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Intermediate cells of Lugaro in the cat cerebellar cortex
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Despite over a century's comprehensive study of cere-
bellum tll this day “white spots” are revealed in its struc-
tural organization. Foundation of cerebellar structure was
layed by Cajal now confirmed by electron microscopic
investigations. Nevertheless, the classical histology con-
sidered now as exhausted itself and the new morphologi-
cal structure of cerebellum can be introduced by a mod-
ern direction in morphology — immunochemistry opening
broad possibilities in  studying the important aspects of
plasticity of cerebellum and its function in motor control
and operanily memory.

In literature, however, since the 90s some interesting
* information has been appearing regarding the structural
and ultrastructural organization of mammalian cerebel-
lum obtained by using the classical histology technique.
Thus new monodendritic neurons resembling paintbrush
— “brush cells” have been discovered in granular layer of
cerebellar cortex especially in "vestibulo-
cerebellum™ [15].

Initially candelabrum cells are described as new inde-
pendent interneurons arranged as a sandwiches between
the soma of Purkinje cells with their specific axonal ar-
borization in molecular layer [10]. New data have ap-
peared in relation to the parallel fibers [8] as the important
component in cortical structure of cerebellum, and their
influences on the function of Purkinje cells.

It has been clarified that localization of synapses of the
same axon, namely the axon of granular cell on different
parts of dendritic arborization of Purkinje cells, plays dif-
ferent roles in their function.

It is well known that the granular cells compose 90%
~ of the granular layer. Rising vertically to the periphery of
cerebellar cortex through the granular layer, the axons of
the granular cells develop numerous synapses on their
ascending segments with distal dendrites of the second
division of Purkinje cells. The axons of granular cells are
arranged densely at the level of Purkinje cells in the be-
ginning of the molecular layer. Here they form 56% of
such synapses which after dividing in a T-form compose a
net of parallel fibers with the diameter 1,2-1,3 ym. On this
fact for now nobody has payed any attention except Gun-

dappa-Sulur et al. [8]. It has been considered that all axons
of granular cells after entering the molecular layer are
divided as antennas contacting in all thickness of the mo-
lecular layer with dendrites of Purkinje cells; more super-
ficially located granular cells near the layer of Purkinje
cells send their axons to the more peripheral part of mo-
lecular layer, in the direction of pia mater. Here the distri-
bution of parallel fibers is not so thick in density as in the
molecular layer with diameter - 5,2 um [20]. Besides,
the contacts between ascending segments of axon of the
granular cells and dendrites of Purkinje cell reach only 8%
[8]. That means that the axons of granular cells contacting
with different parts of dendritic arborization of Purkinje
cells have a quantitatively and qualitatively different influ-
ence on their function. Some of them contact with Pur-
kinje cells dendrites through their spines with intermedial
parts of II and III dendrites division and with the large
dendritic trunks. Due to such arrangement these parallel
fibers are responsible for the behavior of Purkinje cells
dendrites. The second type of synapses of ascending seg-
ments, mainly located at the beginning of molecular layer,
are responsible for the function of their soma [8].Thus,
two types of synapses formed by the axons of granular
cells differ from each other morphologically as well as
functionally.

The study of localization of NO /nitric oxide/ in
Lugaro cells by the reaction of diaferase [16] has demon-
strated that despite high level of enzyme activity in
granular cells of hemispherical parts of cerebellar cortex,
diaferase negative granular cells have been revealed.

The data obtained in a series of investigations of struc-
tural elements plasticity of cerebellum [22] have shown
the main excitatory input-climbing fibers playmg an im-
portant role in maturation and development of Purkinje
cell dendritic tree arborization and put up the problem of
degeneration with consequent regeneration of nervous
elements in plasticity of cerebellum on a new level. How-
ever. the complicated function of cerebellum is mainly
adjusted only by Purkinje cells.
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Material and Methods

The experiments were performed on adult young cats
and fortmight kittens in accordance with the Principles of
Laboratory Animal Care Guide (NIH Publication 85-23,
revised 1985). and were approved by the Institutional Ani-
mal Care and Use Committee. All efforts were made to
minimize animals' suffering and to reduce the number of
animals used. After deep anaesthesia (55 mg/kg mass of
animals) the brain was removed. The adult cat was per-
fused through the heart 3,5% solution of bichromate po-
tassium on the 10% neutral formalin. The Kittens were
choked under the “ether pro narcosis”. In all experiments
the silver technique impregnation by Golgi-Kopsh was
used. The cerebellum was cut under the 100-120 myu in
three directions: sagittal, frontal, horizontal. Camera
lucida RA- 4 was used for reconstruction of neurons.

Results and their Discussion

It is known that criteria of neurons types are: the form
of cellular soma, its localization, dendritic ramification
and axonal arborization. Accordingly the intermedial
Lugaro cells represented in granular layer are of two
types:

1. spindle-shaped or fusiform cells located horizon-
tally, vertically or at the angle 60-70° to the longitudinal
folial axis, and

2. of remarkably precise geometrical form — triangular
neurons.

Both of them have no specific disposition as “brush”
neurons and are situated in the whole cerebellar cortex.
Our observations have shown their localization which is at
the top of the folium or directly as a part of it.

Initially these spindle-shaped spherical or polygonal
forms of neurons at the end of the last century were de-
scribed by Golgi [7], later more in detail by Lugaro
[11,12] and then by Cajal [2]. Further studies were per-
formed on monkeys [5], rats [1,17,19] and rabbits [16].
The fusiform Lugaro cells located directly under the Pur-
kinje cells are more known in literature, although we have
observed this type of horizontal cells at different levels of
the granular layer. Not all of them are real Lugaro cells.
These neurons as Lugaro ones have a soma with polar
output of dendrites, one from each side, smoothly moving
away from cell body along 200-300 gm and more. Some-
times they have a vertical direction and pass perpendicu-
larly to the axis of the folium or obliquely to it with a di-
agonal direction of polar dendrites. According to the po-
sition of their soma the direction of their processes corre-
sponds; under the vertical position of cellular soma den-
drites oriented up and down, under the horizontal posi-
tion-right and left. Some of them are located at the top of
the folium and have dendrites moving away from both

poles, approximately at an identical distance from cell
body. The dendrites are divided into dendrites of L 11, I11
order, which have a little winding at the end. Except the
main dendrites. these neurons in deep parts of granular
layer gave 1-2 thin and long recurrent brunches rising
from soma or primary dendrites. The latter were usually
smooth and had needle-shaped or short bulb-like rare
spines located frequently at the distal parts of the dendritic
trees. Axons of fusiform cells could not only move away
from the cellular soma. but also from dendrites of . I1. II1
order.

We distinguished several ramifications of axons
among fusiform cells:

1. The axons of fusiform cells following the molecu-
lar layer, giving collaterals reaching the level of dendrites
of Purkinje cells in molecular layer. Sometimes they can
be transferred to another side of the folium but never out
of iL.

2. The fusiform vertically distributed cells sending
their axonal collaterals to the molecular as well as the
granular layer.

3. The fusiform Lugaro cells. lacated horizontally
under the layer of Purkinje cells, directing their axons
along the layer of Purkinje cells, providing collaterals to
the whole row of Purkinje cells [13,14], giving few
branches to the molecular and granular layers. Powerful
influence was confirmed by the contact of one Lugaro cell
with several Purkinje cells in the ganglionar layer in pro-
portion 1:18-25 [8,13,14.21].

Such distribution of axonal ramification in relation to
Purkinje cells layer 1s confirmed by other investigations
[10,16,21]. The observations have shown that independent
of localization of Lugaro cell’s body at different levels of
the granular layer departure of its processes as a rule re-
mains in folium.

4. Located in the thickness of granular layer the ax-
ons of some Lugaro cells gave coliaterals which never
reached up the level of the molecular layer. branching
only in the granular layer without any output,

Naturally they cannot participate in the inhibitory ac-
tion. Evidently there are namely neurons doubtfully by
Fox [5]. Are all the fusiform cells real Lugaro neurons?

The triangular Lugaro neuron described by Lugaro as
a triangular cell with short dendrites [11,12], as a fusiform
one, has branches in vertical and horizontal directions. In
this position (in our material) the triangular cells are di-
rected parallelly or perpendicularly to the axis of folium
(correspondingly the processes). Thick single dendrite
outputs from the top of triangular cell for 40-50 pum fol-
low division on II and III orders. composing rather narrow
plexus of dendritic ramification with a little winging at the
end. These neurons resemble a little neurons of central
cerebellar nuclei with their “tufted”ends. However, as
distinct from them, they have longer polar primary den-
drites, dividing on the II and III order. reaching sometimes
for a long distance from cell body about 425 um, weekly
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ramified along their way. The axon of the triangular neu-
ron rising from one of ths side or at the top of it, passes a
short distance and disappeares in surrounding tissue. It is
known that they are hardly impregnated [15]. However, it
1§ necessary to state that in none of the investigated cases
axons with their collaterals from outer cerebellar cortex
are lither fusiform or tnangular neurons. They can pass
from one side of folium to another but never Jeave it. On
the contrary, dendrites have rather long extent and reach
the white matter itself or neighboring folia.

Owing to the distribution of cell body and departure of
their axon, Lugaro cells have a great space extent: from
the molecular layer through axon's collaterals till its own
or neighboring folia white matter, composing favorable
conditions for numerous contacts with a number of neu-
ronal elements of the cortex. These contacts are formed by
« the cell body, axon, dendrites of LILIII order and can be
both axosomatic and axo-dendritic. They can terminate on
the cell body and dendrites (proximal or distal) or simulta-
neously on the soma and dendrites composing polysynap-
tic contacts. Such kinds of contacts are produced by bas-
ket cells, parallel fibers. mossy fibers with soma and pri-
mary dendrites of Golgi neurons, with clawing dendritic
ending of granular cells, with Purkinje cells and dendri-
oles and soma brush neurons, axon terminals of brush
neurons on the dendrites of Lugaro cells.

In our material we cften can see “clusters” of several
Lugaro cells (2-3), contacting with the neuronal elements
of cerebellar cortex, suggesting the synaptic transmission
berween them. This was confirmed by other investigators
[16].

Besides ¥ types of neurons, some neurons resembling
Lugaro neuron are present in the cerebellar cortex. These
neurons are possibly those described by Fox [S]. These
cells by their appearance are similar to Lugaro cell, but
" differ from it because of dendritic departure from soma.
The classical Lugaro cells have smoothly polar dendrites
at each opposite side of soma and are divided to the LITIII
order ; 1t i1s very difficult to define the peginning of pri-
mary dendrite from cell body. Not really Lugaro cell can
departure its primary dendrite from oval soma with an
acutely marked of it . So, it is possible to suggest that
Lugaro cells form contacts with almost all neuronal ele-
ments of the cortex distributed at different levels of the
granular layer and have a different direction of cell’s body
in the granular layer.

One of the remarkable peculiarities of Lugaro cells is
their flat distribution of dendrite arbor in distinction to the
vertical direction of the rest of interneurons of cerebellar
cortex.

It is more interesting to present the “X” form of neu-
rons in cerebellar cortex with central situated cell body
and divergent dendrites from it, the arborization of which
~ takes horizontal position in the plane of folium.

On the foundation of our account at present 8 types of
neurons with different morphological characteristics, dis-

tinct functional purposes in three-layer cortex of mammal-
1an cerebellum are discovered. All these 8 types of neu-
rons are identified by their localization, form, size of cell
body, dendritic ramification and axonal arborization. They
are distributed as follows: in the molecular laver—star
cells, basket neurons, and recently discovered candela-
brum neurons: in granular the layer — the row of Purkinjé
cells — the Purkinje cell layer, and in the granular layer -
granular cells with specific arrangement of their synapses
on the dendrite of Purkinje cells. Golgi neurons, and less
investigated Lugaro cells and brush neurons. From all the
pointed out neurons particularly interesting are the in-
terneurons of three types: brush cells, caudelabrum neu-
rons of lower parts the of molecular layer and intermediate
cells of Lugaro, about physiological significance of which
important new data have appeared.

The immunohistochemical study and single cell recon-
struction of the Lugaro cell show that Lugaro cell axons
form a parasagittal plexus and by longitudinal axons ex-
tend along to the parallel fibers and contact with Golgi
cells. The Lugaro cell synapses are located at the basis of
the Golgi cells apical dendrites. In the cerebellum a single
Lugaro cell contacts > 100 Golgi cells. The Lugaro cells
are selectively excited by serotonin. in contrast to stellate,
basket and Golgi cells. The serotonin increases the fre-
quency of IPSCs in Golgi cells made Lugaro cells as the
source of serotonin-driven inhibition of Golgi cells. The
Lugaro cells are excited by serotonin at the same concen-
tration that evoked IPSCs in Golgi cells and the frequency
of firing of the Lugaro cells is the same range as the fre-
quency of serotonin evoked IPSCs in Galgi cells [3].

The Golgi cells receive both pure GABAergic inhibi-
tion from the basket and stellate cells and mixed
GABAergic and glycinergic inhibition from the Lugaro
cells [4]. GABA is the predominant inhibitory neurotrans-
mitter in the cerebellum [6], but glycin is also found in
mnhibitory interneurons of the granular cell layer and in
fibers of the molecular layer [18,25]. GABAergic and
glycinergic neurotransmitters co-exist in many structures
of the central nervous system. Co-localization of the two
neurotrasmitters is prominent in the spinal cord [ 23.26]
and others sensory and motor centers [ 18,24].

We suppose that it is impossible to place stellate and
basket cells in a single group, although both of them arc
present in the molecular layer. They are distinguished
from each other not only topographically, morphologi-
cally and functionally, but by the contacts with Purkinje
cells, Lugaro cells and the other neuronal elements of
cerebellar cortex [ 10,16.21].

The electron microscopic study of the synapses has
revealed on the ascending segments of the axons granular
cells differing by caliber, quantity of synaptic vesicles,
their size, intensity of color and numerous from the syn-
apses of parallel fibers — spines of dendrites of Purkinje
cells. The density of their distribution and caliber of the
fibers in the peripheral parts of the molecular layer are
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changed (5.2 pm at the periphery and 1,2-1,3 um at the
foundation of the molecular layer) meanwhile the latter
more than the former [20]. So. on the basis of our material
and literature data two types of Lugaro cells—fusiform and
triangular in cerebellar cortex of the cat are presented.
Their axons never leave the cerebellar cortex and there-
fore can be considered as interneurons; as they contain
GABA and glycinergic fibers of these interncurons they
can be counted as interneurons of inhibitory type.

Taking into account the functional capabilities of
Lugaro cells we think that Purkinje cells receive huge
inhibitory input only from Lugaro cells from three direc-
nons:

1 From the axon collaterals of Lugaro cells
branching in the molecular layer till the level of dendritic
arborization of Purkinje cells; i

2 From the axon collaterals of Lugaro cells giving
branches not only in the molecular layer, but 1-2 short
branches in the granular layer too;

3. From the huge axonal arborization of Lugaro
cells through the row of 18-25 Purkinje cells following
along their way in the ganglionic layer of Purkinje cells;

4. From the ascending segments of axon of the
granular cells, forming synapses with the second order of
the dendrites of Purkinje cells just near the soma of Pur-
kinje cells:

5 From the synapses of parallel fibers — Purkinje

cell spines in the thickness of the molecular layer respon-
sible for the behaviour of the dendrites of Purkinje cells;

6. From the descending axon collaterals of basket
cells at the beginning of the axon of Purkinje cell;
7t From the descending axon collaterals of busket

cells contacting with the dendrites of [, IT, IIT orders of
Lugaro cells;

8. From the descending axon collaterals of busket
cells through the polysynaptic contact;
9. From the stellate neurons of molecular laver

cell body and dendrites of Lugaro cells;

10.  Through the Lugaro cells as the source of se-
rotinin increases frequency IPSPs in Golgi cells ending on
the Purkinje cells.

It is very possible that during the registration of long
term depression [9] this unique and characteristic type of
synaptic plasticity in the cerebellum can play a rather
definite role in the rise of its mechanism. So, the Lugaro
cells which have been often compared with Golgi cells,
ought to be distnguished in a special group of interneurons
which contact with Purkinje cells directly and through the
action of Golgi cells form their functional significance.

Iocmynuaa 08.04.02

Yuyuh mntnhyh Yintah Lmqupngh dhewilyuy poheltiphp
U R. Utthp-Untujwly, [\L £ tbmbtupg[mb]

YQuplwumGGtph mnbnhlh nwpbpo hnbp wuopon-
Gwlnui £ oy pb 4 Jud 5 wbuwlh pehelbip, hlyujtiu
Gpmu Ehl upwGhg 30 mwph wnwy, wy mwppbp dnp-
Popngpwlput  pmpwgpipny L $mGhghnGuwy Gow-
Guwlnipjundp 8 hGpGwmpwy peholikp: Wy GpupnughG
poholiliph gty hwinml opunpmpjui &G wpdwGh
gpuijunpmbhg wpnbl hupmGh Coiguipngh ShowGly-
Jwi  pehelitpp:  dbpehl  dwiwlwwhwmwdnd
unppanqglbiph b phahnngltiph dnwn htanwppppntpymG
L0 wnwwglmy wy GpupnughG poheltipp, yGwjwd

ipwlp GYywpugpyty b6 upubhg 100 nwph wewg: Ulg
wju GywprupehelGtipp htinwppppty 6 EGEny Gpulg
wpmwunynp yunmgywophg L dpndjuig htin mibgwo
Yuytinhg, hGswbu nu welw b g ngtinhloeg:
Utpjw  wypuwmnwiph Gupumwyl b gk noumd-
Guuppby Yuwwndh mnbnhyh  Lmqupmp  pehelbpp
Junmgquopp L GpulGg Juup mntnhyh Yinlp wy
(pupnuyhG  qnpugmpymGGtph  htwn, hGyubky Gl
wuipglyp Gpulg nbp6 m  dwueGwligmpmbp pupn
qnpoplpwglibph wipnnowljwbnip pul dhe:

IpomexyTounnie Kiaerku Jlyrapo B Kope MO3KeUKa KOWKH

AB.Menux-Mycsn, | B.B.®anapuxsn|

B TpexcnoitHoit KOpe MO3KeuKa MISKOMUTAIOLIMX
COMEPAUTCH He 4 AN S THIOB KJIETOK, Kak cyutanocsk 30
f1I€T HA3al @ 8 CaMOCTOATE/ILHBIX THIOB HEMPOHOR C pa3s-

JHYHBIMKH  MOP(OJIOTHYECKHMH  XApakTepHCTHKaMM M.
CNIeOBATENBHO, PAMIHYHOIO HYHKUHOHATLHOTO HazHave-

HUA. Cpenn THX KIETOK 0C000e BHUMANME NPHBIEKAIOT
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WIBECTHBIE B JIHTEPATYpPC HHTEPMEAHaTHbIE (NPOMEXY-
Tounsie) kaetkn Jlyrapo. B nocaensee Bpema 3HauHTe M-
uiift uHTEpec MopoOroB M (PU3MONONOB  BbI3LIBAIOT
HUMEHHO 3TH HelpOHbI, XOTA OHM ObLIM ONHMCAHBI CTO JieT
wazaa. Hac Takxke 3aHHTEPECOBAIM TH HEHPOHB! B CHIY
HX CTPYKTYPHOH HEOOBMMHOCTH W KOHTAKTOB, KOTOphIE
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