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Correlative microscopy of Purkinje cells
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ABSTRACT: The Purkinje cell and their synaptic contacts have been described using (1) light microsocopy;,
(2) transmission and scanning electron microscopy, and freeze etching technique, (3) conventional and field
emission scanning electron microscopy and cryofracture methods, (4) confocal laser scanning microscopy
using intravital stain FM64, and (5) immunocytochemical techniques for Synapsin-1, PSD9-5, GIuR1 subunit
of AMPA receptors, N-cadherin, and CamKII alpha. The outer surface and inner content of plasma mem-
brane, cell organelles, cytoskeleton, nucleus, dendritic and axonal processes have been exposed and analyzed
in a three-dimensional view. The intramembrane morphology, in bi- and three-dimensional views, and immu-
nocytochemical labeling of synaptic contacts with parallel and climbing fibers, basket and stellate cell axons
have been characterized. Freeze etching technique, field emission scanning microscopy and cryofracture
methods, and GIuR1 immunohistochemistry showed the morphology and localization of postsynaptic recep-
tors. Purkinje cell shows N-cadherin and CamKII alpha immunoreactivity. The correlative microscopy ap-
proach provides a deeper understanding of structure and function of the Purkinje cell, a new three-dimen-
sional outer and inner vision, a more detailed study of afferent and intrinsic synaptic junctions, and of

intracortical circuits.

Light microscopy and Golgi light microscopy

The Purkinje cells were first described at light mi-
croscopy (LM) level by Purkinje (1837), and subse-
quently by Denissenko (1877), Golgi (1882, 1886),
Ramon y Cajal (1955a, b; 1890), Kolliker (1890),
Retzius (1892), Dogiel (1896), Smirnov (1897), Held
(1897), Crevatin (1898), Bielschowski and Wolff (1904),
Lache (1906), Estable (1923), Jakob (1928), Fox and
Barnard (1957), Fox (1962) and Fox et al. (1964).
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Transmission electron microscopy

With the advent of transmission electron micros-
copy (TEM) Purkinje cells were meticulously exam-
ined in several vertebrates, mainly by Palay and Palade
(1955), Gray (1961), Herndon (1963), Hamori and
Szentagothai (1964, 1968), Eccles et al. (1967),
Castejon (1968), Sotelo (1969), Mugnaini (1972) and
Palay and Chan-Palay (1974). Gray (1961) first de-
scribed by LM and TEM the Purkinje spine synapses.
Herndon (1963) described by TEM the fine structure
of Purkinje cells. Fox (1962), Fox et al. (1964, 1967),
and Eccles et al. (1967) carried out Golgi LM and TEM
studies of vertebrate Purkinje cells. The most detailed
description of Purkinje cells by LM, TEM and Golgi



rapid impregnation by high voltage EM was given by
Palay and Chan-Palay (1974). The recurrent collaterals
of Purkinje cell axons were described by Chan-Palay
(1971) and Chan-Palay and Palay (1971) by Golgi LM
and TEM. Meek and Nieuwenhuys (1991) described,
by means of a correlated LM and TEM study, the pali-
sade pattern of Purkinje cell dendrites in Purkinje cells
of a mormyrid fish. The smooth ER of Purkinje cell
was analyzed in serial sections for TEM and semithin
and thick sections for intermediate high voltage EM;
it was seen forming a highly interconnected network
of tubules and cisterns extended throughout the den-
dritic shaft and into the spines. Garcia-Segura and
Perrelet (1984) reported a postsynaptic membrane
domain in the cerebellar molecular layer using the
freeze-etching tecnique. Matsumura and Kohno (1991)
observed, in serial sections for TEM and toluidine blue
semithin sections for LM, the presence of microtubules
fasciculated by cross-bridges in the perikaryon, axon
hillock and initial axon segment of Purkinje cells.
Alvarez-Otero et al. (1993) described the synaptic
contacts in Purkinje cells of elasmobranch cerebellum.
Castejon and Castejon (1997), using the freeze-frac-
ture method for SEM applied to teleost fishes, showed
at the longitudinal and cross sections of Purkinje sec-
ondary dendritic ramifications, the endoplasmic reticu-
lum (ER) profiles and cytoskeletal elements forming
a microtrabecular arrangement, in which mitochondria
appear suspended. Kanaseki et al. (1998), using quick-
freezing technique followed by freeze-substitution for
ultrathin sectioning or freeze-fracturing and deep-etch-
ing replicas, showed that all smooth ER are rough-sur-
faces heavily studded with a large number of small
dense projections.The localization of these projections
coincides with the distribution of the inositol 1,4,5-
triphosphate (IP3) receptor determined by quantitative
immunogold electron microscopy.

Scanning electron microscopy

Castejon and Valero (1980) first described the hu-
man Purkinje cells at SEM level using the ethanol
criofracturing technique designed by Humphreys et al.
(1975). Castejon and Caraballo (1980a,b) described the
SEM features of Purkinje cells in teleost fishes. Castejon
and Castejon (1981) reported the TEM and SEM, and
ultracytochemistry of Purkinje cells in vertebrate and
human cerebellar cortex. Scheibel et al. (1981), by
means of the creative tearing technique for SEM, ex-
posed the outer surface of Purkinje cells, the surround-
ing basket cell axon collaterals and segments of climb-
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ing fibers. Castejon (1983, 1988) described the scan-
ning electron microscopic features of climbing fiber-
Purkinje synapses, and parallel fiber-Purkinje spine
synapses. Arnett and Low (1985) using ultrasonic
microdissection showed at SEM level the Purkinje cells,
the basket cell synapses and the Purkinje dendritic
spines. Castejon (1990) carried out a freeze-fracture
scanning electron microscopy and comparative freeze-
etching study of parallel fiber-Purkinje spine synapses
of vertebrate cerebellar cortex. Castejon and Apkarian
(1992, 1993) reported a conventional and high resolu-
tion field emission scanning electron microscopy of
outer and inner surface features of Purkinje cells, and
their synaptic relationship with parallel fibers.
Takahashi-Iwanaga (1992) showed the reticular endings
of Purkinje cell axons in the rat cerebellar nuclei by
means of sodium hydroxide maceration. Castejon et al.
(1994) described the high resolution (SE-1) scanning
electron microscopy features of Rhesus monkey cerebel-
lar cortex. Hojo (1994) prepared specimens of human
cerebellar cortex by means of tert-butyl alcohol freeze-
drying device and examined the Purkinje cell somatic
surface. Castejon and Castejon (1997) described in de-
tail the three-dimensional morphology and synaptic
connections of Purkinje cell of several vertebrates us-
ing conventional and high resolution scanning micros-
copy combined with the freeze-fracture method for
SEM. Castejon and Sims (1999) described the Purkinje
cells of hamster cerebellum using FM4-64 as an intrac-
ellular staining using confocal laser scanning micros-
copy. Castejon et al. (2001a) and Castejon (2003a) de-
scribed in detail a correlative conventional and high
resolution SEM, and an immunochemical study of ver-
tebrate Purkinje cells.

Confocal microscopy

Castejon and Dailey (2009) using confocal laser
scanning microscopy (CLSM) showed the synaptic re-
lationship of Purkinje cells by means of immunobhis-
tochemistry study of synapsin-I and PSD-95. Confocal
microscopy, using Dil as a fluorescent stain permitted
to observe also a continuous compartment of ER from
the cell body throughout the dendrites (Terasaki et al.,
1994). By means of CLSM, using FM4-64 as an intra-
vital stain, the Purkinje cell body, primary trunk, sec-
ondary and tertiary spiny dendritic ramifications were
clearly visualized, and the climbing fibers, basket cell
and stellate cell axons were observed approaching to
the Purkinje cell soma (Castejon and Sims, 1999, 2000;
Castejon et al., 2001a).
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Immunoelectron microscopy

The distributions of taurine-like and GABA-like
immunoreactivities in the rat cerebellum were compared
by analysis of consecutive semithin and ultrathin
sections, postembedding labeled with the peroxidase-
antiperoxidase technique or with an indirect immuno-
gold procedure, respectively (Ottersen et al., 1988a).
Taurine-like immunoreactivity was selectively enriched
in Purkinje cell bodies, dendrites and spines (Ottersen
etal., 1988b).

Ige et al. (2000) showed by double immunofluo-
rescence technique and TEM, the localization of GABA
(B1) and GABA (B2) receptor subunits in the mem-
branes of Purkinje cell dendritic spines and in parallel
fibers. Mateos et al. (1998) showed by LM and post-
embedding immunogold method for TEM, the subcel-
lular localization of mGlu4a metabotropic glutamate
receptor in parallel fiber-Purkinje spine synapses. Other
histochemical and ultrastructural investigations, have
demonstrated the existence of a heterogeneous popula-
tion of Purkinje cells (Monteiro et al., 1994).

The subcellular distribution of endoplasmic reticu-
lum proteins (IP3R1 and RYR), plasma membrane (PM)
proteins (mGIluR1 and PMCA Ca(2+)-pump), and scaf-
folding proteins, such as Homer 1b/c, was assessed by
laser scanning confocal microscopy of rat cerebellum
parasagittal sections (Sandona et al., 2003). Ca(2+)
stores may contribute to spontaneous GABA release
onto mouse Purkinje cells (Bardo et al., 2002).

Dark and clear Purkinje cells

Tewari and Bourne (1963) published a histochemi-
cal study of dark and light Purkinje cells. Castejon and
Castejon (1972, 1976, 1981) reported the presence of
dark and clear Purkinje cells in mouse cerebellar cortex
using osmium-DMEDA as the primary fixative, fol-
lowed by gluraraldehyde-Alcian blue mixture. Both cell
types exhibited the presence of acid glycosaminogly-
cans or proteoglycans at electron microscopy level
(Figs.1 and 2).

Bosel ova et al. (1978) described the Golgi appa-
ratus of clear and dark Purkinje cells. Avruschenko and
Marshak (1983) distinguished clear and dark Purkinje
cells during the post-resuscitation period. The authors
suggested that light and dark PC differ in their roles in
the maintenance of the population homeostasis rather
than in the metabolic rate. Khan (1993) by means of
histochemical and ultrastructural investigations also
demonstrated the existence of a heterogeneous popula-

tion of Purkinje cells. Monteiro et al. (1994) related the
presence of these two populations of Purkinje cells with
the morphological changes that take place with ageing
and nerve cell death. More recently, conventional elec-
tron microscopy of human cerebellar cortex has also
revealed two types of Purkinje neurons with different
staining intensities. The light-stained type constitutes
the major type, and both types have similar diameters
(El Dwairi, 2007). The existence of these two popula-
tions of Purkinje cells deserve further investigations,
mainly the relationship of dark Purkinje cells with is-
chemic-anoxic processes and nerve cell death. The pos-
sibility of artifact fixation should also be explored. A
further study with confocal scanning microscopy using
specific labeling should also be performed.

FIGURE 1. Mouse cerebellar cortex. Dark Purkinje cell (PC)
fixed with a glutaraldehyde-Alcian Blue mixture and display-
ing a notably stained nucleolus and perinucleolar chroma-
tin, and a less stained nuclear (N) clear peripheral
chromatin.The cytoplasmic matrix exhibits dark alcianophilic
patches suggesting the presence of proteoglycan macro-
molecules surrounding the free ribosomes.
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FIGURE 2. Mouse cerebellar cortex. Gluraldehyde-os-
mium fixation. Clear Purkinje cell showing the rough
(RER) and smooth (SER) endoplasmic reticulum, a large
Golgi complex (GC), mitochondria, and a clear nuclear
(N) chromatin.

Purkinje cell rough surface endoplasmic reticulum

Purkinje cells exhibit as a well developed rough
ER, similar to that observed in liver, salivary and plasma
cells, which is related with its great protein biosynthetic
machinery. The rough ER comprises a regular array of
flat cisterns surrounded by literally clouds of either at-
tached and free polyribosomes, interconnected with
branching tubules and sacs extended throughout the
cytoplasm. (Palay and Palade, 1955; Herndon, 1963;
Fox et al., 1964; Castejon, 1968; Palay and Chan-Palay,
1974; Kiiashchenko and Severina, 1993; Rusakov etal.,
1993). (Fig. 2).

Immunofluorescence and immunogold labeling,
together with sucrose gradient separation and Western
blot analysis of microsomal subfractions, were employed
in parallel to probe the ER in the cell body and den-
drites of rat cerebellar Purkinje neurons. Two markers,
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previously investigated in non-nerve cells, the membrane
protein p91 (calnexin) and the luminal protein BiP, were
found to be highly expressed and widely distributed to
the various endoplasmic reticulum sections of Purkinje
neurons, from the cell body to dendrites and dendritic
spines (Villa et al., 1992). Antibodies to protein kinase
C delta produced a very different labeling pattern in the
Purkinje cells. Most of the gold particles are associated
with the rough ER, particularly with those cisternae that
are located close to the nucleus or in the nuclear inden-
tations (Cardell et al., 2003).

Transcripts for P2Y2 receptors, marked by the gold-
silver grains, were revealed in Purkinje cells (Loesch
and Glass, 2006). Transcripts are essentially localized
in the cytoplasm although they also appeared to be spe-
cifically associated with granular ER. This finding sug-
gests that Purkinje cells may produce functional P2Y2
receptors involved in the ATP-related regulatory role in
the cerebellum (Loesch and Glass, 2006).

Smooth endoplasmic reticulum

The smooth ER also is quite prominent in Purkinje
cell cytoplasm. Specialized arrangements termed an-
nulate lamellae and subsurface system can also distin-
guished (Fig.2). Secondary lysosomes or phagosomes,
and lipofuscin granules are dispersed throughout the
cytoplasm. Mitochondria, microtubules and neuro-
filaments can be appreciated within the soma and the
dendritic arborization, as well as in the axon and its
recurrent collaterals.

Ross et al. (1989) first demonstrated in cerebellar
Purkinje cells the localization of InsP3 receptor in
rough ER, a population of smooth-membrane-bound
organelles, a portion of subplasmalemmal cisternae and
the nuclear membrane, but not in mitochondria or the
cell membrane. InsP3 induces intracellular calcium
mobilization. In Purkinje cell bodies, both the InsP3
and ryanodine receptors are present in smooth and
rough ER, subsurface membrane cisternae, and to a
lesser extent in the nuclear envelope (Walton et al.,
1991). An endoplasmic reticulum Ca2+ ATPase present
in Purkinje cell endoplasmic reticulum (termed
SERCA-2) appears to be involved in Ca2+ uptake into
ER for release by inositol 1,4,5-trisphosphate, and
other agents (Miller et al., 1991).

The size and number of stacks of smooth ER are
variable depending on their intracellular localization;
short stacks with 2-4 parallel cisterns predominate in
the perikaryon, while long stacks with 4-15 cisterns
predominate in proximal dendrites and long stacks with
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3-4 cisterns predominate in distal dendrites (Yamamoto
et al., 1991). Buchanan et al. (1993) postulated that
the major calcium storage organelle in Purkinje cell
dendrites is the ER, of which there are two types that
can be distinguished by their calcium levels.

The three-dimensional organization of the smooth
ER in Purkinje cell dendrites in the chick cerebellum
form a highly interconnected network of tubules and
cisterns extending throughout the dendritic shaft, and
into the spines. Several distinct morphological domains
of ER are noted, including the hypolemmal cisternae,
the endomembranes associated with the dendritic spines,
and the tubular and cisternal endoplasmic reticulum in
the dendritic shaft (Martone et al., 1993). According to
these authors the ER forms a complicated network that
may be part of a single endomembrane system within
Purkinje cells. Stacks of regularly spaced, flat, smooth-
surfaced endoplasmic reticulum cisternae frequently
observed in both the cell body and dendrites of cer-
ebellar Purkinje neurons, and are immunocytochemi-
cally shown to be highly enriched in receptors for the
second messenger, inositol 1,4,5-trisphosphate
(Rusakov et al., 1993).

The in vivo structure of the smooth ER was visu-
alized in rat and mouse cerebellar Purkinje cells by
using quick-freezing techniques followed by freeze-
substitution for ultrathin-sectioning or freeze-fractur-
ing and deep-etching for replicas. High magnification
electron microscopy of the ultrathin sections revealed
the surprising finding that all the smooth ER are ap-
parently rough surfaced, and heavily studded with a
large number of small dense projections. In the soma
the smooth ER appears to be similar to its rough coun-
terpart. The localization of the projections coincides
with the intracellular distribution of the inositol 1,4,5-
trisphosphate (IP3) receptor determined by quantita-
tive immunogold electron microscopy. These findings
would suggest that the projections are tetramers of [P3
receptor molecules and could be used as a morpho-
logical marker for the smooth ER in Purkinje cells
(Kanaseki et al., 1998).

An excess release of excitatory transmitter by brief
anoxia activates metabotropic glutamate receptors,
which transform the smooth ER networks into lamel-
lar bodies, that normally release Ca2+ widely to the
neuronal cytoplasm. Large Ca2+ storage pools of
lamellar bodies are formed by the association of op-
posing molecules that belong to different cisternae and
may protect from excess release of Ca2+ from their
reservoirs (Banno and Kohno,1998).

The Golgi apparatus of Purkinje cell

In the late 18907, 25 years after the publication of
his black reaction Camilo Golgi noticed a fine internal
network in only partially silver-osmium-blackened
Purkinje cells. Following confirmation by his assistant
Emilio Veratti, Golgi published the discovery, called the
“apparato reticolare interno”, in the Bollettino della
Societa Medico-chirurgica di Pavia in 1898, which is
now considered the birthday of the “Golgi apparatus”
(Droscher,1998). The Golgi apparatus is highly special-
ized, and consists of aggregates of smooth-walled cis-
terns surrounded by a large variety of vesicles, such as
simple vesicles and coated or alveolate vesicles (Fig.2).
It is surrounded by a heterogeneous assemblage of or-
ganelles, including mitochondria, lysosomes, and
multivesicular bodies. The Golgi apparatus is observed
in the perinuclear region, but is also found throughout
the cytoplasm and extends into dendrites. Primary ly-
sosomes are also seen emerging from the Golgi sac-
cules.

No cell excels Purkinje neurons in beauty of the
Golgi apparatus, whether demonstrated by classical tech-
niques or by nucleoside diphosphatase or thiamine py-
rophosphatase activitity (Novikoff, 1967). Novikoff
postulated the GERL complex to designate the interre-
lated system formed by Golgi apparatus, endoplasmic
reticulum, and lysosomes. Radioautographic and
ultracytochemistry evidences demonstrate that concen-
tration of complex polysaccharide occur in the Golgi
apparatus (Peterson and Leblond, 1964; Castejon and
Castejon, 1972). The Golgi apparatus acquires newly
synthesized proteins from ER in which undergo a vari-
ety of posttranslational modification, including
glycosylation, sulfation, and proteolitic cleavage and
packaging, as well as for sorting. The proteins and gly-
coproteins are then transferred to simple and coated
vesicles that bud off the trans-Golgi membranes, and
move to the cell surface and processes of the Purkinje
neuron, resulting in the incorporation of vesicle mem-
brane proteins into the plasma membrane (exocytosis).
This form of secretion has been termed constitutive se-
cretion. Sorting of newly synthesized proteins occurs
in the Golgi apparatus. Passage through the Golgi ap-
paratus is obligatory for most proteins destined for fast
axonal transport. Transfer from the Golgi complex to
the fast axonal transport appears to be mediated by
clathrin-coated vesicles (Castejon, 2008).

Gao et al. (2009) have recently reported that four
members of the zinc transporter (ZNT) family, ZNT]I,
ZNT3, ZNT4, and ZNT6, are abundantly expressed in



the Golgi apparatus of Purkinje cell suggesting suggest
a significant role of ZNT7 in zinc homeostasis in the
mouse cerebellum.

According to Mashimo et al. (2008) in cultured
Purkinje cells, stimulation of AMPA receptors, but not
metabotropic glutamate receptors, triggered transloca-
tion of cPLA(2)alpha to the somatic and dendritic Golgi
compartments. Cytosolic phospholipase A(2)alpha
(cPLA(2)alpha) selectively releases arachidonic acid
from membrane phospholipids, and has been proposed
to be involved in the induction of long-term depression
(LTD), a form of synaptic plasticity in the cerebellum.

Members of the Rab subfamily of small GTPases
play an important role in the regulation of intracellular
transport routes. Rab6A has been shown to be a regula-
tor of membrane traffic from the Golgi apparatus to-
wards the ER. Rab6B was found to be specifically ex-
pressed in microglia, pericytes and Purkinje cells
themselves (Opdam et al., 2000).

FIGURE 3. Mouse cerebellar cortex. Purkinje cell den-
drite (PD) showing the intimate relationship between slen-
der mitochondria (M) and annulate lamellae or lamellar
bodies (LB). The arrow labels a climbing fiber- Purkinje
axodendritic synapse.
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Lysosomes

Lysomes, dense bodies and lipofuscin granules are
observed in the cytoplasm of Purkinje cells (Fig. 2).
Lysosomes and pigment granules were earlier described
by Shinonaga in Purkinje cells (1962). Immunoelectron
microscopic localization of cathepsin D in Purkinje cells
was investigated using protein A-gold technique. Gold
particles representing the antigen sites of cathepsin D
were localized in lysosomes of Purkinje cells (Yakota
and Atsumi, 1983). The genesis, structure and transit of
dense bodies in rat neocerebellar cortical Purkinje neu-
rons were earlier studied by Monteiro (1991).

Mitochondria

Clear and dark mitochondria are observed in
Purkinje cells. Some Purkinje cell mitochondria exhibit
topographic relationship with annulate lamellae. Slen-
der mitochondria are observed mainly in Purkinje cell
dendritic processes (Fig. 3).

The ultrastructural demonstration of succinate
semialdehyde dehydrogenase (SSADH) activity in cer-
ebellar Purkinje neurons was demonstrated by Bernocchi
et al. (1986). SSADH activity was localized on the mi-
tochondria especially on the outer membrane; some extra
mitochondrial formazan deposits were also found. The
activities of the enzymes cytochrome oxidase (COX)
and succinic dehydrogenase (SDH) were evidenced by
means of the diaminobenzidine and copper ferrocya-
nide preferential cytochemical techniques, respectively.
At the electron microscope, the activities of these two
key molecules of the respiratory chain were clearly vi-
sualized as dark precipitates at the inner mitochondrial
membrane sites (Bertoni-Freddari et al., 2001). The
monoclonal antibody M-II 68 recognizes Purkinje cell
inner mitochondrial membrane in routinely processed
formalin-fixed and paraffin-embedded tissue by light
microscopy immunohistochemistry (Paulus et al., 1990).

The cytoskeleton of Purkinje cell

Cytoskeletal structures such as microtubules,
neurofilaments, and microfilaments are observed in the
cell body, dendrites and axon (Fig. 4).

The distribution of microtubule-associated protein
1A (MAP1A) in Purkinje cells was studied by Shiomura
and Hirokawa (1987) by means of electronmicroscopic
immunocytochemistry, using a monoclonal antibody
(McAb) against MAP1A; this was combined with the
observation of the three-dimensional cytoskeletal ultra-
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FIGURE 4. Mouse cerebellar cortex. Vascular perfusion
with gluraldehyde-Alcian bue mixture. Purkinje cell sec-
ondary dendrite showing bundles of dense microtubules
(Mt) with lateral projections joining adjacent microtubules.
Mitochondria (M), sublemmal canaliculi (SC), and
multivesicular bodies (MB) also are seen. A sublemmal
coating (SC) is observed due to Alcian blue-OSMEDA
ultracytochemical satining staining (Castejon and
Castejon, 1972).

structure in dendrites via the quick-freeze, deep-etch
technique (QF-DE). The three-dimensional cytoskeletal
ultrastructure of fresh Purkinje cell dendrites was re-
vealed by QF-DE. In Purkinje cell dendrites, microtu-
bule was a predominant cytoskeletal element, whereas
only a few neurofilaments are found. Fine, elaborate
cross-bridges filled up the interstices among and be-
tween microtubules and other cellular components.
Cross-bridges linking microtubules to one another are
mainly composed of a fine filamentous structure, with
frequent branching and anastomosing at several sites,
and appearing somewhat granular.

According to Meller (1987), the cytoskeleton of
Purkinje cells (PC) shows distinct domains and compo-
sition of filamentous structures in the different cyto-
plasmic regions (perikaryon, dendritic cytoplasm and
axoplasm). The perikaryon is occupied by a meshwork
of fine filaments, 4-7 nm in diameter, which extends
from the nuclear outer membrane to the cell membrane.
In this zone, the cell organelles (e.g., endoplasmic reticu-
Ium, mitochondria) adopt a circular arrangement around
the nucleus. All structures are anchored by microfila-
ments to the cytoplasmic network. The dendrites show
a dense cytoplasmic network including bundles of mi-
crotubules, neurofilaments and microfilaments. Numer-
ous aggregated globular components are attached to this
cytoskeleton. The cytoskeleton of the dendritic spines
shows axially oriented 10-nm bundles of filaments,
which are interconnected and also anchored by cross-

linkers to the cell membrane and to components of the
agranular endoplasmic reticulum.

Purkinje cell dendrites

With the Golgi light microscopy technique the
elaborated dendritic ramification of Purkinje cell can
be seen extended throughout the cerebellar molecular
layer (Fig. 5). The Purkinje primary dendritic trunk,
secondary and tertiary dendrites can be easily distin-
guished.

FIGURE 5. Mouse cerebellar cortex. Golgi light micros-
copy. A Purkinje cell (PC) shows the primary dendritic trunk
(PT), the secondary (SD) and tertiary (TD) dendrites.

Transmisssion electron microscopy shows that
structural elements in the Purkinje cell body extend
through the primary dendritic processes, and to second-
ary and tertiary dendrites. The primary dendritic trunk
shows axospino- and shaft axodendritic contacts with
climbing fiber endings (Castejon, 1983; Castejon and
Sims, 2000), and appears surrounded at certain inter-



FIGURE 6. Dark Purkinje cell primary dendritic trunk (PDT)
fixed with glutaraldehyde-Alcian blue mixture showing
slender mitochondria (M), and a short dendritic spine (Ps)
synapsing with a climbing fiber ending. The dark patches
at the dendroplasm correspond to ribosome accumula-
tions. The clear Bergmann glial cell cytoplasm (BG) ap-
pears ensheathing the primary dendritic trunk. Also note
the axodendritic shaft synapse with a large climbing fiber
ending (CF).

vals with Bergmann glial cell cytoplasm (Castejon,
2011). (Fig. 6).

The presence of annulate lamellae or lamellar bod-
ies in Purkinje cell dendrites allows to characterize these
structures at the molecular layer, and to differentiate
them from Golgi, stellate and basket cell dendrites (Figs.
3 and 7).

The freeze-fracture method for scanning electron
microscopy allowed us to disclose the three-dimensional
view of mouse Purkinje cell secondary dendrite inner
structure (Figs. 8 and 9) showing the three-dimensional
appearance of anastomotic cisterns of endoplasmic
reticulum, and mitochondria (Castejon, 1988).
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By means of freeze-etching technique for transmis-
sion electron microscopy the intramembrane morphol-
ogy of Purkinje cell dendritic membrane and the spine
dendritic membrane is disclosed in figure 10, showing
at the P face the homogeneous distribution of
intramembrane particles (IMPs). (Castejon et al.,
2001b).

The fracture face and the E face of Purkinje cell
tertiary dendritic membrane are characterized by their
smooth fractured cytoplasmic surface and the pits left
by transmembrane proteins detached during the freeze-
etching procedure. (Castejon, 2010). (Figs. 11 and 12).

Novel laser-scanning modes for two-photon micros-
copy enable in vivo imaging of spatiotemporal activity
patterns in Purkinje cell dendrites (G6bel and Helmchen,
2007) revealing fast dendritic calcium dynamics, and
facilitating optical probing of dendritic function in vivo.

FIGURE 7. Mouse cerebellar cortex. Purkinje cell sec-
ondary dendrite (PSD) showing annullate lamellae (AL),
mitochondria (M), and microtubules (Mt). Note the inti-
mate apposition of Bergmannn glial cell (BG) cytoplasm
to Purkinje dendritic limiting membrane. The neighboring
parallel fibers (PF) also are seen.
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FIGURE 8. Scanning electron microscopy and cryofracture method. Longitudinal section of a Purkinje cell
secondary dendrite (PD) displaying the interconnected system formed by endoplasmic reticulum cisternae
(ER). The microtubules also are noted (arrow). The neighboring parallel fiber synaptic endings (S), and the
non-synaptic segment of parallel fibers and slender mitochondria (M) also are distinguished. (Castejon,

1990a).

FIGURE 9. Scanning elctron microscopy and cryofracture method. Cross section of a fractured Purkinje cell
secondary dendrite showing the canaliculi of endoplasmic reticulum (arrows), and the outer surface of
slender mitochondria (M). Note the cross sections of surrounding synaptic endings (S). (Castejon, 1990a).

FIGURE 10. Secondary den-
drite of a mouse Purkinje cell
and their spines (PS) showing
the homogeneous distribution
of intramembrane particles at
the plasma membrane P face
(PfPd). Note the climbing fiber
ending (CF) making synaptic
contact with the spine neck.
The cross sections of parallel
fibers (PF) also are seen at
the upper left angle of the fig-
ure. (Castejon, 1990b).
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FIGURE 11. Mouse cerebellar molecular layer. Fracture
face of a Purkinje secondary dendrite (PSD) surrounded
by the cross fracture sections of parallel fibers (PF). A
capillary (C) also is seen. (Castejoén, 2010).

Purkinje cell axon

The axon of Purkinje cell emerges from the basal
pole of the cell body. Calbindin and Cy5 labeling of rat
cerebellar cortex (Castejon and Dailey, 2009) shows the
course of Purkinje cell axons, and their collateral de-
scending through the granular layer (Fig. 13).

The outer surface of Purkinje cell soma and the
axonal initial segment can be appreciated with conven-
tional scanning electron microscopy. (Castejon and
Caraballo, 1980a,b). (Figs. 14 and 15).

Confocal laser scanning microscopy using Metha-
more image analysis software allowed us to character-
ize the Purkinje cell axonal initial segment in z-series
of hamster cerebellar cortex (Castejon and Sims, 1999).
(Fig. 16).

At transmission electron microscopy the Purkinje
cell axon hillock region or initial axonal segment ap-
pears unmyielinated and its axolemma displays a char-
acteristically granular electron-dense undercoating
(Chan-Palay, 1971). Basket cell axons cover most of its
surface area with axo-axonic synapses (Mugnaini, 1972;
Palay and Chan-Palay, 1974).
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FIGURE 12. E face of tertiary dendrite of a mouse Purkinje
cell (PTD) showing the pits left by detached intramembrane
particles during the freeze-etching procedure. Note the
cross sections of the spine necks (S), the neighboring
Bergmann glial cell cytoplasm (BG), and the cross sec-
tions of parallel fibers (PF). (Castejon, 2010).

FIGURE 13. Rat cerebellar slice labeled with calbindin
and Cy5 showing the red staining of Purkinje cell bodies
and their axon directed toward the granular layer. Note
the distribution of axonal recurrent collaterals in the granu-
lar layer. (Castejon, 2010).
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Purkinje cell myelinated axons can be observed in
their course trough the granular layer and cerebellar
white matter (Fig. 17).

As shown above (Fig. 13), the Purkinje cell axons
give rise to several recurrent collaterals while passing
through the granular layer (Castejon and Castejon, 1991;
Castejon et al., 2000a). These collaterals ascend to the
Purkinje cell layer and can be seen at the molecular layer
as myelinated axons surrounded by parallel fibers and
Bergmann glial cell cytoplasm. (Castejon, 2010).
Purkinje cell axon terminal endings exhibit a flat type
of synaptic vesicles, which support their inhibitory na-

FIGURE 14. Sagittally cryofractured cerebellar cortex of a
teleost fish showing the outer surface of Purkinje cell (PC)
soma. The cryofracture method has removed the ensheath-
ing Bergmann glial cell cytoplasm exposing the outer sur-
face of the pear-shape neuronal soma. Note the emergency
of primary dendritic trunk (pt). Climbing fibers (CF) are seen
approaching the primary dendritic trunck. The asterisks la-
bel the dark spaces previously occupied by Bergmann glial
cell cytoplasm. A basket cell (BC) is observed sending its
axon (arrowhead) toward the Purkinje cell soma. The arrows
indicate a partial view of Purkinje cell infraganglionic plexus.
Gold-palladium coating (Castejon and Caraballo (1980a).

FIGURE 15. Sagittally cryofractured cerebellar cortex of a
teleost fish showing the elongated Purkinje cell body (PC),
its axon hillock region and the axonal initial segment (arrows).
A partial view of Purkinje cell infraganglionic plexus (arrow-
heads) is also seen. A small neuron, presumably a Lugaro
cell (LC) is observed at the lower left corner of the figure. A
climbing fiber (CF) is also distinguished. Gold-palladium coat-
ing. (Castejon and Caraballo (1980a).

FIGURE 16. A-l. Confocal laser scanning microscopy of a Z
series of a Purkinje cell (PC) showing at E and F the initial
axon segment. Granule (GR), Golgi (GO) and Lugaro (LC)
cells also are noted. The arrows point out the climbing fibers
ascending toward the Purkinje cell, and molecular layer (ML)
layer. (Castejon and Sims, 1999).
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ture according with Uchizono hypothesis (Uchizono,
1965,1967). (Fig. 18).

The Purkinje cell recurrent axonal collaterals also
contribute to the formation of supra- and infraganglionic
plexuses above and below of Purkinje cell layer.
Collaterals of Purkinje cell axons form synapses with

FIGURE 17. Purkinje cell myelinated axon (PAXx) in the
granular layer showing the myelin sheath (MS), circular
profiles of smooth endoplasmic reticulum (SER), and mi-
tochondria (M). (Castejon, 2010).
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FIGURE 18. Mouse cerebellar molecular later. A myeli-
nated Purkinje recurrent axonal collateral (PRC) is seen
surrounded by parallel fibers (PF) and glial cell processes.
A Purkinje cell recurrent axonal synaptic ending (PSE)
containing flattened vesicles is observed in the vicinity of
Purkinje cell soma (PC), and a Bergmannn glial cell cyto-
plasm (BG). Synaptic densities are not visualized
(Castejon, 2010).

basket, Golgi cells, and Lugaro cells (Eccles et al.,
1967), and with other Purkinje cells (Hamori and
Szentagothai, 1968; Lemkey-Johnston and Larramendi,
1968a, b; Larramendi and Lemkey-Johnston,1979). The
terminal arborization of Purkinje cell axons pass into
the vestibular or cerebellar nuclei. The reader is referred
to the excellent monograph of Ito (1984) for a detailed
description of Purkinje cell axons and their relationship
with cerebellar nuclei.

Electron microscopy investigation of mouse
Purkinje cell axons revealed the existence of a septal
reticulum in axonal collaterals of Purkinje cells corre-
sponding to bundles of tubular structures (Castejon,
2010). (Fig. 19).

It was shown that this reticular arrangement of tu-
bular structures may act as a calcium deposit serving
the local regulation of cytoskeletal rearrangements
(Kiiashchenko and Severina,1993).
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FIGURE 19. Mouse cerebellar cortex. Purkinje cell ax-
onal initial segment exhibiting the characteristic arrange-
ment of cross sections of bundles of tubular profiles
(Castejon, 2010).

The pinceau

This is a cerebellar structure formed by descend-
ing GABA-ergic basket cell axonal terminals converg-
ing on the initial axonal segment of Purkinje cell. As
shown in Fig. 15, the outer surface of the pinceau can
be imaged with conventional scanning electron micros-
copy (Castejon,1988; Castejon, 2003a).

The electrical activity of pinceau contributes to
the control of the cerebellar cortical output through
the Purkinje cell axon by generating an inhibitory field
effect. According to Bobik et al. (2004), the abundance
of potassium channels and AQP4 localized to cerebel-
lar pinceaux suggests rapid ionic dynamics in the
pinceau, and the unusual, highly specialized morphol-
ogy of this region implies that the structural features
may combine with the molecular composition to regu-
late the microenvironment of the initial segment of
Purkinje cell axon. Voltage-activated sodium channels
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were not detected in the pinceau, but were localized to
the Purkinje cell axon initial segment (Laube et
al.,1996).

Purkinje pericellular nest

At transmission electron microscope level, the
Purkinje cell soma appears surrounded by the axonal
recurrent and basket terminal synaptic endings, and
the enveloping Bergmann glial cell cytoplasm (Fig. 20).
The descending and transverse axonal collaterals of
basket cells contribute to the formation of the envel-
oping Purkinje cell pericellular basket (Castejon,
1990b).

Transmission electron microscopy shows that the
synaptic contacts formed by basket cell axonal
collaterals on Purkinje cell soma are characterized by
the presence of flat and ellipsoidal synaptic vesicles
(Castejon et al., 2001c), characteristic of inhibitory
synapses.

At SEM level climbing fibers are also observed
forming a pericellular plexus around the Purkinje cell
body. They cross the granular layer and reach the
Purkinje cell perikaryon contributing to the formation
of infraganglionic plexus and pericellular nest
(Castejon, 1983). (Figs. 21-24).
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FIGURE 20. Mouse cerebellar cortex. Basket and Purkinje
cell axonal recurrent synaptic endings (PSE) making
axosomatic contacts with Purkinje cell body (PC). The
Bergmann glial cell soma (BG) is observed intimately applied
to Purkinje cell (Castejon, 1990b).
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FIGURE 21. Scanning electron micrograph of human cerebellum. Ethanol-cryofracturing technique. A basket cell
(BC) located in the Purkinje cell layer is observed giving off its transverse axonal ramifications (arrows) toward a
neighboring Purkinje cell (PC). (Castejon and Castejon, 2001c).

FIGURE 22. Scanning electron micrograph of human cerebellum. Ethanol-cryofracturing technique. Higher mag-
nification of the pericellular nest formed by basket cell axonal collaterals (arrows) around Purkinje cell body (PC).
The ethanol-cryofracturing technique removed the satellite Bergmann glial cell cytoplasm covering the Purkinje
cell soma allowing the visualization of Purkinje cell basket. (Castejon and Castején, 2001c).

FIGURE 23. Scanning electron micrograph of human cerebellum. Ethanol-cryofracturing technique. Higher mag-
nification showing round and oval interconnected basket cell axonal synaptic endings (BE) applied to the outer
surface of Purkinje cell soma (PC). (Castejon, and Castejon, 2001c).

FIGURE 24. Scanning electron micrograph of teleost fish cerebellar cortex. The descending axonal collaterals of
a basket cell (short arrows) are observed approaching to the initial axonal segment (long arrow) of Purkinje cell
(PC) to form the pinceaux. The arrowheads indicate the climbing fibers ascending toward the molecular layer.
(Castejon and Castejon, 2001c).
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Parallel fiber-Purkinje dendritic spine synapses

The Purkinje dendritic spines (Pds) were first de-
scribed by Ramoén y Cajal (1955a, b) using Golgi light
microscopy technique. Palay and Chan-Palay (1974) ex-
amined in detail the Pds using transmission electron mi-
croscopy ultrathin sections, and high voltage electron
microscopy. Harris and Stevens (1988), using serial elec-
tron microscopy and three-dimensional reconstruction,
studied the dendritic spines of rat cerebellar Purkinje cells.
Napper and Harvey (1988) carried out a quantitative study
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ofthe Pds in the rat cerebellum using stereological meth-
ods. Castejon (1990) reported a freeze-fracture scanning
electron microscopy and comparative freeze-etching
study of parallel fiber-Purkinje spine synapses. Castejon
and Apkarian (1993) first reported the field emission
scanning electron microscopy features of parallel fiber-
Purkinje spine synapses.

Research over the past three-decades has described
an impressive mutability in dendritic spine number and
morphology under a variety of physiological and patho-
logical circumstances (Shepherd, 1988; Wenisch, et al.,

FIGURE 25. Low magnification FESEM of cryofractured mouse cerebellar cortex at the level of outer third molecular
layer showing the tertiary ramifications of Purkinje dendrites (Pd) and the outer surface of dendritic spine heads
(arrows). Chromium coating. (Castejon et al., 2004a).

FIGURE 26. Higher magnification FESEM of the cryofractured outer third cerebellar molecular layer illustrating the
parent Purkinje (Pd) and the mushroom shaped dendritic spine bodies (arrows) and necks (arrowheads). Chromium
coating. (Castejon et al., 2004a).

FIGURE 27. Higher magnification FESEM of outer third cerebellar molecular layer showing the mushroom shaped
(short arrow) and lanceolate (long arrow) dendritic spines. The spine necks are indicated by arrowheads. Chromium
coating. (Castejon et al., 2004a).

FIGURE 28. Higher magnification of FESEM outer third cerebellar molecular layer showing the outer surface of a
parent tertiary Purkinje dendritic branch (Pd) and the mushroom type dendritic spines (arrows) separated for 100 to
500 nm spaces. Chromium coating. (Castejon et al., 2004a).
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1998; Halpain, 2000; Segal et al., 2000; Marrs et al.,
2001; Dailey, 2002; Castejon, 2003a).

Field emission scanning electron microscopy
(FESEM) of the cryofractured outer third mouse cer-
ebellar molecular layer shows the smooth outer surface
of unattached mushroom shaped Purkinje dendritic
spines (Pds) (Fig. 25). The spine neck ranges about 0.68
to 1 um in mushroom type-dendritic spines. The spine
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head has a maximum axial diameter ranging from 1.13
to 1.5 um. The spine head transversal diameter was about
1 um (Fig. 26). The elongated spines exhibit an axial
diameter up to 2.82 um and a transversal diameter of
1.30 um. The spine density is of 18 dendritic spines per
8 um?. Some Pds exhibited elongated and lanceolate
shapes, with a neck of 1 um in length, and a body of up
to 2.82 um in length in axial diameter and a transversal

FIGURE 29. High magnification and high resolution FESEM showing the parallel fiber (PF) Purkinje dendritic (PS)
spine. The spine postsynaptic membrane exhibits the 25-50 nm globular subunits (arrows). Chromium coating. (Castejon

et al., 2001b).

FIGURE 30. Transmission electron micrograph of mouse cerebellar molecular layer depicting the Purkinje dendrite
(Pd) giving off long neck elongated spine (long arrow), short neck bulbous spines (short arrows) and stubby or neckless
spine (asterisk). Glutaraldehyde-osmium fixed tissue. Uranyl acetate and lead staining (Castejon and Castejon, 1987).
FIGURE 31. Transmission electron micrograph of mouse cerebellar molecular layer showing a parallel fiber (PF)-
Purkinje spine (PS) synapse. Note the lanceolate spine containing actin-like filaments (short arrows) and bearing a long
neck and an elongated head (long arrow). Pd labels the Purkinje dendritic shaft (Castején and Castejon, 1997).
FIGURE 32. Transmission electron micrograph of mouse cerebellar molecular layer showing a parallel fiber (PF)-
Purkinje spine (PS) synapse. The mushroom type dendritic spine (long arrow) shows actin-like filaments (short arrow),
and cluster of free ribosomes (circle) at the site of emergence from the parent dendrite (Pd). The arrowhead points out
the short and thick neck. Bg labels the enveloping Bergmann glial cell cytoplasm. (Castejon and Castején, 1997).
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diameter of 1.30 um (Fig. 27). Close examination of
the shaft of a tertiary Purkinje dendritic branch show
that the spines are separated by a distance ranging from
50 to 500 um (Castejon et al., 2004a) (Fig. 28).

The presence of unattached or axonless spines as
observed with FESEM could be due to the existence of
dendritic spines lacking presynaptic endings (Hirano,
1983; Halpain, 2000), or to an effect produced by the
cryofracture method used in the preparative procedure
for FESEM. Unattached spines have also been observed
after administration of substance P (Baloyannis et al.,
1992). Our FESEM images of Purkinje dendritic spines
are in agreement with those reported by Harris and
Stevens (1988) in rat cerebellar Purkinje cells using se-
rial electron microscopy and three-dimensional recon-
struction. Figures 26 and 27 illustrate that neighboring
Pds could form a cluster of interacting spines (Shep-
herd, 1988) especially considering that some spines are
separated only by a distance of 50 nm.

Dadonne and Meininger (1975) first reported the
scanning transmission electron microscopy features of
dendritic spines in the inferior colliculum of cat. Landis
and Reese (1983), and Landis et al. (1987) showed, in
tissue processed by rapid freezing, freeze-fracture and
shallow etching, three sets of filamentous structures and
globular adherent proteins in cerebellar dendritic spines.
Hirano (1983) described unattached spines to any pr-
esynaptic ending when granule cells are destroyed be-
fore they form the parallel fibers. Wilson et al. (1983)
reported the three-dimensional structure of dendritic
spines in the rat neostriatum using light microscopy and
high voltage stereo electron microscopy. Shepherd
(1988) postulated that dendritic spines could be related
with specific nerve information processing. According
to this author, the dendritic spines are structures suit-
able for rapid local signal processing. This property is
related with active sodium and calcium channels.

High magnification field emission scanning elec-
tron microscopy shows the synaptic membrane com-
plex of parallel fiber-Purkinje spine synapses, and the
25 to 50 nm globular subunits at the postsynaptic
Purkinje dendritic spine, corresponding to the postsyn-
aptic proteins and/ or postsynaptic receptors (Castejon
and Apkarian, 1993). (Fig. 29).

Landis and Reese (1974) and Landis et al. (1987)
earlier described globular adherent proteins at the
postsynaptic density. These FESEM images of postsyn-
aptic globular subunits support Landis et al. (1987)
findinhs, and the hypothesis of the rapid local signal
processing postulated by Shepherd (1998).
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Transmission electron microscopy showed bud-
like, mushroom-shaped, lanceolate and neckless or
stubby spines. (Castejon et al., 2004a). (Fig.30). Some
spines exhibit a long neck up to 0.4 um in length. Lan-
ceolate spines (Fig. 31), making asymmetric synapses
with parallel fibers, exhibit an actin-like filament net-
work anchored to a postsynaptic density. Clusters of
free ribosomes are observed at the emergence sites of
mushroom shaped spines. Purkinje mushroom type
dendritic spine synapsing with a parallel fiber are ob-
served in Figure 32.

The wide variety of dendritic-spine shapes, and
those observed in the brain sections and neuronal cul-
tures (Van Rossum and Hanisch, 1999) could reflect
their current or most-recent activity at a given time. The
spine conformational changes could also be related to
spine dynamics, as recently observed in confocal scan-
ning laser microscopy (Dailey, 2002) or to spine plas-
ticity (Castejon, 2003b). Such changes could be impli-
cated with associative and motor learning in the
cerebellum (Shepherd, 1988; De Zeeuw et al., 1998;
Kleim et al., 1998; Van Rossum and Hanisch, 1999;
Hansen and Linden, 2000). Spine structural changes are
apparently related to variations in calcium ion concen-
trations (Sabatini et al, 2001), activation of Ca™ depen-
dent protein kinases, and the subsequent changes in the
spine actin-like and tubulin network (Van Rossum and
Hanisch, 1999; Hirai, 2000; Capani et al., 2000). These
changes also are related with long term potentiation
(LTP) and long term depression (LTD) in the cerebel-
lum (Kim and Linsen, 1999; Halpain, 2000; Segal et
al., 2000). Since in our study we are dealing with ma-
ture spines, we should consider that changes in the spine
morphology could also be correlated mainly with spine
plasticity (Haas, 2001; Sala, 2002).

We have reported by means of TEM the presence
of an actin filament network occupying the body and
neck of Pds, and anchored to the postsynaptic density.
Similar filaments were earlier reported by Landis and
Reese (1983). In addition, glutamate receptors,
predominantly exposed in the dendritic spines of
Purkinje cells, are anchored to the actin cytoskeleton.
Morphological changes in the actin cytoskeleton regu-
late delta glutamate receptor clustering and may af-
fect synaptic efficacy and plasticity (Hirai, 2000).
According to Fisher et al. (2000), glutamate receptors
regulate actin-based plasticity in dendrite spines. Haas
(2001), considers that as spines mature they become
less motile, and AMPA receptors activation now po-
tentiates morphologic stability.
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FIGURE 33. Transmission electron micrograph of outer third cerebellar molecular layer showing the cross sections of two
neighboring parallel fiber (PF)-Purkinje spine (PS) synapses. The arrows indicate the spine apparatus. (Castejon et al.,
2004c).

FIGURE 34. Transmission electron micrograph of a freeze-etching replica of mouse cerebellar molecular layer showing a
fractured Purkinje dendrite (Pd). The P face (Pf) of its limiting plasma membrane exhibits the aggregated pattern distribu-
tion of intramembrane particles. Note the emergence of a lanceolate spine (long arrow) and the neck of another spine
(short arrow). A climbing fiber (CF) is observed establishing contact with the spine neck. Carbon-platinum replica . (Castejon
et al., 2004c).

FIGURE 35. Transmission electron micrograph of a freeze-etching replica of mouse cerebellar molecular layer illustrating
a fractured Purkinje dendrite (Pd) with a lanceolate spine (arrow). Note the P face (Pf) of spine limiting membrane exhib-
iting the aggregated pattern distribution of intramembrane particles. Carbon-platinum replica. (Castejon et al., 2004c).
FIGURE 36. Transmission electron micrograph of a freeze-etching replica of mouse cerebellar molecular layer illustrating
a fractured Purkinje dendrite (Pd) and the sites of emergence of three neighboring mushroom shaped spines (arrows).
The E face (Ef) of the spine membrane shows the classical distribution of isolated particles. (Castejon et al., 2004c).
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We have also distinguished elongated or lanceolate
spines attached to the presynaptic endings, but not
filopodia, as classically described during development
(Dailey and Smith, 1996). According to these authors,
individual spines undergo shapes changes within a
timespan of seconds or minutes. Recent reports on the
regulation of spine morphology and number lead to
the proposal of a unifying hypothesis for a common
mechanism involving changes in postsynaptic intrac-
ellular Ca™ concentration [Ca™]. A moderate rise in
[Ca*™] causes elongation of spines and a very large
increase in [Ca™] causes fast shrinkage and eventual
collapse of spines (Segal et al., 2000). In addition, high
concentration of inositol 1,4,5-trisphosphate 3-kinase
has been found in the dendritic spines (Go et al., 1993),
which plays crucial role in calcium homeostasis. More
recently, Velazquez-Zamora et al. (2011) suggest that
the development of motor control may be closely linked
to the distinct developmental patterns of dendritic
spines on Purkinje cells, which has important impli-
cations for future studies of cerebellar dysfunctions.

The spine head showed the spine apparatus formed
by two or three flattened sacs joined by a cementing
and dark electron-dense substance (Fig. 33).The freeze-
etching replica method showed the three-dimensional
structure and intramembrane morphology of the spines.
Figures 34 and 35 illustrate the P face of a fractured
Purkinje dendritic branch and their mushroom shape and
lanceolate spines, characterized by a uniform and
aggregated distribution pattern of intramembrane par-
ticles (IMPs). About 90 IMPs were observed in the spine
head, and about 65 IMPs at the short neck. The E face
of mushroom shaped spines showed about 9 isolated
IMPs at the level of the neck and about 35 IMPs at the
spine head (Castejon et al., 2004c). (Fig. 36).

The spine apparatus was earlier reported in the den-
dritic spines of neocortex, endorhinal cortex, hippoc-
ampal dentate gyrus and neostriatum, and has been as-
sociated with the postsynaptic density (Tarrant and
Routtenberg, 1979). In our study we have found clus-
ters of free ribosomes at the base of dendritic spines,
which suggest local protein synthesis. Presumably, af-
ter their synthesis, proteins are stored in the spine appa-
ratus, to be later transferred to the postsynaptic density.

Fractured dendritic spines establishing synaptic
contacts with climbing fiber endings (Fig. 37) show
aggregated IMPs at the synaptic active zones, the spine
apparatus and profiles of smooth endoplasmic reticu-
lum. Some mushroom type dendritic spines show si-
multaneous synaptic contacts with climbing fiber end-
ings at both the neck and the head (Fig. 38). In fractured
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parallel fiber-Purkinje spine synapses, a tangential
view of the spine postsynaptic membrane show the
IMPs provided with central hole, corresponding to
open postsynaptic ionic channels (Fig. 39). High mag-
nification of a parallel fiber-Purkinje spine synapse
(Fig. 40) show the distribution of large, medium, small,
and elongated IMPs at the level of the postsynaptic
membrane, corresponding with the localization of
postsynaptic proteins and/or postsynaptic receptors.
This image could be correlated with the FESEM im-
age of globular subunits of the postsynaptic membrane
illustrated in Figure 29.

Immunochemistry of GIuR1 subunit of AMPA re-
ceptors

GluR1 is one of the several subunits of the sub-
class of quisqualate (QA) receptors coupled to cationic
ionic channel, also termed AMPA receptors (Morrison
et al., 1996; Crepel et al., 1996; Michaelis, 1996;
Negyessy et al.,1997). GluR1 immunoreactivity was
concentrated along the Purkinje and basket cell bod-
ies and their dendritic arborization (Castejon and
Dailey, 2009). Strong immunofluorescent staining was
observed surrounding the Purkinje cell bodies corre-
sponding to the enveloping Bergmann glial cell cyto-
plasm (Castejon, 2011) contributing to the formation
of the pericellular nest, and to climbing fibers endings
at the level of primary dendritic trunk (Castejon et al.,
2000b).

The Purkinje cell dendritic arborization and their
spines can also be fully appreciated in low magnifica-
tion rat cerebellar slices labeled with antibodies against
GluR1 subunits of AMPA receptors, and imaged at low
magnification with the confocal laser scanning micro-
scope. (Castejon and Dailey, 2009). (Fig. 42).

The GluR1 distribution pattern corresponds
mainly with the postsynaptic sites of the excitatory
circuits formed by parallel and climbing fiber endings
upon Purkinje cells (Castejon and Dailey, 2009). A
similar relationship of GluR1 subunits of AMPA re-
ceptors with excitatory circuits have also been reported
by Morrisson et al. (1996) in the hippocampus and
neocortex. Negyessy et al. (1997) demonstrated by
light and elctron microscopy the presence of mGluRS5
metabolic glutamate receptors in rat cerebellar cortex.

Parallel and climbing fibers are likely to use
glutamate as neurotransmitter (Ito, 1984; Kano et al.,
1988; Zhang et al., 1990; Otis et al., 1997). These two
excitatory inputs to Purkinje cells, mediate fast exci-
tatory postsynaptic potentials via AMPA type
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FIGURE 37. Transmission electron micrograph of a freeze-etching replica of mouse cerebellar molecular layer showing
a climbing fiber (CF)-Purkinje spine (PS) synapse. The long arrows indicate the synaptic active zone. The spine appara-
tus (short arrow), and the smooth endoplasmic reticulum (ER) are distinguished in the spine head. The E face (Ef) of the
spine neck also is seen (Castejon et al., 2004c).

FIGURE 38. Transmission electron micrograph of a freeze-etching replica of mouse cerebellar molecular layer showing
a fractured mushroom type-Purkinje dendrites spine (PS) establishing synaptic contact with a climbing fiber ending (CF).
Note that the synaptic active zone includes the neck (arrowhead) and the head (long arrow) of the spine. The Bergmann
glial cell membrane (Bg) ensheaths the synaptic contact (Castejon et al., 2004c).

FIGURE 39. Transmission electron micrograph of a freeze-etching replica of mouse cerebellar molecular layer showing
a fractured parallel fiber (PF)-Purkinje spine (PS) synapse. The fractured postsynaptic spine membrane (short arrows)
exhibits intramembrane particles with a central hole (arrow-leads) corresponding to open ionic channels. The envelop-
ing Bergmann glial cell membrane (Bg) also is seen (Castejon, 1990a).

FIGURE 40. High magnification high resolution freeze etching replica of a parallel fiber (PF)-Purkinje spine synapse
(PS) showing the distribution of intramembrane particles at the level of postsynaptic spine membrane. Large, medium,
and small globular particles, and elongated ones (arrows) are observed. (Castejon, 1990a).
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FIGURE 41. Rat cerebeellar slice labeled with specific
antibody against GluR1 subunit of AMPA receptors show-
ing the immunopositive reaction of Purkinje cell soma (PC)
and its primary dendritic trunk (Dt), corresponding to the
surrounding Bergmann glial cell cytoplasm, and climbing
fiber endings. A capillary (C) also show positive
immunolabeling (Castejon and Dailey, 2009).

FIGURE 42. Slice of rat cerebellar cortex labeled with
specific antibody against GluR1 subunit of AMPA recep-
tors showing the Purkinje cell soma at the Purkinje cell
layer (PL), and their dendritic branches at the molecular
(ML) layer. Large hotspots clusters are observed sur-
rounding Purkinje cell body (arrowheads). Small puncta
(double head arrow) are observed in the outer third mo-
lecular layer. The short arrow points out the soma of a
stellate neuron. A capillary (long arrows) also is heavily
fluorescent. This image represents a composite of 13
image planes spanning a depth of 13um. (Castejon and
Dailey, 2009).
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ionotropic glutamate receptors (Kndpfel and Grandes,
2002). The AMPA receptors of Purkinje cells are in-
deed involved in induction and expression of long-term
depression (Crepel et al., 1996), and in cerebellar syn-
aptic plasticity (Kano and Kato, 1987; Kano et al.,
1988). More recently, Piochon et al. (2010) suggest that
the late developmental expression of postsynaptic
NMDA receptors at CF synapses onto Purkinje cells is
associated with a switch toward an NMDA receptor-
dependent LTD induction mechanism.

N-cadherin immunohistochemistry

N-cadherin is a membrane glycoprotein mediating
strong homophilic adhesion and concentrated at the syn-
aptic junctions and neural circuits, where they exert an
active role in synaptic structure, function, plasticity, and
in selective interneuronal connections during network
function (Redies, 1995, 1997, 2000; Redies and Takeichi,
1996; Suzuki etal., 1991; Tang et al., 1998; Obst-Pernberg
and Redies, 1999; Huntley and Benson, 1999; Tanaka et
al., 2000; Togashi et al., 2002; Huntley et al., 2002).

Purkinje cell soma and dendritic ramifications show
strong punctate immunostaining in rat cerebellar slices
double labeled with a primary antibody against N-

FIGURE 43. Rat cerebellar slices double labeled with
a primary antibody against N-cadherin, and Alexa 488
goat anti mouse (GAM)-antibody.The Purkinje cell layer
(PL) shows a row of immunoreactive Purkinje cells (PC),
and their dendritic ramifications. Note the strong
immunostaining of stellate (SC) and basket cells (BC)in
the moleculat alyer, and capillaries (C) at the level of the
cerebellar pia mater (PM). (Castején, 2010).
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cadherin, and Alexa 88 goat anti mouse (GAM)-anti-
body. (Fig. 43). The punctate immunostaining of
Purkinje cell secondary and tetiary dendritic branches
corresponds to parallel fiber-Purkinje dendritic spine
synapses (Castejon, 2010).

The N-cadherin immunoreactivity observed at the
Purkinje pericellular nest corresponds to the axosomatic
synapses of basket cell axonal endings upon Purkinje
cells earlier described at transmission electron micros-
copy level (Hamori and Szentagothai, 1965; Mugnaini,
1972; Palay and Chan-Palay, 1974; Castejon and
Castejon, 2001). The strong punctate immunoreactivity
observed at the whole thickness of molecular layer cor-
responds to the climbing fiber-Purkinje cell spine syn-
apses (Hamori and Szentagothai, 1965; Mugnaini, 1972;
Palay and Chan-Palay, 1974; Castejon and Sims, 2000;
Castejon et al., 2000b), to the parallel fiber synapses
with Purkinje cell dendritic spines (Hamori and
Szentdgothai, 1965; Palay and Chan-Palay, 1974;
Castejon, 1990; Castejon and Apkarian, 1993; Castejon
and Castejon, 1997; Castejon et al., 2001b).

Immunohistochemistry of Ca #*/calmodulin-depen-
dent protein kinase Il alpha

Calcium/calmodulin-dependent protein kinase 11
(CaMKII) is a Ca®'- activated enzyme that is highly
abundant in the brain and plays a major role in Ca?*-
mediated signal transduction (Tokumitsu et al., 1995;
Nakamura et al., 1996)). CaMKII constitutes a family
of multifunctional protein kinase isoforms (alpha, beta,
gamma and delta) starting in prenatal development
(Jensen et al., 1991). CaMKII beta isoform is the ma-
jor subunit present in the cerebellum (Sola et al., 1999;
Chang et al., 2001). CaMKII alpha and beta isoforms
also are expressed in the cerebellum of jaundiced Gunn
rats during development (Conlee et al., 2000). The pre-
cise neuronal and synaptic localization of CaMKII al-
pha isoform in the granular, Purkinje and molecular
layers of developing and mature rat cerebellar cortex
have not been established.

Clear evidence of staining of Purkinje cell nuclei
is not observed. Stacks of up to 28 optodigital sec-
tions at the molecular layer show small punctate stain-
ing spreaded throughout the whole thickness of the
molecular layer, corresponding to parallel fiber-
Purkinje spine synapses. Punctate staining surround-
ing Purkinje cell primary dendritic trunck also is found,
corresponding to the localization of climbing fiber-
Purkinje dendritic spine synapses. Bergmann glial cell
bodies and their radial fibers did not exhibit CaMKII
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FIGURE 44. Rat cerebellar slice double labeled with a
primary antibody against CaMKII alpha, and a second-
ary antibody the Alexa 488 goat anti mouse (GAM)-an-
tibody. Strong immunostaining is observed at Purkinje
cell body (PC), Golgi cell (GO), and a capillary (C).
(Castejon, 2010).

FIGURE 45. Rat cerebellar slice, double labeled with a
primary antibody against CaMKII alpha, and a second-
ary antibody the Alexa 488 goat anti mouse (GAM)-an-
tibody. Positive immunoreactivity is observed at the
Purkinje cell layer (PL), and their dendritic ramification
in the molecular layer (ML), and basket cell (BC).
(Castejon, 2010).
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alpha immunoreactivity. Close examination at the level
of Purkinje cell layer show the CaMKII alpha strong
immunoreactivity of basket cell axonal ending con-
tributing to the formation of Purkinje cell pericellular
nest (Figs. 44 and 45). (Castejon, 2010).

Calcium/calmodulin-dependent protein kinase 11
(CaMKII) is a prominent enzyme in mammalian brain
capable of phosphorilating a variety of substrate pro-
teins (Ouimet et al., 1984). CaMKII is an enzyme that
plays a major role in the regulation of long-term po-
tentiation, a form of synaptic plasticity associated with
learning and memory (Jin et al., 1999; Nakamura et
al., 1996; Lisman et al., 2002).

Previous studies by means of biochemical meth-
ods, electron microscopy and confocal laser scanning
microscopy have localized the CaMKII at the level of
postsynaptic density (Yamauchi and Yoshimura, 1998;
Lisman et al., 2002), being central to the regulation of
glutamatergic synapses. According to Lisman et al.
(2002) recent work indicates that a binding pattern for
CaMKII is the NMDA receptor within the postsynap-
tic density. The AMPA receptor subunit GluR1 is also
phosphorylated by CaMKII enhancing channel func-
tion. The CaMKII has been postulated by Lisman et
al. (2002) as a molecular switch for long-term infor-
mation storage, and serving as a molecular basis of
long-term synaptic memory. Furthermore, activation
of the NMDA receptor in cerebellar granule cells acti-
vated CaMKII (Fujunaga and Soderling, 1990).

CaMKII alpha presence in the main excitatory and
inhibitory circuits of developing cerebellar cortex is
presumably related with its participation in informa-
tion, and motor learning and memory processes. Our
findings support the role of CaMKII as a molecular
switch that is capable of storing long-term synaptic
memory (Lismann et al., 2002).

Synapsin- | and PSD-95 immunohistochemistry

Rat cerebellar slices labeled with synapsin I show
immunoreactivity of basket cell endings surrounding
Purkinje cell body, and of climbing fibers surround-
ing the primary dendritic trunk, as well as parallel fi-
bers with Purkinje secondary and tertiary dendritic
ramifications (Castejon, 2010). (Fig. 46).

Double labelling using calbinding and PSD-95
show a low magnification the calcium content of
Purkinje cell body and processes. The PSD-95 labels
the postsynaptic receptor localization at the Purkinje
cell body and dendritic branching (Fig. 48a.b).
(Castejon et al., 2004b).

FIGURE 46. Rat cerebellar cortex labeled with
synapsin-l depicting the green perineuronal net
formed by the presynaptic endings of basket cell
axons upon Purkinje cell body (PC), and the smalll
puncta surrounding the Purkinje primary dendritic
trunk (Pt), corresponding mainly to climbing fiber pr-
esynaptic endings, and with parallel fiber-Purkinje sec-
ondary and tertiary dendritic branches in the molecu-
lar layer (ML). (Castejon, 2010).

FIGURE 47. Rat cerebellar cerebellar slice double
labelled with synapsin-l and PSD-95 exhibiting as
small green puncta the immunoreactivity of presyn-
aptic endings of climbing fibers and basket cell axons
with the Purkinje cell soma forming part of the peri-
cellular nest. The red patches correspond to the
postsynaptic endings of basket (BC), granule (GR),
Golgi (GO), and Lugaro cells (LC). The green
patches correspond to mossy and climbing fiber
glomerular regions (GR) in the granular layer. Some
immunopositive synapsin-l ectopic glomeruli (MG)
are observed in the molecular layer (Castejon, 2010).
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FIGURE 48. a. Rat cerebellar cortex double labelled with calbindin (green) and PSD-95 (red). b.
The arrows indicate the Purkinje cell (PC) perineuronal net formed mainly by basket cell axons.
The arrowheads at the inset point out the postsynaptic receptors of parallel fibers-Purkinje den-
dritic branches. The arrowhead label Purkinje cell axons. Note the numerous red puncta label-
ing the postsynaptic receptors at the granular layer corresponding mainly to the mossy fibers,
granule cells and Golgi dendrites (Castejon et al., 2004b).

Concluding remarks

Correlative microscopy of Purkinje cell made by
means of light microscopy, transmission electron mi-
croscopy and freeze-etching technique, scanning elec-
tron microscopy and cryofracture method, field emis-
sion scanning electron microscopy, confocal laser
scanning microscopy and the use of Methamore image
analysis, as wells as the use of immunohistochemical
techniques for confocal laser scanning microscopy have
permitted a better and deeper understanding of cerebel-
lar structure and function, mainly regarding the three-
dimensional morphology of outer neuronal surface,
intramembrane morphology, Purkinje cell synaptic con-
tacts, both axospinodendritic and axosomatic contacts.
The use of immunohistochemical techniques for
Synapsin-I and PSD-95, and GIuR1 subtype of AMPA
receptors have allowed us to disclose the localization of
pre- and postsynaptic receptors. Purkinje cell positive
immunoreactivity for N-cadherin and CaMKII alpha
subtype also have being demonstrated.
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