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ABSTRACT
Calmodulin, a multifunctional Ca"-binding protein, is present in all eucaryotic
cells. We have investigated the distribution ofthis protein in the rat cerebellum by
immunoelectron microscopy using a Fab-peroxidase conjugate technique . In
Purkinje and granular cell bodies, calmodulin reaction product was found localized
both on free ribosomes and on those attached to rough endoplasmic reticulum
(RER) and the nuclear envelope . No calmodulin was observed in the cisternae of
RER or the Golgi apparatus. Calmodulin did not appear to be concentrated in
the soluble fraction of the cell under the conditions used . Rather, peroxidase
reaction product could be seen associated with membranes of the Golgi apparatus,
the smooth endoplasmic reticulum (SER), and the plasma membrane of both cell
bodies and neuronal processes . In the neuronal dendrites, calmodulin appeared to
be concentrated on membranes of the SER, small vesicles, and mitochondria.
Also, granular calmodulin was observed in the amorphous material . In the synaptic
junction, a large amount of calmodulin was seen attached to the inner surface of
the postsynaptic membrane, whereas very little was observed in the presynaptic
membrane or vesicles . These observations suggest that calmodulin is synthesized
on ribosomes and discharged into the cytosol, and that it then becomes associated
with a variety of intracellular membranes . Calmodulin also seems to be transported
via neuronal processes to the postsynaptic membrane . Calmodulin localization at
the postsynaptic membrane suggests that this protein may mediate calcium effects
at the synaptic junction and, thus, may play a role in the regulation of neurotrans-
mission .

Changes in the level of Ca" have been reported
to be required in the regulation of a large number
of key processes in the nervous system, including
the general regulation of cellular metabolism.
Cyclic nucleotide levels (2, 4, 15), protein phos-
phorylation (29, 34), and neurotubule (6, 21) and
neurofilament function (5, 6) are Ca"-dependent .
Ca" also controls a large number of activities
restricted to the nervous system . It depresses nerve
membrane excitability (10), stimulates K+ con-
ductance (26), and is involved in excitation-secre-
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tion coupling at peripheral neuromuscular junc-
tions (16) and central synapses (19) . Electrical
synapses are uncoupled by Ca" as a result of
increased permeability ofgapjunctions (20) . Ca"
also modulates neurotransmitter synthesis (33) and
is required for intracellular movement of sub-
stances by fast axonal transport (13).
A specific Ca"-binding protein, calmodulin,

has been shown to be present in IM concentrations
in all eucaryotic cells (23) . Because this protein
binds 4 mol of Ca" per mol of protein and
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because its affinity for Ca' is approximately
equal to the estimated Ca" concentration (21tM)
(7), it is likely that the physiologically active,
intracellular, Ca"-regulated events mentioned in
the preceding paragraph require calmodulin as a
Ca" receptor . We have prepared a monospecific
calmodulin antibody in goats and sheep (3, 8), and
have used this antibody to localize calmodulin in
tissue culture cells by indirect immunofluorescence
microscopy (8, 31, 32). The purpose of this study
was to localize calmodulin in the nervous system
by immunoelectron microscopy to determine
whether its ultrastructural localization was com-
patible with the locale of known Ca"-requiring
processes. Because the cerebellum is simpler than
other central nervous system components, it was
chosen for analysis . The localization ofcalmodulin
in cerebella Purkinje cells is compatible with a
role for this protein in all of the known Ca"-
mediated events .

MATERIALS AND METHODS

Preparation of Fabperoxidase Conjugate
against Calmodulin

Calmodulin isolated from rat testis was used to immunize

sheep as previously described (1) . Isolation of Fab fraction from
the sheep antiserum and conjugation with horseradish peroxidase
was performed according to the method described by Lin et al .
(19), with slight modifications . The IgG fraction was separated
from the sheep antiserum by QAE-Sephadex A-50 chromatog-

raphy (14) and digested with papain (28) . The undigested IgG
was separated from the reaction mixture by Sephadex G-100 gel
filtration in 0.05 M Tris buffer containing 0.15 M NaCl, pH 8.0 .

The monospecific Fab fragments were purified by calmodulin
Sepharose 4B affinity chromatography (l8) (CNBr-activated
Sepharose 4B was obtained from Sigma Chemical Co ., St. Louis,
Mo .) . Finally, the Fab fragments were conjugated to horseradish
peroxidase (Sigma Type VI) according to the methods of Nakane
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and Kawao (27) . The Fab-peroxidase conjugate was further
purified by Sephadex G-100 gel filtration and was maintained at
-79°C until used .

Tissue Preparation for Localization of
Calmodulin by Electron Microscopy
The immunoelectron microscopic procedure used was similar

to that described by Lin and Chang (18) . Five male rats (each
weighing 150 g) were anesthetized with chloral hydrate (35%, I
ml/kg of body wt) . Cerebella were removed and fixed immedi-
ately with 2% paraformaldehyde in 0 .1 M PIPES buffer contain-
ing 0.02% CaCl 1 , pH 7 .4, overnight at 4°C . Another five rats
were anesthetized, and the brains were fixed with 500 ml of the
same fixative by vascular perfusion . Cerebella were then removed
and immersed in the fixative overnight at 4 ° C . After they had
been washed in buffer for l h, 50-trm sections were prepared
from each cerebellum with a vibratome. The brain sections were
incubated with the Fab-peroxidase conjugate against calmodulin
(0 .2 mg/ml) for l h . After they had been washed with buffer,
sections were refixed in 2 .5% glutaraldehyde in 0.1 M PIPES
buffer for 30 min at 25°C, followed by incubation with 0.05%
3,3'-diaminobenzidine-4 HCl in Tris-HCI buffer, pH 7 .6, with
0.01% H,O, for 7 min at 25°C . The sections were postfixed in I%
OsO, in the same buffer for 30 min . After dehydration, they were
flat-embedded in Spurr's medium (30), and silanized glasses were
used to press the sectons . The positive reaction areas were marked
under a light microscope and mounted on blank blocks . All thin
sections were observed under the electron microscope without
further staining . Three control experiments were performed : (a)
the sections were incubated with goat Fab-peroxidase conjugate
against chicken apo VLDL-II ; (b) sheep Fab-peroxidase conju-
gate against calmodulin was treated with a fivefold molar excess
of calmodulin before incubation with the section; (c) Horseradish
peroxidase (I lag/ml) alone was substituted for Fab-peroxidase
conjugate against calmodulin .

Preparation ofSubcellular Fractions
Rat cerebella were removed and homogenized in a solution

containing 0 .32 M sucrose, I mM NaHCO,, l MM MgCI:, and
0.5 mM CaCI2 . The homogenate was fractionated as described
by Beale et al . (1), and marker enzymes were used to assess the
relative purity of each Subcellular fraction (l) . The enzymes

assayed were adenylyl cyclase and 5'-nucleotidase (plasma mem-

FIGURE 1

	

A control rat cerebellum treated with Fab-peroxidase conjugate against chicken apo VLDL-
11 shows no reaction product. X 1000 .

FIGURES 2-4

	

Rat cerebellum treated with Fab-peroxidase conjugate against calmodulin ; nocounterstain .

FIGURE 2

	

The reaction product (dark staining) is shown in the Purkinje cell bodies, their dendrites, and

in the granular layer. X 1000 .

FIGURE 3

	

Rat cerebellum treated with preabsorbed Fab-peroxidase conjugate to calmodulin shows no

staining. X 23,000 .

FIGURE 4 Part of a Purkinje cell showing electron-dense reaction product (arrows) on some free

polysomes, bound ribosomes, SER, and plasma membrane . X 15,700 . Inset: high magnification from

another area of the same Purkinje cell . The reaction product (arrows) is seen on free polysomes and

bound ribosomes on endoplasmic reticulum . No reaction product is seen in the cisternae of RER . X

27,500.
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brane) (25), NADH cytochrome c reductase (mitochondria),
triosephosphate isomerase (soluble) and RNA polymerase 11
(nuclear) . Allenzyme activities were determined in all subcellular
fractions . In no case did cross-contamination account for >2% of
the total enzyme activity in the respective fractions. Polyribo-
somes were prepared by the procedure of Means et al. (24), and
the nascent peptide chains were released and separated from
ribosomes as described by Means et al . (22) . Neurotubules were
isolated fromcerebellum by the procedure ofMarcum et al . (2 1) .
Synaptic plasma membranes and the postsynaptic densities de-
rived from these membranes were kindly isolated and supplied
by B. Lester and E. J. Peck, Jr ., Department of Cell Biology,
Baylor College of Medicine, Houston, Tex. (17).

RESULTS

When sections of the cerebellum that had been
processed for Fab-peroxidase conjugate against
calmodulin were examined by light microscopy,
localization of brown reaction product was ob-
served in Purkinje cell bodies, their dendrites, and
the granular layer (Fig. 2) . For comparison, a
control section of rat cerebellum was treated with
Fab-peroxidase conjugate against chicken apo
VLDL-II. This section showed no reaction product
(Fig. 1) . When the sections were examined by
electron microscopy, localization of calmodulin
was found on free ribosomes as well as on ribo-
somes associated with rough endoplasmic reticu-

lum(RER) (Fig. 4) . Staining was also apparent on

mitochondrial membranes, smooth endoplasmic

reticulum (SER), and plasma membranes (Figs. 4

and 5) . Although the membranes of the cristae
and the inner and outer mitochondrial membranes
were stained, no reaction product was seen in the
matrix (Figs. 4-9). Likewise, the Golgi membranes

were stained, but no staining was apparent in the

cisternae. It was interesting to note that neurotu-

bules ofthe dendrites also were unstained, whereas
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FIGURE 5-6

	

Rat cerebellum treated with Fab-peroxi-
dase conjugate against calmodulin ; no counterstain .

FIGURE 5

	

Thecisternae of Golgi apparatus contain no
reaction product, but one of the saccular membranes
(arrow) and some free polysomes (arrow) are stained . x
20,500 .

FIGURE 6

	

Agranular cell in the granular layer of rat
cerebellum shows reaction product (arrows) on free poly-
somes and bound ribosomes attached to the nuclear
envelope . x 18,000.

FIGURES 7-9

	

Ratcerebellum treated with Fab-peroxidase conjugate against calmodulin; no counterstain .

FIGURE 7

	

An oblique section of one neuronal dendrite shows reaction product (arrows) on SER, small
vesicles, and outer and inner mitochondrial membranes. The reaction product is also present as granular
particles (arrow) embedded in amorphous material . The neurotubules are rarely stained. x 34,000.

FIGURE 8

	

Part ofa neuronal dendrite reveals heavy reaction product (arrow) at postsynaptic membrane
and in its vicinity . Scattered granular particles (arrow) of reaction product are also seen . The neurotubules
are unstained . Some SER also show membrane-associated reaction product. x 22,000 .

FIGURE 9

	

Several axodendritic synapses (arrow) in the molecular layer of rat cerebellum show a heavy
coating ofreaction product at the inner surface of postsynaptic membranes and in their vicinity. x 39,500 .

FIGURE 10

	

Rat cerebellum treated with Fab-peroxidase conjugate against chicken apo VLDL-II. Part
of a Purkinje cell with an axosomatic synapse (arrow) shows no reaction product in the cell body or at the
postsynaptic membrane . x 23,000 .
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other organelles of the processes, including SER,
mitochondria, and granular particles in the amor-
phous material were stained (Figs. 7 and 8) . These
data were confirmed by assaying calmodulin in
each subcellular fraction by radioimmunoassay
(3) .
At the synaptic junction, reaction products were

heavily deposited at the inner surface of the post-
synaptic membranes and in their vicinity (Figs. 8
and 9) . Interestingly, the presynaptic nerve termi-
nals, which contained many vesicles, showed little
reaction product. Although much less reaction
product was observed in the granular layer of the
cerebellum, granular cells displayed some staining
reaction on free ribosomes as well as on ribosomes
bound to the outer nuclear envelope and the RER
(Fig . 6) . Occasionally, myelinated nerve fibers re-
vealed small vesicles coated with reaction product
(not shown) .
Control tissue sections treated with Fab-perox-

idase conjugate against chicken apo VLDL-II or
exposed to preabsorbed Fab-peroxidase conjugate
to calmodulin showed no staining (Figs . 1, 3, and
10) . When the Fab-peroxidase conjugate was re-
placed with horseradish peroxidase, the reaction
product was absent . Immersion fixation and per-
fusion fixation gave no significant difference in
the distribution of reaction product, although per-
fusion fixation resulted in improved morphologi-
cal preservation .

Table I shows the distribution of calmodulin in
various fractions prepared from rat cerebellum . In
all cases, calmodulin was quantitated by a sensitive
radioimmunoassay (3) . All subcellular fractions
contained calmodulin except purified neurotu-
bules and ribosomes that had been stripped of
nascent peptide chains . Calmodulin values ranged
from 0.4 to 2% of the total protein. The exception
was in isolated postsynaptic densities (PSD), where
calmodulin comprised 3% of the protein. These
data agree with those reported by Grab et al. (11),
who suggest a relative enrichment of calmodulin
in the PSD fraction .

DISCUSSION
Calmodulin was localized in rat cerebellar Pur-
kinje cells by immunoelectron microscopy using a
Fab-peroxidase conjugate technique. Reaction
product was found on both free and bound ribo-
somes but not in the cisternae of rough endoplas-
mic reticulum or Golgi apparatus, which is com-
patible with biochemical experiments that reveal
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TABLE I

Calmodulin Distribution in Rat Cerebellum

Fraction

	

Calmodulin

tug/mg protein

Calmodulin was assayed in all fractions by radioimmu-
noassay as described by Chafouleas et al. (3) . Sample
preparation is described in Materials and Methods.

calmodulin to be an intracellular protein that nei-
ther consists of a signal peptide chain (3) nor
contains carbohydrate residues (7) . This protein is
not glycosylated and packaged in the Golgi ap-
paratus because it is not destined for secretion .
Rather, calmodulin was found to be associated
with a variety of intracellular membranes and was
found in granular particles that seemed to be in
the soluble portion of the cell .
The data presented herein suggest that calmod-

ulin is synthesized in cell bodies on both free and
membrane-bound polyribosomes and that the nas-
cent peptide chains are then released and become
associated with a variety of intracellular mem-
branes . In addition, the demonstration of granular
calmodulin in the neurites suggests that it is trans-
ported from the cell body to the synaptic regions
and that here it becomes integrated into the post-
synaptic membrane . The data accumulated con-
cerning the localization of calmodulin in Purkinje
cells are positively correlated with information
obtained from subcellular fractionation studies. As
is shown in Table I, radioimmunoassay ofcalmod-
ulin reveals the presence of this protein in each of
the subcellular fractions identified by immunoe-
lectron microscopy as being calmodulin positive .
These fractions include plasma membrane, endo-
plasmic reticulum, polyribosomes, mitochondria,
nuclei, and synaptosomes.
The biochemical and ultrastructural identifica-

tion of calmodulin in the various subcellular frac-
tions is also consistent with events in the nervous

Cerebellar homogenate 9 .5
Nuclei 6 .7

Mitochondria 4 .4

Microsomes 19 .3

Plasma membranes 11 .0
Postmicrosomal supernate 13 .4

Polyribosomes 3 .6

Nascent peptide chains 3 .0

Ribosomes <0.002
Neurotubules <0.002
Synaptic plasma membranes 10 .6

Postsynaptic densities 30 .8



system known to be regulated by calmodulin .
Polysomes contain calmodulin that can be quan-
titatively released with the nascent chains, and the
resultant monosomes do not contain calmodulin,
which suggests that the localization of calmodulin
on polyribosomes represents the site of synthesis.
Plasma membrane-associated calmodulin is not a
surprising finding inasmuch as these membranes
contain phosphodiesterase (15), protein kinase
(29), adenylyl cyclase (2), and Ca"-Mg" ATPase
(6). All of these enzymes have been shown to be
calmodulin-dependent in mammalian brain. Sim-
ilarly, Ca" transport may be regulated by cal-
modulin in smooth ER and mitochondria. Local-
ization on smooth ER is also consistent with a role
for calmodulin in the regulation of tryptophan 5'-
monooxygenase (33) . The immunochemical data
suggest the possibility that calmodulin may be
associated only with the outer nuclear envelope of
the nucleus. Indeed, bound ribosomes could be the
positively stained organelles. However, our results
do not rule out intranuclear localization . It should
be pointed out that Harper et al . (12) argue that
ACTH promotes an accumulation of nuclear cal-
modulin in adrenal tumor cells . In their study,
calmodulin was visualized in frozen sections by an
immunofluorescence technique.
The appearance ofgranular calmodulin in neu-

ronal processess is consistent with the observation
by Igbal and Ochs (13) that Ca"-calmodulin is
involved in the regulation of fast axonal transport.
Grab et al . (11) have isolated postsynaptic densi-
ties and have shown that calmodulin represents a
major protein component. A functional role for
the calcium-binding protein is suggested by the
studies of DeLorenzo and colleagues (9), who
report that calmodulin stimulates dopamine re-
lease from isolated synaptosomes. Our studies re-
veal an intense reaction product in the postsyn-
aptic region of cerebellar synapses and, thus, sup-
port these biochemical and functional observa-
tions .
Our study reveals calmodulin localized in rat

cerebellar Purkinje cells. The sites of positive re-
action product complement the results ofbiochem-
ical studies that show that calmodulin modulates
a large number of events important in the regula-
tion of nervous system function . It is likely that
calmodulin mediates most (ifnot all) ofthe known
functions of Ca" in mammalian brain by acting
as an intracellular receptor for this regulatory ion.
Thus, changes in the activity of calmodulin would

be dictated by changes in the net flux or intracel-
lular distribution of Ca" promoted by substances
that regulate chemical and electrical synaptic
transmission .
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Note added in proof: While this manuscript was in press,
Wood et al . (J . Cell Biol . 84:66-76) reported the immu-
nocytochemical localization of calmodulin on postsyn-
aptic membranes of mouse brain basal ganglia .
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