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Quantitative Studies on Regional Differences 
in Purkinje Cell .Dendritic Spines 
and Parallel Fiber Synaptic Density 
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Summary. Valurne densities, surface densities, length densities and nu
merical densities of several structures in the neocerebellar lobtde VIa 
and the archicerebellar lobule X of six-month old male Han: WIST -rats 
were estimated by point- and intersection-counting. The volume densities 
of dendritic spines (ca. 6.5%), parallel fiber varicosities (ca. 25°/o) and 
processes of Bergmann glial cells ( ca. 21 %) were similar in the upper 
third ofthe molecular layer oflobule VIa and X respectively. The surface 
density of the spine membrane was 31 mm2 /mm3 in lobule X and 
32 mm2/mm3 in lobule VIa {p=0.4375; paired Pitman permutation test). 
The length density of dendritic spines varied from 793 meters/mm3 in 
lobule VIa to 675 meters/mm3 in lobule X {p=0.0938). The mean caliper 
diameter of parallel fiber-Purkinje cell synapses was estimated by May
hew's (1979) method and calculated by Cruz-Orive's (1983) computer 
pro gram. Both tests yielded nearly identical numerical densities of paral
lel fiber synapses in lobule VIa (6.558 x 108 jmm3) and in lobule X 
(4.892 x 108 /mm3

; p = 0.0313). The area of synaptic apposition relative 
to the postsynaptic dendritic spine surface was higher in lobule VIa 
(13.3o/o) than in lobule X (10.4o/o; p =0.0313). The data provide electron 
microscopic evidence of regional differences in spine morphology, which 
tagether with different spiny branchlet diameter and numerical density 
of parallel fiber synapses may be of importance in Purkin je cell physiolo
gy. 

Key words: Cerebellar cortex - Albino rats - Quantitative anatomy
Purkinje cells - Spines - Parallel fiber synapses - Regional differences 

lntroduction 

The dendritic trees of Purkin je cells display their full ramification in a verti
cal plane at right angles to the longitudinal axis of the cerebellar lobule. 
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Parallel fibers cross the Purkinje cell dendritic field at rightangles. They 
run parallel to the longitudinal axis of the lobule. Mathematically, the three
dimensional structure of the cerebellar cortex can · only be reconstructed 
by translation in two directions. The architecture of the cerebellar cortex 
has been designated as a lattice (Braitenberg and Atwood 1958). It is a 
unique feature of the cereheBar cortex compared with retina, telencephalic 
cortex, teeturn of lower vertebrates, inferior olive and certain invertebrate 
ganglia. Its design remains invaried in phylogeny (Braitenberg and Atwood 
1958). The arrangement of Purkinje cell dendrites and parallel fibers allows 
maximal convergence and divergence in minimal space (Fox and Barnard 
1957; Fox et al. 1964, 1967; Hamori and Szentagothai 1964). The mossy 
fiber-granule cell-parallel fiber system conveys, tagether with the climbing 
fibers, the main afferent inputs to the cerebellar Purkinje cells (Llinas and 
Hiliman 1969). As a general rule, the parallel fiber varicosities make 'en 
passant' synaptic connections with the dendritic spines ofPurkinje cell spiny 
branchlets (Mugnaini 1972). In glutaraldehyde-osmium fixed tissue the pre
synaptic vesicles are round and clear, the excitatory synapses belonging 
to Gray's type 1 (Mugnaini 1972; Palay and Chan-Palay 1974). The total 
nurober of the dendritic spines or thorns per Purkinje cell which accept 
the parallel fibers is species-dependent and, due to methodological difficul
ties, disputed: monkey 60,000 (Fox and Barnard 1957) and 120,000 (Fox 
et al. 1964); cat 80,000 (Palkovits et al. 1971); rat 16,000 to 18,000 (Palay 
and Chan-Palay 1974) and 54,000 (Hillman and Chen 1981). The dendritic 
spines are attached by a thin stalk to the parent dendrite. Physiologically, 
a thin stalk offers a great ohrnie resistance (Merril and Wall 1972), isolates 
dendritic spine synapses from other synapses in the neuron (Diamond et al. 
1970) and may change the relative weights of synaptic input from different 
afferent sources (Rall 1970). The number of parallel fiber - Purkinje cell 

Fig. 1. Longitudinal section through spiny branchlet (sb) in the upper molecular layer of lobule 
X. Note the diameter of the spiny branchlet, the density of long mitochondria and parallel 
microtubules. Only few spines emanate from this terminal dendrite. (gl) Process of Bergmann 
glial cell. Bar 1 ~- lnset a. Spine from lobule X with slightly thickened head bearing a Gray 
type 1 asymmetrical synapse with parallel fiber varicosity. The stalk is thick and hardly delim~ 
ited from the head. Bar 0.5 J.l. Inset b. Silver impregnation after Bubenaite (Romeis 1948). 
Glutaraldehyde-paraformaldehyde perfusion (Palay and Chan-Palay 1974), 60 J..L Vibratome
section. Original color of impregnation deep red. Note diameter, length and density of the 
spiny branchlets and the nurober of spines on their surface and compare with the electron 
micrograph. Bar 2 J..L 

Fig. 2. Longitudinal section through spiny branchlet (sb) in the upper third of the molecular 
layer of lobule VIa. The diameter is larger than in Fig. 1. The brauebiet has numerous dendritic 
spines which are club-shaped and connected by a thin stalk to the parent spiny branchlet. 
(gl) process of Bergmann glial cell. Bar 1 J.L. Inset a. Longitudinal section through spine with 
"swollen" head and thin stalk. Asymmetrical type 2 (Gray) synapse with parallel fiber varico
sity. Bar 0.5 Jl. Inset b. Silver impregnation after Bubenaite (Romeis 1948). Glutaraldehyde
paraformaldehyde perfusion, 60 Jl Vibratom-section. Original color deep red. Spiny branchlets 
are thicker and brauch frequently, the density of spines on their surface is extremely high 
and in the light microscope single spines can hardly be counted. Bar 2 ~ 
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synapses has been estimated to be in the range of 5 x 108 /mm3 in lobules 
V-VI (Robain et al. 1981) and 8 x 108/mm3 in lobules IV-VI (Ruela et al. 
1980). 

The quantitative investigations mentioned above were performed on dif
ferent lobules of the cerebellar cortex, and most authors did not consider 
regional differences (for further Iiterature see Müller and Heinsen 1984). 
During evolution most changes occurred in the mossy fiber - granule cell 
input (Llinäs and Hiliman 1969). Therefore, quantitative studies on regional 
differences in the parallel fiber-Purkinje cell system are warrantable in order 
to provide data for the understanding of the physiology of the cerebellar 
cortex. 

Materials and Methods 

Six male SPF-Hannover-Wistar rats 6 months old (Han:WIST; retired breeders; Zentralinstitut 
flir Versuchstierzucht; Hannover, FRG) were anaesthetized with Nembutal® and fixed by 
transcardiac perfusion in a phosphate-buffered 1% glutaraldehyde- 1% forma]dehyde solution 
according to Palay and Chan-Palay 1974). The vermes were cut medio-sagitally by means 
oftwo parallel razor blades and embedded in Araldite® (Palay and Chan-Palay 1974). Trimmed 
blocks containing tissue fragments of lobule VIa and X (Larsell1952) were cut at five different 
Ievels, each succeeding depth Ievel about 50 J.lffi deeper than the preceding one. Ultrathin 
sections from the five depth-levels were mounted onto Formvar®-coated single-hole slot grids 
S2 x 1 (Polysciences). Ten negatives of the upper molecular layer were photographed at an 
initial magnification of 6,800 x for each nitrathin section with a Philips EM 300 electron 
microscope. Fifty 18 x 24 cm photographic prints per region and animal were analyzed by 
stereological methods. Transparentfolia with a simple square lattice test system (Weibel1979; 
d = 18 mm, PT= 77) were laid over the 18 x 24 cm photographic prints. The final magnification 
(ca. 22,200 x) was regularly controlled with a grating replica, spacing of 2160 lines/mm. The 
volume fraction (Vv) of Purkinje cell dendritic spines, parallel fiber varicosities containing 
at least two or more unequivocally recognizable synaptic vesicles and the processes of Bergmann 
glial cells were estimated with point-counting methods. Together, these structures contribute 
about 50% of the volume of the upper molecular layer. Parallel fibers without varicosities, 
processes of stellate cells, peri~ytes and microglial cells constitute the other 50% of the tissue 
mass, but were disregarded in the present quantitative study. We wish to emphasize the fact 
that we have chosen only areas of the molecular layer free from perikarya of stellate cells, 
microglial cells or vascular profiles. In this respect, our sampling procedure is a "stepwise" 
one, pertaining only to the neuropil of the upper molecular layer as reference volume (Weibel 
1979). 

By means of the square lattice system and according to the propositions of Mayhew 
(1979) the surface density of Purkinje cell spines (thorns) (Sv), their length density (Lv) and 
the ratio of the surface of the dendritic spine plasmalemma to the surface occupied by parallel 
fiber synaptic appositions (Isyn/ Idend), the mean caliper diameter of the 'actual 1 synaptic discs 
(Dsyn) and the numerical density of parallel fiber-Purkinje cell synapses/mm3 (Nv) in the upper 
third of the molecular layer of lobule VIa and X were estimated. Since the mean synapse 
diameterissmall in relation to the section thickness, the raw data were corrected for overestima
tion due to section thickness. Section thickness was estimated with Small's method (Weibel 
1979). Overestimations of synaptic profiles ihrough thin electron microscopic sections are 
a result of overprojection (Holme's effect). On the other band, not every tangentially cut 
small synaptic profile may be recognized on electron-microscopic prints (truncation effect, 
Cruz-Orive 1983). Cruz-Orive (1983) developed a computer program to elicit a particle size 
distribution from the observed profile distribution. His unfolding algorithm copes with the 
section thickness effect and truncation. The histogram of the synaptic profile distribution 
was constructed by means of a MOP AM 03 (Kontron). In convex synaptic profiles, only 
the minimal distance between both extremities of the postsynaptic thickening were measured 
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Fig. 3. a Volume density (Vv) of Purkinje cell dendritic spines (Pcs), parallel fiber varicosities 
(pfv) and Bergmann glia (glia) in the upper molecular layer of lobule VIa and X. Means 
and standard deviations of the means. b Surface of dendritic spines per unit volume of the 
neuropil of the upper molecular layer expressedas surface density (Sv). Means and standard 
deviations of the means (p = 0.437 5; paired Pitman permutation test). c Totallength of dendritic 
spines per unit volume of the neuropil of the upper molecular layer (length density, Ly). 
The dimensions are meter (!) per mm 3 . Means and standard deviations of the means (p = 
0.0938). d Relative surface of dendritic spine plasmalemma occupied by synaptic apposition 
with parallel fiber varicosities {lsyn/IdencV· Since the average diameter of the synaptic discs 
is similar in both cerebellar regions (Fig. 4a), either the number of cliscs per spine is higher 
in lobule VIa or the surface and possibly the shape of spines are lower and different in 
lobule VI as compared with lobule X (p=0.0313) 

and classified into 15 classes with a class interval of 2.0 mm (ca. 90 nm at 22,200 x magnifica
tion). 

The surface density of Purkinje cell dendritic spines, their length density, Jsyn//dend and 
the numerical density of the synaptic proflies (Nv, Mayhew's inethod) were tested with a 
paired Pitman permutation~test (Witting and Nölle 1970) at the ,,Abteilung für Medizinische 
Dokumentation und Statistik der RWTH Aachen". The p-values for the two-sided tests are 
given in brackets. Since the number of animals was too low, the other quantitative parameters 
were not tested statistically. 

Two "hemivermes" were treated with a modified Golgi method (Bubenaite; Romeis 1948) 
and sectioned with a Vibratome at 60 J.lm. 

Results 

In mediosagittal sections through the cerebellar cortex of lobules VIa and 
X, round, densely packed proflies of cross-sectioned parallel fibers were 
the most frequently observed structures. Longitudinally or obliquely cut 
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Fig. 4. a Mean caliper diameter estimated 
by Mayhew's (1979) intersection 
counting procedure and by classification 
of profile length with a MOP AM 03 
and reconstruction with a computer 
program of Cruz-Orive (1983). The mean 
caliper diameter is higher by the factor 
4/7t than the mean trace Iength given by 
other authors (c.f. Palay and Chan-Palay 
1974). Means and Standard deviations of 
the means. 
b Number of synapses per mm3 neuropil 
(Nv) in the upper molecular layer 
estimated with the methods of Mayhew 
(1979) and calculated with a computer 
program of Cruz-Orive (1983). The 
numerical density of synapses is ca. 33 o/o 
higher in lobule VIa (p=0.0313; 
Mayhew's method; Cruz-Orive's method 
not tested statistically) 

proflies from dendrites or axons of stellate cells were far less frequently 
encountered. Tagether with the processes of microglial cells, these structures 
constituted about 50% of the total neuropil of the upper molecular layer. 

In the vicinity ofPurkinje cell spiny branchlets, the tightly packed forma
tion of parallel fibers was disaggregated by intervening cytoplasmic pro
cesses of Bergmann glial cells. The processes of Bergmann glial cells partly 
invested the spiny branchlets of Purkinje cells (Figs. 1, 2). Streaming away 
from the dendrites of Purkinje cells, glial processes surrounded both den
dritic spines and single parallel fibers, insulating the latter from adjacent 
parallel fiber bundles. From favourable longitudinal sections through spiny 
branchlets we concluded that a fair number of dendritic spines crowded 
the surface of the branchlets (Fig. 2) The number of dendritic spine profiles 
was higher in lobule VIa, whereas spiny branchlets in lobule X were general
ly thinner, Ionger and bestowed with less dendritic spines (Fig. 1). The ar
rangement of microtubules in spiny branchlets of lobule VIa appeared less 
regular (Fig. 2). Frequently, extremely long mitochondria were compressed 
into the spiny branchlets of Purkinje cells of lobule X (Fig. 1). 

In spite of the numerous spines covering the surface of spiny branchlets, 
the volume density of the former was rather low with about 6.5o/o in both 
lobules (Fig. 3 a, Pcs). · 

Parallelfiber varicosities occupied 24% of the neuropil volume in lobule 
X and 25°/o in lobule VIa (Fig. 3, a; pfv). The volume density of the glial 
investment was slightly lower than the relative volume of the parallel fiber 
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varicosities (ca. 21 o/o in both lobules; Fig. 3a, glia). Despite their minute 
dimensions, the surface density of the spine membranes was 33 mm2 /mm3 

in lobule VIa and 31 mm2 jmm3 in lobule X {p=0.4375; Fig. 3b). Even 
more impressive was the total Iength of Purkinje cell dendritic spines per 
mm3 molecular layer (Fig. 3c). Arranged in one single line, the totallength 
of the dendritic spines would be 793 meters in lobule VIa and ca. 675 meters 
in lobule X (p = 0.0938). 

The mean caliper diameter of the synaptic discs was 380 to 420 nm 
(Fig. 4a). Mayhew's method yielded lower and Cruz-Orives computer pro
gram higher means (Fig. 4a). Regional differences in mean caliper diameter 
apparently did not exist. 

The numerical density of parallel fiber synapses was higher in lobule 
VIa (6.558x108 jmm3

) and ca. 33o/o lower in lobule X (4.892x108 jmm3
; 

Mayhew's methods; p=0.0312). Nv-estimations yielded nearly identical re
sults with both methods (Fig. 4 b ). 

The synaptic discs in lobule VIa occupied 13.4°/o of the spine surface 
and 10.4o/o ofthe surface (Fig. 3d) in spines oflobule X (p=0.0312). 

Discussion 

The numerical density of parallel fiber synapses in the neocerebellar lobule 
VIa (Larsell 1952) was 33% higher than in the archicerebellar lobule X 
(Fig. 4 b). Two different methods (Mayhew 1979; Cruz-Orive 1983) yielded 
nearly identical results (Fig. 4 b ). Overprojectiön and truncation (for a re
view see Cruz-Orive 1983) apparently balance each other out and Mayhew's 
method (1979) for estimating synapse density has proved to be a simple 
and fast procedure. 

According to Altman (1982) the cerebellar molecular layer is hierarchi
cally organized: mossy fibers from the spinal cord and the external cuneate 
nucleus terminate via parallel fibers from deep granule cells on Purkinje 
cell dendrites in the lower molecular layer. Cerebra! afferents are relayed 
in the pontine nuclei and establish synaptic contacts via superficial granule 
cells in the upper molecular layer. The hjgher numerical density of parallel 
fiber synapses in the upper third of the molecular layer in the neocerebellar 
lobule VIa confirms Altman's (1982) hypothesis. 

We concluded from our silver impregnations that spiny branchlets in 
lobule X were Ionger and thinner, but their overall density was lower, than 
in lobule VIa (Figs. 1 b, 2 b ). Similar regional differences were reported by 
Floeter and Greenough (1979) in the monkey. The question arises which 
mechanisms are responsible for the enhanced numerical density of parallel 
fiber synapses. Several factors can be considered including enhanced granule 
cell density, Ionger parallel fibers with a higher number of varicosities in 
lobule VIa, reduced numerical density of Purkinje cells in neocerebellar 
lobules (Heinsen and Heinsen 1983) and multiple innervation of Purkinje 
cell dendritic spines by two or more parallel fibers per spine. We can rule 
out the last possibility, since the incidence of multiple innervation of an 
individualspinewas ·rather low in both lobules (ca. So/o). 
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In addition to a higher number of synaptic sites, the morphology of 
the dendritic spines exhibited regional differences. The spines of lobule VIa 
were rather club-shaped. The large round head was attached with a thin 
neck to the spiny branchlets (Fig. 2, inset a). The spines of lobule X were 
longer, the head less swollen, the stalk thicker and consequently the transi
tion between head and stalk less pronounced (Fig. 1, inset a). The spines 
of lobule X resembled thorns or fingers (Spaeek and Hartmann 1983) rather 
than clubs. An additional evidence for shape differences in spine morpholo
gy can be deduced from the quantitative results. Volume density divided 
by length density yields the average profile area of spines. Volume density 
in lobule VIa was 0.065 mm3/mm3 (6.5%), length density 793 x 103 mm/ 
mm3 and 0.065 mm3 jmm3 and 675 x 103 mm/mm3 in lobule X. The average 
profile area in lobule VIa would be 8.2 x 10- 2 Jlm2 and 9.63 x 10- 2 J..Lm2 

in lobule X. By means of the circle formula, the average diameter can 
be calculated as 0.32 JliD in lobule VIa and 0.35 Jlffi in lobule X. These 
differences would imply that either (i) spines in lobule X are Ionger and 
thicker or (ü) if the spine head diameter in lobule VIa is considerably larger 
than in lobule X, as the Ern photographs suggested, then the stalk of spines 
in lobule VIa must be compensatorily extremely thin. 

At variance with Spacek and Hartmann (1983), we found regional .differ
ences in the ratio synaptic apposition area to dendritic spine surface 
(Fig. 3d). In lobule VIa, our means were twofold higher than the data 
of Spacek and Hartmann (1983). High-voltage electron microscopic investi
gations on silver-impregnated spines (Palay and Chan-Palay 1974) will per
haps demonstrate actual regional differences in spine morphology and syn
aptic sites. 

From the quantitative differences in number and in shape of spines 
as weil as in parallel fiber density, differences in the physiology of informa
tion integration in Purkinje cells in lobules VIa and X can be anticipated. 
Pellegrino and Altman (1979) suggested that in the apical domain of Pur
kinje cells, coordination of action takes place. High synaptic density of 
parallel fiber synapses, tagether with thick and numerous spiny branchlets 
and spines with extremely thin stalks, would explain the very large logical 
capacities of Purkinje cells in lobule VIa (Shepherd 1974). Changes in spine 
shape tending towards swollen head and thin stalk are concomitant to the 
effects of enhanced presynaptic stimulation (V an Harreveld and Fifkova 
1975), and long thin spines are discussed as possible pathogenetic factors 
in mental diseases (Marin-Padilla 1974; Purpura 1974). The Purkinje cell 
spines serve as a current-injecting mechanism and spike-blocking device 
(Llinas and Hillman 1969). From our quantitative data, regional differences 
in the dendritic electrotonus are likely and some of the individual firing 
properties of Purkin je cells (Llinas and Sugimori 1980) can perhaps be ex
plained by morphological differences. 

Differences in the numerical density of parallel fiber synapses, in the 
relative surface of the synaptic apposition zone to the postsynaptic surface 
and in spine morphology may represent some mechanisms of evolution 
in a rather rigid lattice structure of the cerebellar cortex. 
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