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I nt roduct ion 

Purkinje cell dendrites have two dist inct , m orphologically 
different , recept ive regions each with it s own specific afferents:  the 
sm ooth branches, contacted by the clim bing fibres, and the spiny 
branchlets, contacted by the parallel fibres (Cajal, 1895) . The form er 
are ' longitudinal axo-dendrit ic connexions' (Cajal, 1934, 1954) , a type 
of synapse allowing an axon m any contacts on the dendrites of a 
single neuron;  the lat ter are 'cruciform  axo-dendrit ic connexions of 
great  length', a type of synapse perm it t ing the dendrites of each 
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neuron contact  with a great  num ber of axons and each axon contact  
with the dendrites of m any neurons.  

The recognit ion of two recept ive regions in the Purkinje cell 
dendrit ic system  resulted from  Cajal's (1891)  discovery of the 
peridendrit ic spines, which form  a 'nap- like' covering on port ions of the 
dendrites of certain neurons. Although their  significance is unknown, 
Cajal considered the spines to be dendrit ic devices for increasing 
surface area and rendering the synapse m ore int im ate. I n view of his 
opinion, it  is interest ing that  the spines are m ost  abundant  on the 
Purkinje cell branchlets, a perfect  site of 'cruciform  axo-dendrit ic 
connexions'. 

Golgi (1894)  noted that  a Purkinje cell is easier to draw than to 
describe. The r ichness of its ram ificat ions m atches the r ichness of the 
related parallel fibre plexus (Pl.  1, figs. 1, 2, here only part ially 
im pregnated) . Reflect ing on the dendrit ic arborizat ions of the Purkinje 
cells, flat tened in a plane at  r ight  angles to the dense st ream  of 
parallel fibres, and the extensive dendrit ic overlap of the Purkinje cells, 
Fox & Massopust  (1953)  concluded that  this anatom ical arrangem ent  
allows m axim al convergence and m axim al divergence in m inim al 
space. 

I n the present  study, an at tem pt  was m ade to obtain som e 
quant itat ive not ion of this convergence and divergence by determ ining 
the density of the granule cells in the granular layer, the lengths of the 
parallel fibres, the spacing of the Purkinje cells, and the surface area 
of their  spiny branchlets. 

Materia ls and Methods 

The m orphological observat ions reported here are based on a 
study of the extensive collect ion of Golgi preparat ions of the cerebellar 
cortex of the adult  m onkey (Maccaca m ulat ta) , prepared by the 
m odificat ion of Fox, Ubeda-Purkiss, I hr ig & Biagioli (1951) , available in 
this laboratory. The total length of a Purkinje cell's spiny branchlets 
was determ ined by the photographic cut -out  m ethod and the Chalkley 
(1943)  m ethod. The lat ter gives the percentage of volum e a part icular 
elem ent  occupies in a histological sect ion. The diam eters of the 
branchlets and the spines were m easured in sect ions under oil 
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im m ersion with the ocular m icrom eter and on enlargem ents of oil-
im m ersion photom icrographs. 

Cell counts were m ade in form alin- fixed, cresyl-violet  (B.D.H.)  
sect ions and the data obtained were corrected by the form ula 'sect ion 
thickness divided by sect ion thickness plus nucleolar diam eter ' 
(Abercrom bie, 1946;  see also Agduhr, 1941;  and Floderus, 1944) . The 
actual thickness of the sect ions was determ ined under oil im m ersion 
by a series of m easurem ents with the m icrom eter scale of the fine 
adjustm ent  on a Zeiss Opton Microscope. 

To ascertain the num ber of Purkinje cells per m m .2 of Purkinje 
cell layer, cham ber and direct  counts were em ployed. I n the form er 
the ocular m icrom eter was lined along the Purkinje cell layer and the 
num ber of cells with visible nucleoli within the length of the 
m icrom eter scale was noted. I n the lat ter the cells with visible nucleoli 
were enum erated in predeterm ined lengths of the Purkinje cell layer, 
which were accurately determ ined with a m ap-m easuring wheel on 
photographic enlargem ents of the sam e sect ions. 

The num ber of granule cells per m m .3 of granular layer was 
determ ined by cham ber and Chalkley counts. The average volum e of a 
granule cell nucleus was calculated by direct  m easurem ents in sect ions 
and on photographic enlargem ents, and this value was used to convert  
the Chalkley rat io into absolute num bers. 

The Golgi and Nissl m aterials used were fixed by perfusion of 
10%  form alin. The Golgi m aterial was prepared far in advance of the 
present  study;  hence, the volum e changes due to processing are 
unknown. No correct ions for volum e changes were m ade in the Nissl 
preparat ions, since the data obtained from  both types of preparat ions 
were to be em ployed in com m on calculat ions. Thus, our results for the 
num ber of granule cells per m m .3 of granular layer and the Purkinje 
cells per m m .2 of Purkinje layer hold only for our fixed preparat ions. 

Observat ions and Results 

Purkinje cells in Golgi m aterial.  Cajal's (1911)  descr ipt ion of the 
Purkinje cell dendrit ic pat tern can easily be confirm ed in the present  
Golgi m aterial. Prim ary, secondary and tert iary sm ooth branches, 



NOT THE PUBLISHED VERSION; this is the author’s final, peer‐reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Anatomy, Vol. 91, No. 3 (July 1957): pg. 299‐313. Publisher Link. This article is © Wiley and permission has 
been granted for this version to appear in e‐Publications@Marquette. Wiley does not grant permission for this article to 
be further copied/distributed or hosted elsewhere without the express permission from Wiley. 

4 

 

successively slim m ing as they spread in a single plane and gradually 
ascend, form  the basic fram ework and they give off (Pl. 2, fig. 8)  the 
spine- laden, term inal branchlets. The branchlets, m oderately branched 
and roughly the sam e in length, ar ise m ost ly from  tert iary branches, 
but  som e of them , part icular ly the lowerm ost , take or igin from  
secondary and pr im ary branches. 

I n sharp cont rast  to the sm ooth branches, which never descend 
and never reach the pial surface, the infer ior branchlets descend to a 
line running through the sum m its of the Purkinje cell bodies. The 
superior branchlets ascend to the pial surface, where som e of them  
recurve infer ior ly. Thus the branchlets and the parallel fibres are 
coextensive in dist r ibut ion. Transversely, the branchlets extend 
beyond their  sm ooth branches of or igin and in interm ediate regions 
span the spaces between the sm ooth branches, convert ing the 
dendrit ic system  of each Purkinje cell into a flat , sieve- like plate, which 
lies, without  except ion, broadside in the t ransverse direct ion of the 
folia. This or ientat ion of the dendrites was known by the older 
anatom ists, St ieda (1864) , Obersteiner (1869)  and Henle (1879) , who 
revealed the sm ooth branches by the old carm ine m ethod. St r ict ly 
speaking, the sm ooth branches do form  a fundam ental plane, but  
Golgi preparat ions show clearly that  this is not  r igidly t rue for the 
branchlets. The lat ter are in planes two or three deep and som e of 
them  leave at  slight  angles to these planes. Yet  owing to their  thinness 
this does not  not iceably increase the thickness of the dendrit ic 
form at ion. Cajal (1911)  considered the staggered arrangem ent  of the 
branchlets to be a further m eans of assuring contact  with as m any 
parallel fibres as possible. 

Conspicuous oval spaces (Pl. 1, fig. 1, s)  within the dendrit ic 
arborizat ions lodge blood vessels and stellate cell bodies (Cajal, 1911) . 
We have never seen vessels here, but  in som e of our preparat ions cell 
bodies of unim pregnated stellate cells, t inged a chrom e-yellow, are 
recognizable. We have also observed that  a sm ooth branch always 
form s one boundary of these spaces. This is interest ing in view of the 
recent  disclosure of Scheibel & Scheibel (1954)  that  the clim bing 
fibres, which run outward on the sm ooth branches, have processes 
contact ing stellate cell bodies.  
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To appreciate the size relat ionships of Purkinje cell peridendrit ic 
spines, it  is well to com pare them  with other st ructures and with the 
spines on other dendrites. For this reason all the photom icrographs on 
Pls. 2 and 3 were taken under oil im m ersion (obj . 100 ×  ;  N.A. 132)  
and reproduced at  the sam e m agnificat ion, except  Pl. 2, fig. 7, which 
was taken under high power (obj . ×  40;  N.A. 0.75) . 

The spines em erge from  the surface of the dendrites as st raight , 
thread- like, protoplasm ic processes, term inat ing in a spherule or knob. 
This is typical of their  form  on pyram idal cells of the cerebral cortex. 
They are shown on a branch of an apical dendrite (Pl. 2, fig. 3)  and the 
dendrit ic shaft  (Pl. 2, fig.  4)  of a sm all pyram idal cell.  On the dendrites 
of cells in the caudate nucleus (Pl. 2, fig. 5)  they are m ore robust . The 
details of these processes can readily be observed under the high 
power of the m icroscope, but  this resolut ion is inadequate for the 
proper study of the spines on the Purkinje cell branchlets. There they 
are too num erous and their  thread- like processes are so short  that  the 
knob-ends appear to be on the surface of the branchlets. A careful 
study under oil im m ersion, however (Pl. 2, figs. 6, 8) , reveals that  
these knob-ends are at tached to the branchlets by a delicate process. 

The knob-ends of the Purkinje cell dendrit ic spines are rather 
uniform  in size, though this m ay not  seem  to be the case in Pl. 2, figs. 
6 and 8, where the depth of field is ext rem ely short  and the spines are 
not  all at  the sam e level. Occasionally,  in certain preparat ions, port ions 
of the im pregnated dendrit ic m ass, for reasons unknown to us, have a 
crushed appearance and the knob-ends are dispersed like gunshot . I n 
such fields (Pl. 2, fig.  7, high power) , where the knob-ends are spread 
out  in the sam e plane, their  uniform ity in size is st r ik ing. 

Measurem ents of the spiny branchlets and the spines;  density of the 

spines.  I n enlargem ents of oil- im m ersion photom icrographs of a 
num ber of different  Purkinje cell dendrites a search was m ade for 
port ions of spiny branchlets with spines in perfect  focus, in order to 
m easure the distance from  the t ip of one spine to the t ip of the spine 
on the opposite side of the branchlet . Thirty such m easurem ents 
reveal that  this distance averages 2.9µ. This was confirm ed by direct  
ocular m icrom eter m easurem ents. Thus it  is safe to assum e that  a 
cylindrical sheath 3µ in diam eter will enclose a spiny branchlet .  
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The diam eters of the spiny branchlets, without  their spines, are 
1µ, and the diam eters of the knob-ends of the spines, although they 
are not  perfect  spheres, are approxim ately 7.0µ. 

From  direct  ocular m icrom eter m easurem ents, under oil 
im m ersion, it  was concluded there are from  14 to 16 spines per 10µ 
length of branchlet , or an average of 15 spines per 10µ length of 
branchlet .  

Est im at ion of the total length of the spiny branchlets on a 

Purkinje cell.  I n est im at ing the length of the spiny branchlets by the 
photographic cut -out  m ethod a well- im pregnated Purkinje cell (Pl. 1, 
fig. 1) , with dendrites nearly parallel to the thick Golgi sect ion, was 
photographed at  four different  focal planes, equidistant  from  each 
other, with the lens com binat ion:  Zeiss object ive (25 × ;  N.A. 0.63) ;  
ocular 12.5 x, the highest  power that  would include the ent ire dendrit ic 
spread in a single field. The profile depth of the dendrit ic plate, at  any 
one place, is approxim ately 10µ, but  since all parts of this cell are not  
perfect ly parallel to the plane of focus, the distance from  the plane of 
the first  photograph to the plane of the last  photograph is 16µ. A few 
branchlets in the lower r ight -hand corner are in focus in the upperm ost  
plane, and a few branchlets in the upper left -hand corner are in focus 
in the lowerm ost  plane. Enlargem ents (32 ×  40 in.)  were m ade and 
the branchlets sharply in focus cut  out . The weight  of the cut -outs, 
com pared with the weight  of a known area of sim ilar ly t reated 
photographic paper, indicated that  the excised spiny branchlets 
represent  an area of 47,000µ2,  or a total length of 15,600µ of 
branchlets 3µ in diam eter. Another factor considered was the depth of 
field in the photographs. According to standard form ulae for deriving 
depth of field (see Beadle, 1940;  Brat tgard, 1954)  the lens 
com binat ion used gives a depth of field of approxim ately 1µ. Allowing 
that  the excisions m ay not  always have been at  the exact  lim its of 
sharp focus, calculat ions were m ade on the assum pt ion that  the cut -
outs in each photograph represent  1.5µ of the total depth of 16µ. 
Therefore, in the four photographs the spiny branchlets were cut  out  
for a depth of 6µ, or 37.5%  of the total depth. The total length of the 
branchlets is then 41,700µ, a figure which correlates well with two 
Chalkley counts m ade on the spiny branchlets of the sam e cell by two 
different  observers, working independent ly.  
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The first  Chalkley count , referred to here as a random  Chalkley 
count , was m ade under oil im m ersion with five pointers in the ocular.  
Arbit rar ily the t ip of one pointer was focused on a spiny branchlet  and 
counts were m ade only at  the t ips of the other pointers, throughout  all 
regions of the dendrit ic spread. The counts were periodically plot ted on 
a graph, and when the curve levelled off,  the hits were:  33%  spiny 
branchlets, 7%  sm ooth branches, and 60%  unim pregnated space. The 
lat ter represents the space for parallel fibres, stellate cell bodies, and 
possibly port ions of som e of the elem ents sandwiched between the 
Purkinje cells:  nam ely, the stellate cell dendrites, their  axons, the 
dendrites of Golgi cells, and the Bergm ann fibres. Since the Chalkley 
m ethod gives only the percentage of volum e a part icular st ructure 
occupies, to com pute the total length of spiny branchlets, it  is 
necessary to know the volum e of space in which the dendrites are 
spread. This was found to be 280 ×  310 ×  l0µ, or 868,000µ3;  
therefore, the volum e of the spiny branchlets is 289,000µ3.  This 
volum e divided by the cross-sect ional area of a tubule 3µ in diam eter 
m akes the length of the branchlets 40,900µ. 

Since an accurate est im at ion of volum e is im portant  in 
calculat ions involving the Chalkley m ethod, the second count  was 
m ade in a predeterm ined volum e (300 ×  400 ×  10µ, or 1,200,000µ3) , 
which included and exceeded the volum e in which the dendrites are 
disposed. To obtain equal sam plings throughout  this volum e, the 
m ovem ents through all sectors were carefully cont rolled by the 
m icrom eters on the m echanical stage and the fine adjustm ent . These 
m ovem ents were system at ic and supplied the necessary arbit rary 
elem ent  in this procedure, so that  it  was possible to m ake counts at  
the t ips of all five pointers. The results were:  spiny branchlets 23% , 
sm ooth branches 6.2% , and unim pregnated space 70.8% . The volum e 
of the branchlets then is 276,000µ3 and their  length is 39,400µ. 

The average of these three determ inat ions is 40,700µ;  thus in 
subsequent  calculat ions all the branchlets were considered as one 
branchlet  of this length. The problem  of branching was disregarded 
because the surface area consum ed by branching is m ore than 
regained by the free-ends of the branchlets;  m oreover, we knew of no 
way of gathering data to m ake accurate allowances for this factor.  
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Such a branchlet , cylindrical in shape and 1µ in diam eter 
without  spines, has a surface area of 128,000µ2,  and if there are 15 
spines per 10µ length of branchlet , it  has a total of 61,000 spines. I f 
the knob-end of each spine is a spherule 0.7µ in diam eter, each knob-
end has a surface area of 1.5µ2 and the spines cont r ibute a surface 
area of 93,900µ2,  m aking the com bined surface area of the branchlets 
and the spines 222,000µ2.  The delicate filam ent  at taching each knob-
end of a spine to a branchlet  was not  considered;  its ext rem e fineness 
renders m easurem ents im pract ical, and any loss of surface area due to 
its at tachm ent  at  the branchlet  and at  the knob-end of the spine m ust  
be m ore than com pensated for by the surface of the filam ent  itself.  

The density of the Purkinje cell bodies in the Purkinje layer. Henle 
(1879)  directed at tent ion to the spacing of the Purkinje cell bodies and 
observed in m any places that  they are separated by less than the 
diam eter of a single cell,  and that  elsewhere the separat ion m ay be 
three or four t im es this distance. I n the present  study we could find no 
significant  difference between Purkinje cell counts m ade in m id- line 
sagit tal sect ions and in sagit tal sect ions through the m id- lateral extent  
of the cerebellum , but  we did find, in agreem ent  with Henle (1879)  
and Obersteiner (1888, 1890) , that  the cells are usually closer 
together at  the sum m its of the folia than they are at  the depths of the 
sulci. Obersteiner at t r ibuted this to the proport ional am ount  of free 
surface exposed, '…since each cell has to provide for an equal segm ent  
of the cort ical surface...,  on the convexity, the superficial area is 
greater than it  is in the concavity, the num ber of Purkinje cells var ies 
accordingly'. I n sect ions of the cerebellum  the folia differ in shape and 
size and it  is difficult  to decide where to start  and stop count ing at  the 
convexit ies and concavit ies of the folia. But  in counts m ade it  was 
est im ated that  the Purkinje cell rat io in the two regions is 
approxim ately four to three, respect ively. 

The Purkinje cell bodies form  a single sheet  of cells at  the 
m olecular-granular layer junct ion. To determ ine their  density per m m .2 
of this cellular sheet ,  counts were m ade cover ing all port ions of the 
Purkinje cell layer, i.e. in the fundi, banks and sum m its of the folia. 
The results were:  cham ber counts, 530 Purkinje cells per m m .2 (59 
cells counted) ;  direct  count ,  510 Purkinje cells per m m .2 (263 cells 
counted) . Weighing these results in proport ion to the cells counted and 
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rounding the figure there are 510 Purkinje cells per m m .2 of Purkinje 
layer. 

The granule cells in Nissl and Golgi preparat ions.  The granule 
cells are prodigious in num bers. Unlike other neurons, their  nuclei (Pl. 
3, fig. 14)  contain deeply staining clum ps of chrom at in, and their  
cytoplasm  is devoid of recognizable Nissl substance. But  com paring an 
im pregnated cell (Pl. 3, fig. 13)  with the nuclei (Pl. 3, fig. 14)  gives 
som e indicat ion of the perikaryon's extent . 

Three to six slender dendrites stem  from  the nearly spherical 
cell body and term inate in short  digit - like branchlets, which sprout  
sm all protoplasm ic processes (Pl. 3, fig. 13)  com parable in size and 
st ructure to the dendrit ic spines on the cells of the caudate nucleus 
(Pl. 2, fig. 5) . Occasionally a dendrite divides;  then each result ing 
branch bears a set  of digit iform  endings. 

The digit iform  endings com e into relat ionship with the m ossy 
fibre roset tes;  several or m ore of them  from  as m any different  granule 
cells converge on and contact  a single roset te. We have observed a 
roset te art iculat ing with the digits from  three granule cells, but  
undoubtedly larger roset tes accom m odate the digits of even m ore 
granule cells.  

The sites of these com plex synapses are the cerebellar islands, 
the clear spaces (Pl. 3, fig. 14, i)  in Nissl preparat ions;  here Golgi cell 
axons, as well as m ossy fibre roset tes and granule cell digits, are 
involved in an int r icate relat ionship. The granule cell bodies, cluster ing 
close together, are aggregated around the cerebellar islands. Each 
island, therefore, is in posit ion to have granule cell dendrites 
converging on it  from  all direct ions, and each cluster of granule cell 
bodies, with dendrites prot ruding in all direct ions, is in posit ion to 
radiate dendrites to several or m ore nearby cerebellar islands. The 
lengths of the dendrites supply som e clue to the spacing of the 
cerebellar islands, since the length of a dendrite is dependent  on the 
posit ion of the cell body in the cluster and the distance it  m ust  t ravel 
to reach a roset te. We have reason to believe that  a granule cell m ay 
send one of it s dendrites to a m ore distant  island, for we have 
observed on a few occasions granule cell dendrites of unusual length, 
six to seven t im es as long as the dendrite shown in Pl. 3, fig. 13.  



NOT THE PUBLISHED VERSION; this is the author’s final, peer‐reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Anatomy, Vol. 91, No. 3 (July 1957): pg. 299‐313. Publisher Link. This article is © Wiley and permission has 
been granted for this version to appear in e‐Publications@Marquette. Wiley does not grant permission for this article to 
be further copied/distributed or hosted elsewhere without the express permission from Wiley. 

10 

 

The axons of the granule cells em erge either from  the cell body 
or from  a dendrite. I f the lat ter is the or igin, it  is usually an ascending 
dendrite and not  a horizontal or descending dendrite, which illust rates 
one of Cajal's (1909)  generalit ies on the nervous system , the ' law of 
econom y of m at ter '.  The axons ascend to the m olecular layer where 
they bifurcate T-shape (Pl. 3, figs. 10, 12)  and run parallel to the long 
axis of the folium ;  hence, the designat ion (Cajal, 1911)  'parallel 
fibres'. I n general, cells low in the granular layer give r ise to infer ior 
parallel fibres, and cells high in the granular layer give r ise to superior 
parallel fibres (Cajal, 1911) . This can easily be confirm ed in the 
present  m aterial. 

According to Cajal (1911)  the parallel fibres vary in diam eter 
between 0.5 and 0.2µ, and he observed (Cajal, 1903)  that  only the 
parallel fibres in the lower third of the m olecular layer stain in reduced 
silver preparat ions. The refractor iness of the superior parallel fibres to 
reduced silver suggested to Cajal (1926)  that  they were thinner than 
the infer ior fibres. Fox, Ubeda-Purkiss & Massopust  (1950)  
dem onst rated that  the calibre of the parallel fibres gradually decreases 
from  below upwards in the m olecular layer. Pl. 3, fig. 12, shows an 
infer ior parallel fibre slight ly m ore than 1, in diam eter, and Pl. 3, fig. 
10, shows a superior parallel fibre slight ly less than 0.2µ in diam eter. 
Both fibres are from  the sam e field and, in the interval between them  
(not  shown here) ,  there are two other bifurcat ing granule cell axons, 
interm ediate in size. 

The parallel fibres m aintain the plane adopted at  the bifurcat ion, 
and their  general direct ion is not  altered by the short  flexuosit ies 
im posed upon them  by the innum erable dendrit ic processes through 
which they thread their  way. These flexuosit ies are m ore pronounced 
in sect ions parallel to the m olecular surface (Pl. 2, fig. 9)  than they are 
in sect ions perpendicular to the m olecular layer (Pl. 3, figs. 10-12) . 

The existence of synapt ic endings, described by Estable (1923) , 
on the parallel fibres in the form  of boutons and warty roset tes can be 
confirm ed in our preparat ions (Pl. 2, fig. 9;  Pl. 3, figs. 10, 11) . I n 
addit ion, we have observed hook- like endings (Pl. 2, fig. 9, left  side) .  
Since they are apparent  only in sect ions cut  parallel to the surface of 
the m olecular layer, we are inclined to believe that  the warty roset tes 
are nothing m ore than hook- like endings cut  in such a fashion as not  
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to reveal their  t rue form . For exam ple, if the parallel fibre (Pl. 3, fig. 
10)  were viewed in a sect ion parallel to the surface of the m olecular 
layer, the warty endings seen on the left  side of this figure m ight  well 
have the appearance of the hook- like endings seen on the left  side (Pl. 
2, fig. 9) . 

We have never observed synapt ic endings at  or near the parallel 
fibres' T-shape bifurcat ion. Note the absence of endings on the fibre 
(Pl. 3, fig. 12) . The first  synapt ic ending seen on the direct  
cont inuat ion of this fibre (Pl. 3, fig. 11)  is 90µ from  the point  of 
bifurcat ion. However, we hesitate to draw conclusions concerning the 
dist r ibut ion of the endings because one never knows how com plete 
im pregnat ions are in Golgi m aterial.  

The farthest  we have t raced a parallel fibre from  its point  of 
bifurcat ion is 1 m m . in each direct ion, but  we were uncertain whether 
the actual term inat ions had been reached. Another observat ion has 
convinced us that  even the heaviest , and presum ably the longest , 
parallel fibres do not  go m uch beyond this in the adult  m onkey. 
Carefully following, under oil im m ersion, one arm  of a heavy-calibre 
infer ior parallel fibre, sim ilar to the fibre in Pl. 3, figs. 11, 12, we were 
able to observe that  it  m aintained it s usual thickness and displayed 
warty roset tes and sessile boutons for a st retch 90-950µ from  the 
bifurcat ion point ;  then it  thinned appreciably and 1500µ from  the 
bifurcat ion point  it  was barely percept ible, leading us to believe its 
term inat ion had been reached. Assum ing the opposite arm  of this 
fibre, cut  off in sect ion, is equally extensive, the com bined length of 
the arm s of this fibre is around 3 m m . 

We feel rather certain that  the m axim al length of the parallel 
fibres is approxim ately 3 m m ., and that  som e fibres are at  least  2 
m m ., but  we are not  so certain of the m inim al length. I t  is not  unusual 
to follow one arm  of a superor, thin, parallel fibre from  400 to 500µ, 
which would indicate the range of the two arm s is approxim ately 1 
m m . or slight ly less. 

To determ ine the average length of the parallel fibres from  the 
data obtained with the Golgi m ethod is im possible. For this reason 
calculat ions were m ade on the basis that  the average length is 2 m m . 
or 1.5 m m . However, we believe the average length is nearer 1.5 m m . 
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than 2 m m ., because there are m any m ore of the shorter superior 
parallel fibres. 

Rat io of the granular layer to the m olecular layer;  average 

thickness of the granular layer;  density of the granule cells. The rat io 
of the cross-sect ional area of the granular layer to the cross-sect ional 
area of the m olecular layer was determ ined by Chalkley counts in a 
series of sagit tal sect ions. Representat ive regions were surveyed from  
the m id- line to the lateral extent  of the cerebellum  and the rat io found 
was:  m olecular layer, 1.5;  granular layer, 1. 

The granular layer is thicker at  the sum m its than at  the t roughs 
of the folia;  undoubtedly this reflects the fact  that  there are m ore 
Purkinje cells at  the convexit ies of the folia. I ts average thickness, 0.2 
m m . in cell-stained sect ions, was calculated by m easuring it s area on 
photographic enlargem ents and dividing by the length of the Purkinje 
cell layer. Direct  m easurem ents along the st raight  part  of the folia 
indicate this figure to be of the proper m agnitude. 

The num ber of granule cells per m m .3 of granular layer is:  
cham ber counts—2.35 m illion granule cells per m m .3 (approxim ately 
2000 cells counted) ;  Chalkley counts—2.44 m illion granule cells per 
m m .3 (approxim ately 2000 cells counted) , giving a weighted average 
of 2.4 m illion granule cells per m m .3 of granular layer. 

Beneath each m m .2 of the Purkinje cell layer (beneath every 
510 Purkinje cells)  there are (2.4 m illion ×  0.2 m m .)  480,000 granule 
cells, or 960 granule cells for every Purkinje cell.  

The convergence and divergence of the parallel fibres. How 
m any parallel fibres com e within the dendrit ic spread of a Purkinje cell 
such as shown (Pl. 1, fig.  1)? There are on an average 480,000 
granule cells below each m m .2 of Purkinje cell layer, and the cell in 
quest ion has a t ransverse dendrit ic spread of 0.31 m m . The num ber of 
fibres that  could occupy the sam e area as these dendrites should then 
be the product  of 480,000 ×  0.31 ×  the average length of the parallel 
fibres. I f the lat ter is 1.5 m m ., the num ber of fibres is 223,000 and if it  
is 2 m m ., the num ber is 297,000. 

Calculat ions can also be m ade from  another point  of view. The 
rat io of the granular layer to the m olecular layer is 1 to 1.5. Assum ing 
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the elem ents of the two layers are related to each other in the sam e 
rat io, the area occupied by the dendrites (Pl. 1, fig. 1)  (310 ×  280µ or 
86,800µ2)  reduced by two- thirds and m ult iplied by the average length 
of the parallel fibres should give the volum e of the granular layer with 
granule cells related to this area of dendrites. Calculated this way, if 
the average length is 1-5 m m ., there are 208,000 fibres, and if it  is 2 
m m ., there are 278,000 fibres. 

Since there are 510 Purkinje cells in a m m .2 of the Purkinje cell 
layer, and since the t ransverse spread of a Purkinje cell's dendrites is 
at  least  0.3 m m ., a single parallel fibre coursing through the m olecular 
layer can contact  the branchlets of Purkinje cells in a patch 0.3 m m . in 
width. Parallel fibres 3, 2 and 1.5 m m . in length can diverge to 460, to 
310 and to 230 Purkinje cells respect ively. 

Discussion 

The spines, also known as thorns or gem m ules, have been 
neglected in recent  t im es. They have been considered artefacts 
produced by the Golgi m ethod (Kölliker, 1896;  Meyer, 1895, 1896) , 
endfeet  im planted on the dendrites (Held, 1897;  Bodian, 1940) , and 
dendrit ic collaterals (Cajal, 1909) . Hill (1897)  concluded that  they 
belong both to the dendrites and to the afferent  fibres and logically 
added:  'I f m y interpretat ion of the thorns is the r ight  one, we are 
brought  back to the theory of Gerlach... '  

The spines have been stained by m ethods other than the Golgi 
technique. Cajal (1896)  and Turner (1901)  revealed them  by 
m odificat ions of the Ehrlich m ethod, and Hill (1896)  observed that  
they are dist inct  in sect ions, deeply stained with haem atoxylin and 
then broken up with needles in glycerine. Hatai (1903)  devised a 
procedure in which sm all pieces of nerve t issue, sim ultaneously fixed 
and stained in a m ixture of acid fuchsin, form alin, acet ic acid and picr ic 
acid, renders the ordinarily achrom at ic port ions of axons and dendrites 
visible. The gem m ules, according to him , are m erely local extensions 
of the dendrit ic ground substance, and internal staining differences 
dist inguish them  from  the axonic term inals. 

Cajal (1909)  contended that  the constancy of the spines in the 
sam e locat ions on the sam e neurons proves their  pre-existence, and 
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he argued that  the im possibilit y of staining them  by neurofibr illar  
m ethods, which stain the endfeet , indicates that  the spines and the 
endfeet  are not  ident ical st ructures. I n his last  m onograph Cajal 
(1934, 1954)  reiterated his st rong convict ion that  the spines are 
dendrit ic collaterals and em phasized that  though always thin 
proxim ally, they are enlarged distally into a bulb or knob, while the 
reverse is t rue of the endfeet .  

Although there is no unanim ity as to what  the spines are, we 
believe they are dendrit ic collaterals occurr ing in regions where the 
dendrites m eet  oblique or cruciform  afferent  fibres. I f,  on the other 
hand, they are synapt ic endings, it  is possible to determ ine the 
num ber of parallel fibres on a Purkinje cell's branchlets by m ore or less 
direct  m ethods. Our est im ate, then, of the num ber of spines, 61,000, 
would be the num ber of parallel fibres converging on a Purkinje cell.  
But  actually the st ructure of the parallel fibre endings dest ined for the 
branchlets is not  known. The spines (Pl. 2, figs. 6, 8)  are uniform  in 
size and sm aller than the hook- like, sessile bouton and warty roset te, 
parallel fibre endings (Pl. 2, fig.  9;  Pl. 3, figs. 10, 11) , and this m ight  
be considered good evidence that  the spines are not  synapt ic 
term inals. But  lest  this be const rued as conclusive proof, it  is well to 
rem em ber that  parallel fibres synapse also on the dendrites of Golgi 
cells and the dendrites of the various stellate cells. Therefore, the 
possibilit y exists that  the endings specifically for the Purkinje cell 
branchlets m ay not  be revealed in our preparat ions. 

I n Golgi preparat ions (Pl. 1, figs. 1, 2)  the num ber of parallel 
fibres converging on a Purkinje cell's branchlets is enorm ous. To count  
these fibres direct ly in a segm ent  through the width of the m olecular 
layer, however, is im possible;  reduced silver techniques stain only the 
large infer ior parallel fibres, and Golgi preparat ions, with their  sporadic 
staining, are not  good for quant itat ive analysis. Thus it  was necessary 
to take recourse to indirect  m ethods in arr iving at  som e num erical 
not ion of the convergence on a Purkinje cell's branchlets. 

I ncidentally, when two different  types of calculat ions were m ade 
on the basis that  the parallel fibres' average length is 1.5 m m ., the 
num ber of fibres (223,000 and 208,000)  passing through the dendrit ic 
spread of the Purkinje cell approxim ates the 222,000µ2 est im ated for 
the surface areas of the sam e cell's branchlets and spines. How m any 



NOT THE PUBLISHED VERSION; this is the author’s final, peer‐reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Anatomy, Vol. 91, No. 3 (July 1957): pg. 299‐313. Publisher Link. This article is © Wiley and permission has 
been granted for this version to appear in e‐Publications@Marquette. Wiley does not grant permission for this article to 
be further copied/distributed or hosted elsewhere without the express permission from Wiley. 

15 

 

of these fibres contact  spiny branchlets is im possible to say, but  the 
staggering of the branchlets suggests they are set  to synapse with as 
m any fibres as possible. The calculated total length of the branchlets 
(40,700µ)  em phasizes that  the branchlets are arranged in several 
planes, for if these sam e branchlets, 3µ in diam eter, were in lengths 
280µ ( i.e. height  of the dendrit ic system )  and arranged side by side in 
a single plane, they would extend for 430µ, a distance considerably 
greater than the dendrit ic spread of the cell.  Not  m any fibres, it  would 
seem , could work their  way through this system , and m iss the 
branchlets. Yet  ( considering the sm allest  num ber calculated, 208,000)  
if only half or one- third m ake contact ,  there would be in the first  
instance 104,000 and in the second instance 69,000 parallel f ibres 
converging on a single Purkinje cell.  The lat ter figure is close to the 
num ber est im ated for the spines. I ncidentally, Lorente de Nó (1934) , 
who was undecided whether the spines are part  of the dendrites or 
endings im pregnated without  their  fibres, had no doubt  each spine is a 
synapse. Certainly if the spines are dendrit ic collaterals for increasing 
recept ive surface and rendering the synapse m ore int im ate, there 
m ust  be at  least  one synapse for each spine and the num ber of spines 
represents the least  possible num ber of endings on the spiny 
branchlet .  

Why thousands of fibres are in touch with a Purkinje cell's 
term inal spiny branchlets is unknown, but  it  m ay be m eaningful in the 
light  of the recent  disclosure that  dendrites have propert ies different  
from  those of the cell bodies and axons. Clare & Bishop (1955 a,  b) , 
studying intercort ical paths act ivat ing only the apical dendrites of the 
cort ical pyram ids, have obtained evidence indicat ing that  dendrites in 
the cerebral cortex do not  behave as all-or-nothing conductors. 
Repet it ive st im ulat ion m aintains them  in a persistent  state of 
negat ivity. They have no absolutely refractory period, and the durat ion 
of their  response is m uch longer than that  of the cell bodies and 
axons. They m odulate the act iv ity produced in cell bodies by afferent  
st im ulat ion of cell bodies and they are capable of sustaining local 
act ivity at  a st im ulated region without  propagat ing im pulses to the cell 
body or axon. I nterest ingly, these disclosures were m ade in paths 
synapsing like the parallel fibres on Purkinje cell branchlets—both are 
exclusively axodendrit ic and both end on term inal spiny branchlets. 
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I s the fantast ic num ber of parallel fibres on Purkinje cell 
branchlets responsible for the fast  act ivity of the cerebellar cortex? 
Adrian (1935)  and Dow (1938)  have shown that  the elect r ical 
discharge frequency of the cerebellar cortex is one of the fastest  in the 
cent ral nervous system . Snider & Eldred (1948) , by isolat ion 
experim ents, dem onst rated that  this rapid act ivity results from  
int r insic rather than ext r insic m echanism s. Brookhart , Moruzzi & 
Snider (1951) , with m icroelect rode recordings of unit  act ivit y, have 
found this act ivit y to or iginate from  st ructures in the Purkinje cell 
and/ or granule cell layers. I f,  for the m om ent , this act ivity is 
speculat ively assigned to the Purkinje cells, say as a result  of their r ich 
connexions with parallel fibres, the silence Brookhart  el al. 
encountered in the m olecular layer, while probing with m icroelect rodes 
for unit  spike act ivity,  m ay be explained by the dendrit ic propert ies 
Clare & Bishop disclosed. 

The est im ates that  parallel fibres 3 m m . in length, 2 m m . in 
length and 1.5 m m . in length diverge to 460, to 310 and to 230 
Purkinje cells respect ively, presum e that  a fibre synapses with all the 
branchlets prot ruding in its pathway from  the greatest  num ber of cells 
possible. Regarding the m axim al lengths of the parallel fibres, it  is 
interest ing that  Dow (1949) , recording potent ials along the axis of the 
parallel fibres, was unable to obtain records when the st im ulat ing and 
pick-up elect rodes were separated by a distance greater than 5 m m . 
There is, perhaps, no great  discrepancy between our results and those 
of Dow, if the technical difficulty of having st im ulat ing and recording 
elect rodes so close together and the possibilit y of st im ulus spread are 
taken into considerat ion. 

Convergence and divergence are responsible for cent ral overlap 
in the nervous system . Sherr ington (1929)  used cent ral overlap to 
explain the phenom ena of occlusion in m otor reflexes and, 
undoubtedly, m uch rem ains to be explained by cent ral overlap. 
Lorente de No (1934) , observing what  he called the 'part ially shifted' 
over lap in all cent res studied, concluded it  m ust  be highly significant  
and, speculat ing on it s possible physiological role, elaborated on it s 
part icipat ion in the project ion to and the parcellat ion of funct ional 
fields. 
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I t  is difficult  to conceive of an arrangem ent  bet ter suited for 
convergence and divergence than the overlapping, sieve- like plates of 
the Purkinje cell dendrites flat tened in the dense st ream  of the parallel 
fibres. I t  is an architecture ideal for cent ral overlap. I n the folia this 
overlap is fixed t ransversely by the width of the Purkinje cell dendrites 
and longitudinally by the lengths of the parallel fibres. Transversely, 
cell bodies separated from  each other by a distance of 300µ easily 
share in com m on som e fract ion of their  synapt ic pools, while 
longitudinally, with the com posit ion of the parallel fibre plexus ever 
changing by the addit ion and term inat ion of fibres of varying lengths, 
there is from  cell to cell an exquisite gradat ion in the fract ionat ion of 
synapt ic pools. Cells separated from  each other by a distance of 3 m m . 
in the longitudinal direct ion share som e fr inge of fibres in com m on. 

The axons of Golgi cells and m ossy fibres converge on granule 
cell dendrites. Cajal (1911)  and Scheibel & Scheibel (1954)  have 
shown that  a single m ossy fibre sends branches to adjacent  folia. 
Within the granular layer these branches ram ify and each ram ificat ion 
has a series of roset tes. Since there are three or m ore granule cells 
contact ing each roset te, it  is clear that  a single m ossy fibre diverges to 
a large num ber of granule cells. But , on the other hand, each granule 
cell,  having three to six dendrites, is in posit ion to have converging on 
it  as m any different  m ossy fibres as it  has digit iform  endings. Thus 
there is convergence on a neuron as sm all as a granule cell.  Single 
unit  recordings in the brain stem  ret icular form at ion (Scheibel, 
Scheibel, Mollica & Moruzzi, 1955) , in all the nuclei of the am ygdaloid 
com plex (Machne & Segundo, 1956)  and in the lent icular nucleus and 
the claust rum  (Segundo & Machne, 1956)  have dem onst rated that  
there is widespread convergence of im pulses on individual neurons, 
even from  the opposite ends of the cent ral nervous system . To record 
from  a single granule cell would certainly be a technical feat , but  it  
would be interest ing to know, for exam ple, in the anter ior lobe of the 
cerebellum , where there is som e possibilit y of spino-cerebellar and 
cort ico-pontocerebellar convergence, if individual granule cells m ay be 
st im ulated from  such widely separated sources. 

Sum m ary 

The prim ary, secondary and tert iary sm ooth dendrites of the 
Purkinje cells sprout  term inal spiny branchlets, which are 
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com m ensurate and coextensive with the parallel fibre plexus 
generated by the granule cell axons. The parallel fibres form  'cruciform  
axo-dendrit ic connexions' with the Purkinje cell spiny branchlets. The 
overlapping of the Purkinje cell dendrites and the r igid or ientat ion of 
the Purkinje cells and the parallel fibres results in an arrangem ent  in 
which there is m axim al convergence and m axim al divergence in 
m inim al space. I n the present  study of the cerebellar cortex in the 
adult  m onkey (Maccaca m ulat ta)  an at tem pt  was m ade to derive som e 
quant itat ive concepts of this divergence and convergence from  
observat ions and m easurem ents in Golgi preparat ions and from  cell 
counts and m easurem ents in cresyl-violet  preparat ions. 

I n our fixed preparat ions there are an average of 510 Purkinje 
cells per m m .2 of Purkinje cell layer and 2.4 m illion granule cells per 
m m .3 of granular layer. The rat io of the cross-sect ional area of the 
m olecular layer to the cross-sect ional area of the granular layer is 1.5 
to 1 respect ively. The average thickness of the granular layer is 0.2 
m m . 

The parallel fibres display hook- like, sessile bouton and warty 
roset te endings, which are larger than the spines on the Purkinje cell 
branchlets. The parallel fibres decrease in calibre and in length from  
below upwards in the m olecular layer. The infer ior parallel fibres are 
approxim ately 1µ in diam eter and 3 m m . in length and the superior 
parallel fibres are approxim ately 0.2µ in diam eter and 1 m m . or less in 
length. The thin-calibre parallel fibres are m ore num erous than the 
thick-calibre parallel fibres. 

The average of three determ inat ions for the total length of the 
spiny branchlets on a Purkinje cell is 40,700µ. This calculat ion 
em phasizes that  the branchlets are staggered in several or m ore 
planes. These branchlets have a total of 61,000 spines. The com bined 
surface area of the branchlets and the spines is 222,000µ2.  

I t  is not  known for certain whether the spines are synapt ic 
endings on the dendrites or dendrit ic devices for increasing synapt ic 
surface and rendering the synapse m ore int im ate. I n either case, 
however, their  num ber is a good index of the num ber of fibres 
converging on the Purkinje cell branchlets.  
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There are m ore than enough fibres passing through the area of 
the dendrit ic spread of a Purkinje cell to account  for the num ber of 
spines. I t  was est im ated (based on the average thickness of the 
granular layer)  that  if the average length of the parallel fibres is 1.5 
m m . or 2 m m ., there are 223,000 fibres or 297,000 fibres, 
respect ively, passing through the area of dendrit ic spread. I t  was also 
est im ated (based on the rat io of the m olecular layer to the granular 
layer)  that  if the average length of the parallel fibres is 1.5 m m . or 2 
m m ., there are 208,000 fibres or 278,000 fibres, respect ively, passing 
through the dendrit ic spread of the Purkinje cell.  

The enorm ous convergence on a Purkinje cell's spiny branchlets 
was discussed in the light  of the recent  disclosure that  dendrites m ay 
not  behave all-or-nothing. 

I t  was est im ated that  parallel fibres 3, 2 and 1-5 m m . in length 
can diverge to 460, to 310 and to 230 Purkinje cells,  respect ively. 

The cent ral overlap in this system  is lim ited by the t ransverse 
spread of the separated from  each other by 300µ in the t ransverse 
direct ion of the folia and by 3 m m . in the longitudinal direct ion of the 
folia can share in com m on som e fr inge of parallel fibres. The closer 
Purkinje cells are to each other in both direct ions, the m ore parallel 
fibres they share in com m on. 

There is convergence on a neuron even as sm all as a granule 
cell,  for  each granule cell contacts as m any m ossy fibres as it  has 
digit iform  endings. 
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List  of Abbreviat ions 

g granular layer 
i cerebellar  island 

m  m olecular layer 
s space for stellate cell 

 

Explanat ion of Plates 

The photom icrographs on Pl. 1 were taken under m edium  power and 
reproduced at  the sam e m agnificat ion. All photom icrographs on Pls. 2 
and 3 were taken under oil im m ersion and reproduced at  the sam e 
m agnificat ion, except  Pl. 2, fig. 7, which was taken under high power. 

PLATE 1  

Fig. 1. The Purkinje cell in which the total length of the spiny 
branchlets was calculated. Golgi preparat ion. 

Fig. 2. A dense im pregnat ion of parallel fibres running longitudinally in 
the folia. I m pregnat ion is incom plete in the upper port ion of the 
m olecular layer. Som e concept  of the convergence on a Purkinje cell's 
branchlets m ay be had by im agining this st ream  of fibres turned at  
r ight  angles to the dendrit ic system  of the cell in fig. 1. Golgi 
preparat ion. 

PLATE 2  

Fig. 3. A branch of an apical dendrite of a sm all cort ical pyram id, 
showing spines. Golgi preparat ion. 

Fig. 4. The dendrit ic shaft  of the sam e cell as in fig. 3, showing spines. 
Golgi preparat ion. 
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Fig. 5. Dendrit ic spines on a cell of the caudate nucleus. Golgi 
preparat ion. 

Fig. 6. The spiny branchlets of a Purkinje cell.  Golgi preparat ion. 

Fig. 7. Crushed spiny branchlets of a Purkinje cell.  The knob-ends of 
the spines, dispersed like gunshot , are rather uniform  in size. Golgi 
preparat ion. High power. 

Fig. 8. A port ion of the dendrit ic system  of a Purkinje cell showing the 
sharp cont rast  between the sm ooth branches and the spiny branchlets. 
Golgi preparat ion. 

Fig. 9. A parallel fibre in a sect ion parallel to the surface of the 
m olecular layer. The hook- like endings are larger than the Purkinje 
cell's dendrit ic spines. Golgi preparat ion. 

PLATE 3  

Fig. 10. A superior parallel fibre, approxim ately 0 2/ %  in diam eter, 
showing its T-shaped bifurcat ion. I t s warty roset te endings are larger 
than the spines on a Purkinje cell's branchlets. Would these endings 
appear hook- like, if they were cut  in the sam e plane as the fibre in fig.  
9? Golgi preparat ion. 

Fig. 11. An infer ior parallel f ibre showing sessile boutons, which are 
m uch larger than the Purkinje cell spines. This fibre is the direct  
cont inuat ion of the fibre in Pl. 3, fig. 12. Golgi preparat ion. 

Fig. 12. An infer ior parallel fibre approxim ately 1µ in diam eter. Not ice 
there are no endings near the T-shaped bifurcat ion. The first  ending on 
this fibre is shown in Pl. 3, fig. 11, 90µ from  the bifurcat ion. Golgi 
preparat ion. 

Fig. 13. A granule cell with one dendrite and its digit iform  endings in 
focus. The sm all protoplasm ic processes on the digits are com parable 
in size to the spines on the dendrites of cells in the caudate nucleus 
( fig. 5) . I n the background unim pregnated granule cell nuclei are 
visible. Golgi preparat ion. 

Fig. 14. A thin cresyl-violet  sect ion showing granule cell nuclei 
cluster ing around cerebellar islands. There is no recognizable Nissl 
substance in these cells.  
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