith.ﬂater preceded “"en biéc” sta%ﬁing of
the tissue in 50%.aqugous uranfﬁ acetate for 1 hour at room temperature.
Dehydration in 50% tﬁrough 100% ethanol was then done prior to clearing
of the neural tissue with propylene oxide (100%). To embed the Materiq1,
a2 12-14 hour immersion wag‘performed in a 50%-50% mixture of bropy]ene
o;ide and plastic. [20 gm araldite resin 502; 13.6 gm DDSA {Dodecenyl-
succinic'anhydride); 1.5%‘DMP-30 (Tri-dimethyI-aminonethy1-pheno1)].
Following an immersion in fresh plastic for 1 houF; the .tissue was
oriented in Beem plastic capsulesi(J.B. EM, Montreal) and hardened
through successive stages of heat - 2 hours at 40°C; 24 hours at 60°C
.and 6-8 hours at 90°¢. Sectioning was.dﬁne én an LKB Ultratome III
(type 8801A) using glass knives made on the LKB Knife Maker (type 7801B).
100-200 u square or hexagonal mesh gfﬁds (J.B. EM)‘were washed in 12 M
acetic (glacial) acid, warm distilled water, then chTorbform before
being coated with a formvar film (Q.5% in ethylenedichloride). A1l
grids were cérbon coated using an Edwards (model 4) carbon coating
machiné. Thin sections, grey silver in colour, were further.stained
uSing the Reynoid's lead citrate (aqueous) method.

Materia] suitable for this study;;%g"éxamined and photographed
using a SiemensA(ETmiskop) 101 electron microscope. Photographic
plates were deve]opea in D-19 (Kodak) developer and fixed in Kodak
rapid Fixer. Negatives were'en1arged using a Durst (D659) enlarger.
The prints were made upon I1fospeed 3.1 M.and 4.1 M pho?ograph%c :f~'

paper.,
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. RESULTS

I GROSS MORPHOLOGY
“. The cerébe11um of the Gymnotiform ofder‘of weakly electric
3f1§h~is comprised of three major subdivisions: i) the valvula
cerebelli, i) a 1§rge central cewebellar lobe calied the corpus
cerebellt, and_iii) a véstibu]o-]atera1 lTobe, or archicerebellum
(Maler et al., 1974). The vestibulo-lateral lobe. can be further
diviqu: bg%ed on“ifﬁkcé]] masses, into éhe eminentia granularis,

the lobus céudaji§ princjpa1§s (LC) and the lobus caudalis pars

“ F

meqia1is (LCpm). . The caudal Tobes bulge posterolaterally and appear

to then curve gentro-medi511y as they. rest on fhe dor§a1 surfa;e of
the brainstem. Ventrairto the LC ar;Nthe posferior.1atera1;1ine:

Tobes (PLLL)'(Ma]e;, 1979). Rostrally the caudal lobes are separatéd
from the tectum by a deep oblique ventro-dorsal sulcus. Late?aﬁ]y,

. another sulcus demarcates the division between the ELLL and LC. It

is separated*?uperficial]y from the corpus cerebeﬁ]f by a shallow
hdrizontaT fissure (fig. 1). Rostrally a distinct region (1ab¢11ed

x in figures 2a and 3) separates LC from corpus cerebei]il Tﬁé granule
cells of zone x are a direct dorsal®continuation of the eminentia
"granuiaris and the molecular layer of zone x is continuous with the
crista cerebellaris of n.'médiaTis. Like the LC and eminentia granu]aris,
zone x 1S positive‘for acety1chd]ine$terase and zone x is probably
best understood as a part of eminentia granularis (fig. 3). The
caudal lobes constitute slightly less than half of the cerebellum.” -

of weakly electric fish. "
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A_ Laminar Orgazzfgfion 7

The laminat arrangement of thé LC conforms with the classical
descripfion of othef-vertebrate cerebellt, e#cept that it is
invérﬁed. in the trgnsverse‘pléne (fig: 2a, 'b) the most,doréa] Tamin&
is the granule cell layer whigh consists primarity of densely packed.
sm$11 cells. Afferent fibers enter LC from ité Tatgra1 aspect via the

tractus PR. - Cer. (Ma1er'et él:, in prep.) and separate the LC

© granule cell mass into superficial and 9ggp portions: the input to

these two gropbs of granule cells is somewhat different (Maler et al.,
in prep.). 'On the basis of ultrastructural evidence which will be

described in detail later, the LC granule cells can be further

subdivided, into lateral and central regions. Ventral and medial

to the granule cell lamina is the molecular layer of the LC, which
mediodorsally appears to be continuous with the molecular layer of the
corpus cerebelli. The LC molecular stratum is entirely typical except .

for the presence of displaced Purkinje cells (see below}. A narrow

" region is sandwiched between the granule cell and molecular lamina

called the p1exiforﬁ Iéyer. The plexiform layer runs the full length

of the LC and js-about 100-200 p in width. Straddling the midline

.of the caudal Tobe moleculdr Tayer is another region of densely

packed granule célls called the LC pars medialis (LCpm) (Maler et al.,
1974). Some of these granule cells are displaced into part of the
ﬁo1ecu1ar layer; the displaced granule cells are located in the

same volume of molecular layer which also contains displaced Purkinje
cells. The LCpm contains only granule cells: neither Golgi nor

Purkinje cells are found in this region. Zone x also has medially

- .
-

: | q
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located Qranule ceTIs as well as dispersed granule cells, which
extend through the mo1ecu1ar-1ayer towards the eminentia granularis.
The corpus cerebelli does ndtlhave any equivalent group of medial
}granule cells.

‘B. Extracerebellar Spaces _ .

The LC is sepératéa frém the ELLL by a large space which-is-'
bounded caudally by the pigmented mémbrane which covers the entire -
gymnotid brain. This"spaee 15 cohtinuéusf at rostral levels, with
the IVth ventricle (fig. 4 - insert) and was previously idenfified
as a ventricular space (Maler .et al., 1974). It js éTear: howéver,
that the columnar endothelial cells of the ventricle do nof continue
into this infré-LC space; instead, it is bounded by the flat non- _
ciliated epifﬂeTial cells characterigtic of pia (fig. 4; Peters et al.,
1976). This spaée is therefore an expanded'cerebe]Tomedu11ary‘cistern

and the connection with the IVth ventricle is analogous to the foramen

L

of Magendie (Carpenter, 1978).

fhe important consequence of thﬁs reinterpretation is that
the LCpm granule cells must bé seen as resting upbn a pial shrface;
the significance of thig point will be discussed below.

]
IT NEURONAL ELEMENTS AND AFFERENT FIBERS

A. Granule Cells

Granule cells of LC and'LCpm have an entirely characteristic’
- appearance of a small (4-6 um) round soma and three.to six short
thin dendrites which radiate out from the cell body to end in 1arge

globular or claw-1ike expanstons (fig. 5). At the EM level granule

* )
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v
celTs are seen to be grouped 1nto clusters of Six to twelve cells
and have an ultrastructure s1m11ar to what has been described for
other vertebrate orders (f1g 6). A single axon leaves the granu;e
cell soma and b1furcates in the moiecu]ar layer to form a typical _
parallel fiber (Maler et al., 1974); the EM appearance of these fibers
will be describeq below. '
B. Mossy Fibere .

Golgi impregnated mossy fibers can be observed coursing through'

both granule cell layers of the caudal Tobe (fig. 7). Along their

-Tength they give'off large complex terminals. The size of these

terminals range‘from 2-5 u in dtameter. The mossy fibers appear
to be predom1nant1y 1ong1tud1na11y oriented singe their lengths

measured in the sagittal plane erceed by 3-4 times their lengths
measured in the transverse plane.

Ultrastructurally, the mossy fiber is a neavily myelinated
axon which dominates ipe axonal processes pf the granular 1ayers.
Near their termina] boutons, the mossy fiber forms a large bulbous
expansion that assumes a highly invaginated form (fig. 8).‘ These
terminals are observed terminating predominantly upon the'deﬁdritic
claws of granule cells to form the classical glomerulus of all
vertebrate cerebellae (Hillman, 1369§ Larramendi, 1969). The
dendritic claws typically contain a few cisternal elements and are
moderately eTectron.dense. lMossy fibers also occasionally terminate
on thin electron lucent depdrites which are Tikely to belong to

Golgi cells (see below).
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Two distinct varieties of MF terminals appear to exist within
the LC. One type has a very dispeﬁﬂgd (d).complement‘of vesicles
that sharply contrasts fhe more compact (c) vesicular distribution
in the other type (fig. 9); otherwise these terminals are identical.
Tﬁroughout-poth'the cagdal lobe and LCpm; these'termingls appear
%d'bé rouéhiy edual in_number. Within each términal are usually one
or two central mitochondrial clusters, which is typicéi of such -
terminals in many other vertebrate species (Hillman, 1969; Palay
and.Cﬁan-Pa1ay, 1974). A few coated ves%c1es.are observed in the
| _vicinity of the presynaptic terminal Qhere thg small round vesicles
tend to c1ustér. Occasionally, a coated pit appears as part of
the pre-terminal membfane., Dense cq?é vesicJe§ are quite common
in moify fiber terminals and as many as 10-12 of'these per terminal
have been observed. | v g
The mossy terminals are invaginated by the granule cell claws
'.and assymmetric chemical synapées between them are usually located
. on the distal reaches of the finger-like extensions of the mossy
fiber terminal. Gap junction contacts beﬁween mossy fibers and
granule cell c1aws.§re infrequently seen. As in other vertebrates,
Golgi cell axon términals contact the outside of.the granule celT
dendritic claw.

Glomeruli of LCpm are similar to those of the caudal Tobe
except fhat there is much more interpenetration of the granule cell
dendritic cltaw and the mossy terminal. In addition, Golgi cells
are 1ackin§uhere, and thus neither the dendrites nor axon terminals

of this cell type take part in the formation of a glomerulus. The

-
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granule cells dispersed in the molecular Tayer‘a1so make'typica]
g]omeruiar éqntacts‘aﬁd do not receive any input fﬁom the dumérbus
nearby para11e1.fibers: |
Thréugh‘gxteqsive HRP-ﬁracfhg experiments, Maler and S;s
(personal comm.) have shown that Qhe'main sourceg of MF éfferents
to the caudal lobe are the lateral reticular ﬁué]eus'and'nuc1eus
praceminentialis (nP). Lesions of the nP afferents to the LC
resulted in exfensive degeneration of.the fossy fiber"compacted (c).
tefmina]s and left thé dispersed (d) terminals unaffected. These
preliminary results indicate that the mbssy fiber (d) terminals
may ofiginate from Tateral reticular nucleus of thg medulla.
t. Golgi Cells
The Golai neuron is about 11 u_iqrdiameter (table 1), and in
cresyl violet material is found to be randomly di#tributed throughout
fhe caudal 105e. Golgi materiaf reveals two distinct populations
of Golgi cells. There is a smaller cell that resides deep (d) in
the granular layer (fig. 10), as well as a more superficial (s) type
that is slightly larger and is positioned near the plexiform layer
(fig. 11). The shapes of these subtypes are indistinguishable at
the Tight and EM level. From a relatively round soma radiate 5-8
] sinuously formed dendrites that ramify tortuously around the cell
body. On a three-dimensional space these processes appear to form
a sphere of average diameter 250 yu. Thdugh‘the Golgi cell dendrite
is uneven in width, the diameter of the primary processes is about .8 y.

Besides position and somatic diameter, the most obvious difference
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between the two classes of Golgi ce11s is"the ramification of their

dendrites. . The processes of the Golgi d) are principally confined
. to the granu]e ce11 layer while those of the Golgi (s) extend into the .
'p]ex1form lamina and shallow mo1ecu1ar Tayer as well as: ram1fy1ng
within the granule cell layer. Golgi axons are rarely visible but
when ohservéd they appear to ariée from either the cell body or
'pr1mary dendr1te, after which they richly branch near the Golgi
neuron dendr1t1c tree. Though Go]g1 cell term1na1s were found upon
gTomeru11 (fig. 12a), ;ome Gng1 axons were found to course thefu]]
bheadthlof tire granule cell Tayer tc terminate in the pIex1form
Tamina {fig. 12b). Serial_gédtions of the caudal Tobe reveal no
‘pattern to the distribution of either the sha11oQ:or déep Golgi meurons.

in thin sectfons, Gofgf cells .have an appehrance that i;
typical for vertebrate cétgbe11a (fig. 13). The. cytoplasm is electron
deLn_sg-a‘nd contains numerous"‘ri‘bosomes. 'Mitochondrié, some rough
endéhjésmic_reticu1um (RER), Golgi apparati and occasional dense
, 1ysogghés complete the complement of cytoplasmic organellgs usually
found in the Gymnotid Golgi cells. Synaptic contacts are occasionsjﬁy
seen on the soma of the Golgi cells. ) |

The sinuous nature of the Golgi dendrite ﬁakes it difficu?t .o
to identify at the EM Tevel. Best observed in the plexiform layer
where they course longitudinally before entering the molecutar Tamind ~
(fig. 14}, these processes have an ultrastructural agggirsnce gquite
similar to classica] descriptions of mammalian Golgi dendrites.

Characteristically, they are much denser than other caudal lcbe

~
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denQrites'ﬁith numerous tongitudinaily oriented microtubules, a
few mitochondria‘and the occasional single neurofi]ament. Where

the Golgi dendrite is obsérved in the plexiform and?mo1ecu1ar layers,

it is usually covered with_para11e1 fiber contacts, typical of phose

upon Purkinje and eurydendroid processes in these twb-Jamjpae (see

below). Synaptic cohtacts\g{\climbing fibers, which will be described

in detaiI Tater, have not been*obserVeg on the few Golgi dendrites

seen in the caudal Tobe. Golgi axonal nrocesses ard HéaVi]y
myelinated, and in the plexiform stratum they can sometimes be seen

to make synapses "en passant" with eurydendroid dendrites or somata.

, (see below).; The most prominent position of the Golgi terminal, however,

7 was that described for the glomerulus, where they are'found on the
©  external surfaces of the dendritic claw.. No observable differences
could beé seen between the terminals of deep Golgi axons upon deep

glomeruli and those boutons of shallow Golgi neurons upon either
eurydendroid cells or superficial glomerulq.
D. Stellate Cell

RPUREL
£

Baskét cells are not present in the caudal lobe and the stellate

. cell is only rarely seen. In Golgi stained material (fig..fs), this

h cell is foﬁnd throughout the molecular Tayer. From a cigar-shaped

soma emanate numerous thin sinuously formed dendrites that ramify

in an elliptical fashioﬁ about the cell body. Ultrastruétura11y,
the soma has a round eccentric nucleus with diépersed chromatin.

There is a sparse array of org;ne11es in the cytoplasm, typical of

A

stellate neurons of higher vertebrates, but in contrast to the mammalian

el
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lste]iate-pe11; the cytoplasm of the fey cells viewed was electron
.dense; &t was not possible to identify ste11ate cell dendrites N
with any certainty; an unusua] axonal process was occas1ona11y
observ;; synaps1ng upon dendr1tes within the molecular layer. This
pleomorphic terminal was electron dense consisting almost entirely

of f]attenedjyesicles and few mitochondria and we believe it te
belong to the stellate cell. |

_E;‘Purkinje Cell -

The Purkinje (P) ceI] 1s the largest of the cerebeI]ar neurons
(TabIe‘]); In cresyl v101et sect1ons these ceTTs are predominantly
located in or near: the plexiform lamina but can also be d1sp1aced |
deep w1th1n the mo1ecu1ar Iayer. The.cell body is round to s11ghtTy£l

“ovoid and is qsua]ly oriented with its long axis perpendicular to
the.plexi;erm layer. Golgi impregnated material shows that the
dendr1t1c arborization of the P- cell usually or1g1nates from a SIngle
sta]k at the ap1ca1 pole (f1g. 16). The primary dendrites fan out

in an orjentat1qn that is mostly planar in the sagittal field often

extending the full rostrocaudal extent of the molecular layer (950 n).

However, some” spreading of these processes is in the transverse plane -

~as well (200 ). Some sma11er secondary dendrites and even'a few
tertiary ones arise from the primary branches. It was often'observed
_that the dendrites curve backwards towards the plexiform layer which
is uncharacter1st1c-of higher vertebrates but common to many teleost
species (LarseT] ]967) Both Targe and small dendrites are extreme]y
spinuous. ' The Purkinje dendritic tree often extends the full

height of the molecular lamina of the caudal lobe, but.doeésnot

»

i
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extend 1nto ghe subjacent poster1or lateral line 1obe, (ELLL) At
both 11ght and EM 1eve1s no observable physical barrwer wwas seen

at the Jungp1on'of the ELLL and the caudal lobe, where dendrites

* from neurons of both brain regions abut while axonal elements (parallel”

fibers)'continue to penetrate in an effortless fashion. éurkinje
axons and ‘their collaterals arise from the basilar pole of the soma

and rafi fy pr%mari]y in the plexiform layer. In Golgi material,

"these collaterals can be seen to possess- numerous terminal en1argements

a1ong their 1ength but the extent of the Eo11atera1 -axonal plexus
is dﬁff1cu1t to est1mate because comp]ete impregnation of these
myelinated axons has not been achieved.

_.Ultrastructura11y; the Purkinje spma_aésumes a dominant presence

among the neuronal elements of the caudal - Tobe.. The apicé] dendrite

' is often observed leaving the large soma .in the direction of the  °

.. oy
mo1ecu1ar layer oriented- in the perpendicuTar"féshion that was \

suggested at the 11ght microscope level.' The P- ce]] has a slightly

eccentric nucleuds consisting of dispersed chromatin and a Iarge
dense nucleolus, usually located in close apposition to the nuclear
membrane. The cytoplasm is electron dense*containing e population
{fig. 17). The per1karyon is s]1ght1y rugose in appearance and 1is
almost comp1ete1y free of synapt1c 1nput on very raﬁe occas1ons one,

may find a Purkane cell axon co11atera] synaijng upon a Purkinje

cell soma,f'Surrounding the cell body 1is a thin glial sheath that = -

is a characteristic feature of P-célls. The cytop]asm contains
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numerous free. ribosomes which impart much. 6f the cell density.

. As well, there is a fu]I complement of RER, Gng1 apparatus,
m1tochondr1a and some dense Tysosomes The 1arge nucleus appears

to be positioned in a pivota] point arcund whicﬁ tﬁe organe11e§

are suspended in a “whorl-Tike" fashion, described sim11ar1y’f;r

the mammaIian P-cell (Palay ahq Chan-Palay, 1974). A cﬁaracéeristic
feature of Purkinje neurons in general, and of those fn the éauda]

]

]obe{as well, is the presence of numerous subJéme11ar cisternae

whic§§are apposed to the cell membrane. The Qendritic processes

of the Purkinje cell of the caudal lobe are clearly distinguishable

from a11‘other molecular Tayek dendrites because of their higﬁ~sp1ne

densiky,.typical of Purkinje dendrites, thfoughout thé vertebrate
phy1a.' In.transverse and sagittaT p1anes,{bbth the large and sméj]'

dendrites display this preponderance of spinés‘whiéh Feceive typical

" parallel fiber "input “(to be described §e1od). Some cisternal material

‘exists within these Purkinje spines as well as within the. main

dendritic processes, and in addition have numerous mitochondria and

2 Tongitudinal'arrangement of Wicrotubules. 1In cross -section these
m1crotubu]es appear te establish an organized 1att1ce network; neuro-
filaments are only rarely present in the dendrites of the P-cell.
Purkinje cell axon co11apera1s emit termin?1 boutons, which contain

" a pleomorphic, vesicle population, consistiﬁg of both flat and round l(

small vesicles (fig. ]g). Within the Purkinje terminal an occasional

dense cofe vesicie .as well as a few coated vesicles may be seen.

¢

The synaptic articulations of the P-cell axon terminals will be

described later.
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Input to Purkinje Cells

a) Parallel fibers

Purkinje cell dendritic spines receive classic parallel fiben,;;‘/

synaptic input. The small para11e1 fiber terminals contain a.

homogeneous population of a few rounded vesicles. They make asymmetr1c )

contacts on the 1atera1 surfaces of mos;?Purkinje spines of primary,
séc;ndary and tertiary-dendritic processes (fﬁg: 192).

b)-Climbing fibers S ‘

bptima1 Golgi impregnations have fevea?ed myelinated axons
‘rpnqing in the'p1ex1form Ia&er which turn ventrally to ramify in the'
moTeculér layer. These fibers typically wind round and climb upon the
dendrites of both Purkfnje cefﬁs'and eurydendroid cells (ﬁee below}, and
_can thus be fiqmly identified as ¢limbing fibers; retrograde tracing
experiments have shdwp that these climbing fibers deéive from a typical
}nferior olivary nucleus. (Maler and Sas, péﬁsona1‘qpmm.). Climbing
fiber terminals are vafiab1e in size and many can be as much as 3-4 times
the d1ameter of the para11e1 fiber boutons (e g. 3 ¢ in-diameter). At -
the electron microscope level the Targe size of the climbing f1ber was
the main criterion for identifying it as compared to -the smaller paraliel
fiber“terminaTZ (fig. 19b}. We have not found any climbing fiber
co11aterals to the granule cell ]ayer. it is obvious that one c11mb1ng
f1ber may <ontact adjacent Purkinje and eurydendroid dendrites. Neither
' Purk%nje cejls nor eurydendroid cells are perfectiy planar, ahq we
therefore c;nnot say with assurance that one Purkinje and eu}ydéndfoid

cell receives input from on1y one climbing fiber. U1trastructﬁra11y,

climbing fiber boutons were first identified on the basis of their size.

o -t

- -
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Climbing fibers have some very.characteristic feétures that further
distingﬁish them ?rom para11é1 fibers at the EM'1eveI'(PaIay‘and
Chan-Palay3.1974). The most prominent of these is fheir vesicle
pepulation. In addition to very numerous small round vesiciles, a
single climbing fiber bouton may contain as many as 6-10 dense core ~
ves€21es as well as numerous large empfy vesicles with the same
diameter as the dense core vesicles (fig. 19¢c, d). The dense care _
vesicles may be 6n the order of 2-3 times Phe diameter of the typical
§ma111vésic1e. Occasionally a dense core vesicle may be Seen c105e_
to 2 cluster of small vesicles at thé pre;synaptic membrane. -
Unlikeaxhe‘parallél fiber bouton, the ¢limbing fiber is fairly
electron dense, ana in addition, contains a ﬁumber of mitochondrﬁa
and cisternal elements. Whereas the parallel fiber usually only

-

contacts one Purkinjé spine, one cT{mbing-fiber terminal has been

.observed to contact several spines. The climbing fiber synapse-is

asymmetric with a well de§e1oped postsynaptic density. In Golgi-

impregnaped material, the distinction iﬁ:size between paraliel
fibers and climbing fibers is clearly evident (fig. 20).
F. Eurydendroid Cell

The'eurydendroid cell represents the cutput element of the

teleost cefebeTTum (Finger, 1978b). Unlike the.situation in higher

© vertebrates, these ce1ﬁs are not clustered into nuclear ‘groups but

are found within the cerebellar cortex itself (Figer, 1978b; Pouwels, °
1978c).” In the gymnotid caudal lobe there are two major classes
of edrydendroid cells: those found in the p1éxiform layer (gﬂrydendroid

(p1) which are by far the most numerous, and some that are found
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within the granu1e ce]l layer (eurydendroid (gr)); it must be
emphas1zed that the eurydendro1d cells are not found in the LCpm
Eurydendroxd cells of the plex1form layer: .

These cells can be readily distinguished from nearby Pﬁrk1n3e /
ce11§ at both light (f1g. 21) and. electron microscopic (f1g. 22)
levels: ‘ |

5) eurydendroid ce11s are much pa1er than P-cells in both
R1chardson stained sect\ons and at the EM Teve1 :

b) eurydendroid ce?Ts have strong]y bipolar somata with their
long axis parailel to the p]e;1form‘1ayer and thus orthogonal to the
axis of the P-cell (see abovej. ' _

Eurygeneroid cells are often grouped into:cfﬂsters of 2-4 cells ‘
and these clusters are in turn associated with a‘éma11 number of P-cells.
The eurydendroid (gr) neurons were far, Iess,coﬁmon numerically but
their ﬁorpho1ogy was virtually indistinguishable from the earydendroid
(p1) cells. .

Although we did not fee1 that it warranted further subd{Vision,
,there:is a difference between medially and laterally located euhydendroid
cells. . The lateral ones have very roughened somata w%th numerous
1rregu1ar protrusions and complex spines (fig. 23}, while the more
med1a1 eurydendroid somata are fairly smooth and have on1¥ﬁ; few spines
(fig. 24). This charac€\h1st1c feature was consistent with eurydendroid
neurons in both the plexiform and granu]e cell layers.

v Two or three thick: dendrites arise from the poles;of the

* eurvdendroid (pl) cell; as they run within the plexiform lamina

N

I/
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these dendritic frunké give off a féw branches which ramify sparsely

within the granule cell layer adjacent to the‘plexiform layer.

- The déndritic trunks soon bend toward the molecular layer (i.e.

:vent%a]ly)'and commence to branch profusely into secondary and

tertiary branches. The latter branches are quite long and.run‘in

a sinuous fgshion.' The te}tiary branches are. exceedingly thin .

(.5 u);but do not appear to taper. The primé&y dendrites ared;;halJy

_smooth and spines afé only rare]y seen on the secondary and

tertiary-dendrites The overall spread of the eurydendrc1d (p])'

cell dendr1t1c tree in the molecular layer is 51m11ar to that of

the P- ce11 Tn that it is fairly planar with the 1ong ax1s oriented

sagitally. OQur 1mpress1on.from fayourably sectioned Golgi material

is that the: eurydendroid ce]Is'fdéhdritic arbor may‘have an even

© greater rostro- caudal extent than that of the P cedl (fig 24, insert).
Eurydendro1d ce1Ts have a large eccentric nuc]eus with a

peripherally Jocated nucleolus and dispersed chromatin (fig. 25).

Ribosomes énd'RER are not as abunda;; as in the Purkinje quT, an&

uh]iké the P-cell, the various cytoplasmic organelles are not organized

into swirls around the nucleus. Sublamellar cisternae areirare1y

observed %n the eurydendroid cell. Thg complex somata]iprotuberances

and spines found oﬁ the lateral eurydendroid cells are very distinctive

as they contain an extensive network of cisternal elements,

occasional sacs with dense .cores, and often receive the Purkinje

cell axon terminals that can be found™contacting smooth portions

of the cell body (fig. 26).
)

-
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R:Very prominent feature of .the eurydendroid dendrite, clearly
distinguishjng if from Purkinje*cell processes;_are the nﬁmérous
fascicles gf‘ﬁeurbfiléments run#ing'axia11y'with1€ftﬁe dendrite along
with microtu6u1es. .The axon h%llock and initiaf[§ggﬁeht»of the
eurydendroid (p1) ce21 (seé fig. 18) are entirely‘tgpicaT of most
neu;ons. We have not been able to fo]16w the thickly myelinated

axons of this cell for any distance in ejther Golgi prepafations or

EM and cannot'ascertain whether it gives off any local collaterals.

IIT SYNAPTIC INPUT TO THE EURYDENDROID CELL | N

The‘smooth secondary and tertiary denarites of the:eurydendroid
(p1) cell receive innumerable contacts from paraliel fibers (fig. 27a).
As indicated eqr]ier, c]imbin@ fibers are pften observed contact%ng
eurydendroid dendrites (fig 27b). This ggsvisib]eiﬁ Go]gi;impregnated
sections where thelclihbing fibers entwined the eurydendroid dendrites
in much the same fashion as with the Purkinje cell dendrites. Quite
noticeable at the EM level were the. frequent contacts of ¢limbing
fiber terminals upon thinner secondary.and tertiary branches.

Within the granuie cell layer we have occasionally observed
what we believe to be eurydendroid dendrites receivirg mossy fiber
input. Thése dendrites assume a similar morphology to the granule
cell cﬁaw but appear electron Tucent and contain neurofilament fascicles.
They appear to participate in some glomeruli with éranu]e cell dendrites.

It is not possible to -distinguish at the EM Ievéi, between dendrites

- of eurydendroid cells in the granule cell and plexiform laminae, but

—
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from observations of Golgi material we conclude that wheh%%uch*
processes are near the plexiform layer they more offen sté%;from ‘
eurydendroid (pl) cells. -

; The soma and thick proximal dendrites of the'eurj&endroid .
{p1) are Iiberallpronfacted with one morphological class of
términal. Since the Golgi material showed that Purkinje cell axons
ramify extensively in the vicinity of thé euﬁy&endroiq'(pl) neurons, -
we conclude that the dominant input to the eurydendroid (pl) somata

is from Purkinje cells (see Fig. 25 and 26). The Purkinje cell

terminal generally contains & central core of mitochondria and a

dispersed complement of.p1eomorphic vesicles in a medium-sized boutdn.

The synaptic contacts upon eurydendroid {p1) cells are c]gariy symmetrical,
and the terminals conform closely to those described for Purkinje

cells in other vertebrates (L1inas, 1969; Palay and Chan-Palay, 1974).
The density of Purkinje cell input,yo the eurydendroid (p1) ch1s

is high. In a single_thin section 6 to 12 terminais may be seen
contacting'one soma. The somatic spines and protrusions, particularly
those of the lateral eurydendroid (pl) cells, are especially densely
inﬁervated.‘ Occésibnally pleomorphic terminals that are morphologically
dissimilar to the more typical Purkinje cell bouton, %;e obserﬁed
contacting eurydendroid (pl1) cell bodies and dendritié'processes in

the piexiform layer. Contdihing eithe; a more dense or a less dense
vesicular popu]atidn than Purkinje terminals, these are believed to

be stellate cell and Golai cell bbutons, respectively.

L'}

. )
§ *
\
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The eurydendroid cells of the granule cell layer havé
generéT]y sma11er and rounder sﬁmata'than theif counterparts in
the plexiform 1amfna (Table ]3. Two to three stout‘primany
dendrites, giving off thin secondary and.tert1ary branches, ram1fy
sparseTy in the granule cell layer. Often the primary dendrites
will enlarge forming "frond-Tike" excrescences similar to those
described in the mammalién cerebellum (6han-?alay, 1877). The
dendrites are not planar and often extend to the molecuiar layer'of
;ide1y separated cerebellar areas such as the caudal lobe and corpus
'cerebelli. Most Golgi impregnations reveal onjy a smail portion.of
the dendritic tree of this cell type and so neither the full extent =
of the arbor nor the possibility of égﬁydendroid (gr) subtypes
could be determined. In one fortunafeiiﬁstance we observed a eury-
dendroid (gr) cell with its soma in the €3udsl corpus cerebellq;
and one dendritic tree ramified in the caudal Tobe granule cell ]ayér;
adja&ent-corpus cerebelli, and the molecular layer of zone x as
we11; A second dendrite travelled about 100 u rostrally to ramify
in thé molecular layer. } d

At fhe ultrastructural level tée eurydendroid (ar) somata
appears identical to that of the eurydendroid (pl). It is not
possible to differentiate between the dendrites of thése two types
of eurydendrﬁid cells in the EM.

- Somata of the eurydendroid (gr) are usual]} frqe of synaptic
contact and a]though there is no d1rect evidence 1t is assumed that

the eurydendroid (gr) dendrites in the molecular layer receive an



42.
input (Purkinje cell terminals, para11e1 fibers, climbing fibers)
similar to that of the eurydendroid (p1)'dendrites. \:>
IV AN UNUSUAL tEREéELLAR INPUT - THE TRACT OF THE STRATUM FIBROSUM

\ A fiber system - the tract of the stratum fibrosum (T.Sf. fib.)
enters the ELLL from its.rostro medial aspect and terminates in
the ventral molecular Tayer of that structure (Maler, 1979; Maler
et al., 1981); T.St. fib. preterminal fibers and their terminals
closely resemble classic parallel fibers (see ref. above). At
the Tatéral aspect oiﬂthelELLL (Tateral segment, Maler et al.,
f submitted; Heiligenberg and Dye, in press) collaterals of this tract
turn dorsally and invade the overlying LC (fig. 28). Golgi
impregnations suggest that these fibers terminate as paraliel fibers
ih the Tateral pért of the caudal IObg %n that part oﬁ the
molecular layer adjacent to fhe granule cell Tayer; note that if the
caudal lobe were in a normal-cerebellar orient;tion ghis'wou1d
correspond to ventral molecular layer, i.e. the same as'this T.St.
fib.:£ermina1 zone in the ELLL. ‘Récent anter&ﬁrade and retrograde
studies have- demonstrated that T.St. fib. orginates in the nucleus
praeeminentialis and have confirmed that_it sends collaterals to the
ventral molecular layer of the—1atera1 caudal Tobe (Maler and Sas,
personal comm.). Insofar as we know, this is the only example of
a parallel fiber—]ike’inpd& to the cerebellar mo1ecq1ar layer which
does not arise from graﬁu1e cells but rather from an extracerebellar

source.
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In the ELLL, T.St. fib. terminals can be distinguished from
classic parallel fiber terminals at the EM level only by their slightly -
increased electron density and more %ighly packed vesicle popu]ation_
(Maler et al., 1981). MWe used the same criteria to identify T.St. fib.
terminals in the caudal Tobe. Asymmetric .ﬁynaptic contacts, simiIaF"
to those made by parallel fbers were seen between T.St. fib..boutons
and both Purkinje cell den&it‘ic spines and eurydendroid cell smooth
seﬁondary dendritic branches. The T.St. fib. terﬁinaTs were, however,
only a small fraction of the'classic gara?jeI fibers boutons present

in the same area. : N -
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DISCUSSION /’
I. COMPARATIVE AND DEVELOPMENTAL ASPECTS ' .

‘The results presented in this study at both}the Tight and
-eleétron microscopic ¥evel demonstrate that the caudal lobe of these ;
species of'fhe Gymnotidae order is organized, for the most part,
as a classic cerePe]]ar cortex. Exceptions to the cerebellar plan '
will be tbuched‘ubon below. The cerebellar caudal lobe is a s1mp1e
laminar structure. . Althouah 1nverted with respect to the cort1ca1
strata of the mamma11an cerebellum (Larsell, 1952), the 1am1nae are
found quite characte;;st1ca11y as the granule cell layer, the:”?*
molecular layer and an intermediate, or p1exfform layer. The caudal
Tobé of* theSe fish émanates as a posterolateral bulge %fom the main
portion ef the cerebel1um in much the same fashion as does the
arch1cenébe1]um of "higher vertebrates (Carpenter, 1978). Within the
weakly electric fish, the relationship between the caudaf Tobe and _
other components of the archicerebellum, namely the éminentia gtanu1aris
and zone x, is'stiT1.obscure. Recent studies on mormyrid fish,
another teleost, have emphasized the continuity of the eminentia
granularis and the;éauda1 lobe by referring to the latter as the
" eminentia granularis pars posterior (Libouban and Szabo, 1977).
Implicit iq this nomenclature is the notion of an evo]utioﬁary 1ink
:bé;ween the eminentia granularis and the caudal lobe. Though
ﬁr;ﬁ%ge embr&oTogica? work is Tacking in this réspect, the hypothesis
that the caudal Tobe (electroreceptive) of the Gymnotiform order has

evolved from the eminentia granuiaris (lateral 1ine} in pardllel with

the evolution of the posterior lateral Tline Tobe (electroreceptive)
>



=
"_n.

45,

1

. ., b '

from the nucleus-medialis (lateral %ine),\ﬁs-favoured. Since there
I ¥ . .

is insufficienf'evidence for this point of'§§ewﬁ‘and on purely
; historical grounds, the term “caugal lobe" éé?Eetained. Zone x is
included in the arcﬁiqerebeT]um because of ftS'positive reaction to
cholinesterase stain éﬁd'the continuity af it§ molecular Iayer with
the crista cerebellaris (Maler, unpub]fshed obseryations). At
this ppint-%t is' not possible to ascé;lain whether zone x merely .
represents a caudal continuance of the eminentia granularis or whether
it is a separate lobule intermediate to the caudal lobe and the corpus
cerebelli. In view of the visual-electroreceptive interactions
discovered principa11y in the rostral caudal lobe (Bastien, 1975},
these distinctions may prove to have functional significance. Careful
examination of his Figure 2 indicates that the positions of
ﬁhe bimodal response units recorﬁed bx fhe electrodes were more
1ikely to be in the caudal corpus cerebelli or zone x. It is clear
thatffurther resolution to this prongm }equires precise histological
jdentification of the recording sites in the archicerebellum.

The presence of a medial granule cell hass, LC pm, has been
a puzzling feature of the gymnotid cerebellum (Maler, 1974) as well
as that of other teleosts (Pouwels, 1978; Finger, 19782). During
normal cerebellar development in higher vertebrates, a mass of

neuroblast cells forms an external gérminal 1ayer that resides

just below the pial surface (Miale and Sidman, 1961). This external’

-~ . 4
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germinal layer is usually a tempcrary structure since its cells ) -
serve as. preéﬁrsors for the granule cells (A]tman and Bayer, ]978)
Even in norma] deve]opment it may happen that granule celis of th1s
layer d1fferent1ate in situ or en route to the granule cell layer.

" Under these circumstances they form c1usters of displaced or "ectopic"
granhlé neurons within the molécu]ar layer or just beneath_the.p{él
surfaég (Chgn-Pa]ay;'1972; Palay and Chan-PaIgy, f974). ?hgse ectopic
.‘granuIe cells have been shown to maint;in the synaﬁtiq mdrpho1ogy‘
typical of glomeruli in the proper granule cell layers (Chan-Palay,
1972; Stoughton et al. r1978) Since the pars medialis caudal lobe

b

(LCpm) has been identified as being on a pial surface (figure 4) we
propose that 1t is a group of unmigrated or "eétop1c granule cells.
In this respect, granule-cells found in the molecular layer between
the LCpm and‘the propef LC granule cé11‘1ayer wouldrbe considered
arrested during the course of their migratipn. Conéistént with this
point is the absence of large neurons in the LCpm. Purkinje, Golgi
and deep nuclear neurbﬁs do not stem from the external germinaf layer
and are not féund within it during déve1opmenf (A]tﬁan and Bayer, 1978;
Gould and Rakic, 1981). These arise from the neuroepithe?ium.' It

is interesting that, in the gymnotid caudal lobe, displaced Purkinje g
neurons have been observed in the molecular layers containing the
ectopic granule cells. If this correlation is not fortuitous if

might indicate that some common factor is perturbing the migration

of both cell types. The LCpm and'diﬁp]aced Purkinje neurons are TN

featured only in the archicerebellum. The LCpm must have some -
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funct1ona] significance since its granule ceTTs appear to recewve
normal mossy fiber 1nput and then proaect their paraliel f1bers to
_ very spec1f1c rec1p1ent zones (Maler et a1 » In preparation) Certainly
it is 1nterest1ng that a component of the archicerebellum of mammaTs,.
the flocculus, has been shown to be sIower at developing than the |
“-other parts of the cerebellar cortex (Ajfman and Bayer, 1978).
Comparative and deve]opmental work in the archicerebellum of teleosts
may offer seme clues as to the cellular mechanisms which control

neurcnal, and in particular, aranule cell migration.

3ot MORPHOLOGICAL-CORRELATES

Afferent Pathways. The mossy and climbing fiber ineut to the caudal -
iobe and their morphological re?ationshﬁps with the neuronal elements -
of the gymnotid cerebellar cortex conforms remarkab]y to the vertebrate _
scheme (Larse11 1967 PaTay and Chan- Pa]ay, 1974). The projection of
the tract of the stratum fibrosum fibers (figure 28), directly to the
mo]ecuTar Tamina of the caudal lobe (Maler and Sas, unpublished
observatwons) is a cons1derab1e departure from the more orthodox aftferent
pathways A quant1tat1ve1y minor source th1s input must be conf1rmed
in other te]eosts and for the purposes of this discussion 1ts ';A
¥gnificance will be dwsregarded, B

Following a similar criterion of vesicle compaction, two classes
of mossy fiber terminals reported withinthe mammalian cerebellar cortex
(Palay and ChanéPa]ay, 1974), have %150 been identified in the aranule
cell layer of the gymnotid caudal Tobe. Preliminary investigations
suggest that the more eompacted variety of mossy fiber terminal arises

from the n. praeeminentialis.
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An interesting parallel exists between the ultrastructure of the

g]omeEuTi in lower vertebrates as compared with those identified

h]

. -

in mamhals (Chan-Palay, 1972; Sotelo and Llinas, 1972) - that being
the presence of two types of‘synapﬁip formaéions; copventiona].
synaptic zones apd gap junctions. | ‘
C]imbing fibers of the gymnotid cerebellum bear §tr1king
resemblance to those identified in other vertebrates (Sotelo, 1969;
Larramendi, 1969). Their larger size clearly disgingu{shed‘them
from the other prominent terminals of the'mo1é§u1ar layer, namely
paraliel fibers. Attention must be drawn to the numerous large
dense core vesicles and large empty vesicles found within the climbing
fiber terminai. This cdntrastspgrai1e1 fiber éerminaTs whiéh
-contain only small cTeat.vesicles. Dense core vesicles have been
previously reported in cTimbing fibers (Larramendi, 1969; Sotelo, 1969;
Pa]ay'and Chan-Palay, 1974) but have not generated muck' intgrestz
Recent studies have indicated that some neurons may contain more
than one transmitter (Pelletier et al., 1981). In light of the
complex role genera?ly assigned to c}imbing fibers (Baker and Berthoz,
/ 1977; Bender, 1980) it may be important to determine whether the; |
' ér and dense core vesicles of climbing fibers contain different

- nguroactive substances. .
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III NEURONAL“ELEMENISHCHARACTER}STIC OF THE CEREBELLAR CORTEX
Comparative analyses of’the morphology ;E%most cells of the
gymnotid caudal 1dbe'suggests that there fs a ;;markably conservative
element within the néurong of the vertebrate cerebella. Grgnule
“cells, Golgi ce]ls,JPd}éinje'neurons and stellate cells of this-teleost
cerebellum are all prom1nent within the ‘cortex of the mamma11an_
homolog (Larsell, 1967; Pa1ay and Chan -Palay, 1974). Notab1y ab;ent
from the Gymnotiform order .as well as other te1eosts, is the basket
cell (Nieuwenhuys and Nicholson, 1969a, b,.Pouwe]s, 1978; Finger, 1978aj.
Granule ce]Ts'arg.the sma]lésf and most numerous, characteristic
of the mammalian cerebellum. Comparat1ve cerehe11ar morphologwes of
the vertebrate phyla revea] little deviation from the-classical granule
cell descriptions of Cajal (1955). Ev1dence for some nonb1furcat1ng
paraI?eT fibers has been reported in some te?eosts (Pouwe1s, 1978b).
However, no evidence of such a natur® was observed in the molecular
1ay;; of the gymnotid caudal Iobe. The synaptic relations of granule
cells and mossy fibers appear'-@e11 preserved,\even for the "ectopic®
neurons, as previously discussed. 'A.featuré that was not very
N ;

conspicuous at the light micfoscépe level, yet quite noticeable

ultrastructurally, was the clumping of granule cells into groups

of 4 to 6 perikarya, a feature also noticed in the mammalian cerebel]ar .

cortex (Pa]ay and Chan-Palay, 1974). Any relevance or connection’
between this observation and the parasag1tta1 zcnat1ons observed for -
both afferent and efferent f1bers in the cerebe11um of h1gher

vertebrates (Groenewegen et al., 1979; Voogd and B1g;rre,:1980) rémains

to be tested. S
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Stellate nqurﬁns‘of the_gymnotidICaudéllibbe and those -
deécribed for other vertebfateS'feature“few uncommon characteristics
(Larsell, 1967; Uchizono, 1§69) except for the fact that in the
weakly e1ectfic fish of fhis study,_fey sﬁe]late neuroﬁs weré present'
in the caudal lobe molecular layer. A nelron that was a most prominent
elemeént of the cergb:H cortex in these fish and one that bears
- remarkable conformity to_éimilar Qéscriptions in higher vertebrate§
is the Golgi cell. Identification o% the Golgi axonal terminals upon
the periphery of glomeruli within the granule cell 1ayer»of the cauda{
lobe intimateslthat their involvement as an inhibitory interneuréh
is cbnsié;ent with previoLs observations “in other vertebrates (Hamori
and Szentagothai, i966; Eccles et al.,'1966). Categorica11y, a_bimodal
distribution of somatal diameteré'of éo]gi cells in the weék1y é1ectric
-fish, alludes to the Fonsistenéy in cﬁassifiéation of tﬁe small, deep
varieties and large superfi;iai types desCﬁibed'forfmamma1§ (Palay °
and Chan—Palay; 1974). Coﬁsidering‘the differences in positions of
dendritic arborizations, it is conce%vable that the deeper Golgi
c;11,‘with its processes mostly cpnfinea within the granule cell
layer, has a different functionaT:réTe to p]ay than the more superF
fibiaT‘typé that extend their dendrites mostly into the molecular
layer.

Purkinje cells are perhaps the most characteristic cerebellar
featuxe of most vérfebrates. They are equally prominent in the caudal
lobe? of the gymnotid fish. Their characteristic spiny dendritic

.
appendages have been dgscribed in -many other cerebella (Cajal, 1955;

Larsell, 1967;:Uchizono? 1969). Typical of the'Purkinjalneurons of
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b

other primitive vertebrates (Larsell, 1967; Pouwels, 1978b) those

of the caudal Tobe of these fish rarely disptay branching beyond

the tertiaéy.Teve1. ‘Two rigoroug biochemical criteria are available
for identifying Purkinje ce11$. One js that these neurons contain
g]utamié acid decarboxylase (GAD), the. enzyme responsible for
synthesizing the Purkinje cell neurotransmitfer, y-aminobutyric
acid'(GABA)H(OerteI et al., 1981; Kuriyama et al., 1966); the second
is ‘that Purkinje neurons contain vitamin-D depéhdent calcium bjnding
ptotéin (CaBP) (Baimbridge and Miller, 1982). Cells Qithin the
caudal lobe of the Gymnotiforms, identified as.Purkinje neuroné, have’
been showﬁ td be immunoreactivé to -the antibody raised for CaBP
(Jande et al., 1982). Neurons believed to be Purkinje cells of the
caudal Tobe were fdund t6f1uoresqe indicative of the immune
reactivity to the GAD antibody ‘used to identify GABAergic neurons

in the ELLL (Maler et al., in.preparation). Thus it may be coné]uded
that the caudal lobe of these weakly electric fish, contains a
primitive version of the Purkinje cell identified in so many other

vertebrates (Larsell, 1967; Palay and Chan-Palay, 1974). .

IV EURYDENDROfD CELLS AND FUNCTIONAL ASPECTS OF THE CAUDAL LOBE
CIRCUITRY ‘ _/
At first §1ance the eerdendroid cell, the teleost cerebellar
output neuron (Nieuwenhuyset al., 1974; Finger;;1978; Carr et al., )

1981) appears-to be an exception to the higher vertebrate plan. If

figﬁre 29 1is consulted, however, it becomes clear that the eurydendroid
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cell receives on]yrone-anomalous iﬁpht. In the higher vertebrate
scheme, a climbing fiber will contact ;everal Purkinje négroﬁs.and
‘send.c011atera1s to cells of the'deeg cerebellar nuclei. Tﬁé‘
Purkinje cells will then project to thosegdéep nuclear cells innervated’
'by~the cq]Tétera]% of their own El;mbing fiber output (Groeneweggn .
et al., 1979; Dietrichs, 1981). Iﬁ‘the,g;mnotid caudaf‘1obe a
climbing fiber will contact 2 Purkinje cell(s) and the overlapping
apical dendrites of an adjacent éurydendroid neuron(s). The Purkinje
. cell(s) will contact neighbourﬁng eurydendroid cell(s) wiED which
‘they presumably share c1imb{ng %ibér input.
In higher vertébraées; mossy fibers contact granule cells and

_ send_collaterals to deep nutTearneurons(Ekerot and Lakson, ?973;
Chan-;;;;;\EE“Eng‘1977). Graﬁﬁ1e cells then cqﬁtact Purkigje_ce11s
which in turn, project to those deep nuclear neurons innefvé%ed by
the same mossy fibefs (Dietrichs, 1981). In the gymnotid caudai lobe,
moséy fibers establish the'éame circuit since they contact eurydendroid

cells-directly on that.paft of their dendritic tree that ramifies in
| the grénule cell Tayer, perhaps in intimate association with dendritic
excresences. Mossy fibers project indiréctTy to eurydendroid cells
via the granule cell-parallel fiber system (dotted line in figure 29)
which is the major difference between the gymnotid caudal lobe and
higher" vertebrate cerebellar circuitry. It is important to note that
neighbouring Purkinje and eurydendroid cells. will share a similar
input from parallel fibers and that Purkinje neurons will synapse-

mainly upon neighbouring plexiform layer eurydendroid cells with which

P
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they share a cemmon inpuf Thus th1s superf1c1a11y unu?ua1 pathway
appears to be funct1ona11y s1m11ar to the c1rcu1try of the higher
‘ vertebrate cerebellum. The use of granu1e cells as interneurons

between afferent mossy f1bers and efferent eurydendro1d cells parallels
the 1nterneureea1 reIa;1onsh1ps present w1th1n the dentate nucleuds
of mammals (Chan-Palay, 1977). In the gymnotid caudal lohe,
: eurydendro1d ‘cells are also contee;ed d1rect1y by 60191 and. stellate
neurons. Although these connect1ons are quant1tat1ve1y very minor,
it is evident that the d{stinction between interneurons of the cerebellar
"cortex and of the output neurons d1sappears since Golgi, ste]]ate |

and even granule cells serve both roles. '

A1thoegh the deep nuclear cells of the mammalian cerebellum

are_the predominant output seurce, their complex anatomy has meant
~that their physiological study lags far behind that of the cerebellar
cortex. Since Purkinje cells and eurydendroid (p])'neurens share the
same simple parallel fiber input, and since this input is direct1&

from the periphery (Bestien, 1975; Maler et al., in preparation), it

may be easier to analyze what the cerebellum as a whole is doing

by using the caudal Tobe as a model system. The results of. Bastian
(1975) Tend themseives to a straightfefward intergretat%on in terms

of the circuitry described above. Bastian stimu]ated the fish with

small p]ates‘moving para11e1 to the fish's body “along its JongifudinaT
a§is. He described, on physiological grounds, two major-ce11 types

of ‘the caudal Tobe: o
2; a) some neurons responded in an excitatory fashion when the

o

electrosensory mechanisms of the fish were stimulated by passing a

~
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metal p]ate oyer'a wiée area of skin -ﬁthe shape of this e%citatory
receptor.fie1d being a dorso-ventral strip.

b)ﬁother cells responded in an ekéitatory fashion_simi1ar
to a) but there were inhibitory flanks on the sides of the central
excitatory zone.

| One interpretation of Bastian's results is that these units

represent'the two largest neuronal elements of the caudal lobe
Purkinje and éu?&dendroid (pl) ce11s, resﬁéctive1y Based on the
knowledae of the under1y1ng morpho1ogy of the caudal 10be as described
in this study, we propose that the first type of unit is a Purkinje
cell w1th its: exc1tatory response due to para]le] fiber 1nput to its
_ dendritic tree. The second type of unit wou]d correqund to the
eurydendro1d {p1) cell with its excitatory reéponse due to-the same
para]1e1 fiber input and its 1nh1b1tory flanks due to- adJacent Purkinje
cell inhibition of the eyrydendroid (pl) neuron. The size and
Qrientation of the receptiQe fields is also consistent with the
topography of the caudal lobe input (Maler et al., in preparation).
'Th1s hypothesws has two testable consequences |

i) the eurydendroid (p1) cell projects to the torus sem1c1rcu1ar1s
whereas Purkinje neurons do not (Carr et al., 1981). Therefore the
unit (b) with inhibitory flanks should be the only one antidromically
activated by stimulation of the torus semicircularis; and ii) since
Purkinje neurons employ GABA (Kuriyama et al., 1966) as a transmitter,
it should be possible to eliminate the inhibitory flanks of the
eurydendroia (p1) cell by local iontophorésis of GABA blockers, such

as bicuculline.
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This line of reasoning may not apply to the Eurydeﬁdroid cells
ﬁ%;ﬁin the granule ce11 layer. Their very divergent branching. pattern .
%mp]ies that these neurons may integrate more_disparate inputs than
phe eurydend;oid (é]) types. It is interesting that both classes
of eurydgndﬁbid neﬁfons-havé different projection sites (Carr et al.,
1981). There is a functional parallel here to the deep nuclear cells

.of the, mammalian cerebe]lum.'hfhgse also contain certain neurons which
receive input fram widespﬁead éortica1 regions as well as others*wigh
more restricted ihputs; and thebe cells.probably héve different
projections (Chan-Palay, 1977)454An important consideratioh'is that
the cauda1'1obe.fosters.mor¢ théﬁ one morpho]oéicai type of eurydendroid

- neuron indicated by the rugose nature of the Jateral varieties.
Certainly more than one cell type exjsts in the deep nuclei of the
mammalian cerebellum {Chan-Palay, 1977). To divide the caudal 1obe‘
intq functional zones; however, would requiré a precise physiological
examination with respect to its medhal and lateral- areas.

Figure 30 summarizes the circuitryuénd neuronal elements
inherent within the caudal lobe of the gymnotid cerebellum. When
'viewed in conjunction with the line diagrams of.figure 29, it is
evident that with one or two exceptions, the syﬁaptoTogy of %he
archicerebellum of the weék}y é1ectric fish, Gymnotidae, closely

resembles the plan documented by others of the vertebrate phyla.
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- Abbreviations: . RS | N
a£- : - axon
- .ce(cb) - corpus ce}ebe11i
cf - c¢limbing: fiber .
d .= dendrite-
- DCN- ; - deep cerebellar nuclei
dev " - dense core vesicle s
. des - desmosome o > o
EG(EmGr) - eminentia granularis |
M - electron‘ﬁgéroscope |
eur - eurydendrdgd (general)
eur(gr) - eurydendroid cell of the granuie cei] Tayer
. .eur(p1) - eurydendro{d cell of the plexiform layer
£ . - 'For'élﬂen
- GR ’ - golgi apparétus -
. GCL S granule cell layer
GJ - - gap junction -
gl - g1omeru1hé
Gol . f . Golgi cell (general)
Gol(d) - deep Golai cell
Gol(s) - superficial Golgi cell - .
gr - granule cell y
h . -hillock ,
LC - caudal Tobe
-LCpm ’ - ‘pars medialis' caudal lobe

mf - mossy fiber (general)

4



Abbreviations (Cont'd) - ' a L

mf(c)
mf(d)
mit
MOL
o
nc

nf .
NLLa
NLLp

" nPr.

nu
nXs
pf-
PFL
ELLL

- Pur

rer
s
5p
st
Te0

Tr.Pr.;Cer.

T.5t.fib.
v

X

i

mbssy fibér (compacted)

mossy fiber (aispersed) -
mitochondria

molecular lamina

microtubule

nucleolus

neurofilament

anterior branch of the ant. lateral Tine nerve
posterior branch of the ant. lateral Tine nerve
nucfeus Praeéminentialis

nucleus

sensory nucleus of vagus

parallel fibers

plexiform lamina-

posterior (e]ectrosens@ry) lateral line 1obé
Purkinje cell

rough endoplasmic reticulum

sulcus

spinal cord

stellate cell

optic tectum ) : -
tractus praeeminentialis-cerebelliaris
tract of the stratum fibrosum
ventricle

zone x

-

micrometer



. TABLE 1

Mean somatal diameters of cells in the caudal lobe:*

CELL TYPE : | DIAMETER: ()
Granule Cell 5.4 }
Golgi cell (deep) ' 10.8

Golgi cell (superficja}) 11:9 _
Stellate cell 2.5 x 8.8
Purkinje cell | . ' | 20.6
Eurydendroid (p1) cell "17.0 x 9.8
Eurydgndroid (%r) cell . 14.9 x 9.8

*Except for the stellate neuron, measurements were
. based on a minimum of 15-20 ce11s only 3 ste]]ate
celTs were observed

—
~
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FIGURE 1

Gross morphology of the gymnotid brain showiné the
postero1atera1-bu1ge referred to as the caudal Tobe. Dorsal
to the céudaT ]obe'T;es the corpus cerebelli while veﬁt;a11y
rests the PLLL, consiégred bart of the bréinstem'area

(Maler, 1979).

<)



FIGURE 2

Cresyl violet stained transQérse sectioﬁs thrbugh the
a) rostral portion of the caudal lobe and, b) cguda]'part of
the caudal Tobe. .

*a) note zone x as part of‘the caudal lobe, rostrally,’
and the division between corpus cerébeTfj énd_the caudai.lobe_
by the sulcus ﬁarked by an arrow. Although the MOL of zone )
and the caldal 1dbe appears uniform, both show ;Idivision:between
the MOL of the ELLL and the corpus cerebelli. Note the presence
of the rostral LCpm and neurons scattered through the MOL of
the LC.

) b) though zone ¥ no Tlonger is apparent, the caudal lobe
displays fts prominent Tateral bulge and is distinctly separate
from the ELLL, ventraTIy'and,the GCL of the CC dorsomedially.

The p]exifofm Tayer shows some prominence containiné a Tew
dispersed neurons wpilé the [Cpm is very ﬁrominént upon the .
dorsal surface of the foramen. Of particular note is the Eonica1
mass of displaced granule cell$ that appear to emanate from the
LCpm, dorsoiaterally in the direction §f the grapu]e cell layer

of the LC.
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FIGURE 3
This is a rostral sect{oq through the gymrotid brain
‘demohstré%ing the continuity of cholinesterase staining
between the eminentia granularis, zone x and the caudal Tobe.
The corpus cerebef1i remained unsfained, typical of the fr

divisions fouqd betwéen archicerebellum and the other

cerebellar regions of many other vertebrates.
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** FIGURE 4 ) o
Pars med1a11s reg1on of the caudal lobe showing the f1ne
structure of the dorsal surface of the foramen, indicative of-a .
pial surface by virtue of the flat non-c111ated cells that T1ne
S ' - the gpenIng Insert shows a low power macnnf1cat1on of the ?ame
opening where dorsa]]y the foramen lining does not show th; ’
heavy stain of the ventral colummar epitheiia1 Tining. Thé
latter is éharacteristic of véntricu]ar wall Tinings (Peters

et al:, 1976).
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- FIGURE 5 B/l
e . h

e - '. Granu1e cells drawn from Golg1-1mpregnated mater1a1

. show1ng the short rad1at1ng dendritic processes and tennunal

. «c1aws that part1c1pate in the 'glomerular structure. Arisﬁnq-

_from the smaTl round somata, and cours1nu through the granu]e

h Y

celI 1ayer towards the molecu1ar 1am1na are the th1n granule

cell axons. 0ccas1ona11y these axons may be \seen to b1furcate

upon reach1ng the MOL - . .
, :f' r
- b 6
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FIGURE 6
EM of granule cells in the granu]e ce11 layer.

Characterxst1ca11y, the nucleus occup1es e‘great port1on

of a cytopTasm'that'is sparse i organelles. Orwg1nat1ng.
Trom the granule cell soma is a thin dendritic process

C1ose1y_apposec to the central granule cell are adjacent -

granule neurons. In the bottom right hand corner is a

g1omeru1us 1nvolv1ng quite typ1ca11y, & centraT mo§sy

fiber rosette mak1ng asymmetr1§ contact with surround1ng~n

"

granule cell dendrite claws. . Superimposed upon the

o]omeru1us .and mak1ng symmetr1c contacts with the granule"

cell dendrites-is a terminal conta1n1ng 2 p1eomorph1c

vesicular popu]at1on and beTweved to be a Golgi cell axon

-—

term1na1 . . =z
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FIGURE 7

Golgi-impregnated granule cells ang'moséy fibers

in the graﬁuTe cell layer of the caudal lobe. ‘Note the,

targe globular expansipns 6f the mossy fiberas it
.-courses through'the;grénuié cell lamina. The dense
packing 6% the granule cells sudgests the possibility
of multiple inyoTvemeﬁt of these neurons in a single

4
glomerular structure.
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~FIGURE 8

Schematic represenfation of a giomerulus drawn from
an EM micrograph. This is a moés} fiber‘rosétte'of the_
dispersed variety containing-sma]] round'énd dense core
vesicles as we]llas a number of coated vesicle types. The
mossy fiber displays the comp]éx igterdigitation with
dendritic claws, characteristic of g1omefu1i of most

vertebrate cerebella. However, it is evident that two

- -varieties of dendritic processes are present - one being

more sparse in reticular matter than the other. Occasionally,
in the more electron Tucent dendrites, neurofilamentous .
c}nsters may be seen. Typical of most glomerular structures

‘are the numerous desmosomal contacts between dendrites. The

':mossy fiber displays two types of junctional s}napses with

the dendritic}c]awsla the conventional asymmetric éynaptic
contacts and the gap -junctignal synapsés. On the periphery
of the gloﬁéru]us,'aﬁd contacting the dend;itic claws, lie
numerous small termipals, containing a p]eohorphic vesicle

population, that make symmetrical contacts. These are

believed to be Golgi cell axon ferminaIs: Surrounding the

glomerulus is a-glial envelope.

ST
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FIGURE 9.
Comparative u]trastructure of compacted and d1spersed
mossy fiber terminals. Although the terminology-"refers

principally to the degree of compaction of the vesicie

e,
. ?\‘\4\4

mitochondria assume a garaTIeT format. Both types pf Junct1ons -7

popuTatlons of each rosette, it usua1]y f011ows that tge’ -~

can be seen between mossy f1bers and the dendritic processes
1nvolved in the gIomeru]us As well, the occa51ona1_dense

- core and coated vesicle can be seen.
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FIGURE 10 _

| A Golgi heuron deep'witﬁin.the granule cell layer
of the caudal lobe showiég thin) radiating depdrites from
a spherical and slightly rugose somata. Although the
dendfites usually ramify locally, an occasional process
Ean be seen to exten& somewhat distal to the cell body.
Axons are sinuous in nature, arising either from the cell

body or preximal dendrites and tend to remain lob?%if.
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FIGURE 11 3
/‘- ¥ - )
. A Golgi neuron superficial to the granule. cell layer
. exhibit{ng arfofm generally similar to the deeper varieties.

More %mportant1y, however, is the positibn of dehdkitic

' processes - most notably thqsg/that ramify, w1th1n the adjacent

pIex1form and moIecu1ar 13m1nae



FIGURE 12 v

A) Some Golgi cell axoﬁs terminate upon the dendritic
processes found in the glomerulus while

B) some pfojéct axons the full breadth of.tge §¥$ﬁu1e
cell layer to terminate upon dendrites within the plexiform

and molecular layers.
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FIGURE 13 |

A Golgi neuron in the deep GCL of the caudal lobe.
Tﬁe roughly spherical cell body has a;;ugbse sﬁrface that
occasionally showslcontact ﬁy_mossy‘fibers termiqating in.
tﬁe granule cell layer. Thé cytoplasﬁ has a dens}ty
'himbarted\byqnumgrqus free ribosomes and‘sma11 mitochoﬁdria;f

A thin dendrite can be ééén'aS'it“TeaveS'the_gel1 body.

C o,
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" FIGURE 14

Para11e1 f1ber contact1ng a Golgi cell dendrite

--1n the plexiform layer of the cauda] Tobe. Quite

_ characteristic of these dendrites are the large axial

mitochondria and the electron dense nature of the

. cytoplasm.

1



-FIGURE 15

-~

The tortuously ramifying dendrites contain numerous spicu]es‘

and -these -processes appear to be confingd to a region around

the cell~body.

@

Stellate neuron drawn from Golgi-impregnated material.




FIGURE 16 R | .
A Purkinje neuron showing the oriizﬁﬁiion of the

‘dendritic arborization. This is a sagittel orientation

demonstrating that the branching pattern of the dendrites

is more planar in the sagittal view. An-axonal plexus is

-,

often viewed as it leaves the basilar pole of the Purkinje,
neuron to terminate Tocally within the plexiform layer of
' !

the caudal lobe. Somestimes the axonal processes @ross the

somata of the Purkinje cell.

LBy
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FIGURE 17 . o .

A Purkinje feuron in the mo1ecu1ar'1ayer‘of the
caudal Tobe adjacent to the ﬁlexiform lamina. A large
cell body that-is slightly rugose is enveloped in a thin
glial shegxh. The cytoplasm is electron dense and‘js
éomprised o% numerous:ribosomES apd'mitochpndrié arranged
in a "whorl-Tike" fashion around a large nucleus. This
ﬁﬁrkinje neuroﬁ.is ¢losely opposed‘to an adjacent Purkjhje
';‘;ell and shows a portionm of a ;Timbiné fiber teréinaT

making contact on its somatic surface.
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~ FIGURE 18
;:§9current collateral from a Purkinje cell axon
-making contacf with the‘axon hillock and 1njtia1 segment
cof a eurydendfoid‘neurOn located in the plexiform lamina.
| The axon loses its mygsin sheath to a'narfdw collateral

——

| . branch that opens &p.into a terminal containing E
) -pleomorphic ve$ic1e population. The Junctional synapse
upon the initial segment is symmetrical in nature. The'
P axon hillock of tgfs eurydendroidi(p1) shpfs a'slight
_ qmount of dense undercoating,'an or@anized orientation-
of thelmicroftubu1es and micfotubu]ér fasciculation -

aTl.of which are common features of axon hillocks of most

. neurons.

&
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FIGURE 19

‘Eiectron m{crdgraphs of 2 parallel fiber and three
'c1imbing fibers shpwing comparag{ve sizes and, in particular,
the natufe‘éf the vesicular populations in each termiﬁé1.

aj The paré]1e1 fiber termiha} contains a fey‘smal1
round Vgsicles and mgkeﬁ‘an asymmetfic contact on the surface
of a Purk{hje déndritic spine. | ‘ |

b)-The‘climbfngéfibef contacts the surféce'bf-Purkinje
spines-and often the smooth portions of their dendritic

proéesses. Most prominent are the large dense core vesicles .

c} A climbing fiber terminal showing numerous dense core- °

vesicles.

d) two large climﬁing fibers contacting nﬁherohs Purkinje

spines in the molecular layer.

_.a‘.i.:-;_'r.:_u..'.;.‘.l!dl'“" i
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FIGURE 20
ComparatiVe‘aspecté‘of,para]1e1-and climbing fibers

drawn in the molecular layer of the caudal lobe. The cf

. terminal is 3-4 times larger than boutons of parallel fibers, =

a feature that established an importantcriterionfbr

) distinguishing between these terminals at the EM Tevel. -
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FIGURE 21 ; _

_Richardson Stained sections of .the region of the
p]ex1F0rm lamina showing the comparat1ve d1fferences
between Purk1n3e and eurydendro1d (p1) neurons. fhe
most’ prom1nent difference is the densities of their

respect1ve cytoplasmic matrix, the eurydendro1d {(p1} .

- being considerably lighter than the Purkinje cell. Wh11e~

" the Purkinje neuron. is generally oriented perpendi&u]ar
- to the long axis of the plexiform lamina, the long axis

of the eurydendroid (pl1) cell runs parallel to the PFL.
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FIGURE 22

EM of Purkinje and eurydendroid (p1) neurons in
Close arpposition within the‘p‘lexif'orm '[ami_ria. 'The. ‘
cytob]ésrﬁic densi ty.iﬁparted by the ribosomes .and RER
of the Purkinje cell is distinctly greater thén that of
the eurydendrﬁid' (pll)..
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FIGURE 23 ' _
.Eurydéhdroid“(pT) of tﬁe 1atgra1 caudal lobe_éhowing.
the'irregu1ar naturé'ﬁf the éématic surface an& the typica1'
“arrangement of the'denﬁritjé tree: 0ccasiona11y,_the
. dendritic processes of both‘medial and 1atera1'eury&éndr6{d

N -’
‘I',

cells display an en1argeméﬁt thatrcan be_deScribed as an

excrescence of the. dendritic branch (INSERT). Spines are

only-occasionaTiy'seen upon the dendrites of these neurons.
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FIGURE 26 | |
Eurydendroid (p1) cell of the medial GCL showing

a smoother cell body. Note how the dendrites ramify

: witﬁin'the PFL, MOL and &CL and how, in sagittal sections

(INSERT), the eurydendroid_(pT) dendritic tree branches .

a{mo%t the full rostrocaudal'layer of.fhe caudal

. lebe.
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'FIGURE 25

7 A euryqenQrbid'(pl) cell in the medial poftion of ,

the plexiform-layer. Surrounded: by numerous symmetrically 'Q

v n

coﬁtacting'pleomorphic terminals, the neuron -displays the '

i sbarse]y-arfanged oﬁéane]1g constituents that are

characteristic of eurydendroid cells. A few terminals are

Seéen upon the.somatic spine that originates from the cell

body. " B _ B

.
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FIGURE 26 .
Purkinje terminals on eurydendroid (p}) cells including ‘
two égrmiﬁa]s upon a somat{c spine,of‘a,more Tateral neuron.
Note hoﬁ the spine contains some cisternal material and a dense
'core vesicle. " Often mdre than one contaét site is made between
- the Purkinje termiﬁa] and the cell body of the.eurydendroid (pl)

cef1.




FIGURE 27, . |
Eurydendroid dendrites of the plexiform and molecular
Tayers receiving a)-parallel fiber contact and, b)'CTimbing

fiber contact. Note the pfesencé of'neurqfﬁ1aments within

‘the smooth eurydendroid dendrites and the large number of dense

core vesicles contained within the CF terminal. .o

-

-~



FIGURE 28

Tract of_the|str;tum fiﬁrosum fibers entering the ELLL
(lateral segment) senqing collaterals dorsa1iy to terminate
gs ﬁaraﬁ1e1'f1bers‘iﬁ the oveflying molecular layer of the

caudal Tobe.

N




r

FIGURE 29

hematic representation comparing the'afferént
ci}cuitries of the mamma1fan and gymnotid fiber systems.
The dotted 1ine inh d) indicates the one aberrant pathway
of tﬁe gymnotid circuitry involving a direct granule cell -

eurydendroid cell contact.
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FIGURE 30
Summary diagram showing the synaptic relations of

the afférent fiber systems and neuronal elements of the

. cerebellar cezudal lobe of weakly electric fish ard in
- particular the synaptological relations involving the

. éurydendroid (p1) cell.

Colour code: L < ; p
~red o ...-_eurydendroid neurons
blue ‘ - = Purkinje neu;;ﬁ§ )
~drange _ —.granule neurons
. black - Golgi neurons

§e1low stellate neurons

purple mossy fibers A

"black (axons) - tract ef the stratum fibrosum '

green climbing fiBers
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