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Introduction
Cerebellar ataxia, a disease characterized by incoordi-
nation, instability of posture, gait abnormalities, and
intention tremor, has many molecular causes (1–5).
Hereditary cerebellar ataxias are slowly progressive,
and the genes responsible for 50–60% of hereditary
ataxias have been identified, but the molecular basis
for the others, as well as for sporadic ataxias, remains
elusive (1–5). Cerebellar cortical degeneration is a hall-
mark of this disease, and, irrespective of the nature of
the cerebellar cortical defect, degeneration results in
altered Purkinje neuron output (3). Since Purkinje

neurons constitute the sole output of the cerebellar
cortex (6) and they primarily project inhibitory signals
to the deep cerebellar nuclei (DCN) (3, 7), impaired
Purkinje neuronal function would be expected to
enhance DCN hyperexcitability. DCN neurons fire
spontaneously in the absence of synaptic input from
Purkinje neurons (7, 8), and modulation of the DCN
firing response by Purkinje input is believed to be
responsible for coordination of movement. DCN neu-
rons in turn project to motor centers in the nervous
system, and enhanced DCN excitability might affect
motor performance at multiple levels.

A plausible mechanism for the initiation of cerebel-
lar ataxia may therefore involve increased excitability
of the DCN secondary to loss of inhibitory Purkinje
input. If this mechanism were the cause, intrinsic
DCN hyperexcitability would be predicted to cause
cerebellar ataxia without upstream cerebellar cortical
degeneration. All existing animal models of cerebellar
ataxia exhibit cerebellar cortical degeneration (3), how-
ever, making it difficult to test this prediction. Fur-
thermore, the electrical status of the DCN in these
models cannot be determined because slice prepara-
tions sever the connections between Purkinje neurons
and the DCN (9), precluding analysis of the DCN’s
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Cerebellar ataxia, a devastating neurological disease, may be initiated by hyperexcitability of deep
cerebellar nuclei (DCN) secondary to loss of inhibitory input from Purkinje neurons that frequent-
ly degenerate in this disease. This mechanism predicts that intrinsic DCN hyperexcitability would
cause ataxia in the absence of upstream Purkinje degeneration. We report the generation of a trans-
genic (Tg) model that supports this mechanism of disease initiation. Small-conductance calcium-
activated potassium (SK) channels, regulators of firing frequency, were silenced in the CNS of Tg
mice with the dominant-inhibitory construct SK3-1B-GFP. Transgene expression was restricted to
the DCN within the cerebellum and was detectable beginning on postnatal day 10, concomitant with
the onset of cerebellar ataxia. Neurodegeneration was not evident up to the sixth month of age.
Recordings from Tg DCN neurons revealed loss of the apamin-sensitive after-hyperpolarization cur-
rent (IAHP) and increased spontaneous firing through SK channel suppression, indicative of DCN
hyperexcitability. Spike duration and other electrogenic conductance were unaffected. Thus, a pure-
ly electrical alteration is sufficient to cause cerebellar ataxia, and SK openers such as the neuropro-
tective agent riluzole may reduce neuronal hyperexcitability and have therapeutic value. This domi-
nant-inhibitory strategy may help define the in vivo role of SK channels in other neuronal pathways.
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electrical status in the presence of impaired Purkinje
inhibitory input. The lack of a DCN-specific promot-
er has further precluded direct testing of this hypoth-
esis in transgenic (Tg) models.

One approach to enhance the intrinsic excitability
of the DCN is to selectively block small-conductance
calcium-activated potassium (SK) channels that
underlie the apamin-sensitive component of the after-
hyperpolarization current (IAHP) and regulate firing
frequency (7, 10). SK channels are products of the
SK1, SK2, and SK3 genes and are gated in a Ca2+-
calmodulin-dependent (CaM-dependent) manner
(11). We recently described a novel SK3 transcript,
SK3-1B, that exhibits specific SK channel family-wide
negative dominance when expressed in heterologous
expression systems (12). SK3-1B was used to silence
SK channels in the brains of Tg mice. To facilitate
detection of the transgene product, we tagged SK3-1B
in-frame at the C terminus with GFP without affect-
ing function (12). SK3-1B-GFP was expressed under
the control of the neuron-specific mouse Thy1.2-SX
promoter, which is transcriptionally active in the CNS
throughout adult life, especially in the DCN, and has
been used successfully in other Tg constructs (13–15).
Transgene expression driven by this promoter varies
depending on the founder Tg line (14, 15), and we
were able to identify two lines with transgene expres-
sion in the DCN but not elsewhere in the cerebellum.
These mice developed severe cerebellar ataxia accom-
panied by increased firing frequency of DCN neurons
in the absence of neurodegeneration. This Tg model
supports the notion that DCN hyperexcitability may
be an important step in the initiation of cerebellar
ataxia and sheds light on the in vivo role of SK chan-
nels in regulating DCN firing frequency.

Methods
Generating and characterizing Tg mice. The murine
Thy1.2-SX promoter construct (13) contains the neu-
ron-specific Thy1.2 promoter and exons Ia, Ib, II (with
a deletion just upstream of the AUG and an engi-
neered multiple-cloning site), and IV (with a 5′ partial
deletion). The SK3-1B-GFP fragment (12) was released
from the EGFP-N1 vector as a XhoI/XbaI fragment and
cloned into the SalI/NheI sites of the Thy1.2-SX con-
struct. Vector sequences were removed by digestion
with EcoRI/PvuI, and the 8.7-kb Thy1.2-SX-SK3-1B-
GFP was isolated. Tg mice were generated by pronu-
clear microinjection in CB6F1 mice (hybrid of
C57BL/6J × BALB/c) because of their known “hybrid
vigor” and proclivity to produce large litters. Tg mice
were identified using PCR with a GFP 5′ primer and a
3′ primer in Thy1.2 and by probing Southern blots
with a 5.4-kb BamHI fragment of the linearized Tg
(final stringency wash in Southern blot 70°C 0.1%
SDS and 0.1× SSC). Of the 13 founders, the D2 and
D11 founders were selected because of their promi-
nent phenotype, robust Tg expression in the DCN but
not elsewhere in the cerebellum, and because they bred

normally with CB6F1 mice. These founders were
mated with normal CB6F1 mice to obtain F1 litters
and were maintained hemizygous for the transgene so
that each litter contained age-matched non-Tg con-
trols. The penetrance of the phenotype in the D2 and
D11 offspring was 100%.

For immunoblotting, lysates (in 2% SDS) prepared
from one-half of the brains of Tg mice or non-Tg lit-
termates were electrophoresed, blotted, and probed
with anti-GFP (1:1,000; Roche Diagnostics Corp.,
Indianapolis, Indiana, USA.) or anti–β actin Ab’s
(1:5,000; Sigma-Aldrich, St. Louis, Missouri, USA),
followed by HRP-labeled goat anti-mouse IgG (Jack-
son ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA) and chemiluminescent detection
(Pierce Chemical Co., Rockford, Illinois, USA).

Motor tasks. All experiments with animals were per-
formed under the aegis of animal protocols approved
by the Institutional Animal Care and Use Commit-
tees at University of California, Irvine, and Beckman
Research Center at City of Hope in centers accredit-
ed by the Association for Assessment and Accredita-
tion of Laboratory Animal Care. Mice were tested for
motor function at 8, 12, and 16 weeks of age, follow-
ing 2 weeks of handling to make them comfortable
with the investigator (16, 17). For the hanging wire
task, mice were placed on a standard wire cage lid,
which was turned upside down, and the latency to
fall-off was measured. A 120-second cut-off time was
used. The ability to maintain balance on the con-
stant-speed rotarod (Accuscan Instruments Inc.,
Columbus, Ohio, USA) at 5 rpm was measured by the
latency to fall-off. Each trial was 180-seconds long,
and trials were repeated six times per day on five con-
secutive days. In other experiments, mice were placed
on a stationary rod with eight trials per mouse, each
trial lasting 180 seconds. A total of 9–19 Tg and non-
Tg littermates were used for the constant-speed and
stationary rod experiments. Gait ataxia was quanti-
fied from the footprint pattern of mice (16, 17). Hind
forefoot discordance was measured as the distance
between the hindfoot and forefoot pads in each step
for three sequential steps. Stride length was meas-
ured between the central pads of the two consecutive
prints on each side. A total of 6–14 Tg and non-Tg lit-
termates were analyzed in each experiment. Statisti-
cal analysis was done by one-way ANOVA.

Immunohistochemistry. Brain or spinal cord samples
were embedded in paraffin and 6-µm sections were
mounted on silane-coated slides. Slides were de-
waxed, rehydrated, and stained with appropriate his-
tological stains. For immunohistochemistry, sections
were stained with appropriate primary and second-
ary Ab’s. Ab’s specific for SK1, SK2, and SK3 (18)
were used at dilutions of 1:50, 1:2,000, and 1:1,000,
respectively. The anti-SK3 Ab detects mouse SK3 but
not SK3-1B-GFP. Ab’s specific for GFP (Molecular
Probes Inc., Eugene, Oregon, USA) and glial fibrillary
acidic protein (GFAP) (DAKO Corp., Carpinteria,
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California, USA) were used at dilutions of 1:500 and
1:3,000, respectively. Biotinylated goat anti-rabbit
IgG was purchased from Jackson ImmunoResearch
Laboratories Inc. The sections were developed with
diaminobenzidine substrate using avidin-biotin HRP
(Vector Laboratories, Burlingame, California, USA).
Antigen retrieval with trypsin was performed for
immunostaining with anti-GFAP, anti-SK2, and anti-
SK3. Microwave treatment was used for antigen
retrieval for anti-SK1.

Brain sections from 14 Tg mice and 14 controls aged
10–180 days were analyzed for Tg expression; sections
from 20 Tg mice and 20 controls were stained with
H&E, and sections from five Tg mice and four controls
were stained for GFAP. Seven Tg and five control brain
sections were stained with Fluorojade (19) solution
(HistoChem Inc., Jefferson, Arkansas, USA) for 30 min-
utes, followed by counterstaining with DAPI.

Cerebellar slice recording. Whole-cell recordings were
conducted on cerebellar slice preparations from mice
aged 12–13 days, when Tg expression is detectable by
immunostaining and behavioral changes are evident.
DCN neurons in older mice could not be studied due
to myelination. Mouse brains (removed after
halothane anesthesia) were chilled in ice-cold dissec-
tion solution containing (in mM): 87 NaCl, 2.5 KCl, 25
NaHCO3, 1 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 75 sucrose,
and 10 glucose, and bubbled with carbogen (5%
CO2/95% O2). Coronal cerebellar slices (250 µm) were
cut with a Vibratome and transferred to 35.5°C artifi-
cial CSF (ACSF) for approximately 1 hour before
reducing the bath to ambient temperature. ACSF con-
tained (in mM): 125 NaCl, 2.5 KCl, 26 NaHCO3, 1.25
NaH2PO4, 2 CaCl2, 2 MgCl2, and 20 glucose, and was
bubbled with carbogen (5% CO2/95% O2). In some
experiments, CaCl2 was replaced with equimolar

BaCl2, or 200 µM Cd2+ was added to the bath solution.
Patch pipettes with a resistance of 2.5–4.0 MΩ were
pulled from borosilicate glass capillaries (TW150F;
WPI, Sarasota, Florida, USA). DCN neurons were visu-
alized with differential interference contrast optics on
an Olympus BX-50WI upright microscope. Whole-cell
recordings were made at room temperature between 1
and 4–5 hours after slice preparation using an
Axopatch 200B amplifier, Digidata 1200 interface, and
pClamp-9 software (Axon Instruments Inc., Union
City, California, USA).

IAHP was investigated under a voltage clamp with an
established protocol for SK channels (10) and was
initiated by application of a 50-mV depolarizing step
from a nominal holding potential of –50 mV to
induce Ca2+ entry through voltage-gated Ca2+ chan-
nels. The amplitude of apamin-resistant K+ conduc-
tance was measured at the end of the depolarizing
step used to elicit the IAHP. The pipette solution (10)
contained (in mM): 135 KMeSO4, 8 NaCl, 10 HEPES,
2 Mg2ATP, and 0.3 Na3GTP. IAHP amplitude was esti-
mated as the current amplitude 45 ms after repolar-
ization (the time of peak IAHP). Current and voltage
traces were sampled at 10 kHz and analyzed using
Clampfit 9 and Origin 7 (OriginLab Corp., North-
hampton, Massachusetts, USA). A junction potential
of 10 mV was compensated in voltage traces. Capaci-
ty transients were compensated by eye using the
Axopatch amplifier. Series resistance was monitored
but not compensated, and cells were rejected if series
resistance exceeded 25 MΩ.

To record Ca2+ currents (20), the pipette solution
contained (in mM): 120 CsCl, 20 tetraethyl ammoni-
um, 2 MgCl2, 3 Na2ATP, 0.2 Na3GTP, 5 EGTA, and 10
HEPES. Ca2+ currents were elicited with 1-second
depolarizing voltage steps to –20 mV from a holding

Figure 1
Characterization of SK3-1B-GFP
Tg mice. (a) Locations of Thy1.2
(gray) and SK3-1B-GFP in trans-
gene cassette with BamHI restric-
tion sites indicated by arrows
(numbers above arrows represent
kilobases from 5′ end of cas-
sette). Initiation codon is indicat-
ed by inverted arrowhead. A 5.4-kb
probe for Southern blot analysis is
indicated by line below cassette.
(b) BamHI digests of tail DNA in
D11 and D2. Molecular weights
(in kilobases: 23, 9.4, 6.6, 2.3). A
9.2-kb endogenous band (E) seen
in all lanes. Tg-specific bands (Tg)
seen in D11 lanes 1, 2, 4, 6, 7 and
in D2 lanes 1 and 3. (c) Western
blot analysis of brain extracts
probed with anti-GFP and anti–
β-actin Ab’s.
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potential of –70 mV delivered every 30 seconds. Peak
current was measured at the beginning of the voltage
step, and Ca2+ channel inactivation was calculated as
the fraction of current lost from the peak to the time
of repolarization.

Results
Derivation of Tg mice. Of 82 progeny, 13 carried the
transgene as determined by PCR and Southern blot
analysis. Of these 13 founders, 7 developed cerebellar
ataxia (see Supplementary videos, http://www.jci.org/
cgi/content/full/113/4/582/DC1). Two independent
lines (D2 and D11) selected for further study expressed
the transgene in the DCN, but not other cerebellar
neurons. These were maintained as hemizygous lines
for the transgene so that each litter contained non-Tg
offspring to serve as age-matched controls. Analysis of
two lines ensured that the phenotype was not due to
an integration artifact.

The transgene cassette is shown in Figure 1a with
BamHI restriction sites indicated by arrows and the
initiation codon by an arrowhead. BamHI digests of
tail DNA from F1 mice of the D11 and D2 lines were
hybridized with the 5.4-kb probe defined by the solid
line shown below the cassette. The Southern blot in
Figure 1b revealed Tg-specific bands in D11 Tg mice
(7.4 kb, 6.8 kb, 6.4 kb, and 2.3 kb in lanes 1, 2, 4, 6, 7)
and D2 Tg mice (10.1 kb, 6.4 kb, 4.9 kb in lanes 10
and 12). An endogenous 9.2-kb band was seen in
both Tg and non-Tg lanes.

In the transgene construct, translation initiates at posi-
tion 789 in SK3-1B to generate a fusion protein of
approximately 60 kDa (33 kDa SK3-1B and 27 kDa GFP).
Western blots revealed comparable steady-state levels of
the 60-kDa Tg product (Figure 1c) in both Tg lines.

Severe cerebellar ataxia exhibited by the mice. Tg mice
gained weight normally (Figure 2) and exhibited activ-
ity-dependent intention tremor that disappeared at
rest, characteristic of cerebellar ataxia. Ataxia was first
evident on postnatal day 11 and progressively wors-
ened until week 3. Four behavioral tests — hanging
wire, stationary rod, rotarod, and gait analysis — were
used to quantitatively evaluate cerebellar ataxia in
mice between 8–16 weeks of age. Younger mice could
not perform the motor performance tasks. Tg mice
fell off the stationary rod with a significantly shortened
latency than did non-Tg littermates, indicating impaired
ability to maintain equilibrium at rest (P < 0.001, Fig-
ure 2a); balance improved between 8 and 12 weeks,
with no further improvement at 16 weeks. On the
constant-speed rotarod (5 rpm), Tg mice fell off more
rapidly than non-Tg controls over five consecutive
days of testing (Figure 2b), demonstrating signifi-
cantly defective motor learning and equilibrium at
motion; their ability to balance on the rotarod did not
change between 8 and 16 weeks. Tg mice performed
poorly on the hanging wire task that measures bal-
ance and grip strength (P < 0.001, Figure 2c). Gait
ataxia was obvious by day 23 (see Supplementary

videos, http://www.jci.org/cgi/content/full/113/4/
582/DC1). We quantified gait ataxia by measuring the
hindfoot-forefoot discordance on inked foot imprints
on paper. In normal mice the hindfoot and forefoot
placements nearly superimpose, whereas in ataxic mice
there is discordance in their placement. Hindfoot-fore-
foot discordance was statistically significant by 12
weeks in D11 and 16 weeks in D2 Tg mice compared
with the corresponding non-Tg littermates (Figure
2d). The stride length of Tg mice was comparable to
controls (not shown). This combination of intention
tremor, postural instability, incoordination, gait atax-
ia in the absence of postural abnormalities, overt mus-
cle wasting, rigidity, and sensory deficits closely resem-
bles cerebellar ataxia (1–5). This spectrum of motor
deficits strongly suggests cerebellar dysfunction as the
major cause of the Tg phenotype.

Transgene expression is detected only in the DCN within the
cerebellum and is not accompanied by neurodegeneration. The
pattern of transgene expression was analyzed by
immunohistochemistry for GFP in mouse brain sections.
We focused on the cerebellum since the ataxic phenotype
pointed strongly to a cerebellar origin. Transgene expres-
sion within the cerebellum was detected exclusively with-
in large DCN neurons that have been previously shown
to be glutamatergic projection neurons (21). Expression
was detected as early as postnatal day 10, preceding by a
day the onset of cerebellar ataxia (Figure 3a). No expres-
sion was detected in the cerebellar cortex.

Brains from Tg and non-Tg mice aged 10–180 days of
age were sectioned and examined for signs of neurode-

Figure 2
Performance on motor tasks. (a) Stationary rod; (b) rotarod; (c)
hanging wire task; (d) hindfoot-forefoot discordance (n = 7–14 Tg;
6–12 non-Tg). D11 non-Tg (filled triangles), D2 non-Tg (open tri-
angles), D11 Tg (closed squares), D2 Tg (open squares) (n = 10–19
Tg; 9–18 non-Tg). Body weights: 4 weeks old: Tg 18.5 ± 0.9 g, non-
Tg 17.6 ± 0.8 g; 12 weeks old: Tg 26.9 ±1.3 g, non-Tg 25.7 ± 1.2 g.
Error bars = SEM.
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generation. H&E-stained sections of Tg mice did not
show overt alterations in cerebellar architecture up to
6 months of age (Figure 3b), and immunostaining for
GFAP failed to identify reactive gliosis (Figure 3c). Fur-
thermore, Fluorojade (19), a marker for degenerating
neurons, did not stain Tg brain sections (Figure 3d),
corroborating the lack of significant histopathological
effect of transgene expression. Neurodegeneration was
also not evident by H&E (Figure 4, left), GFAP, and 
Fluorojade staining (not shown) in any other region of
the CNS, including the cortex, midbrain, brain stem,
and spinal cord up to 6 months of age.

The transgene product was also detected in neocor-
tical layer V neurons, brain stem nuclei (red, pontine,
hypoglossal, gigantocellular), and ventral horn neu-
rons of the spinal cord (Figure 4, right). We assessed
transgene expression in the D2 and D11 lines and
other founder mice we had available and compared
these levels with disease severity. Expression levels are

tabulated in Table 1 with examples of stained sections
demonstrating the grading scheme in Figure 5. Dis-
ease severity correlated well with transgene expression
levels in the DCN; it was highest in mice with severe
ataxia, low in mice with mild ataxia, and absent in the
B3 and A1 founders that did not develop disease
(Table 1). No expression was seen in the cerebellar cor-
tex in the brain of any mouse examined. Transgene lev-
els in other nuclei did not correspond with severity of
cerebellar ataxia. Transgene expression in the motor
strip was generally weaker than in the DCN and was
low in the D2 line with severe ataxia, absent in the A2
and F4 founders with mild ataxia, and present in the
B3 founder with no ataxia (Table 1). A lack of corre-
spondence was also observed between transgene
expression in the pontine nuclei and disease severity,
since the F5 and D9 founders with severe ataxia had
intermediate levels of the transgene, and no expression
was seen in A2 and F4 founders with mild ataxia
(Table 1). In the case of the red nucleus, robust trans-
gene expression was seen in the A2 founder that had
only mild ataxia, and low expression was present in the
nonataxic A1 founder (Table 1). We were unable to
study ventral horn neurons of the founders since we
had not preserved their spinal cords. A comparison of
spinal cord expression in the D2 and D11 lines, how-
ever, revealed high transgene expression in D2 and low
expression in D11, even though both lines exhibited
severe ataxia (Table 1). Thus, of all the transgene-
expressing neurons, levels in the DCN tracked most
closely with disease severity.

Two additional factors argue against a significant
contribution by noncerebellar transgene-expressing
neurons to the cerebellar ataxic phenotype. First,
neocortical layer V neurons, brain stem nuclei (red,
pontine, hypoglossal, gigantocellular), and ventral
horn neurons of the spinal cord have never been
implicated in cerebellar ataxia. Second, lesions in
each of these nuclei produce a characteristic set of
clinical features, none of which are observed in the Tg
mice. Lesions of neocortical layer V neurons or
increased drive of ventral horn spinal neurons are
accompanied by increased muscle tone, spasticity,
and postural abnormalities, while impaired function

Figure 3
SK3-1B-GFP is expressed in DCN neurons that express SK1 and SK2
and does not cause neurodegeneration. (a) Immunoperoxidase
staining for GFP with hematoxylin counterstaining revealed trans-
gene expression in the large neurons in the DCN (brown cells indi-
cated by arrowheads in middle and right panels) but not in the cere-
bellar cortex (indicated by arrowhead pointing to granule cell layer
in cerebellar cortex) shown at 5 weeks of age. GC, granule cell layer.
(b) In sections from 12-week-old mice stained with H&E, cerebellar
architecture appears normal. (c) There is no evidence of reactive
gliosis in Tg cerebellar sections immunostained for GFAP at 12
weeks of age. (d) Fluorojade shows no staining (blue DAPI coun-
terstained cells with no green fluorojade-positive cells) in cerebellar
sections from mice aged 12 weeks. Scale bars = 100 µm. 
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of spinal neurons results in lower motor neuron
paralysis (22), features not seen in the Tg model. Iso-
lated lesions in the red nucleus do not cause overt
gait ataxia (23), but degeneration of the red nucleus
in combination with the inferior olivary nucleus and
cerebellar Purkinje neurons cause wasted thigh mus-
cles, lower motor neuron impairment, and thoracic
kyphoscoliosis (24), none of which was seen in our
model. Isolated pontine degeneration has been
reported to cause quadriplegia and pseudobulbar
palsy (25), neither of which was exhibited by the Tg
mice. These reasons, along with the data presented in
Table 1, suggest that a direct and/or substantial con-

tribution to the major cerebellar phenotype by trans-
gene-expressing noncerebellar neurons is unlikely.
These noncerebellar transgene-expressing neurons
receive projections from the DCN (cerebello-rubral,
cerebello-thalamic, cerebello-vestibular, and cerebel-
lo-reticular pathways), however, and they may there-
fore indirectly modify the phenotype (3, 26). The
absence of neurodegeneration suggests that an elec-
trical alteration in the DCN, the only neurons in the
cerebellum expressing the transgene, is the predomi-
nant cause of the observed cerebellar ataxia.

DCN hyperexcitability due to SK channel suppression and
loss of IAHP. We focused on the electrical properties of
DCN, since ataxia in these Tg mice is likely to be pre-
dominantly of cerebellar origin, and transgene expres-
sion within the cerebellum is restricted to the DCN.
Enhanced neuronal excitability has been reported to
follow pharmacological blockade by apamin of SK
channels that underlie a component of the IAHP (7, 10,
27, 28). Immunohistochemistry studies with SK iso-
form-specific Ab’s (18) revealed SK2 and SK1 (Figure
6a), but not SK3 protein (not shown) in DCN neurons.
SK3-1B-GFP has been previously demonstrated to
selectively suppress SK1 and SK2 channels without
affecting voltage-gated K+ currents in heterologous
mammalian expression systems (12), and such domi-
nant-inhibitory activity in Tg DCN neurons would, like
apamin, cause DCN hyperexcitability.

Whole-cell slice recordings using an established pro-
tocol for SK channels (10) revealed a prominent IAHP in
non-Tg DCN neurons (Figure 6b, n = 20), which was
completely inhibited by apamin, a selective SK chan-
nel blocker (Figure 6c, n = 6). Tg DCN neurons showed
a significant reduction in IAHP amplitude comparable
to apamin-treated non-Tg neurons (Figure 6d, n = 32).
The summarized data in Figure 6e demonstrate a
greater than tenfold decrease in IAHP amplitude in Tg

Figure 4
Transgene expression in different regions of the brain. H&E staining
(left) and transgene expression (right) in the layer V neocortex, spinal
cord anterior horn cells, red nucleus, and pontine nucleus (brown).
In the midbrain section tyrosine hydroxylase–positive neurons appear
blue. SN, substantia nigra, RN, red nucleus. Scale bars = 100 µm.

Table 1
Tabulation of transgene expression levels in D2 and D11 lines and other founder Tg mice

Founder Cerebellar ataxia Cerebellar cortex DCN Red nucleus Pontine nucleus Motor cortex Spinal cord
D2 Severe – +++ +++ +++ + +++
D11 Severe – +++ +++ +++ ++ +
F5 Severe – +++ +++ ++ ++ NT
D9 Severe – +++ +++ ++ ++ NT
A2 Mild – + +++ – – NT
F4 Mild – + + – – NT
B3 – – – – – + NT
A1 – – – + – – NT

Summary of the expression profile in Tg mice. NT, not tested.
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and apamin-treated non-Tg DCN neurons compared
with non-Tg controls (P < 0.001 between controls and
apamin-treated non-Tg or Tg neurons) due to trans-
gene-mediated SK channel suppression.

Thirty percent of DCN neurons exhibited rhythmic
spontaneous firing under our recording conditions.
The firing frequency of non-Tg DCN neurons was 6.3
Hz (Figure 6f, n = 6). Consistent with the loss of the
IAHP, Tg neurons (Figure 6h, n = 8) and apamin-treat-
ed non-Tg neurons (Figure 6g, n = 3) lacked the after-
hyperpolarization and exhibited a spontaneous fir-
ing frequency more than double that of non-Tg
neurons (summarized in Figure 6i, left). There was an
apparent shift in the resting membrane potential in
voltage traces of both Tg neurons and apamin-treat-
ed non-Tg neurons. The true resting potential of
these neurons was difficult to determine due to their
fast spiking (8), however, and thus apparent elevation
of the resting potential is probably a consequence of
loss of the after-hyperpolarization and increased
spiking rather than true changes in resting mem-
brane conductance.

A generalized nonspecific effect by the transgene on
DCN function can be excluded because other electro-
genic processes are intact in Tg DCN neurons. Spike
duration (Figure 6i, right) and voltage-gated Ca2+ and
other K+ current amplitudes (Figures 7, a and b) are
similar in Tg and non-Tg DCN neurons, indicating
that other conductances in Tg DCN neurons are unaf-
fected. We considered the possibility that the altered
electrical and motor phenotype could result from

gross disturbances of CaM
homeostasis in addition to
IAHP suppression because
the transgene retains the
CaM-binding domain of
SK channels (11, 12). The
CaM-mediated Ca2+ cur-
rent inactivation (29) (Fig-
ure 7, c and d) is similar in
Tg and non-Tg DCN neu-
rons, however, suggesting
that other CaM-mediated
events are not altered in Tg

neurons and that SK3-1B-GFP is not acting as a “CaM
sponge.” Furthermore, the CaM antagonist trifluop-
erazine has never been reported to cause cerebellar
ataxia despite extensive clinical use (30). These obser-
vations, taken together with the absence of neurode-
generation in any CNS region (Figures 4 and 5), indi-

Figure 5
Grading scheme for transgene expression levels. Examples of sections immunostained for GFP show-
ing relative expression levels and corresponding grade from – to +++. Scale bar = 100 µm.

Figure 6
Transgene-expressing DCN neurons are hyperexcitable. (a) DCN
neurons express SK2 (indicated by arrowheads pointing to brown
SK2 cells) and SK1 (arrowheads points to blue SK1 cells). SK3 was
detected in the midbrain but not in the DCN (not shown). Scale
bars = 100 µm. (b) IAHP in non-Tg DCN. (c) IAHP in non-Tg DCN is
apamin-sensitive. (d) IAHP is absent from Tg DCN. (e) IAHP amplitude
data summarized. (f) Non-Tg DCN neurons fire spontaneously at
approximately 6.3 Hz and exhibit a prominent post-spike after-
hyperpolarization. (g) Non-Tg DCN exposed to 100 nM apamin fire
more rapidly at approximately 15.2 Hz and do not show the after-
hyperpolarization. (h) Tg DCN fire spontaneously at approximate-
ly 16.6 Hz and lack the after-hyperpolarization. (i) Summary of
mean firing frequency (left) and spike width measured at half ampli-
tude (right). Error bars = SEM.
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cate that SK3-1B-GFP causes DCN hyperexcitability
by selectively suppressing SK1 and SK2 channels, a
process coincident with the onset of cerebellar ataxia.

Discussion
Cerebellar ataxia may in part be initiated as a conse-
quence of increased DCN excitability secondary to
loss of inhibitory input from Purkinje neurons that
frequently degenerate or are functionally altered in
this disease (3). This mechanism of disease initiation
predicts that intrinsic DCN hyperexcitability in the
absence of upstream alterations in Purkinje inhibito-
ry input would cause cerebellar ataxia. We have test-
ed this mechanism by using a family-wide dominant-
negative strategy to selectively silence SK channels,
regulators of excitability, in DCN neurons in Tg mice.
These mice developed characteristic features of cere-
bellar ataxia including severe incoordination, pos-
tural instability, gait ataxia, and intention tremor,
without rigidity, muscle wasting, or sensory deficits.
The phenotype was evident on postnatal day 11, pro-
gressed until about 3 weeks, and was relatively
unchanged thereafter. Development of cerebellar
ataxia was coincident with transgene expression in
DCN neurons, and no expression was seen elsewhere
in the cerebellum. The transgene product was also
observed in the motor strip, brain stem nuclei (red,
pontine, hypoglossal, gigantocellular), and ventral
horn neurons of the spinal cord, but expression lev-
els in these areas did not correlate with disease sever-
ity. Furthermore, these regions have never been impli-
cated in cerebellar ataxia, and the clinical features

associated with dysfunction in these nuclei were not
present in our Tg model (22–25). No signs of neu-
rodegeneration were evident in any region of the cen-
tral nervous system until 6 months of age (the
longest time examined). Slice recordings revealed
suppression of IAHP, loss of the after-hyperpolariza-
tion, and a doubling of firing frequency in Tg DCN
neurons compared with non-Tg neurons, indicative
of enhanced DCN excitability. Other electrogenic
conductances in these neurons were unaffected. This
Tg model demonstrates that intrinsic DCN hyperex-
citability due to selective suppression of SK channels
in the absence of neurodegeneration is sufficient to
induce severe cerebellar ataxia.

Other ataxic models have varying severity of ataxia
that often does not correlate with the severity of the
lesion (3). This is believed to be due to secondary
degenerative and compensatory mechanisms as well
as neuronal reactions in the DCN. A postulated com-
pensatory mechanism in these models is enhance-
ment of intranuclear inhibition by inhibitory
interneurons within the DCN. By directly increasing
excitability in the large neurons in the DCN that are
glutamatergic projection neurons (21), our model
may preempt the development of inhibitory com-
pensatory mechanisms, thus explaining the severe
ataxia that is observed.

There is some doubt as to the role of SK channels in
regulating firing in DCN neurons. In our experiments,
pharmacological blockade of SK channels in non-Tg
DCN neurons with apamin or genetic suppression of
these channels in Tg neurons with the dominant-neg-
ative SK3-1B-GFP caused a significant increase in fir-
ing frequency similar to what has been described in
DCN and vestibular neurons (7, 28). We did not
observe “bursting behavior,” however, in contrast to an
earlier slice study that reported such activity in DCN
neurons following SK channel blockade (7). Our
results and those from other slice studies differ from
those in a report that SK channel inhibitors have min-
imal effects on firing frequency in dissociated DCN
neurons (8). These differences may stem from details
of the preparation (slice versus dissociated neurons),
temperature, and/or Ca2+ buffering power of the
pipette solutions; high concentrations of Ca2+ buffers
have been shown to suppress the development of SK
currents (10). In balance, our studies in conjunction
with previous slice studies highlight the important
contribution of SK channels to the regulation of DCN
firing frequency and suggest a role for SK channels in
the pathogenesis of ataxia. SK3 knockout mice do not
exhibit an overt neurological phenotype (31), possibly
due to compensation by other SK channels. In con-
trast, our powerful family-wide dominant-negative
approach successfully induced a neurological pheno-
type and may be extended to other neuronal pathways
and to nonneuronal tissues through the use of region-
and tissue-specific promoters to further define the in
vivo role of SK channels.

Figure 7
Other conductances in Tg neurons are unaffected. (a) Amplitude of
apamin-resistant K+ currents in non-Tg and Tg DCN neurons (n = 6
non-Tg, 32 Tg). (b) Peak voltage-gated Ca2+ currents in Tg and non-
Tg DCN neurons. (c) Ca2+ currents in Tg DCN neurons demon-
strating Ca2+-CaM–dependent but not Ba2+-dependent current inac-
tivation. The Ba2+ trace is scaled to the peak amplitude of the Ca2+

trace (d). Ca2+ current inactivation summarized (n = 5 non-Tg, 8 Tg;
P > 0.05). CaV, voltage-gated CA2+. Error bars = SEM.
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In conclusion, cerebellar ataxia can be induced in Tg
mice by hyperexcitability of DCN neurons in the
absence of cerebellar degeneration, although modify-
ing contributions from other Tg-expressing motor
nuclei cannot be completely ruled out. Degenerating
Purkinje neurons in other ataxia models could elicit
retrograde reactions in cerebellar inputs, while in our
model Purkinje neurons are intact, and DCN hyperex-
citability is likely to be the predominant cause of the
observed cerebellar ataxia. In some forms of human
cerebellar ataxia, hyperexcitability in DCN neurons
and other target motor nuclei secondary to loss of
Purkinje inhibitory input may represent a critical step
in the manifestation of the disease. Since SK channels
are critical regulators of firing, our observations raise
the possibility that SK openers such as the FDA-
approved neuroprotective agent riluzole (32) may
reduce neuronal hyperexcitability and thereby thera-
peutically benefit cerebellar ataxia.
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