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The Ca21/calmodulin-dependent protein kinase CaMKIV was
first identified in the cerebellum and has been implicated in
nuclear signaling events that control neuronal growth, differen-
tiation, and plasticity. To understand the physiological impor-
tance of CaMKIV, we disrupted the mouse Camk4 gene. The
CaMKIV null mice displayed locomotor defects consistent with
altered cerebellar function. Although the overall cytoarchitec-
ture of the cerebellum appeared normal in the Camk42/2 mice,
we observed a significant reduction in the number of mature
Purkinje neurons and reduced expression of the protein marker
calbindin D28k within individual Purkinje neurons. Western im-
munoblot analyses of cerebellar extracts also established sig-

nificant deficits in the phosphorylation of cAMP response
element-binding protein at serine-133, a proposed target of
CaMKIV. Additionally, the absence of CaMKIV markedly altered
neurotransmission at excitatory synapses in Purkinje cells. Mul-
tiple innervation by climbing fibers and enhanced parallel fiber
synaptic currents suggested an immature development of Pur-
kinje cells in the Camk42/2 mice. Together, these findings
demonstrate that CaMKIV plays key roles in the function and
development of the cerebellum.
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The family of multifunctional Ca21/calmodulin-dependent pro-
tein serine/threonine kinases (CaMKs) includes CaMK types
I-IV and the recently discovered CaMKKs (Schulman and
Braun, 1999; Means, 2000). One of these enzymes, CaMKIV,
was first identified in cerebellar granule cells (Ohmstede et al.,
1989), and subsequent studies showed that CaMKIV was also
present in cerebellar Purkinje cells, other neurons, T lympho-
cytes, and postmeiotic male germ cells (Frangakis et al., 1991;
Jensen et al., 1991; Means et al., 1991).

CaMKIV is predominantly a nuclear enzyme, and functional
studies have suggested a role for this kinase in the phosphoryla-
tion of serine-133 and activation of transcription by cAMP re-
sponse element-binding protein (CREB) (Matthews et al., 1994).
Indeed, CaMKIV associated with the protein serine/threonine
phosphatase PP2A is thought to function as a regulatory module
that controls CREB-mediated transcription in response to
changes in nuclear Ca21 concentration (Westphal et al., 1998).
This in turn leads to transcriptional activation of immediate early
genes of the fos and jun families (Bito et al., 1996; Chawla et al.,
1998), and neurotrophins such as brain-derived neurotrophic
factor (Shieh et al., 1998), which may regulate neuronal growth
and development. CaMKIV also appears to control transcription
of the orphan nuclear receptor nur-77 (Youn et al., 1999), as well
as to enhance transcription mediated by other orphan receptors,
including RORa, RORg, and COUP-TF1 (Kane and Means,
2000). However, the cascade of signaling events responsible for
these effects of CaMKIV remains to be elucidated.

The CaM kinases have long been implicated in the regulation

of synaptic activity. Disruption of the mouse CamkIIa gene
established the role of this kinase in synaptic events involved in
the acquisition of certain types of spatial memory (Silva et al.,
1992). Likewise, CaMKIV has been implicated in the late phases
of synaptic plasticity associated with the consolidation of certain
types of memory formation (Bito et al., 1996; Masaaki et al., 1997;
Ahn et al., 1999). However, unlike other members of the CaMK
family, CaMKIV has a restricted pattern of expression that is
regulated during development (Ohmstede et al., 1989; Jensen et
al., 1991), suggesting that CaMKIV may have different functions
in distinct populations of cerebellar neurons.

To examine the role of CaMKIV in the mammalian brain, we
have generated mice lacking the Camk4 gene. Behavioral analy-
ses of these mice established the presence of tremors, altered gait,
and moderate to severe loss of motor control, consistent with
cerebellar defects. Morphological studies indicated a loss of cer-
ebellar Purkinje neurons, whereas biochemical analyses estab-
lished the reduced expression of calbindin D28k and defective
nuclear signaling to CREB. Electrophysiological studies also
demonstrated significant defects in synaptic transmission at exci-
tatory synapses of Purkinje neurons in Camk42/2 mice. To-
gether, our results establish an important role for CaMKIV in
cerebellar function and development.

MATERIALS AND METHODS
Generation of Camk4 2/2 mice. The CaMKIV gene was disrupted in mice
via homologous recombination as described previously (Wu et al., 2000).
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Western blotting. Western blots were performed as outlined previously
(Anderson et al., 1997) using either 150 or 25 mg of cerebellar protein
from age-matched Camk4 1/1, Camk4 1/2, and Camk4 2/2 postpubertal
littermates. Antibodies were obtained from the following sources: anti-
CaMKIV and anti-CaMKK (Transduction Laboratories, Lexington,
KY), anti-CaMKIIa (Boehringer Mannheim, Indianapolis, IN), anti-
CaMKI (generated by Sara Hook, laboratory of A. R. Means), anti-PKA
and anti-a-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA), and
anti-CREB and anti-phosphorylated CREB (pCREB) (Upstate Biotech-
nology, Lake Placid, NY).

Immunocytochemistry. Immunocytochemistry was performed as de-
scribed previously (Jensen et al., 1991). Cerebella were formalin-fixed
and embedded in paraffin, and 6 mm coronal sections were cut on a rotary
microtome. Sections subjected to immunocytochemistry were visualized
by either an IgG-rhodamine conjugate (Jackson ImmunoResearch, West
Grove, PA) or the ABC method (Vector Laboratories, Burlingame, CA).
General tissue morphology was visualized by staining with 0.05% cresyl
violet.

Behavioral analyses. Tests for ataxia or gait were evaluated by the
foot-printing method. Landmarks were established as described previ-
ously (Robbins, 1985), and the length, width, and angle of foot deflection
were compared for wild-type (WT) and Camk4 2/2 animals. Linear
strides of five or more matched footprints were used for these analyses.
Spontaneous locomotor activity was measured in an automated Omni-
tech Digiscan apparatus (AccuScan Instruments, Columbus, OH) under
illuminated conditions. Evaluations of muscle strength, motor reflexes,
and gross body coordination were performed by established methods
(Rogers et al., 1997; Paylor et al., 1998). Sensorimotor skills were studied
using a rotorod (Stoelting, Wood Dale, IL) with accelerating (4–40 rpm
over 5 min) and constant-speed (25 rpm) protocols administered on
successive days. Trials were terminated by either a passive rotation, when
the animal fell from the rod, or at 300 sec. Mice received five trials
separated by 15 min intertrial intervals.

Electrophysiology. Sagittal slices (200-mm-thick) were cut from 14- to
23-d-old mouse cerebella and perfused with oxygenated solution con-
taining (in mM): 125 NaCl, 2.5 KCl, 2.5 CaCl2, 26.2 NaHCO3, 1.3
MgSO4, 1.0 NaH2PO4, 20 D-glucose, and 0.01 bicucculine methiodide
(Sigma, St. Louis, MO). Whole-cell patch-clamp recordings were made
from Purkinje cell somata within 6 hr of slice preparation using pipettes
(1.5–2.5 MV) filled with a solution containing (in mM): 130 potassium
gluconate, 2 NaCl, 4 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 sodium phos-
phocreatine, 20 HEPES, and 10 EGTA, pH 7.3. Parallel fiber (PF)
EPSCs were elicited by applying 0.5 msec stimuli through a thin (2–4 mm
tip diameter) glass pipette placed on the slice surface in the molecular
layer. Stimuli were generated by a Grass Instruments (Quincy, MA) S48
stimulator and varied between 0 and 10 mA. Similar stimuli applied in the
granule cell layer were used to induce climbing fiber (CF) EPSCs.
Software developed by Dr. W. W. Anderson (University of Bristol,
Bristol, UK) was used for data acquisition.

RESULTS
Biochemical changes in Camk42/2 cerebella
Western blot analysis of cerebellar extracts confirmed the ab-
sence of the CaMKIV protein in cerebellum of Camk42/2 mice
(Fig. 1a). Levels of the other CaMKs, including CaMKI (Fig.
1b), CaMKIIa (Fig. 1c), and CaMKK (Fig. 1d), were similar in
cerebella from null, heterozygous, and WT mice. In addition, the
levels of PKA, a kinase that shares common substrates with
CaMKIV, including CREB (Matthews et al., 1994), were also
unchanged (data not shown). This established that the disruption
of the mouse CaMKIV gene was not associated with compensa-
tory changes in CaMKs or kinases, such as PKA, that phosphor-
ylate substrates of CaMKIV.

We next examined the phosphorylation of CREB, a proposed
neuronal substrate for CaMKIV, in the mutant mice. Mice were
placed in either a familiar or an unfamiliar environment and
allowed to explore for 2 min. The animals were then killed
immediately, and the levels of CREB (a-CREB) and phosphor-
ylated CREB (a-pCREB) were assessed by immunoblotting of
cerebellar extracts. Although the total level of CREB protein was
unchanged in all samples (Fig. 1e, a-CREB), the levels of phos-
phorylated CREB were markedly lower (fourfold) in the
Camk42/2 mice than in either WT or heterozygous mice, regard-
less of the environment (Fig. 1e, a-pCREB). However, in each
case, placing the mice in an unfamiliar environment resulted in an
increase in phosphorylated CREB relative to the familiar envi-
ronment. These data suggest that the absence of CaMKIV con-

tributed to a significant reduction of CREB phosphorylation in
the cerebellum, consistent with the proposed role of CaMKIV as
a CREB kinase in cerebellar neurons.

Multiple behavioral defects in Camk42/2 mice
On initial inspection, the Camk42/2 mice demonstrated an un-
usual upright posture, and .80% of the null mice exhibited
moderate tremors. When raised by their tails, the null mice
clasped their hind legs close to their body, unlike WT and
Camk41/2 animals that splayed their legs outward. Because this
is suggestive of ataxia (Steinmayr et al., 1998), we examined the
walking gait of the null mice using a footprinting test (Fig. 2a).
Although no difference in stride length was observed, there was a
significant alteration in the angle of rear-paw deflection (Fig. 2a)
(Robbins, 1985). The lack of symmetry between the left and right
angles of rear-paw deflection (Fig. 2b) indicated that the
Camk42/2 mice were ataxic, possibly because of a deficit in the
organization and execution of planned movements.

Camk42/2 and WT littermates were next subjected to a battery
of additional behavioral tests. In an open field environment, both
spontaneous horizontal (locomotor) and vertical (rearing) activ-
ities were significantly reduced in the null mice compared with
their controls (Fig. 2c,d). A behavioral screen for gross defects in
motor performance was also administered (Rogers et al., 1997;

Figure 1. Loss of CaMKIV does not change the expression of other
related Ca 21/CaM-dependent enzymes. a, CaMKIV is absent in the
cerebellum from null mice. b–d, CaMKI, CaMKII, and CaMKK expres-
sion levels in the null and heterozygous mice are not significantly different
from wild-type mice. e, pCREB is reduced in Camk4 2/2 mice. Mice were
placed in a familiar or an unfamiliar environment and allowed to explore
for 2 min. Western blots of equivalent aliquots of cerebellar extract (25 mg
of protein) were used to assess either total CREB protein (a-CREB) or
phosphorylated CREB (a-pCREB).
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Paylor et al., 1998). In multiple tests, the null mice were uncoor-
dinated when attempting to grasp a vertical wire with their
hindfeet and were unable to maintain their grip when the wire
was gently pulled away. Mutants also could not remain suspended
from a vertical wire. Compared with WT mice, .85% of the null
mice were uncoordinated in their attempts to hang from the wire
with their forepaws and often grasped their face with their
hindfeet (data not shown). Camk42/2 mice also took significantly
longer than the WT controls to climb down a pole, turn around,
and climb back up the pole (data not shown), and most null mice
fell from the pole when trying to turn around. To analyze com-
plex sensorimotor function, the mice were tested on a rotorod. In
both acceleration (Fig. 2e) and constant-speed (Fig. 2f) para-
digms, there was a significant impairment in the ability of the
Camk42/2 mice to remain on the rod. All Camk42/2 mice
frequently dragged their hindlimbs on the drum. Collectively, our
behavioral results indicate that the Camk42/2 mouse is charac-
terized by deficiencies in balance, coordination, and sensorimotor
function. These impairments contribute to the overall ataxia and
hypoactivity of the Camk42/2 mice, potentially implicating cer-
ebellar deficits as a cause of this behavioral phenotype.

Defects in cerebellar Purkinje cells
CaMKIV is expressed in both the Purkinje and granule cells of
the cerebellum (Ohmstede et al., 1989; Jensen et al., 1991). Gross
inspection of the cerebellar architecture revealed no difference in
size or organization of the three layers of the cerebellar cortex at
25 d of age between WT or Camk42/2 mice (data not shown).
There was, however, a pronounced decrease in the number of
Purkinje cells in the mutant mice (Fig. 3a,b). The remaining
Purkinje cells were smaller in size and exhibited a reduced
cytoplasmic/nuclear volume relative to Purkinje cells in the WT
mice (Fig. 3c,d). This observation was strengthened by immuno-
staining for calbindin D28k, a protein marker of differentiated
Purkinje cells (Celio, 1990). As shown in Figure 3, e and f, there
was a profound reduction in calbindin D28k immunoreactivity in
the Camk42/2 Purkinje cells. These data indicate that the ab-
sence of CaMKIV results in a decreased number of Purkinje
cells and that the remaining cells exhibit immature morphological
characteristics. Consistent with this possibility, our preliminary
efforts to visualize dendrites suggest that the arbor is much less
developed in the mutant mice (data not shown).

Electrophysiology of cerebellar Purkinje cells
To assess the role of CaMKIV in synaptic transmission in the
cerebellum, we examined the responses at both PF and CF
synapses that innervate the Purkinje cells. In cerebellar slices

Figure 2. Assessments of spontaneous activity and motor skills in WT
and CaMK4 2/2 mice. a, b, Tests of ataxic responses conducted using
footprinting analyses. Physiological landmarks: A, medial longitudinal
axis of the footprint; B, stride (a continuous line that connected the
pternions of sequential footprints); C, pternion (most posterior point on
the print midline at which the heel strikes the blotter); D, angle of foot
deflection at which the longitudinal axis and stride line intersect at
pternion. ***p , 0.001 by a one-tailed independent samples t test; n 5 8.
c, d, Spontaneous locomotor and rearing activity in the open field. The
activity data are collapsed across 1 min observations and displayed in four
15 min intervals over a 1 hr period. ***p , 0.001 by repeated measures
ANOVA tests; n 5 8. e, f, Rotorod tests of complex motor skills using the
accelerated and constant-speed paradigms. *p , 0.05 by a one-tailed
independent samples t test; n 5 10. KO, Knock-out mice.

Figure 3. Structural analysis of the cerebellum from wild-type and
Camk4 2/2 mice. a, b, Coronal sections through a representative cerebel-
lar foliation immunostained with anti-calbindin D28k. Note the similarity
in the general organization of the three cortical layers (M, molecular; P,
Purkinje; Gr, granule cell) and the apparent lack of reactive Purkinje
cells. Scale bars, 50 mm. c, d, Enlarged view of the region visualized with
cresyl violet confirming that there is a reduction in the number of cells
that resemble mature Purkinje cells. Scale bars, 20 mm. e, f, Immunostain-
ing demonstrating that there is a major reduction of calbindin D28k,
which is a calcium binding protein expressed in the mature Purkinje cell.
Scale bars, 20 mm.
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from both WT and Camk42/2 mice, graded electrical stimulation
of the molecular layer produced graded postsynaptic currents
(PF-EPSCs) attributable to recruitment of multiple parallel fiber
synapses (Fig. 4a) (Konnerth et al., 1990). However, PF-EPSCs
were more rapid in the Camk42/2 Purkinje cells (Fig. 4a), with
mean rise times of 1.6 6 0.02 msec compared with 2.1 6 0.06
msec in the WT cells ( p , 0.05; t test) and decay time constants
of 23 6 0.4 msec compared with 36 6 0.9 msec in WT cells ( p ,
0.05). The amplitude of PF-EPSCs also was larger in the mutant
cells at all stimulus intensities (Fig. 4b). In cells from both WT
and Camk42/2 mice, paired stimuli evoked synaptic facilitation
that was not significantly affected by the absence of CaMKIV
(Fig. 4c). These results are consistent with the idea that elimina-
tion of the Camk4 gene affects PF transmission indirectly by
altering the size and electrotonic length of the postsynaptic Pur-
kinje cell rather than by altering the ability of the PF to release
neurotransmitter (Llano et al., 1991).

The properties of CF synapses also were affected in the
Camk42/2 mice. Multiple CF inputs are common in developing
Purkinje cells but are eliminated during synaptic development
(Crepel et al., 1976). In each of nine recordings from WT Pur-
kinje cells, stimulation of the granule cell layer produced a single
all-or-none EPSC that is characteristic of the mature CF synapse
(Konnerth et al., 1990) (Fig. 4d). Although this situation was
recapitulated for some Camk42/2 Purkinje cells, in three of eight
cases, we observed multiple CF innervation that was evident as
discrete steps in the relationship between stimulus intensity and
CF-EPSC amplitude (Fig. 4e). The difference in the occurrence of
multiple CF innervation between WT and Camk42/2 CF syn-
apses is significant ( p , 0.05; x2 test), indicating that the
Camk42/2 Purkinje cells have an immature synaptic architecture.
CF synapses from Camk42/2 mice exhibiting multiple innerva-
tion produced CF-EPSCs of 136 6 32 pA in amplitude, which was

significantly smaller than the amplitude of CF-EPSCs recorded in
WT animals (348 6 34 pA; p , 0.01) or in those from Camk42/2

Purkinje cells that were singly innervated (356 6 35 pA; p ,
0.05). Likewise, the short-term plasticity of CF synapses is altered
in the absence of CaMKIV. WT animals exhibited a pronounced
synaptic depression after paired CF stimuli (Konnerth et al.,
1990), whereas in the Camk42/2 mice, there was an initial net
facilitation, followed by depression at longer stimulus intervals
(Fig. 4f). This change in the dynamic properties of the CF
synapse suggests a smaller release of neurotransmitter from the
CF synapses that are multiply innervating the Purkinje cell
(Hashimoto and Kano, 1998). In summary, loss of CaMKIV
alters transmission at both of the excitatory synapses on the
Purkinje cell, characteristics consistent with an immature struc-
tural development of the cerebellar cortex in the mutant animals.

DISCUSSION
A number of lines of evidence have implicated CaMKIV in the
control of gene transcription (Bito et al., 1996; Anderson et al.,
1997; Westphal et al., 1998; Ahn et al., 1999). On the other hand,
developmentally regulated changes in the pattern of CaMKIV
expression coupled with the subcellular localization to the nu-
cleus and cytosol hints at a wider role for this kinase in growth
and differentiation of specific cell types and in synaptic plasticity
of neurons. By generating CaMKIV null mice, we have estab-
lished a key role for this kinase. Adult mutant mice were ataxic
and performed poorly on numerous behavioral tests, suggesting
significant cerebellar dysfunction. Biochemical and morphologi-
cal studies established that cerebellar Purkinje cells in the mutant
mice are less abundant, smaller in size, and expressed less cal-
bindin D28k than normal. Moreover, physiological studies dem-
onstrated electrophysiological modifications in transmission at
both PF and CF synapses on the remaining Purkinje cells, con-
sistent with the failure of these cells to reach full maturation.
Together, these data suggest that CaMKIV has an important role
in the function and development of cerebellar Purkinje cells.

Although CaMKIV has been proposed to regulate the activity
of a number of different transcription factors (Chawla et al., 1998;
Youn et al., 1999), CREB is the only known direct substrate for
the enzyme (Matthews et al., 1994). Our demonstration of defects
in CREB phosphorylation (Fig. 1e) suggests that this protein may
be involved in the actions of CaMKIV within the cerebellum.
However, it remains unclear whether the decrease in phosphor-
ylated CREB is attributable to altered development of Purkinje
cells, abnormalities in excitatory transmission in the cerebellum,
lack of an essential CREB kinase activity or other causes. In
cultured embryonic Purkinje cells, CaMKIV can regulate the
CREB-dependent phase of long-term depression (LTD), a mech-
anism that weakens the PF synapse (Ahn et al., 1999). On the
other hand, CaMKIV is not detectable in Purkinje cells in WT
rodents older than 14 d (Jensen et al., 1991). Hence, although the
reduction of LTD may affect cerebellar function, it is unlikely to
be the primary mechanism for the decreased number and imma-
ture development of Purkinje cells. A quantitative analysis of the
number of Purkinje cells present in WT and Camk42/2 mice as
a function of age will be required to address this question.

Targeted gene mutations in a number of signaling molecules,
such as calbindin D28k (Airaksinen et al., 1997), phospholipase
Cb4 (Kano et al., 1998), or Gaq (Offermanns et al., 1997), yields
phenotypic changes somewhat similar to what we have described
for the Camk42/2 mice. However, only one other mutant mouse
has exhibited the panoply of defects that we have observed in the
CaMKIV null mouse. Deletion of RORa, an orphan member of
the steroid receptor super family of transcription factors, results
in the loss of motor control, a decrease in the number of Purkinje
cells, immature development of the remaining Purkinje cells, and
multiple innervation of these cells by CFs (Dussault et al., 1998;
Steinmayr et al., 1998). Mutation of the RORa gene also causes

Figure 4. Purkinje cell synaptic transmission. a, PF-EPSCs induced by
stimuli of varying intensities in slices from WT (1/1) and mutant (2/2)
mice. b, Dependence of PF-EPSC amplitude on stimulus intensity for WT
( filled symbols) and Camk4 2/2 (open symbols) mice. c, Magnitude of
paired-pulse facilitation (expressed as ratio of amplitudes of second and
first EPSCs) at varying interstimulus intervals. Filled symbols indicate
data from WT mice, and open symbols refer to those from Camk4 2/2

mice. d, All-or-none dependence of CF-EPSC amplitude on stimulus
intensity, measured in a WT Purkinje cell. e, Multiple CF innervation in
a Camk4 2/2 Purkinje cell, indicated by multiple steps in the amplitude of
CF-EPSCs as stimulus intensity is varied. f, Synaptic plasticity induced by
pairs of CF stimuli in Purkinje cells from WT ( filled symbols) and
Camk4 2/2 (open symbols) mice.
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the staggerer mouse, whose phenotype is strikingly similar to the
Camk42/2 mice (Hamilton et al., 1996). CaMKIV markedly
increases transcriptional activity by RORa in transient transfec-
tion assays (Kane and Means, 2000), and RORa acts as a tran-
scription factor to regulate expression of genes encoding markers
of differentiated Purkinje cells (Matsui, 1997). In addition, both
RORa and CaMKIV are expressed in Purkinje cells early in
development (Jensen et al., 1991; Vogel et al., 2000). Thus, it is
quite possible that RORa is a key downstream target of
CaMKIV in the cerebellar Purkinje cells and that defects in
CaMKIV–RORa signaling yield many of the abnormalities in
the Camk42/2 mice.

In summary, our results establish CaMKIV as a component of
a signal transduction pathway that leads to the terminal differen-
tiation of Purkinje cells. Other experiments using Camk42/2

mutants have revealed that CaMKIV is also critical in controlling
the development of T lymphocytes (Anderson et al., 1997) and
postmeiotic maturation of male germ cells (Wu et al., 2000).
Collectively, the results indicate that a developmental delay is a
common consequence of deleting the CaMKIV gene and sug-
gests that CaMKIV may be a general regulator of the terminal
differentiation of precursors into specialized cells. Further anal-
ysis of the CaMKIV null mice should provide new information
on the role of this calcium-regulated protein kinase in the brain
and other mammalian tissues.

Note added in proof. After acceptance of our manuscript, a
paper was published by Ho et al. (2000). These authors indepen-
dently created mice null for the CaMKIV gene and found deficits
in CREB phosphorylation in several areas of the brain, consistent
with what we have found in the cerebellum of mutant mice. These
studies also revealed that Purkinje cells cultured from embryonic
Camk42/2 mice are deficient in a late phase of LTD, which
complements our observations of alterations in synaptic transmis-
sion in CaMKIV-deficient mice.
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