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Since the pioneering works of the neu-
roanatomist and Nobel laureate Santi-
ago Ramón y Cajal, neuroscientists
have marveled at the elegant beauty
and organizational simplicity of the
cerebellar cortex. In fact it was the cere-
bellum that gave Ramón y Cajal the
first indications that favored his neu-
ron doctrine as the basis for organiza-
tion of the CNS (1). It has long been
appreciated that as the sole source of
output from the cerebellar cortex,
Purkinje cells have a critical role in
cerebellar function and its impact on
motor performance. Purkinje cells are
inhibitory neurons whose major pro-
jection is to neurons within the deep
cerebellar nuclei (DCN). A link
between the excitability of Purkinje
cell target neurons in the DCN and
proper motor function was estab-
lished in a well-studied form of motor
learning, the conditioned eye blink
response (2). In this paradigm, the ani-
mal learns to associate a conditioned
response, an eye blink, with an audito-
ry tone that normally would not elicit
an eye blink. During the learning

phase the animal learns to associate
the tone with a noxious stimulus, a
puff of air to the eye. After a period of
learning, the tone alone elicits an eye
blink. At the cellular level, the
inhibitory signal from Purkinje cells to
the DCN is decreased in response to
the tone (3). This decrease then per-
mits an increase in DCN firing rate,
which initiates the eye blink. Impor-
tantly, in this normal physiological
process, changes in Purkinje cell and
DCN firing rates are transient. In this
issue of the JCI, Shakkottai et al.
explain that they hypothesized that
perhaps a consistent increase in DCN
excitability underlies the pathological
state of cerebellar ataxia (4). In the case
of a cerebellar ataxia, by whatever the
cause, Purkinje cell function would be
compromised and its inhibitory signal
to neurons in the DCN would de-
crease, which in turn would increase
DCN excitability.

To test this hypothesis directly,
Shakkottai et al. (4) increased the fir-
ing rate of DCN neurons in mice using
a transgenic strategy. DCN cells, like
many other neurons, express small-
conductance calcium-activated potas-
sium (SK) channels. A previous study
by Aizenman and Linden (5) using an
SK inhibitor indicated that inactiva-
tion of these channels increased DCN
firing rate. Shakkottai and colleagues
took advantage of a truncated SK3-1B
transcript. This transcript encodes an
SK protein that inhibits all SK chan-

nels (6). However, the absence of a
DCN-specific promoter complicated
the use of a transgenic approach. To
overcome this it was necessary to use a
regulatory region from the Thy1.2-SX
gene that is neuron-specific. While this
Thy1.2-SX regulatory region can express
strongly in the DCN, it also typically
drives expression widely throughout
the CNS. The investigators were hop-
ing that the capricious nature of the
transgenic approach would act in their
favor and a transgenic line with an
expression pattern limited to the DCN
would be forthcoming. In any case, the
investigators would have to be partic-
ularly vigilant in their analysis of
transgene expression in any ataxic
mice generated.

Shakkottai et al. (4) had the foresight
to tag the SK3-1B protein with GFP.
This enabled them to use immunohis-
tochemistry with antibodies to GFP to
examine the cellular pattern of SK3-1B
expression in the ataxic mice generat-
ed. Relying heavily on the conclusion
that the ataxia seen in these mice was
of cerebellar origin, their analysis of
transgene expression focused on the
cerebellum where SK3-1B expression
was detected only in DCN neurons.
While it is likely that the ataxia is of
cerebellar origin, if there is one con-
cern it is the extent to which transgene
expression in other regions of the
brain might be contributing to the
ataxic phenotype. For example, in all
four lines with severe ataxia in addi-
tion to robust transgene expression in
the DCN, expression was seen in the
red nucleus (to which the DCN proj-
ects), the pontine nucleus (which proj-
ects to the DCN), and the motor cor-
tex. In concluding that alterations in
the DCN underlie the ataxia, Shakkot-
tai et al. rely on two additional points.
First, strong expression was seen in the
red nucleus in one mouse line that was
not ataxic. This does show that expres-
sion in the red nucleus alone was not
sufficient to produce the ataxia, but
does not formally rule out that expres-
sion in the red nucleus does not con-
tribute to the phenotype. Second, the
level of transgene expression in the
pontine nucleus and motor cortex was
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Ataxia is a lethal neurological disease characterized by incoordination,
postural abnormalities, difficulties with gait, and problems with clarity
of speech. The etiology of ataxia is divided equally between hereditary
and sporadic forms. Regardless of cause, the cerebellar cortex is often a
target in ataxia. Thus, how a disruption in cerebellar cortex might lead
to ataxia is of considerable interest. A report in this issue of the JCI links
ataxia to enhanced hyperexcitability of neurons in the deep cerebellar
nuclei (see the related article on page 582).
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judged to not correlate with the sever-
ity of the ataxia. Even though the
authors provided an excellent illustra-
tion of the immunohistochemical
scale used to assess expression levels
(ref. 4, Figure 5b), some caution is war-
ranted when the level of transgene
expression is assessed solely by
immunohistochemistry, which is rela-
tively nonquantitative. Regardless,
Shakkottai et al. very nicely demon-
strated that SK3-1B expression in
DCN neurons correlates with an
increase in their firing rate consistent
with an increase in firing rate seen
when SK channels were exposed to a
pharmacological inhibitor. Impor-
tantly, the observed changes in DCN
firing rate in the SK3-1B mice occurred
in the absence of any detectable alter-
ations in several other electrical
parameters of DCN neurons. The
authors went on to show convincing-
ly that the changes in DCN firing
rate occurred in the absence of any
signs of pathology or degeneration in
the cerebellar cortex, as well as else-
where in the brain.

Some thoughts
Shakkottai et al. (4) close by suggest-
ing that the drug riluzole, which has
the ability to open neuronal SK chan-
nels in tissue culture cells (7), may be
of therapeutic advantage for ataxia. It
is advisable to be cautious in general-
izing these data to clinical ataxias as a
whole. Suggesting that use of an SK-
opener, and riluzole specifically,
could be beneficial seems premature.
First, the pathological picture of the
human cerebellar ataxias is exceed-
ingly complex (8). For example, in
some ataxias such as spinocerebellar
ataxia type 1, both Purkinje cells and
DCN neurons are affected. In others,
like dentatorubropallidoluysial atro-
phy, DCN neurons are affected in the
apparent absence of Purkinje cell
involvement. This variation among
the ataxias makes it unclear as to the
extent to which a therapy targeted to
the DCN will be generally effective.
Moreover, while riluzole is FDA-
approved, the mechanism of its neu-
roprotective action in vivo is unknown.
Cell-based studies, besides suggesting

that riluzole may be an SK opener,
have indicated that it inhibits gluta-
mate release and blocks voltage-gated
calcium channels, Na+ channels, and
voltage-gated K+ channels, in addi-
tion to other activities. Based on its
reported effect as an inhibitor of glu-
tamate excitotoxicity, riluzole has
undergone clinical trials for the treat-
ment of amyotrophic lateral sclerosis.
Unfortunately, the therapeutic bene-
fit of riluzole in these studies has
been only a very minimal improve-
ment in prognosis for patients (9).

Overall, the results reported by
Shakkottai et al. (4) provide genetic
evidence that firmly supports the idea
that, in vivo, the firing rate of DCN
neurons is indeed regulated by SK
channels. These data go a long way
toward removing any doubt that may
have existed as to the role of SK chan-
nels as regulators of DCN firing (10).
Furthermore, even with a caveat that
other brain regions may also con-
tribute to the ataxia in the SK3-1B
mice, it seems quite likely that a chron-
ic enhancement of DCN firing rate can

506 The Journal of Clinical Investigation | February 2004 | Volume 113 | Number 4

Figure 1
SK3-B1 mice demonstrate a direct relationship between DCN firing rate and proper movement control. In the normal state (a), Purkinje cells
in the cerebellar cortex provide an inhibitory signal to DCN neurons, which, in conjunction with other pathways into the DCN, results in a
normal DCN firing rate and proper motor control. In cerebellar ataxia (b), the inhibitory signal to the DCN neurons from Purkinje cells is com-
promised. This lack of a proper inhibition was suggested to result in an increased firing rate of DCN neurons, leading to ataxia. (c) The direct
relationship between increased DCN firing rate and ataxia was demonstrated by Shakkottai et al. (4). When the SK inhibitor SK3-B1 was
expressed in DCN neurons, those neurons had an increased firing rate and the transgenic mice were ataxic. Importantly, the Purkinje cell input
into the DCN remained intact in the SK3-B1 mice.
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be a critical factor in the development
of ataxia. Without question, their data
do suggest that reestablishing a nor-
mal DCN firing rate might have ther-
apeutic potential.
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Since the discovery of the eosinophil,
a leukocyte with a granular cyto-
plasm that stains pink with eosin
dye, the function of this cell has been
disputed; opinions on its role have
swung periodically, as it has been
characterized alternately as damag-
ing and protective. Eosinophils accu-
mulate in tissues in response to para-
sitic worm infections and, on activation,
release cationic proteins from their
granules and reactive oxygen species
that are toxic to worms. Allergy may
be an aberration of this defense process
whereby otherwise innocuous agents
in the environment stimulate an

adaptive immune response, charac-
teristically driven by Th2 lympho-
cytes, resulting in the recruitment
and activation of eosinophils that
induce tissue damage. Eosinophils
also release leukotrienes that induce
smooth muscle contraction and
microvascular leakage. IL-5, pro-
duced by Th2 lymphocytes, is criti-
cally important in this process, as it
mediates the terminal differentiation
and proliferation of eosinophils in
the bone marrow and their release
into the blood. IL-5 also primes
eosinophils, for example, to facilitate
eosinophil recruitment into tissues
mediated by chemokines such as
eotaxins, and IL-5 also prolongs
eosinophil survival.

The key role of IL-5 in eosinophil
production and function has made
this cytokine a prime therapeutic tar-
get. This has been reinforced by
results in animal models of asthma
showing that deletion of the IL-5
gene (1) or the use of IL-5–neutraliz-
ing antibodies (2) is able to suppress
eosinophil recruitment to the lung

and, in many but not all cases (3),
inhibit hyper-responsiveness of the
airways to agents that induce bron-
choconstriction, a characteristic fea-
ture of allergic asthma. Double eotax-
in-1/IL-5 gene–deleted mice exhibited
a greater suppression of eosinophil
recruitment to the lung and the abo-
lition of airway hyper-responsiveness
associated, interestingly, with reduced
IL-13 production (4).

Animal studies, particularly those
in allergic cynomolgus monkeys
showing long-term inhibition of lung
eosinophilia and airway hyper-
responsiveness by a single dose of an
anti–IL-5 antibody (5), encouraged
the initiation of clinical trials in
which antibody was administered to
mild atopic asthmatics (6) and chron-
ic severe asthmatics (7). These studies
showed no consistent effects on lung
function tests, despite a marked sup-
pression of blood eosinophils. From
the results of these studies, some con-
cluded that eosinophils are not
causally related to lung dysfunction,
although the results are contentious,
particularly because of the small size
of the trials and their technical limi-
tations (8, 9). Furthermore, a follow-
up study of bronchial biopsies from
antibody-treated patients showed
that despite marked depletion of
blood and sputum eosinophils, air-
way tissue eosinophils were only
depleted by 55% (10), suggesting that
the residual cells could be important
in lung dysfunction.

The eosinophil in tissue remodeling
The finding that eosinophils are able
to produce growth factors directed
attention to the potential role of these
cells in the resolution of inflammation
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Eosinophils accumulate in high numbers in the lungs of asthmatic
patients. These cells have the ability to induce tissue damage, a capacity
that relates to their traditional role in host defense against parasitic
worms. On the other hand, eosinophils produce growth factors associ-
ated with tissue repair and remodeling, notably TGF-β1. The relationship
of these activities to lung dysfunction in asthma is highly controversial,
but recent observations in humans and in animal models add spice to
the debate (see the related article beginning on page 551).
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