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Integrative Versus Delay Line Characteristics 
of Cerebellar Cortex 
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SUMMARY: In order to determine 
which of two general models ("tapped 
delay line" or "integrator") provides a 
more accurate description of mam­
malian Purkinje cell (P-cell) activation 
by natural stimulation, the spatial and 
temporal characteristics of a popula­
tion of neurons in cerebellar cortex re­
sponsive to small controlled stretches of 
forelimb muscles were examined in 
awake, locally anesthetized cats. Stretch 
of a single wrist muscle excited P-cells 
over a distance of about I mm in the 
long axis of a folium, a span which is at 
most half the length of parallel fibers. 
Both granule cells and molecular layer 
interneurons were excited over a wider 
zone than P-cells. 

Furthermore, P-cells across a re­
sponse zone all fired on the average at 
the same time, as determined by comput­
ing peristimulus cross-interval histog-

RESUME: Pour determiner lequel des 
deux modi'les generaux ("tapped delay 
line" on "integrator") donne line de­
scription plus precise des reponses des 
cellules de Purkinje (C.P.) a la stimula­
tion naturelle, les caracteristiques spa-
tiales et temporelles d'une population de 
neurones dans le cortex cerebelleux, 
activee par le tirage des muscles de la 
putte anterieure, etaient examinees dans 
les chats eveilles. Le tirage d'un muscle 
du poignet a active des C.P. sur line 
distance a pen pres d'un mm dans I'axe 
longitudinale d'une feuille, d'une longeur 
egale an plus la moitie de la longeur des 
fibres paralleles. Les cellules des grains 
et les interneurones de la couche mole-
culaire etaient excitees dans line region 
plus extensive que les C.P. 

D'ailleurs, C.P. a trovers line zone de 
reponse ont loutes dechargees en 
moyenne an me me instant, ce qui etait 
determine par le calcul des histo-
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rams from pairs of simultaneously re­
corded neurons. Consistent delays could 
only be demonstrated in the minimal re­
sponse latencies as measured from 
peristimulus time histograms. These de­
lays, however, were longer than could be 
ascribed to parallel fiber conduction vel­
ocity. 

No evidence, therefore, was found in 
cat cerebellum to support the "tapped 
delay line" model, which postulates the 
successive activation of P-cells as an ex­
citatory volley travels along a parallel 
fiber beam. Instead, an integrative mode 
of operation seems to predominate: a re­
latively wide substratum of activated 
granule cells simultaneously activates a 
narrower focus of P-cells centrally 
situated with respect to the granule cell 
population. The role of inhibitory inter­
neurons in promoting the "integrator" 
model is discussed. 

grammes d'intervalles croises des paires 
de neurones simultanement enregistrees. 
Un delai constant ne se revelait que dans 
les latences inhumes mesures dans des 
histogrammes peristimulus. Cepen-
dant, ces delais etaient plus longues que 
ceux attribuable an velocite de conduc­
tion des fibres paralleles. 

Dans le cervelel felin, done, on ne 
trouvait aucune evidence supportant le 
modele "tapped delay line" qui suppose 
line activation successive des C.P. le 
long d'un rayon de fibres paralleles. An 
contraire, le cortex semble fonctionner 
comme "integrator": une couche assez 
large de cellules des grains excite 
simultanement un foyer plus etroit de 
C.P. situe au-dessus le centre de la 
population active de cellules des grains. 
On discute le role des interneurones in-
hibitrices en facilitant le modele inte-
gratif 

INTRODUCTION 

The orderly distribution of parallel 
fibers through the orthogonally-
oriented dendritic trees of Purkinje 
cells (P-cells) has inspired two gen­
eral schools of thought concerning 
the operation of cerebellar cortex. 
Braitenberg (1961) and later 
Freeman (1969) have suggested that 
the parallel fibers constitute a delay 
line, "tapped" at regular intervals 
by P-cell dendritic arborizations 
(Fig. 1). In support of this 
hypothesis Freeman and Nicholson 
(1970) have demonstrated the pres­
ence of fixed delays between dis­
charges of frog P-cells, in response 
to natural vestibular stimulation, to­
tally attributable to the conduction 
time of the parallel fiber beam link­
ing the cells. Kornhuber (1971) has 
also adopted the delay line model as 
a basic component in his concept of 
cerebellar cortical function, namely 
the preprogramming of fast move­
ment duration. 

On the other hand, Fox and Bar­
nard (1957) have stressed that the 
cerebellar cortex is an ideal struc­
ture for maximum divergence of in­
puts to many P-cells and at the same 
time maximum convergence of in­
puts onto single P-cells. Similarly, 
extensive studies of mammalian 
P-cell responses to various afferent 
systems (Allen et al., 1974; Eccles et 
al., 1971c, 1972; Freeman, 1970; 
Murphy et al., 1973) have consis­
tently revealed a convergence of dif­
ferent inputs onto single cells. While 
not refuting the delay line model, the 
prominence of P-cell "integration" 
(Eccles et al., 1971c, 1972) suggests 
that parallel fibers may have a func­
tion entirely different from timing. 
Thus, parallel fibers originating from 
either side of a P-cell dendritic tree 
might convey excitatory inputs to it 
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Figure /—Schematic diagrams illustrating two general lumped models of cerebellar 
operation. Only the P-cell populations successfully fired by the indicated groups of 
parallel fibers (pf) are outlined. Some of the P-cells are omitted from the upper 
horizontal view of unfolded cortex to show the parallel fiber orientation. An average 
pf length of 2 mm is assumed in this and subsequent figures. 

from a wide substratum of granule 
cells, mediating signals from a great 
variety of afferent sources. This 
viewpoint of parallel fiber function is 
labelled the "integrator" model in 
figure 1. 

The major difference between the 
two models schematically rep­
resented in figure I is the P-cell 
threshold to parallel fiber input 
which each implies. For the delay 
line model this threshold must be re­
latively low, so that a long string of 
P-cells may be excited by a "beam" 
of parallel fibers emanating from a 
restricted locus of active granule 
cells. If however, a high density of 
simultaneously active parallel fibers 
(arising from a relatively large 
number of granule cells) is required 
to excite a P-cell to fire, it is unlikely 
that the delay line configuration 
could supply enough excitatory ac­
tivity to raise the P-cells to threshold 
in mammalian cerebella. The "integ­
ra to r " configuration would then 
predominate. 

This study was undertaken to de­
termine which of these two general 
models best described the temporal 

and spatial response pattern of feline 
cerebellar cortex to a discrete prop­
rioceptive stimulus. The relative dis­
tribution of responsive cells in all 
three cortical layers was studied as 
accurately as possible in the direc­
tion of parallel fiber spread. Timing 
differences between P-cell dis­
charges across a response zone were 
investigated by measuring' the 
minimum response latency from 
peri-stimulus time histograms 
(PSTH) for each neuron, and by 
constructing cross-interval histog­
rams (Perkel et al., 1967) from simul­
taneously recorded pairs of P-cells. 
It was expected that delays attribut­
able to conduction time along the 
parallel fibers would be found if the 
cerebellar cortex performed as a 
delay line. If, however, the integra­
tor model were operative, it was an­
ticipated that most P-cells would re­
spond either at the same time, or 
with delays due to synaptic summa­
tion not directly predictable from 
parallel fiber conduction velocity. 

Some of our findings have been 
previously mentioned in abstract 
form (MacKay and Murphy, 1973, 
1975). 

METHODS 
Surgical preparation and 
muscle stimulation 

Twenty adult cats weighing 2-4 
Kg. were used in this study. Under 
general halothane anesthetic (Fluo-
thane, Ayerst) the right humerus 
was broken and distal segment sol­
idly fixed to the stimulator frame. 
The distal tendons of 2 muscles, ex­
tensor digitorum communis (EDC) 
and its antagonist palmaris longus 
(PL), were dissected out and at­
tached to separate vibrators with 
non-compliant suture. The nerve 
supply to these muscles was left in­
tact, but the rest of the right forelimb 
was denervated. 

The right cerebellar cortex was 
exposed just anterior to the fissura 
prima (lobule V), and covered with a 
thin layer of agar which was con­
tinuously warmed thereafter by a 
37°C saline drip. General anesthesia 
was discontinued after the prepara­
tion was complete, about 1 hour 
prior to recording. All wound mar­
gins, pressure points and the sensory 
divisions of the trigeminal nerve 
were infiltrated with 2% lidocaine at 
regular intervals. The animal was 
paralyzed with gallamine triethio-
dide administered through an infu­
sion pump, and positive-pressure 
ventilation begun. 

Regional anesthesia was applied 
repeatedly to prevent increases in 
either pupillary mydriasis or arterial 
blood pressure, which are indicators 
of incipient discomfort. Other pre­
cautions taken to ensure the 
animal 's comfort have been de­
scribed previously (Murphy et al., 
1973). 

While recording from neurons, 
muscle stretches of about 100 msec 
duration and 10 msec rise time were 
applied to 1 or 2 muscles at a time, at 
a rate of about 0.5 Hz. The amp­
litude of muscle stretch was main­
tained at a constant value through­
out an experiment, vacying from 
preparation to preparation within the 
range 0.5 to 1.0 mm. 

Unit classification 
Extracellular recordings of cere­

bellar cortical neurons were made 
using micropipettes filled with 3M 
NaCl. The electrodes had a tip 
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Figure 2—The cerebellar key used for identifying single units. Above the single unit 
records on the left, asterisks indicate the beginning of muscle stretch. Horizontal 
calibration marks for the upper and lower three traces and for the averaged field 
potentials are each 10 msec. The accompanying symbols are those used in figure 5. 

diameter of 1 tx or less and resis­
tances of 2-8 megohms. The classifi­
cation of units (Fig. 2) relied on 
laminar identification; for this pur­
pose evoked field potentials were 
monitored and averaged at the same 
time as spike activity. The 3 cortical 
layers generate distinctive field po­
tentials in response to muscle stretch 
(Kwan and Murphy, 1974). Large 
amplitude units which were located 
in the P-cell layer, exhibited both 
"s imple" and "complex" spikes, 
and which showed a response to 
muscle stretch consisting of only 1 

or 2 simple spike discharges were 
considered to be P-cells. If a typical 
climbing fiber response was not pre­
sent but the unit was located in the 
P-cell layer and met the other 
criteria, it was still classified as a 
P-cell (cf. Eccles et al., 1971b). 

Similar units in the granular layer, 
but without complex spikes, were 
classified as Golgi cells (cf. Walsh et 
al., 1974). Units which responded to 
muscle stretch with a short burst of 
spikes, generally of relatively low 
amplitude, were identified as 
molecular layer interneurons (stel­

late and basket cells) if located in the 
molecular layer, or as granule cells if 
located in the granular layer (Fig. 2). 
All of these units showed an initial 
negative polarity and were therefore 
assumed to mainly represent poten­
tials from somata or primary de­
ndrites rather than from passing 
axons. 

From the study of Walsh and 
coworkers (1974) on the cerebellar 
cortex of turtles, it would appear 
that the glomerular terminals of 
mossy fibers are much more easily 
recorded from than granule cells. 
These authors even suggest that 
granule cell somata do not normally 
support action potentials. How simi­
lar the situation may be in cat cere­
bellum is not clear, but several 
points can be made. Potentials re­
corded from mossy fibers are ini­
tially positive (ibid.). The potentials 
which we identified as originating 
from granule cells usually showed an 
initial negative polarity. Moreover, 
the majority of glomeruli in turtle 
cerebellum are larger than those in 
the cat, and have a central mossy 
fiber terminal which approaches the 
shape of a medium-sized neuronal 
cell body (Mugnaini et al., 1974) in­
stead of the highly evaginated and 
convoluted mammalian rosette (Ec­
cles et al., 1967). Also, mammalian 
glomeruli are much more fully en­
capsulated by glial processes than 
are those in the turtle. Nevertheless, 
Eccles and colleagues (1971a) have 
recorded from both mossy fibers and 
granule cells in cat cerebellum. 
Therefore, it cannot be excluded 
that some of the units labelled 
"granule cells" in this report may in 
fact have been mossy fiber termi­
nals. But, neurons in the external 
cuneate nucleus (F. Johnson and J. 
T. Murphy, unpublished observa­
tions) and rostral spino-cerebellar 
tract cells (MacKay and Murphy, 
1974) do not fire in a burst in re­
sponse to muscle stretch, and mossy 
fibers from lateral reticular nucleus 
mainly respond much later (ibid.) 
than the vast majority of burst units 
recorded here. Hence, most of our 
granular layer burst units are proba­
bly granule cells, and those that 
were not can nonetheless be as­
sumed to indicate a locus of granule 
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cell response. The synaptic linkage 
from individual mossy fibers to indi­
vidual granule cells is quite power­
ful, with little attenuation along 
granule cell dendrites (Mugnaini et 
al., 1974). 

Recording and analysis of two 
simultaneous spike trains 

As part of the experimental 
strategy to uncover the exact time 
relation between responses of 
P-cells along a "beam" of parallel 
fibers, simultaneous recordings were 
made from 2 P-cells separated by 
varying distances in the long axis of 
a folium. Two micropipettes were 
employed. One was positioned in the 
P-cell layer at what was subjectively 
judged to be the center of a zone re­
sponsive to muscle stretch (region of 
the largest evoked field potentials). 
This electrode remained stationary 
throughout the experiment. The 
other electrode, angled 45° with re­
spect to the first, was moved to 
either side of the first in 200 
At increments, following the long 
axis of the folium (Fig. 7). The 
alignment of the 2 electrodes was 
performed visually and left a gap, in 
the experiment i l lustrated, of 
200-400 u. between the tip of the 
stationary electrode and the line 
connecting the tip positions of the 
moving electrode, as judged from 
the histological determination of 
electrode position. 

Ideally, the compared P-cells 
should be excited by a common 
bundle of parallel fibers. In practice, 
this qualification is impossible to 
satisfy because P-cells are neither 
rectilinearly arranged nor in synaptic 
contact with all of the parallel fibers 
passing through their dendritic trees 
(Palkovits et al., 1971). Local stimu­
lation of parallel fiber bundles would 
have aided the selection of P-cells 
excited by a restricted "beam", but 
was not employed in these experi­
ments because of the extreme vul­
nerability of mossy fiber-mediated 
responses of P-cells to even slight 
cortical damage. Fortunately, the 
need for strictly aligning the com­
pared P-cells on a shared parallel 
fiber bundle is alleviated by the pro­
fuse branching of mossy fibers in the 
sagittal plane (Eccles et al., 1967), 
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Figure 3—Peristimulus cross-interval histogram significance test. The central portion 
of the shift-control histogram is fitted by a moving average routine iterated 2 (A) or 5 
(B) times. A 'standard deviation' is calculated from the differences between bin 
values and the fitted average curve. Then a band comprising the fitted curve plus 
and minus 2 standard deviations is plotted on top of the original histogram. Bin 
width is 1 msec. 

ensuring a wide band of simultane­
ously activated parallel fibers (Fig. 
1). The test used for determining the 
presence of common input to P-cells 
recorded on separate electrodes was 
a statistical one, namely a significant 
correlation between the times of fir­
ing for each P-cell. In general, corre­
lation occurring at zero delay is une­
quivocal evidence for common input 
(Gerstein and Perkel, 1972). Since 
P-cells fire randomly in the absence 
of specific input (Sabah and Mur­
phy, 1971) and do not excite one 
another , positive correlation of 
P-cell firing patterns even at small 
delays is indicative of common 
input. 

Correlation of the stretch re­
sponses of P-cells recorded on each 

electrode was determined by con­
structing cross-interval histograms 
from the peri-stimulus portion of 
selected P-cell spike trains. Since 
the expected time relation was short 
compared to the mean interspike in­
terval, the cross-interval histogram 
was judged to be an adequate test 
(Perkel et al., 1967). Indeed, the 
computation of cross-correlograms 
involving higher than first-order in­
tervals added no information al­
though it required more computer 
time. The spontaneous activity of 
mammalian P-cells is only correlated 
for pairs of neurons less than 100 
u. apart (Bell and Grimm, 1969). To 
uncover any correlations over larger 
distances we thought it necessary to 
use evoked activity. For this reason 
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cross-interval histograms were con­
structed from only the peri-stimulus 
portions of the 2 spike trains, start­
ing 20 msec before the initiation of 
muscle stretch and ending 128 msec 
later. Simultaneous spike trains 
segmented about the stimulus are 
normally used to compute joint 
peri-stimulus time scatter diagrams 
(Gerstein and Perkel, 1972). We 
have found the histogram format, 
however, more amenable to an ob­
jective test of significance, particu­
larly in this case where correlations 
were generally weak. 

Our significance test was derived 
from that developed by Gerstein and 
Perkel (1972) for scatter diagrams. 
The cross-interval histogram was 
recompiled after "frame-shifting" 
one spike train with respect to the 
other by one stimulus cycle produc­
ing a "shift-control" histogram. A 
more thorough shuffling procedure 
was not considered necessary be­
cause there were no consistent 
trends in any of the spike trains used 
(ibid.). The latter condition was 
carefully checked by analysis of ras­
ter displays as reported elsewhere 
(Murphy et al., 1974). The central 33 
bins of the shift-control histogram 
were then 'smoothed' using an itera­
tive moving average routine (Blake, 
1974). The smoothed curve was plot­
ted as a series of dots over the his­
togram (Fig. 3). A single 'standard 
deviation' was then calculated from 
the differences between original bin 
values and the fitted curve or 
'mean'. (The decline in variance in 
some cases of the most peripheral 
bins was found to introduce only 
slight errors). Finally a band was 
plotted as 2 rows of dots on the orig­
inal histogram, representing the fit­
ted curve plus and minus 2 'standard 
deviations' (Fig. 3). This band con­
tained approximately 95% of the 
cross-intervals where the spike trains 
were independent of each other, ex­
cept for a mutual variable depen­
dence on the muscle stimulus. Only 
bins with values which lay well out­
side the superimposed band were 
considered to demonstrate a sig­
nificant temporal correlation bet­
ween responses of the 2 cells. As 
shown in figure 3, an increase in the 
number of iterations of the moving 

weighted average routine, from 2 
(Fig. 3A) to 5 (Fig. 3B), produced a 
smoother fit. Generally, however, 
only 2 iterations were performed to 
prevent levelling of the central peak. 

Histology 
Animals were sacrificed with an 

overdose of barbiturate at the end of 
an experiment. Electrodes were cut 
and left in their last track, the cere­
bellum quickly removed and fixed in 
formalin for 2 days . Then 50 
XX. sections were sliced in the plane of 
the electrode tracks. All sections 
containing tracks where the elec­
trode tip had been left in situ during 
fixation were easily found, mounted 
and stained with cresyl violet. The 
other electrode tracks were interpo­
lated from the experimental pro­
tocol, making allowance for tissue 

shrinkage (measured to be about 
15%) Normally all the electrode 
tracks were made in the same plane 
(that of the sectioning), which 
greatly aided their reconstruction. 

RESULTS 
Shape of cortical zones responsive 
to muscle stretch: 

We have previously reported that 
P-cells within a sagittally-oriented 
strip (about 1 mm wide and up to 10 
mm long), located in the center of 
hemispheral lobule V (pars inter­
media), respond to moderate stretch 
of single ipsilateral forelimb muscles 
(Murphy et al., 1973). In addition to 
this major response zone, in recent 
experiments we have found evi­
dence of two other narrow strips in 
lobule V responsive to the same 
elemental stimulus. One is parallel to 

a 

Figure 4—Lateral view of lobule V sectioned sagittally through the middle of pars 
intermedia (PI). Regions of high probability of P-cell responses to wrist muscle 
stretch are marked by accumulations of dots. V, vermis. 
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the zone just mentioned, at the me­
dial edge of pars intermedia (Fig. 4). 
The other is further caudal in the 
depths of the fissura prime (Fig. 4), 
an area which responds to muscle 
nerve stimulation (Ekerot and Lar­
son, 1972). Yet another responsive 
strip was found in the paramedian 
lobule, Villa. In each case, however, 

the zone extends much farther in the 
sagittal plane than in the direction of 
the folial axes or parallel fibers. The 
elongation in the sagittal plane was 
to be expected from the known pat­
tern of termination of the cuneo-
cerebellar tfact (Oscarsson, 1973; 
Voogd, 1969). But the present re­
sults (Figs. 4, 5) show that stretch of 

single muscles does not activate 
P-cells along the full length of paral­
lel fiber "beams" which should be at 
least 2 mm long (Fox and Barnard, 
1957; Palkovits et al., 1971). This 
basic observation may be restated as 
a conclusion: naturally activated 
parallel fiber beams do not necessar­
ily fire P-cells along their entire 
length. Similarly, from the data re­
ported by Eccles and coworkers 
(1972), P-cells responsive to toe pad 
taps appear to lie within very narrow 
parasagittal strips. 

Profile of the response zone 
By making multiple parallel elec­

trode tracks across muscle stretch 
response zones, it was possible to 
determine, for each cortical layer, 
how far responsive cells extended in 
the direction of parallel fiber spread. 
Typical results are presented in Fig. 
5. It is clear that of all the responsive 
neurons, P-cells were the most re­
stricted in terms of spatial distribu­
tion. Responsive granule cells on the 
other hand, are the most wide­
spread. It was not uncommon to re­
cord scattered granule cell responses 
from one side of pars intermedia to 
the other. The prompt curtailment of 
P-cell evoked activity in the direc­
tion of parallel fiber spread could be 
due both to the decreasing density of 
activated parallel fibers and to the 
continued responsiveness of molecu­
lar layer interneurons towards the 
edge of a response zone (Fig. 5). The 
inhibitory influence of the latter on 
P-cells would effectively cancel any 
excitatory input from the parallel 
fibers, or on occasion produce a net 
inhibition of P-cells at the fringe of a 
responsive area (Fig. 5, 6). The acti­
vated interneuron (probably a basket 
cell) and simultaneously inhibited 
P-cell shown in figure 6 were re­
corded together on the same elec­
trode at the edge of a region in which 
P-cells were excited by muscle 
stretch. Since both molecular layer 
interneurons and P-cells derive their 
excitatory input from parallel fibers, 
it follows from figure 5 that molecu­
lar layer interneurons can be acti­
vated by a lower general density of 
active parallel fibers than P-cells. 

The spatial character of the corti­
cal zones responsive to muscle 

v3 • • • • • 
p. intermedia 

GL 

vermis 

Figure 5—The distribution of unit responses in the long axis of various folia (pars 
intermedia). Solid symbols indicate an excitatory response and open symbols a lack 
of response: circle, molecular layer interneuron; triangle, P-cell; square, Golgi cell; 
diamond, granule cell. Inverted open triangles indicate an inhibitory P-cell response. 
ML, molecular layer; GL, granular layer. 
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Figure 6—Simultaneously collected PSTHs from a P-cell and molecular layer inter­
neuron recorded on the same electrode at the edge of a zone of excitatory P-cell 
responses to muscle stretch. Bin width is 2 msec; number of repetitions is 128. 

stretch conform best therefore to the 
"integrator" model (Fig. 1). The 
"delay line" configuration is pre­
vented apparently by insufficient 
density of activated parallel fibers 
and by the action of inhibitory inter-
neurons. Also, the dimensions of the 
distribution of excited cells are in­
compatible with a parallel fiber 
length much more than 2 mm (Brand 
et al., 1974;Houk and Walsh, 1971). 

Timing of P-cell responses 
It was previously demonstrated 

that functional antagonists produce 
similar actions on the same P-cell 
and activate similar cortical zones 
(Murphy et al., 1973), but when 2 an­
tagonists (EDC and PL) are pulled 
simultaneously, the width of the 
major zone of responsive P-cells 
(Fig. 4) can be increased from 1 mm 
to about 2 mm (making it continuous 
with the more medial zone), thus giv­
ing more space in which to test for 
any constant delays between P-cell 
responses as predicted by Braiten-
berg's model. 

Only the exposed dorsal folia of 
the intermediate culmen, a region 
which is accurately approachable, 
was examined. Cross-interval his­
tograms were compiled from the 
peri-stimulus portions of the spike 
trains of pairs of simultaneously re­

corded P-cells (see Methods). Two 
P-cells recorded on the same elec­
trode anywhere in the response zone 

invariably gave a very strong corre­
lation (Fig. 7, 1:1, and Fig. 3). With 
either a 1 msec (Fig. 3, 7) or 0.5 msec 
bin width, the correlation was al­
ways sharply centered at zero delay, 
indicating a high proportion of com­
mon parallel fiber input for P-cells in 
close proximity (cf. Bell and Grimm, 
1969). 

When P-cells recorded on differ­
ent electrodes, separated by varying 
dis tances , were correlated, the 
peaks were of much lower amplitude 
and increased in breadth as the sep­
aration increased (Fig. 7). Only the 
closest pair (Fig. 7, 1:5) separated by 
about 100/«in the folial axis and 
about 200xtin the transverse plane, 
showed a sharp correlation at zero 
delay. The correlation was repeated 
with a 0.5 msec bin width (Fig. 8) 
and again the peak was centered at 
zero delay. More distant pairs either 
showed no significant correlation 
(Fig. 7, 1:6) or a low broad peak al­
ways centered on zero delay (Fig. 7, 
1:11). 

The average conduction velocity 
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Figure 7—Peristimulus cross-interval histograms for pairs of P-cells within a muscle 
stretch response zone. The numbers in A mark the electrode positions at which 
P-cells were recorded. One electrode remained stationary at position 1. The other 
was moved in the folial axis from position 2 to 11 in 0.2 mm increments except for a 
0.4 mm jump between positions 4 and 5. Position 5 is approximately 0.2 mm anterior 
and 0.1 mm medial to position 1. The histograms in B show the distribution of 
cross-intervals between spikes of a P-cell recorded at position 1 and the spikes of 
P-cells recorded at positions 2 to 11 inclusive. Bin width of the histograms is 1 msec; 
stimulus was repeated 128 times. 
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shift control 

10 
msec 

Figure 8—Peristimulus cross-interval histogram (B) and shift-control histogram (A) for 
P-cells recorded at positions 1 and 5 in figure 7. Bin width is 0.5 msec; stimulus was 
repeated 128 times. 

of cat parallel fibers is at least 
0.3 m/sec. (Eccles et al . , 1967; 
Gardner-Medwin, 1972), allowing a 
total conduction time of approxi­
mately 3 msec for impulses to travel 
from position 1 in Fig. 7 to a point 1 
mm medial or lateral. But when dis­
tances of I mm or greater (up to 1.3 
mm) separated a pair of recorded 
P-cells, a consistent delay of 3 msec 
or more between responses of the 2 
cells was not observed in the cross-
interval histograms. Normally no 
more than 1 msec separated re­
sponses of distant P-cells (Fig. 7). 
This finding leads one to conclude 
that the cerebellar cortex effects a 
relatively simultaneous activation of 
a specific zone of P-cells, rather than 
a sequential activation along beams 
of parallel fibers. 

Minimum latency of 
P-cell responses 

Although the average P-cell re­
sponse time which is monitored in 
the cross-interval histogram, is vir­
tually identical across an entire re­
sponse zone, in all experiments it 
was noticed that the minimum re­
sponse latency increased as one 
moved from the center towards the 
medial and lateral edges of the zone 
(Fig. 9, 10, 11 A). Presumably, the 
minimal latency is an indication of 
the earliest synaptic input to a neu­
ron, which only rarely is sufficient to 

excite the neuron. (Minimum re­
sponse latency was measured as the 
time from the initial rise in muscle 
tension to the first significant bin in 
the PSTH peak). From the viewpoint 
of this study it was important to de­
termine whether or not the increase 
in minimal latency with increasing 
distance from the response focus 
could be accounted for by the con­
duction velocity of parallel fibers. 

To approach this question ade­
quately, it was also necessary to 
measure the distribution of minimal 
latencies in the granular layer in 
order to identify the configuration of 
parallel fiber activity responsible for 
the earliest P-cell responses. The re­
sults of one such experiment are 
shown in figure 10. Both granule and 
P-cells follow the same trend: shor­
test latencies in the center of the re­
sponse zone and longer towards the 
edges. The P-cell data was fitted 
with a parabolic regression curve. 
The significant feature however, is 
the spatial extent of the earliest fir­
ing granule cells. They are limited to 
the region directly underlying the 
total P-cell response zone (Fig. 10), 
and are activated more or less syn­
chronously. 

We can, therefore, picture the ear­
liest input to a zone of responsive 
P-cells as represented in the dis­
crete, lumped model of Fig. 1 IB. 

The earliest parallel fiber input to 
the P-cell population arises only 
from granule cells directly beneath 
that population. Because P-cells in 
the center of the response zone re­
ceive parallel fiber inputs at a faster 
rate than those at the periphery, it 
follows that the minimal response la­
tency will increase from the center 
to the periphery as observed (Fig. 
10, 11 A). (The molecular layer in­
hibitory interneurons are excited by 
the same parallel fibers which excite 
the P-cells and therefore do not sig­
nificantly affect the pattern of ear­
liest excitatory input to P-cells). 

Latency differences between 
neighboring P-cells can be estimated 
in a piece-wise linear fashion from 
the model of Fig. 11B using only 
conduction velocity considerations 
and the assumption that the proba­
bility of one cell firing before its 
neighbour is linearly related to the 
proportion of active parallel fibers 
reaching one cell before the other. 
The latter proportion has been calcu­
lated for the model in figure 11B and 
labelled the "delay line quotient". It 
is determined by dividing the total 
number of fibers conducting in one 
direction into the excess number 
(i.e. unbalanced by parallel fibers 
travelling the opposite way) con­
ducting in the same direction 
through the dendritic trees of a pair 
of neighboring P-cells (Fig. 11B). 
The firing delay between the two 
P-cells is then given by the following 
expression: (distance/conduction 
velocity) X (delay line quotient). 
Where all the active parallel fibers 
reach one P-cell before the other the 
delay line quotient is 1.0 (5/5 in Fig­
ure 11B) and latency differences are 
directly proportional to the recip­
rocal of parallel fiber conduction 
velocity. Where equal numbers of 
active parallel fibers approach from 
either side the delay line quotient is 
0.0 and both P-cells of a neighboring 
pair fire at the same time. (It should 
be noted that the actual average 
length of parallel fibers, whatever it 
may be, does not alter the distribu­
tion of delay line quotients in Fig. 
1 IB). 

In figure 11A it is clear that the 
latency curve predicted from purely 
delay line effects (broken curve) is 

92 - MAY 1976 Characteristics of Cerebellar Cortex 

https://doi.org/10.1017/S031716710002583X Published online by Cambridge University Press

https://doi.org/10.1017/S031716710002583X


LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES 

DISPLACEMENT 

0 mm 

^ V l r ^ J l ^ 

0.2 

iwtf^t^H*^ 
yi \ 0.7 

_ _ ] ( ! j ^ ^ 

50 spikes 

HIM 1.6 

Figure 9—PSTHs of P-cells at different positions within the 2-muscle stretch response 
zone, from the lateral (0.0) to the medial (1.6 mm) side of the zone. Dots mark the 
first significant bins of response peaks. Bin width is 1 msec; number of repetitions is 
128. 

not an adequate description of the 
experimental data. A delay line exp­
lanation of the data in figures 10 and 
11A would require average parallel 
fiber conduction velocities of xh to V2 
their actual values. One must con­
clude, therefore, that a volley from 
the initially excited population of 
granule cells is at best sufficient to 
excite the most central of the di­
rectly overlying P-cells, while the 
rest must await later inputs for acti­
vation. Furthermore, the diversity of 
later inputs (from more slowly con­
ducting parallel fibers, from long 
parallel fibers originating in distant 
response zones, and from later-
activated granule cells both within 
the region of initial activity and out­
side it) would obliterate any delay 
line tendencies subliminally present 
in the early response pattern. 

Thus, all of the evidence pre­
sented here indicates that the de­
nsity of parallel fibers excited from a 
restricted granular locus is too small 
to present an effective stimulus to 
P-cells. Where the "delay line quo­
tient'•' is 1.0, apparently no P-cells 
are excited. The successful activa­
tion of P-cells requires the approach 
of excited parallel fibers from both 
directions. The spatial picture is 
further complicated by a lack of syn­
chrony in the initiation of impulses 
within the granule cell population 
(Fig. 10). It appears that the observ­
able differences in minimum re­
sponse latency between P-cells (Fig. 
11 A) are determined as much by this 
factor as by parallel fiber conduction 
times. 

DISCUSSION 
Sub-mammalian cerebella 

There is little doubt that a row of 
P-cells in dogfish cerebellum would 
fire in sequence as a volley of action 
potentials travelled along the uni­
directional bundle of parallel fibers 
linking them (Nicholson et al . , 
1969). Similarly it is known that 
pairs of P-cells in frog cerebellum 
may fire in sequence with a delay 
appropriate to the conduction veloc­
ity of the parallel fibers. Anuran 
parallel fibers are proportionately 
longer than those of mammals, 
stretching from one side of the cere-
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Figure 10— Spatial distribution of minimal response latencies for P-cells (triangles) and 
granule cells (circles) across a response zone from the lateral (0.0) to the medial (1.6 
mm) side. The P-cell data has been fitted with a parabolic regression curve. 

bellum to the other (Kemali and 
Braitenberg, 1969). Consequently in 
anurans a higher fraction of the 
parallel fibers linking a pair of P-cells 
250 or 500 M apart originate from 
outside the granular region lying be­
tween the 2 cells (Freeman, 1969). 
The delay-line configuration, there­
fore, has a relatively greater potency 
in anuran than it does in mammalian 
cerebella. Moreover, a vestibular 
st imulus, such as that used by 
Freeman and Nicholson (1970) 
mainly activates the lateral edge (au­
ricle) of the cerebellum (Precht and 
Llinas, 1969), whence the parallel 
fibers spread uni-directionally to­
wards the midline, tending to acti­
vate P-cells in sequence along their 
path. 

Because of the lack of delay-line 
properties in mammalian cerebellar 
cortex as demonstrated in this study, 
the question must be raised to what 
extent the delay line character of 
parallel fibers in elasmobranchs and 
amphibians is an epiphenomenon. 
The thrust of evolution has in­
creased the parallel fiber: P-cell ratio 
(Lange, 1975; Llinas and Hillman, 
1969) and decreased the length of 

parallel fibers relative to the width of 
the cerebellum (Nicholson et al., 
1969; Palkovits et al., 1971) in phase 
with the increasing complexity of 
cerebellar compartmentalization. 
These developments would tend to 
compromise delay-line qualities, 
while maintaining and in fact en­
hancing the machinery for mixing 
together inputs to neighbouring 
sagittal regions. Since it is unlikely 
that the overall strategy of cerebellar 
operation has been radically changed 
in the course of vertebrate evolu­
tion, it is plausible to hypothesize 
that parallel fibers have an integra­
tive function throughout the 
phylogenetic spectrum. Thus, while 
not all cerebella can work as delay 
lines, they are all capable of integrat­
ing diverse mossy fiber inputs. 

Role of inhibitory intemeurons 
The loss of delay-line characteris­

tics in mammalian as compared to 
elasmobranch and anuran cerebella 
is paralleled by the increasing 
specialization and development of 
inhibitory intemeurons in the former 
(Llinas and Hillman, 1969). One 
may, therefore, infer that the in­

creasing importance of inhibitory in­
temeurons in mammalian cerebellar 
cortex is partly responsible for the 
suppression of delay-line properties. 
This conjecture is supported by the 
findings of our study. Firstly, the 
molecular layer intemeurons are ex­
cited by lower densities of parallel 
fiber activity than P-cells (Fig. 5) and 
therefore act to prevent P-cell re­
sponses at the fringes of an active 
region where the delay line quotient 
is approaching 1.0. Because they 
synapse directly on P-cell somata 
(Eccles et al., 1967), basket cells are 
probably instrumental in defining the 
borders of a response zone. Sec­
ondly, the central portion of the 
granular response zone is a site of 
pronounced Golgi cell activity (Fig. 
5), which acts to reduce the general 
level of granule cell excitation in this 
region. Therefore a concentrated 
focus of granule cell activity, as re­
quired by the delay-line model (Fig. 
1), is not allowed to develop. Golgi 
cells ensure a relatively even spread 
of granule cell activity over a zone 
supplied by a specific mossy fiber 
set. 

Besides limiting the width of a 
P-cell response zone in the direction 
of parallel fiber spread, molecular 
layer intemeurons may help to syn­
chronize the firing of P-cells across a 
response zone. It was found experi­
mentally that the earliest excitatory 
input to P-cells was strongest in the 
center of the response zone (Fig. 
11), and yet most P-cell responses 
occurred simultaneously. Since 
molecular layer intemeurons re­
spond to parallel fiber volleys 
which are too weak to excite P-cells 
(Fig. 5), it follows that although the 
earliest parallel fiber input usually 
fails to excite the central P-cells, it 
probably does excite the central in­
hibitory intemeurons. Indeed, on 
re-examining our PSTH data we ob­
served that the interneuronal re­
sponses were skewed so that most of 
the spikes occurred before the ma­
jority of P-cell spikes (cf. Fig.2) al­
though the minimal latencies for 
both were similar. As a result, cen­
tral P-cell discharges tend to be de­
layed until a time when a much 
wider population of granule cells is 
activated, and most P-cells in the re-
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sponse zone are receiving approxi­
mately the same net excitation. 

The stellate cells, because they 
inhibit branches of the P-cell dendri­
tic tree, are particularly suited to 
'levelling' the density of excitatory 
synaptic input across the response 
zone. In the central area, where the 
degree of parallel fiber convergence 
is maximal, stellate cell activity 
would presumably also be maximal 

* 

X X 

X 

and reduce the effective excitatory 
input to central P-cells toward the 
same relative level as more 
peripheral P-cells. The distribution 
of the stellate and basket cell axons 
is rather strictly limited to the plane 
of P-cell dendritic arborization, i.e. 
within a zone of constant density of 
parallel fiber activity. Therefore an 
inhibitory interneuron excited in a 
region of dense parallel fiber activity 

does not inhibit a P-cell in a zone of 
more diffuse parallel fiber activity. 

Significance of an 
integrator model 

Exploiting his discovery of varia­
tions in fiber caliber within the folial 
white matter, Voogd (1969) has sub­
divided the cerebellar cortex into 7 
longitudinal zones. His sagittal band 
termination pattern for the olivo­
cerebellar projection has been sup­
ported anatomically (Courville et al., 
1974) and physiologically (Arm­
strong etal. , 1973; Oscarsson, 1973). 
Moreover, Ekerot and Larson (1973) 
have found a correspondence bet­
ween the longitudinal terminal zones 
of mossy and climbing fiber path­
ways travelling in the dorsal 
funiculus of the spinal cord. It is 
possible, therefore, that parasagittal 
strips of P-cells constitute the func­
tional output units of cerebellar cor­
tex. This postulate, combined with 
the concept of P-cell integration sug­
gests that cerebellar cortex impar­
tially summates subsets of a wide 
variety of information-of potential 
use in motor control upon specific 
output strips of P-cells. 

Mossy fibers carrying information 
from a specific sensory modality or 
CNS locus ramify greatly within cer­
tain cortical regions to thoroughly 
mingle with other mossy fibers to the 
same regions. They branch most 
profusely in the sagittal plane (Ec-
cles et al., 1967), but also cover a 
relatively wide area in the frontal 
plane (Szentagothai , 1968). 
Moreover, collateral branches are 
sent to lobules often separated by a 
great distance (Bloedel, 1975). It 
seems likely that a given mossy fiber 
would mingle with a different popu­
lation of inputs within each region to 
which it projected. For each region 
the parallel fiber system then focus-
ses mossy fiber input onto a P-cell 
output strip situated over the center 
of the population of active inputs to 
that region. 

If, as we claim, the cerebellar cor­
tex is primarily concerned with mix­
ing inputs together, it may seem 
strange that several of the channels 
to the cor tex, such as the 
cuneocerebel lar and dorsal 
spinocerebellar tracts, maintain a 
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Figure II—Spatial distribution of minimal response latencies for P-cells across a re­
sponse zone from the lateral (0.0) to the medial (2.0 mm) side. In A, the observed 
distribution of minimal latencies has been fitted with a parabolic regression curve for 
comparison with the latency function predicted from parallel fiber conduction veloc­
ity and the expected proportions of parallel fibers conducting orthodromically in one 
direction (delay line quotient). The latter is indicated by a broken line. A discrete 
lumped model of the parallel fiber configuration responsible for the earliest synaptic 
input to a P-cell response zone is presented in B. The delay line quotient is given for 
each lumped segment, and a pair of neighboring P-cells within one segment is pre­
sented. 
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careful separation of sensory mod­
alities (Cooke et al., 1971; Oscars-
son, 1973; Rosen and Sjolund, 1973). 
This is, however, essential for two 
reasons. Firstly, once modalities 
have converged onto a single mossy 
fiber they cannot be separated again 
to be individually mixed with yet 
another input. Secondly, an afferent 
system in which information is separ­
ated out on different lines allows for 
selective inhibition of one line of in­
formation when that information is 
temporarily detrimental to motor 
control , without compromising 
another line which may still be re­
quired. Indeed, there is evidence 
that both the cuneocerebel lar 
(Cooke et al . , 1971) and dorsal 
spinocerebellar tracts (Bloedel, 
1975) can be inhibited either from 
the periphery or by pathways de­
scending from supraspinal levels. 

The integrating power of the paral­
lel fiber-P-cell system is also en­
hanced by the likelihood of dendritic 
spike generating zones in P-cells 
(Llinas and Nicholson, 1971; Sabah 
and Murphy, 1971), which would 
remove much of the bias in favor of 
synapses near the soma. As pointed 
out by Llinas and Nicholson (1971), 
spike generating zones within the 
dendritic tree (probably at branch 
points) provide a " b o o s t e r " 
mechanism for parallel fiber inputs 
to the upper parts of the P-cell ar­
borization. Thus, all of the parallel 
fiber synapses would have a reason­
ably equal influence on the final 
P-cell output. 

In conclusion, the weight of evi­
dence, both anatomical and 
physiological, supports the concept 
of an integrative parallel fiber func­
tion, as opposed to a timing func­
tion. Consequently each excited 
patch of P-cells should be viewed as 
the summed output of a specific sub­
set of cerebellar afferents, presuma­
bly used for accurate control of 
specific movements. 
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