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ABSTRACT The granule cell-enriched Ca2+/calmodulin-
dependent protein kinase (CaM kinase-Gr) is a recently dis-
covered neuron-specific enzyme. The kinase avidly phospho-
rylates synapsin I and contains a polyglutamate sequence,
which suggests an association with chromatin as well. A
possible role in synapsin I phosphorylation and in nuclear Ca2+
signaling was supported by immunochemical and ultrastruc-
tural examination of CaM kinase-Gr distribution. CaM ki-
nase-Gr immunoreactivity was present in the molecular and
granule cell layers of the rat cerebellum. This pattern corre-
sponded to the occurrence of the enzyme in the granule cell
axons and nuclei, respectively. Immunoblots confirmed
these findings. Thus, CaM kinase-Gr may mediate and coor-
dinate Ca2+-signaling within different subcellular compart-
ments.

Ca2+/calmodulin-dependent protein kinases (CaM kinases)
have been implicated in neuronal communication by regu-
lating neurotransmitter biosynthesis, neurotransmitter re-
lease, alterations in cytoskeletal components, and possible
regulation of gene expression (1-5). A brain-specific CaM
kinase has recently been isolated and purified and part of its
encoding nucleotide sequence has been cloned (6). This
kinase shows certain catalytic and regulatory similarities to
CaM kinase II but exhibits a number of unique characteris-
tics, including amino acid sequence, subunit organization,
subcellular distribution, and immunohistochemical localiza-
tion. Because this kinase protein is enriched in the granule
cells of the cerebellar cortex, it has been called the granule
cell-enriched CaM kinase (CaM kinase-Gr). The enzyme has
been purified to homogeneity and consists of two polypep-
tides with apparent Mr values of65,000 and 67,000 (6). Partial
cDNA sequence data indicate that mouse and human brains
contain homologues to the rat enzyme that, nevertheless,
exhibit considerable divergence in their nucleotide sequence
(7, 8).
The potential physiological roles ofCaM kinase-Gr depend

on its substrate specificity and its subcellular availability.
This kinase phosphorylates synapsin I on the head and tail
domains (6) and may thereby promote neurotransmitter re-
lease by analogy to the action of CaM kinase II (9, 10).
Moreover, CaM kinase-Gr contains a polyglutamate-rich
sequence (6), which characterizes several chromatin-
associated proteins (11). Thus, CaM kinase-Gr may regulate
different neuronal reactions in different subcellular compart-
ments. The objective of this study was to determine the
subcellular compartments in which CaM kinase-Gr
occurs.

MATERIALS AND METHODS
Primary Antiserum. Rabbit antibodies were raised against

a f3-galactosidase fusion product ofCaM kinase-Gr expressed
in and purified from Escherichia coli. The antiserum was
affinity-purified by adsorption to mammalian CaM kinase-Gr
isolated from rat cerebellum (6). The resulting monospecific
antibody preparation was employed throughout this study.
Immunoblots. Punches from the molecular layer and gran-

ule cell layer of cerebellar vermis of adult rats (0.1 mg ofeach
tissue) were suspended in SDS-containing sample buffer and
were heated for 5 min at 90°C. Equivalent aliquots of these as
well as of a cerebellar cytosol extract were applied to
duplicate SDS/10% polyacrylamide gels (12) and were then
electroblotted onto nitrocellulose (13) or stained with 0.1%
Coomassie blue. In addition, rat cerebellar tissue was ho-
mogenized in 2 M sucrose and centrifuged at 100,000 x g, and
the nuclear pellet was washed twice in 0.32 M sucrose; the
postnuclear supernatant was dialyzed against 10 mM
Tris HCI, pH 7.5/1 mM EDTA/1 mM dithiothreitol. Similar
aliquots from these fractions were also analyzed by immu-
noblotting and by Coomassie staining. Antibody incubations
were performed with a 1:20 dilution of the affinity-purified
antibody followed by a 1:2000 dilution of alkaline phos-
phatase-conjugated secondary antibody. We had previously
demonstrated that the monospecific antibody reacted solely
with Mr 65,000 and 67,000 subunits of CaM kinase-Gr in
crude soluble extracts from rat forebrain or cerebellum (6).
The immunoreactivity of CaM kinase-Gr in all cerebellar
fractions tested was abrogated by omitting the monospecific
antibody or by neutralizing it with purified antigen (Fig. 1 B
and C).

Imlmunohistochemistry. Adult Long-Evans or Wistar rats
were sacrificed by an overdose of Nembutal (100 mg/kg) and
perfused through the heart with saline followed by aldehyde
fixative (4% paraformaldehyde/0.1% gluteraldehyde/0.1%
acrolein in 0.1 M phosphate buffer, pH 7.4) or only with 10%
glycerol. Three rats were prepared for correlative light and
electron microscopy, 12 rats were for light microscopy of
fixed tissue, and 3 rats were for light microscopy of unfixed-
glycerol perfused tissue. Brains from fixative-perfused ani-
mals were removed and postfixed for 12 hr. The cerebellum
was then sectioned sagittally through the vermis at a thick-
ness of 60 ,um. Sections were incubated for 72 hr in the
affinity-purified primary antibody, in dilutions ranging from
1:200 to 1:2, as was determined optimal for the particular
antibody preparation. A fluorescein-labeled secondary anti-
body (1:200) or a peroxidase-antiperoxidase method (1:200)
was used to detect the antigen-bound primary antibody. The
peroxidase label was visualized with diaminobenzidine en-
hanced with cobalt chloride and nickel ammonium sulfate.

Abbreviations: CaM kinase I1, Ca2+/calmodulin-dependent protein
kinase II; CaM kinase-Gr, granule cell-enriched CaM kinase.
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FIG. 1. Immunoblot analysis of CaM kinase-Gr immunoreactiv-
ity in cerebellar extracts. (A) Immunoblot demonstrating the pres-
ence of CaM kinase-Gr (Mr 65,000 and 67,000, arrow) in punches
from the molecular layer (MOL) and granule cell layer (GCL) as well
as the cytosolic fraction (CYT) from whole cerebellum. (B-D)
Immunoblot ofCaM kinase-Gr in the nuclear pellet (P), postnuclear
supernatant (S), and cytosol (C) fractions from cerebellum. The
immunoreactive polypeptides (D, arrow) were not observed in
control experiments in which the antibody was omitted (B) or
preadsorbed with antigen (C). Similar amounts of protein were
applied to the SDS/polyacrylamide gels as determined by Coomassie
staining.

Following light microscopic observations, selected regions of
the cerebellar cortex were osmicated and prepared for trans-
mission electron microscopy (14). Nonspecific immunoreac-
tivity was shown to be absent by primary antibody deletion
and by neutralizing the primary antibody with fusion protein
prior to incubation with tissue sections (Fig. 2C).

RESULTS
Laminar Distribution of CaM Kinase-Gr in the Cerebellar

Cortex. Immunoblots indicated that CaM kinase-Gr is abun-
dant in the granule cell layer and molecular layer (Fig. 1A).
Immunohistochemistry confirmed this laminar distribution of
CaM kinase-Gr and further revealed that the Purkinje cell and
medullary layers were devoid of immunoreactivity (Fig. 2A).
Most immunoreactive cellular profiles were located in the
granule cell layer (Fig. 2B). All of the immunoreactive
cellular profiles within the granule cell layer were likely to be
granule cells based on their uniformly small diameter (5-7

A

,um). These granule cells exhibited varying degrees of stain-
ing density. A greater degree of immunoreactivity was ap-
parent in the neuropil of the molecular layer than in the
neuropil of the granule cell-layer. The perikarya of Purkinje
cells did not display any evidence of immunostaining.

Presence of CaM Kinase-Gr in Axons and Nuclei. Electron
microscopy disclosed that immunoreactive cellular profiles
in the granule cell layer had the limited cytoplasm and
chromatin arrangement characteristic of granule neurons
(Fig. 3). Immunoreactivity within granule cells was most
abundant in nuclei where it was largely associated with
regions of dispersed chromatin. The nuclear localization of
CaM kinase-Gr was corroborated directly by immunoblot
experiments that revealed that CaM kinase-Gr was the only
specifically immunoreactive species in a purified nuclear
preparation (Fig. 1 B-D).

Immunoreactivity was also present, though sparse, in the
cytoplasm of the granule neurons (Fig. 3). The degree of
immunoreactivity varied widely even in adjacent cells within
the same section; however, no evidence of immunoreactivity
was found in Purkinje or Golgi II neurons.

In the molecular layer, immunoreactivity was apparent in
cross-sectional profiles of thin-caliber unmyelinated axons
(Fig. 4B) and elongated profiles of larger caliber axons. The
morphology of the thin-caliber axonal profiles was charac-
teristic of the parallel fibers (15), whereas the larger caliber
axonal profiles (Fig. 4A), particularly those apposed to pri-
mary Purkinje cell dendrites, were likely to be climbing fibers
originating from the inferior olive (15).

Relative Abundance ofCaM Kinase-Gr in the Molecular and
Granule Cell Layers. Since the association of protein kinases
with the nucleus may alter their sensitivity to immunohis-
tochemical detection (16) we attempted to determine whether
the pattern ofCaM kinase-Gr immunohistochemical labeling
was influenced by aldehyde fixation. This was achieved by
comparing the distribution of labeling in fixed and unfixed
sections using immunofluorescent procedures. In fixed sec-
tions, a greater intensity of immunofluoresence was apparent
in the granule cell layer (Fig. 5A). Yet, in sections of unfixed
tissue, greater immunofluoresence was observed in the mo-
lecular layer (Fig. SB). Diminished staining intensity in the
granule cell layer could be attributed to the shorter incubation
times required by the use of fresh tissue. Thus, it appeared
that soluble CaM kinase-Gr from the molecular layer might
be more sensitive to denaturation by aldehyde fixation than
nuclear CaM kinase-Gr, whose immunoreactivity may be
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FIG. 2. Laminar distribution of CaM kinase-Gr in the cerebellar cortex. (A) Low-power photomicrograph of CaM kinase-Gr immunoreac-
tivity in a sagittal section through the vermis of the rat cerebellum. The most intense immunoreactivity occurs in neurons of the granule cell
layer (GCL), with less- intense immunoreactivity in the molecular layer (MOL). Minimal immunoreactivity is apparent in the medullary layer
(MED). (Bar = 1 mm.) (B) Higher-power photomicrograph of CaM kinase-Gr immunoreactivity in a sagittal section of the cerebellar vermis;
granule cells exhibit varying degrees of immunoreactivity. Staining was absent from Purkinje cells located at the interface of the molecular layer
(MOL) and granule cell layer (GCL). MED, medullary layer. (Bar = 0.1 mm.) (C) Labeling in all layers ofthe cerebellum was absent from sections
incubated with primary antisera preadsorbed with purified antigen. (Scale same as in B.)
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FIG. 3. Localization ofCaM kinase-Gr in nuclei of granule cells. Electron micrograph of the granule cell layer indicating the range of label
density in the nuclei, in descending order from cell 1 (heavy label) to cell 5 (no label). Sparse immunoreactivity, indicated by asterisk, can be
seen in the cytoplasm of cell 1.

protected by its association with chromatin. Comparison of
immunoblots and immunohistochemistry should be made
with caution due to conformational differences in the enzyme
following SDS denaturation and in situ aldehyde fixation.
Nonetheless, the possibility that the diminished labeling
within the molecular layer reflects a particular sensitivity to
in situ aldehyde fixation is supported by the relative abun-
dance ofCaM kinase-Gr in the cerebellar molecular layer and
nuclear extracts demonstrated by immunoblot. Thus, the
combined examination of fixed and unfixed tissue, as well as
the subcellular distribution of immunoreactive enzyme, in-

dicate that CaM kinase-Gr is abundant in multiple neuronal
compartments.

DISCUSSION
The present immunochemical and immunohistochemical ob-
servations indicate that CaM kinase-Gr is located in the
nucleus as well as processes of granule cells. The density of
label within granule cell nuclei is one of the most striking
features of the pattern of immunoreactivity. The association
of CaM kinase-Gr with dispersed chromatin of granule cell

FIG. 4. Localization of CaM kinase-Gr immunoreactivity in
axons of rat cerebellar cortex. (A) Longitudinal profile of a thick-
caliber myelinated climbing fiber passing through the granule cell
layer (in, mitochondrion; ms, myelin sheath). Arrowheads indicate
dense immunoreactivity. (B) Cross-sectional profiles of thin-caliber,
unmyelinated parallel fibers in the molecular layer. (Scale same as in
A.)
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FIG. 5. Relative CaM kinase-Gr immunoreactivity in the molec-
ular and granule cell layers. (A) Intense immunofluoresence of the
granule cell layer (GCL) is apparent in aldehyde-fixed tissue,
whereas only slight immunofluoresence is apparent in the molecular
layer (MOL) following a,-72-hr incubation with primary antibody.
(Bar = 0.1 mm.) (B) Intense immunofluoresence is apparent in the
molecular layer of unfixed tissue, whereas only slight immunofluo-
resence is apparent in the granule cell layer following a primary
incubation of 2 hr. The lack of immunofluoresence in Purkinje cells
is similar in fixed and unfixed tissue. (Scale same as in A.)

nuclei implies that this enzyme could be involved with
regions of active gene transcription. The association of CaM
kinase-Gr with chromatin may be specified by the regions of
the molecule containing glutamate-rich amino acid sequences
(11) and suggests that CaM kinase-Gr may serve as a target
for nuclear Ca2+ signaling. Such a role is compatible with
observations that neuronal activity as well as increased
intracellular Ca2+ levels can modulate neuronal gene expres-
sion (17) and that CaM kinases phosphorylate chromatin
polypeptides (18, 19).
The association of CaM kinase-Gr with parallel fibers

within the molecular layer corresponds to the previous dem-
onstration of synapsin I immunoreactivity in the same region
(20-24). This codistribution of CaM kinase-Gr and synapsin
I in the parallel fibers is significant in light of the previous
observation that CaM kinase-Gr phosphorylates the tail
domain of synapsin 1 (6). Thus, by analogy with the action of
CaM kinase II, it is likely that CaM kinase-Gr plays a
significant role in neurotransmitter release.
The relative contribution of CaM kinase-Gr and CaM

kinase II to the regulation of neurotransmitter release in the
cerebellum has not been evaluated. However, whereas CaM
kinase-Gr is enriched in the molecular layer of the cerebel-
lum, CaM kinase II is less abundant in the cerebellum than in
the forebrain (25-27). Moreover, in contrast to CaM kinase-
Gr, CaM kinase II has lower levels in the molecular layer than
in either the granule or Purkinje cell layer (28). Thus, distinct
synaptic systems may differentially rely on the two kinases
for the regulation of neurotransmitter release. The simulta-
neous presence of two or more CaM kinases with similar
substrate specificities in the same neuronal system provides
a complex and diversified Ca2+-signaling pathway.
The heterogeneity of CaM kinase-Gr immunoreactivity

within granule cell nuclei appears to be paralleled by a
heterogeneity of immunoreactivity within the granule cell
axons. Likewise, climbing fibers (Fig. 4) and their cells of
origin within the inferior olivary complex contain CaM ki-

nase-Gr (6), indicating that several neuronal subpopulations
may express CaM kinase-Gr in their cell bodies as well as
their processes. The localization of CaM kinase-Gr in the
nuclei and processes of particular populations of neurons
may provide them with an integrated and coordinated re-
sponse to activity-induced changes in Ca2l levels.
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