
Cerebellum

(Kandel & Schwartz & Jessell, 4th ed.)
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brain ’ s most numerous neuron, this small cost grows large (see also 
chapter 13).  

 Much of the inner synaptic layer is occupied by the large axon terminals 
of mossy fibers (figures 7.1 and 7.16). A terminal interlaces with multiple 
(~15) dendritic claws, each from a different but neighboring granule cell, 
and forms a complex knot ( glomerulus ), nearly as large as a granule 
cell body (figures 7.1 and 7.16). The mossy fiber axon fires at an unusually 
high mean rate (up to 200 Hz) and is therefore among the brain ’ s thickest 
(figure 4.6).  

 To match the axon ’ s high rate, a terminal expresses 150 active zones, 10 
per postsynaptic granule cell (figure 7.16). These sites are capable of driving 
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 Figure 7.15 
  Largest cerebellar neuron occupies more than a 1,000-fold greater volume than 
smallest neuron.  Thin section (~1  μ m) through monkey cerebellar cortex. Purkinje 
cell body (PC) and nucleus are far larger than those of granule cell (grc). The latter 
cluster to leave space for mossy fiber terminals to form glomeruli with grc dendritic 
claws and space for Golgi cells (Go). Note rich network of capillaries (cap). Fine, scat-
tered dots are mitochondria. Courtesy of E. Mugnaini. 

Granule cells are irreducibly small (6-8 m) μ
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a granule cell ’ s output synapse is structured to reliably deliver a precisely 
timed message — privately (Nahir  &  Jahr, 2013). All 150,000 parallel fiber 
synapses onto an individual Purkinje cell tend to be wrapped by the same 
glial cell ( Bergman glia ), whose form mimics that of the Purkinje cell ’ s exten-
sive dendritic tree (figure 7.1).    

 The different tasks of inner and outer cerebellar layers and their conse-
quent different designs illustrate why there can be no generic neuron. In 
the inner layer, high-rate synapses improve S/N by pooling excitatory 
responses and sharpen timing precision with feedback inhibition — to allow 
a burst of information-rich spikes (figure 7.16). In the second case, spikes 
deliver this information by a synaptic design that facilitates to a burst (fig-
ure 7.17). The first design reduces glial wrapping to enhance synaptic spill-
over; the second design does the opposite. Now we can ask: what are the 
costs of these two designs? 

 Costs of different neuron designs 

 Energy costs by cell type 
 When the various energy costs are totaled, the individual Purkinje cell 
proves to be the most expensive neuron, and granule cell proves to be the 
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 Figure 7.18 
  Energy costs by cell type. Left : Purkinje cell is the most expensive neuron, and gran-
ule cell is cheapest.  Right : Granule cell array is the most expensive, and Purkinje cell 
array is far cheaper. Glial cells are cheap individually and as arrays. Reprinted with 
permission from Howarth et al. (2012). 

… and most expensive.
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reflex is three-dimensional in the sense that all direc-
tions of head rotation elicit specific compensatory eye 
movements.1

5. Vergence movements change the visual axes of the 
eyes in relation to each other when the point of fixation 
moves away from or toward the eyes. This is necessary 
to keep the image on corresponding points of the retina. 
Vergence movements are a prerequisite for fusion of the 
two images and for stereoscopic vision. Convergence of 
the visual axes, which takes place when an object is 
approaching the eyes, depends primarily on the activity 
of the medial rectus muscles, with some contribution 
also from the superior and inferior recti (Fig. 15.2). 
Accommodation and pupillary constriction accompany 
convergence movements.2

More about Voluntary Saccades and Scanning

When reading we fixate a point on the line for an aver-
age of 250 msec (60–500) before the gaze is moved on 
by a saccade. How far the gaze moves before reaching a 
new point of fixation varies greatly. There is a tendency 
to fixate on long “content” words rather than on short 

1 The VOR described here—the rotational VOR or RVOR—is not the only 
vestibulo-ocular refl ex. Translatory (linear) accelerations of the head (stimulat-
ing the sacculus and utriculus) also elicit compensatory eye movements (trans-
lational VOR, or TVOR; otolith-OR, or OOR). In real life, both kinds of head 
movement occur, and the different sensory inputs from the labyrinth must be 
integrated centrally to yield a motor command that ensures a stable retinal 
image.
2 Gaze holding is sometimes included among the kinds of eye movement. It is 
the ability to stabilize the eye position (and the image on the retina) after a shift 
of gaze. Premotor neurons controlling gaze holding appear to rely on a partly 
separate premotor network, although located close to the paramedian pontine 
reticular formation (PPRF) and the rostral interstitial nucleus of the medial 
longitudinal fasciculus (riMLF).

“functional” words. Native readers of English perceive 
about 4 letters to the left and 15 to the right of the point 
of fixation.  
 A woman with inborn ophthalmoplegia (inability to 
move the eyes) had surprisingly small problems and was 
able to live a normal life. She apparently used quick head 
movements to compensate for the lack of saccadic eye 
movements (Gilchrist 1997), and was thereby able to 
scan the visual scene with sufficient speed and accuracy.

The Cerebellum Can Adjust the Vestibulo-Ocular 
Refl ex to Changing External Conditions

The magnitude of the reflex response (not the response 
itself) to a certain rotational stimulus depends on signals 
to the vestibular nuclei from the cerebellum (Fig. 25.4). 
The Purkinje cells of the vestibulocerebellum receive 
primary vestibular fibers (ending as mossy fibers) that 
provide information about direction and velocity of the 
head movement. In addition, the same Purkinje cells 
receive information, via the inferior olive and climbing 
fibers, about whether the image is stationary or slips on 
the retina. A retinal slip indicates that the velocity of 
the compensatory head movement is too high or too 
low. The cerebellum is then capable of adjusting the 
excitability (the gain) of the neurons in the vestibular 
nuclei—that is, in the reflex center of the vestibulo- 
ocular reflex. Such adaptive change of gain of the reflex 
is presumably needed continuously during growth and 
in situations of muscular fatigue. Experiments in which 
animals wear optic prisms that deflect the light so that 
it appears to come from another direction than it really 
does, show the remarkable capacity for adaptation 
(learning) in this system.

Labyrinth 
(semicircular ducts)

Flocculus

Purkinje cell

Inferior olive

Vestibular 
nucleus

Eye muscle 
nucleus

Pretectal nuclei
fi gure 25.4 Main structural elements of the 
vestibulo-ocular refl ex. Only excitatory connec-
tions are shown, even though there are inhibitory 
neurons in the vestibular nuclei that infl uence the 
motoneurons of the antagonists. The refl ex arc 
consists of three neurons from the semicircular 
duct to the extraocular muscles. The cerebellar 
fl occulus receives signals from the labyrinth and 
from the retina, and the output of the Purkinje cells 
can adjust the sensitivity of the vestibular neurons, 
if necessary, to avoid retinal slip. (Based on Ito 
1984.)
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Cerebellum stores sensorimotor contingency between 
vestibular signals and oculomotor response (VOR)
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Traditional random-access memory (RAM)
KANERVA / SDM AND RELATED MODEL S /02/02/0 2 /Fig. 3.3
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Sparse, distributed memory (SDM)

(Kanerva, 1988)KANERVA / SDM AND RELATED MODEL S /02/02/0 2 /Fig. 3.4
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KANERVA / SDM AND RELATED MODEL S /02/02/0 2 /Fig. 3.5

x
H

A4

A2

AM < 2

AM < 1

A3

AM

AM < 3

A1

A5

A6

Figure 3.5. Address space, hard locations, and the set activated by x. H is the (Hamming) radius 
of activation.



(Kandel & Schwartz & Jessell,

fourth edition, Figure 42-7)
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multiple subdivisions of the ventrolateral tha-
lamus (for a review, see Percheron et al. 1996),
which, in turn, project to a myriad of cortical ar-
eas, including regions of frontal, prefrontal, and
posterior parietal cortex ( Jones 1985). Thus,
the outputs from the cerebellum influence more
widespread regions of the cerebral cortex than
previously recognized. This change in per-
spective is important because it provides the
anatomical substrate for the output of the cere-
bellum to influence nonmotor as well as motor
areas of the cerebral cortex. As a consequence,
abnormal activity in these circuits could lead
not only to motor deficits but also to cognitive,
attentional, and affective impairments. Below,
we provide additional support for this new per-
spective based on the analysis of focal lesions of
the cerebellum and activation of the cerebellum
during nonmotor tasks.

Prior neuroanatomical approaches for ex-
amining cerebro-cerebellar circuits have been
hindered by a number of technical limitations.
Chief among these is the multisynaptic nature
of these pathways and the general inability of
conventional tracers to label more than the di-
rect inputs and outputs of an area. To overcome
these and other problems, we developed the use
of neurotropic viruses as transneuronal tracers
in the central nervous system of primates (for
references and a review, see Kelly & Strick 2000,
2003; Strick & Card 1992). Selected strains of
virus move transneuronally in either the retro-
grade or anterograde direction (Kelly & Strick
2003, Zemanick et al. 1991). Thus, one can ex-
amine either the inputs to or the outputs from
a site. The viruses we use as tracers move from
neuron to neuron exclusively at synapses, and
the transneuronal transport occurs in a time-
dependent fashion. By careful adjustment of the
survival time after a virus injection, we were
able to study neural circuits composed of two
or even three synaptically connected neurons.
We used virus tracing to examine cerebello-
thalamocortical pathways to a wide variety of
cortical areas (Akkal et al. 2007; Clower et al.
2001, 2005; Hoover & Strick 1999; Kelly &
Strick 2003; Lynch et al. 1994; Middleton &
Strick 1994, 1996a, b, 2001) (Figure 2).
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Figure 1
Origin of projections from the cerebral cortex to the cerebellum. (Top) The
relative density of corticopontine neurons is indicated by the dots on lateral and
medial views of the macaque brain. (Bottom) Histogram of relative density of
corticopontine cells in different cytoarchitectonic areas of the monkey. Ai, As,
inferior and superior limbs of arcuate sulcus, respectively; CA, calcarine fissure;
CgS, cingulate sulcus; CS, central sulcus; IP, intraparietal sulcus; LS, lateral
sulcus; Lu, lunate sulcus; IO, inferior occipital sulcus; PO, parietal-occipital
sulcus; PS, principal sulcus; STS, superior temporal sulcus. Adapted from
Glickstein et al. 1985, published in The Journal of Comparative Neurology,
Vol. 235, No. 3, 1985, pp. 343–59. Copyright c© 1985. Alan R. Liss, Inc.
Reprinted with permission of John Wiley & Sons, Inc.
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Figure 2
Targets of cerebellar output. Red labels indicate areas of the cerebral cortex that are the target of cerebellar
output. Blue labels indicate areas that are not the target of cerebellar output. These areas are indicated on
lateral and medial views of the cebus monkey brain. The numbers refer to cytoarchitectonic areas. AIP,
anterior intraparietal area; AS, arcuate sulcus; CgS, cingulate sulcus; FEF, frontal eye field; IP, intraparietal
sulcus; LS, lateral sulcus; Lu, lunate sulcus; M1, face, arm, and leg areas of the primary motor cortex; PMd
arm, arm area of the dorsal premotor area; PMv arm, arm area of the ventral premotor area; PrePMd,
predorsal premotor area; PreSMA, presupplementary motor area; PS, principal sulcus; SMA arm, arm area
of the supplementary motor area; ST, superior temporal sulcus; TE, area of inferotemporal cortex.

CEREBELLAR OUTPUT
CHANNELS
In our initial studies, we injected virus into
physiologically defined portions of M1 and set
the survival time to label second-order neurons
in the deep cerebellar nuclei (Hoover & Strick
1999). In general, cerebellar projections to M1
originate largely from neurons in the dentate
nucleus (75%), although a smaller component
also originates from interpositus (25%). Our
description focuses on the organization of
the dentate. The dentate nucleus is a com-
plex three-dimensional structure (Figure 3).
Therefore, we created an unfolded map of the
nucleus to display observations from different

experiments in a common framework
(Figure 4) (Dum & Strick 2003).

Virus transport following injections into the
arm representation of M1 labeled a compact
cluster of neurons in the dorsal portion of the
dentate at mid-rostro-caudal levels (Figure 2;
Figure 3, far right panel; Figure 4, top center
panel). Virus transport from the leg representa-
tion of M1 labeled neurons in the rostral pole of
the dorsal dentate (Figure 2; 4, top left panel),
whereas virus transport from the face represen-
tation labeled neurons at caudal levels of the
dorsal dentate (Figures 2; Figure 4, top right
panel). Clearly, each cortical area receives input
from a spatially separate set of neurons in the

416 Strick · Dum · Fiez

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
09

.3
2:

41
3-

43
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
 - 

B
er

ke
le

y 
on

 0
8/

17
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

Cerebellum is not purely sensorimotor, but also stores 
cognitive contingencies

Strick, Dum & Fiez (2009)

cerebral cortex → cerebellum cerebellum → cerebral cortex (red)


