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Oligonucleotide DNA probes were used to determine the 
distribution of mRNAs encoding the (Y- and @-subunits of 
Ca2+/calmodulin-dependent protein kinase type II (CaM-KII) 
in developing rat brain. The regional and temporal distri- 
bution of these mRNAs closely paralleled the distribution 
and developmental appearance previously reported for their 
respective protein subunits. a-Subunit mRNA was barely de- 
tectable in sagittal sections at 4 d postnatal but increased 
as much as lo-fold in frontal cortex by day 16. /I-Subunit 
mRNA, on the other hand, was readily detected at 4 d post- 
natal and changed only slightly during development. Telen- 
cephalic structures exhibited the highest levels of CaM-KII 
mRNA and the brain stem displayed the least. a-Subunit 
mRNA was not observed in cerebellar granule cells and was 
barely detectable in Purkinje cells, while the &mRNA was 
easily detected in both neuronal types. 

mRNAs for both a- and /3-subunits were present in many 
neuronal cell bodies; however, only the a-subunit mRNA was 
localized to molecular layers of the hippocampus and lamina 
I of the frontal cortex. These layers of neuropil are relatively 
cell sparse and contain extensive dendritic arborizations 
and synaptic contacts. Since polyribosomes have been ob- 
served near hippocampal dendritic spines, the localization 
of u-subunit mRNA to dendrites of pyramidal and dentate 
granule cells suggests that this subunit is synthesized in 
sifuat postsynaptic sites. The co-localization of translational 
machinery and high concentrations of CaM-KII in postsyn- 
aptic elements suggests an important relationship between 
a-subunit synthesis and the maintenance and plasticity of 
postsynaptic structures. 

Multifunctional Ca2+/calmodulin-dependent protein kinases 
have been found in a wide variety of organisms and tissues, 
each expressing similar yet distinct tissue-specific subunits 
(Shenolikar et al., 1986; Fukunaga et al., 1988). In mammalian 
brain, this enzyme is referred to as Ca*+/calmodulin-dependent 
protein kinase II (CaM-KII) and appears to be a multimeric 
holoenzyme composed of nonstoichiometric amounts of 2 prin- 
ciple subunits, 01 (50 kDa) and 0 (58/60 kDa). The doublet at 
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58/60 kDa is believed to be due to alternative splicing of the 
@-subunit mRNA (Bennett and Kennedy, 1987). The LY- and 
p-subunits are greater than 85% homologous at the amino acid 
level (Bulleit et al., 1988) share nearly identical calmodulin- 
binding and catalytic domains (Hanley et al., 1987; Bulleit et 
al., 1988) and undergo autophosphorylation following activa- 
tion by Ca’+/calmodulin (Bennett et al., 1983). Despite these 
similarities, recently sequenced cDNA clones have established 
that the cy- and p-subunits are clearly products of distinct genes 
(Bennett and Kennedy, 1987; Hanley et al., 1987; Lin et al., 
1987). Moreover, studies have shown that the subunits are dif- 
ferentially expressed in cerebellum and forebrain. The holoen- 
zyme isolated from adult forebrain appears to consist of 9 (Y- 
and 3 @-subunits, while that purified from cerebellum expresses 
a composition of about 2 cy- and 8 P-subunits (McGuinness et 
al., 1985; Miller and Kennedy, 1985). Immunochemical anal- 
yses suggest that CaM-KII is much more highly expressed in 
neurons than glia (Ouimet et al., 1984; Scholz et al., 1988) 
while subcellular fractionation studies have shown that in fore- 
brain, CaM-KII is enriched in synaptic junction (SJ) fractions 
(Kelly et al., 1985; Suzuki and Tanaka, 1986) and is the single 
most abundant protein in isolated postsynaptic densities (Kelly 
et al., 1984). This enrichment in postsynaptic structures has 
implicated CaM-KII in signal-transduction mechanisms (Miller 
and Kennedy, 1986) and memory storage (Lisman and Gold- 
ring, 1988). 

Developmental studies have shown that levels of the P-sub- 
unit increase slowly during forebrain postnatal development, 
doubling in SJs between postnatal days 5 and 25. During this 
same period, however, a-subunit levels increase about IO-fold 
in SJs, with the most rapid increase occurring during the second 
and third postnatal weeks (Kelly and Vernon, 1985). Coincident 
with increases in a-subunit is a change in the subunit compo- 
sition of the holoenzyme from an LY- to p-subunit ratio of about 
1:7 at postnatal day 5 to the adult ratio of 3:l (Kelly et al., 
1987). During this period of rapid increase in a-subunit levels, 
CaM-KII appears to shift from a predominantly cytosolic en- 
zyme to one more tightly associated with neuronal membranes 
and SJs (Kelly and Vernon, 1985). 

Immunohistochemical studies have demonstrated that CaM- 
KII is nonuniformly distributed in rat brain (Ouimet et al., 1984; 
Erondu and Kennedy, 1985). In light of regional differences in 
subunit ratios for the holoenzyme, the present study was un- 
dertaken to define the regional and cellular distribution of each 
subunit’s mRNA and to examine their co-localization within 
discrete neuronal populations. Furthermore, since CaM-KII is 
highly concentrated in postsynaptic structures, we were inter- 
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ested in determining whether its mRNAs were present in den- 
dritic fields or restricted to neuronal cell bodies. 

In this paper, we show that levels of mRNA for both CaM- 
KII subunits change during development in parallel with pre- 
viously reported protein levels. We demonstrate that, in addi- 
tion to finding mRNA in cell bodies, the mRNA for the N- but 
not P-subunit is also localized in dendrites. This selective den- 
dritic localization suggests that a-subunit mRNA is targeted for 
dendrites where the subunit may be synthesized in situ at post- 
synaptic structures. 

cific brain regions were rapidly dissected on a chilled glass plate as 
previously described (Johnston et al., 1987). Total RNA w2s purified 
from the brain tissue using the acid-guanidinium-phenol-chloroform 
method of Chomczynski and Sacchi.(1987). Briefly, the tissue was ho- 
mogenized in a glass-Teflon homogenizer in denaturing solution con- 
taining 4 M guanidinium thiocyanate, 25 rnM Na-citrate (pH 7.0); 0.5% 
sarcosyl. 0.1 M 2-mercaptoethanol. The homogenate wasextracted twice 
with phenol : chloroform : isoamyl alcohol (25:24: 1). Nucleic acid re- 
maining in the aqueous phase was twice precipitated with isopropanol 
and washed twice with ice-cold 70% ethanol. The pellet was dried in a 
speed-vat and resuspended in diethylpyrocarbonate-treated water. RNA 
was quantitated by absorbance at 260 nm. 

Materials and Methods 
Sprague-Dawley rats at various postnatal ages were decapitated under 
ether anesthesia and whole brains were rapidly removed and frozen on 
dry ice. Brains were stored at - 80°C until sectioned. Then, 20 pm sagittal 
cryostat sections were thaw-mounted onto twice-gelatinized slides (1% 
gelatin/0.05% chrom alum), air-dried for 5-10 min, and fixed for 15 
min in 3% paraformaldehyde in PBS (pH 7.2). Sections were rinsed 
twice in PBS and delipidated through graded ethanol (50, 70, 95%) for 
5 min each before drying and storing at -80°C. 

Preoaration of radiolabeled DNA. Synthetic olinonucleotide probes 
specif;c to the ,- and p-subunits of CaM-KII and glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) are delineated in Figure I. The 
a-subunit sense strand oligonucleotide is identical to nucleotides 1439- 
1470 of the a-subunit mRNA and has the sequence 5’-GGACCAGGC- 
CAGGGTCCCTGCGCTCTCGTCGC-3’ (Lin et al., 1987). The anti- 
sense oligonucleotide is complementary to this sequence. The P-subunit 
and GAPDH anti-sense oligonucleotides are complementary to nucleo- 
tides 1090-l I28 and 1128-l I59 of their respective mRNAs (Fort et 
al., 1985; Bennett and Kennedy, 1987). The P-subunit probe has the 
seauence 5’-GGCGGCAGGAGGGAGGGATCCTTTGGGGCTGG- 
TGATGGC-3’, while the GAPDH probe has the sequence 5’-GGGCT- 
CCCCAGGCCCCTCCTGTTGTTATGGGG-3’. Oligonuclcotides are 
numbered based on the AUG start codon of each mRNA being nu- 
cleotides l-3. 

Oligonucleotides were 3’ end-labeled with ?.-dATP (New England 
Nuclear) by terminal deoxynucleotidyltransferase for 20 min at 37°C in 
tailing buffer [50 mM potassium cacodylate (pH 7.2), 2 mM CoCl,, 0.2 
rnM DTT]. Radiolabeled probes were separated from unincorporated 
nucleotides by ethanol precipitation. Specific activity of the probes was 
routinely between 1 Ox-IO9 CPM/wg DNA. 

Random primed “P-labeled a-subunit cDNA probes were prepared 
with a labeling kit (Boehringer Mannheim Biochem.) according to the 
manufacturer’s instructions and used for slot-blot hybridization (see 
below). The template DNA was a 3.8 kb fragment corresponding to 
nucleotides 22511010 of the a-subunit mRNA. Unincorporated nu- 
cleotides were separated from labeled DNA by chromatography through 
Sephadex G-50. The specific activity of the probe was routinely IO” 
CPM/pg DNA. Probes were boiled for 5 min and rapidly placed in an 
ice bath immediately prior to use. 

In situ hvbridization. Hybridizations were performed essentially as 

Slot-blot hvbridization. RNA from dissected brain regions was diluted 
to 2 lg/400 ~1 in denaturing solution D (6.8% formaldehyde 5 x SSC) 
and heated at 50°C for I hr. The denatured RNA was cooled to room 
temperature and 4 serial dilutions (1: I) were made in solution D. After 
loading RNA onto nitrocellulose, membranes were baked at 80°C in a 
vacuum oven for 2 hr. Blots were pretreated for 2-l hr at 45°C in 
hybridization buffer containing 5 x SSC, 2.5 x Denhardt’s, 50 mM Na,PO, 
(pH 6.5), 50% formamide, 0.1% SDS, and 200 &ml sheared salmon 
sperm DNA. Radiolabeled CaM-KII a-subunit cDNA probe was added 
to the hybridization solution and hybridized overnight at 45°C. Un- 
bound probe was removed by washing twice in 2 x SSC for 10 min at 
room temperature, followed by 2 washes in 0.2 x SSC/O. 1% SDS for 
45-60 min at 50°C. 

Quantification of autoradiographic images. X-ray film images were 
quantitated for optical density (0. D.) with an Eikonix digitizing system 
at a resolution of approximately 50 pm. Average 0. D. values were 
calculated for specific brain regions to quantify region-specific changes 
in mRNA levels during development. Each value was expressed as a 
percentage of the appropriate adult value and was calculated indepen- 
dently for each experiment before averaging. Each experiment contained 
brain sections of several ages, including adult, all of which were hy- 
bridized with the same probe at the same concentration and processed 
under identical conditions. Slot-blot autoradiograms using purified RNA 
were analyzed in a similar manner, except that 0. D. values were ex- 
pressed as units of a-subunit mRNA/rg total RNA. One unit is defined 
as the signal from 1 pg of total cellular RNA purified from adult rat 
forebrain using CsCl gradients (Maniatis et al., 1982). This RNA stan- 
dard was included in each blot. 

Results 
Svnthetic oligonucleotide probes 
Because the entire coding region of the a-subunit shares ho- 
mology with most ofthe P-subunit’s coding region, the a-subunit 
probe corresponds to a unique 3’ noncoding sequence. The 
p-subunit probe corresponds to a segment of coding region which 
is unique to the p-subunit (Fig. 1.4). This region is absent in the 
putative 58 kDa P-sequence (Bennett et al., 1987), as well as in 
2 novel Ca’+/calmodulin-dependent protein kinases which have 
recently been described in brain, namely, CaM-KII “y-subunit” 
(Tobimatsu et al., 1988) and “CK-Gr” (Ohmstede et al., 1989). 
Oligonucleotides were also selected for high G-C content to 
increase the strength of hybridization. 

described by Younget al. (1986). Briefly, sections were thawed, hydrated 
through eraded ethanol (95:70:50:20%) and incubated for 1 hr at 37°C 
in 2 x SSC with or withbut 100 &ml RNase A. Sections were rinsed 
twice in 2x SSC and acetylated for IO min at room temperature in 
0.25% acetic anhvdride. 0.1 M triethanolamine (pH 8.0). After rinsing 
twice in 2 x SSC, sect&s were dehydrated in “?OO/a ethanol and air- 
dried. Hybridization buffer contained-10 mM HEPES (pH 7.5), 600 mM 
NaCl. 100 mM DTT. I mM EDTA. 50% formamide, 10% dextran sul- 
fate, 1 x Denhardt’s,’ 100 &/ml each of sonicated salmon sperm DNA 
and yeast tRNA. Each slide was incubated with 50 ~1 of hybridization 
solution containing approximately 500,000 CPMs of probe (- 5 ng, 10 
nM). Hvbridizations were performed for 12-l 6 hr at 37°C in a humidified 
chamder. Following hybAdization, sections were washed twice for 10 
min at room temperature in 2 x SSC, twice for 45-60 min at 45°C in 
0.2x SSC, and twice for IO min at room temperature in 2x SSC. 
Sections were rinsed briefly in 70% ethanol and air-dried prior to placing 
under Kodak XAR-5 or Agfa Curix RP-I X-ray film. After obtaining 
appropriate X-ray film exposures, sections were dipped in NTB-2 pho- 
tographic emulsion diluted 1: I with distilled HZO. Sections were ex- 
posed for 2-6 weeks at - 80°C developed for 2 min in Dektol developer 
and fixed in Kodak fixer. 

RNA pur$cation. Rat brains at various ages were harvested and spe- 

As a positive control, a 32-mer anti-sense oligonucleotide was 
synthesized corresponding to the 3’ noncoding region of GAPDH 
mRNA. The mRNA for this housekeeping enzyme was antic- 
ipated to be a good marker for cell density. As negative controls, 
adjacent sections were pretreated with RNase A (100 &ml) for 
1 hr prior to hybridization. To control against nonspecific hy- 
bridization due to high G-C content, a sense strand oligonu- 
cleotide was prepared corresponding to the same region of the 
a-subunit from which the anti-sense probe was made. Figure 
1 B shows the Northern hybridization pattern for each of the 
probes using rat forebrain poly A+ RNA. The sense strand con- 
trol exhibited no hybridization, while each of the other probes 
hybridized to a single distinct band. Using 3zP-X DNA standards, 
the 0 and p probes hybridized to RNA species of approximately 
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CK-II SUBUNITS s- 1439-1470 -3 

Figure 1. Specificity of oligonucleo- 
tide probes. A, Graphic representation 
of mRNAs depicting the regions of 
identity for each oligonucleotide (see 
Materials and Methods for nucleotide 
sequences). Stippled boxes represent 
coding regions, and the black boxes rep- 
resent P-subunit specific sequences. The 
a-subunit mRNA probes correspond to 
nucleotides 1439-1470. iust 3’ to the 
stop codon. The /3-s&&t anti-sense 
oligonucleotide corresponds to nucleo- 
tides 1090-l 128. The GAPDH probe 
is complementary to nucleotides 1128- 
1 159. B, Northern hybridization anal- 
ysis of forebrain poiy-A+ RNA. Poly- 
A+ RNA from adult forebrain (2.5 ua/ 
lane) was separated by glyoxal;DMSs 
agarose gel electrophoresis and trans- 
ferred to a Nytran Nylon membrane 
(Schleicher and Schuell). The mem- 
brane was hybridized as described in 
Materials and Methods to each of the 
oligonucleotide probes: lane I, o-sub- 
unit anti-sense probe; lane 2, @-subunit 
anti-sense probe; lane 3, GAPDH probe, 
lane 4, a-subunit sense strand probe; S, 
Bst El1 digested and 32P end-labeled 
lambda DNA standards. Exposure times 
were 22-35 hr. 

Alpha 

Beta 

5867- 

4324- 

1264- 

702- 

S1234 
5.3 and 4.3 kb, respectively. The GAPDH probe hybridized to 
a message of 1.5 kb. 

In situ hybridization analysis in adult brain 

Previous immunohistochemical studies have shown that CaM- 
KII is not uniformly distributed in rat brain. In the present 
study, in situ hybridization histochemistry was used to ascertain 
whether mRNA levels correlated with the observed distribution 
and relative expression of CaM-RI1 protein. Figure 2 shows 
typical sagittal sections of adult rat brain hybridized with each 
of the oligonucleotide probes. The strongest hybridization for 
both CaM-KII probes was seen in telencephalic structures, with 
very light hybridization in the brain stem. In contrast to the 
a-subunit probe, the 0 probe hybridized strongly in the granule 

and Purkinje cell layers of the cerebellum. The hybridization of 
the GAPDH probe reflected overall cell density throughout the 
brain. 

Pretreatment with RNase A eliminated virtually all hybrid- 
ization of CaM-RI1 probes, while GAPDH hybridization de- 
creased about 80% (data not shown). It is not known whether 
the GAPDH message is partially resistant to RNase A treatment, 
if it is sequestered in an inaccessible compartment such as mi- 
tochondria, or if the probe displays a small amount of nonspe- 
cific hybridization which is unaffected by RNase treatment. 

As expected from the Northern analysis, the a-subunit sense- 
strand probe did not hybridize to any forebrain structures. How- 
ever, there was prominent punctate hybridization in the floor 
of the fourth ventricle and in the trapezoid bodies. This hy- 
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Agure 2. In situ hybridization to adult rat brain. Digitized images of sagittal sections of adult rat brains (l-2 mm from midline) were prepared 
as described and hybridized with the indicated oligonucleotide probe: Alpha, a-subunit anti-sense probe; Beta, @-subunit anti-sense probe, GADPH, 
GAPDH anti-sense probe; Ctl, a-subunit sense strand probe. Autoradiographic exposures were 3-6 d (white represents hybridization). The lower- 
left panel diagrams major anatomical landmarks: FC, frontal cortex; HC, hippocampus; DC, dentate gyms; C-P, caudate-putamen; CB, cerebellum; 
cc, corpus collosum; OC, olfactory cortex; ZC, inferior colliculus. The area of the hippocampus enclosed by the box is analyzed in Figure 3. 

bridization pattern was developmentally regulated, first ap- 
pearing at about 12-16 d postnatal and was completely abol- 
ished by RNase pretreatment (data not shown). It is not known 
whether hybridization in these structures is to an unrelated 
mRNA or possibly to a distinct mRNA derived from the op- 
posite strand of the a-subunit gene. 

Localization in the hippocampalformation. The hippocampus 
displayed high levels of hybridization for all anti-sense probes 
(Fig. 3, A, B, D). Both GAPDH and p-subunit probes hybridized 
almost exclusively to the pyramidal and granule cell layers. The 
GAPDH probe also hybridized to occasional cell bodies in the 
molecular layers (Fig. 30). The punctate pattern of hybridiza- 
tion for this probe indicated that GAPDH mRNA is localized 
to cell somas. The a-subunit probe hybridized strongly to the 
cell layers and exhibited robust hybridization throughout the 
molecular layers of the hippocampus and dentate gyrus (Fig. 
3.4). The molecular layers contain few neuronal cell bodies and 
are composed almost exclusively of neuronal processes. The 
diffuse yet strong hybridization of the a-subunit probe, in con- 
trast to the punctate pattern of the other antisense probes, in- 
dicates that (Y mRNA is not restricted to cell bodies. There 
appeared to be little a-subunit mRNA in hippocampal axons, 
since the hilar region adjacent to dentate granule cells and the 

alveolar region of the hippocampus were relatively free of hy- 
bridization (Figs. 3A, 4A). These regions contain the exiting 
axons of granule and pyramidal cells and very few dendrites. 
Further comparisons of dark-field images of u-subunit hybrid- 
ization in hippocampal molecular layers (Fig. 4A) with bright- 
field localization of cell bodies revealed by toluidene blue stain- 
ing (Fig. 48) demonstrated that an overwhelming majority of 
this mRNA was present in neuropil. In fact, there appeared to 
be a rather striking negative correlation between cell body stain- 
ing and in situ hybridization in the strata radiatum and lacu- 
nosum (Fig. 4, A, B, arrows). Together, these results indicate 
that the localization of a-subunit mRNA in hippocampal mo- 
lecular layers is dendritic. 

Localizatzon in forebrain. Both P-subunit and GAPDH probes 
hybridized evenly throughout the cellular laminae of the cere- 
bral cortex and showed little, if any, hybridization to subcortical 
white matter (Fig. 2, see cc). The a-subunit probe hybridized 
throughout the cortex but in a distinct laminar distribution (Fig. 
5A). It hybridized about twice as intensely in laminae II and III 
than in laminae IV-VI. Lamina I, which is cytoarchitecturally 
similar to the hippocampal molecular layers, and displayed strong 
hybridization with the a-subunit probe but not with either the 
P-subunit or GAPDH probe. Both CaM-KII probes hybridized 
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Figure 3. Dark-field photomicro- 
graphs of in situ hybridization. Sections 
were hybridized as described in Mate- 
rials and Methods and exposed with 
NTB2 emulsion. Areas CA1 and CA4 
of the hippocampus with associated re- 
gions of the dentate gyrus (see boxed 
region, Fig. 2, lower-left panel) were 
photographed under dark-field optics at 
50 x magnification. A, o-subunit anti- 
sense probe, B, p anti-sense probe; C, 
a-subunit sense strand, and D, GAPDH 
anti-sense probe, g (arrowheads), gran- 
ule cells in dentate gyrus; p (short ar- 
rows), pyramidal neurons; long arrows, 
dendritic fields of the molecular layers 
of CA1 and the dentate gyrus; ah 
(brackets), alveolar region of the hip- 
pocampus. 

strongly to the pyramidal cell layer of the olfactory cortex (Fig. 
2). The caudate-putamen, amygdala, and thalamus showed mod- 
erate hybridization with both CaM-KII probes, while the in- 
ferior colliculus hybridized almost exclusively to the @-subunit 
probe (Fig. 2). 

Localization in cerebellum and brain stem. Levels ofa-subunit 
mRNA in the cerebellum were extremely low. However, long 
exposures of emulsion-coated slides displayed modest hybrid- 
ization in the Purkinje cell layer (Fig. 5C). In contrast, the 
P-subunit mRNA was readily detected in both the granule and 
Purkinje cell layers (Figs. 2,5D). Neither ofthe CaM-KII probes 
exhibited hybridization above background to the cerebellar mo- 
lecular layer. The hybridization pattern of the GAPDH probe 
in the cerebellum was similar to the CaM-KII P probe with the 
exception of additional hybridization in the molecular layer 

(data not shown). None of the probes hybridized to white matter. 
In the brain stem, both CaM-KII mRNAs were detected in 
several discrete nuclei, including the paraventricular nucleus, 
pars compacta of substantia nigra, and the spinal nucleus of 
nerve V (data not shown). 

Developmental changes in CaM-KII and GAPDH mRNAs 
Levels of a-subunit mRNA (Hanley et al., 1987) and protein 
(Kelly and Vernon, 1985; Kelly et al., 1987) have been shown 
to increase dramatically in rat forebrain during the second and 
third postnatal weeks. Using in situ hybridization, we sought to 
determine which brain regions displayed these developmental 
changes. Figure 6 shows computer-digitized images of autora- 
diograms from different aged animals hybridized with either (Y- 
or P-subunit probes. The developmental changes in mRNA levels 
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for the 2 CaM-IUI subunits were quite distinct. The level of (Y- 
subunit mRNA was barely detectable at 4 d but increased dra- 
matically in forebrain regions during the second postnatal week 
and by day 16 approached adult values (Fig. 6, compare days 
8 and 16). P-Subunit mRNA, on the other hand, was readily 
detected at 4 d, thereafter decreasing slightly to adult levels. 

To quantify the developmental changes seen with in situ hy- 
bridization, images were digitized on an Eikonix digitization 
system and average signal intensity was calculated for several 
discrete regions. In each experiment, values were normalized 
against either adult (90-l 10 d of age) or 32 d postnatal brain 
sections included in the experiment; values represent a mini- 
mum of 6 sections at each age and were obtained from 3 (a) or 
4 (/3) independent experiments. 

In frontal cortex (Fig. 7A), the level of P-subunit mRNA 
decreased by half from day 4 to adult. Most of this decrease 
occurred between days 6 and 8. In contrast, a-subunit mRNA 
increased lo-fold between day 4 and adult, primarily between 
days 8 and 16. This is in general agreement with previous studies 
with purified RNA (Hanley et al., 1987). GAPDH mRNA, like 
the p-subunit, decreased by half in frontal cortex between day 
4 and adult. 

Changes in a-subunit mRNA in hippocampus were qualita- 
tively similar to the cortex, increasing about 5-fold during post- 
natal development (Fig. 7B). The level of a! mRNA in the mo- 
lecular layer closely paralleled the changes for the whole 
hippocampus. P-Subunit mRNA levels did not change signifi- 
cantly between postnatal day 4 and adult. The apparent levels 
of GAPDH mRNA in the hippocampus decreased about lo- 
fold between postnatal day 4 and adult (Fig. 7B). The average 
size of the hippocampus in sagittal sections increased about 3.5- 
fold during postnatal development, mostly in the cell-sparse 
molecular layers. This may account for some of the decrease in 
relative levels of GAPDH mRNA in the hippocampus. 

Figure 4. Hybridization of a-subunit 
probe in hippocampus. Panel A of Fig- 
ure 3 is shown at higher magnification 
under dark-field (A) and bright-field (B) 
illumination (scale bar in B, 100 pm). 
Robust hybridization of the a-subunit 
probe can be seen in the pyramidal cell 
layer (Pyr) and in neuropil associated 
with pyramidal cell dendrites: basal 
dendrites in stratum oriens (or) and api- 
cal dendrites in strata radiatum and la- 
cunosum (radhc). There was no hy- 
bridization to several large cells in the 
molecular layers (arrowheads) nor to 
endothelial cells surrounding a blood 
vessel coursing through the section 
(large arrow). The alvius (alv), contain- 
ing the axons of pyramidal cells, was 
also relatively devoid of hybridization. 

Both CaM-IUI mRNAs increased about 50% in the cerebel- 
lum between day 4 and adult (Fig. 7C’). This increase coincides 
with neurogenesis and synaptogenesis within the cerebellum. 
While the percentage increases for LY- and P-subunit mRNA were 
approximately equal, it should be noted that the absolute in- 
creases for the 2 mRNAs were quite different (Fig. 6). Further- 
more, virtually all the developmental increases of the p-subunit 
mRNA in the cerebellum were in the granule and Purkinje cell 
layers. These layers comprised only about % of the entire cer- 
ebellar areas which were quantified. Therefore, after correcting 
for the contribution of hybridization in the molecular layer, 
white matter, and deep cerebellar nuclei, levels of /?-subunit 
mRNA in the granule and Purkinje cell layers increased ap- 
proximately 200% during development. GAPDH mRNA in- 
creased with neurogenesis in the cerebellum and then decreased 
after day 12 to adult levels. 

To further analyze developmental changes in a-subunit 
mRNA, total RNA was isolated from microdissected brain re- 
gions at various ages and examined by slot-blot hybridization. 
Figure 8 shows the results of this analysis for 5 separate regions. 
At all ages studied, the highest levels of Ly mRNA were detected 
in frontal cortex and hippocampus. These regions increased in 
a-subunit hybridization during development by 7- and lo-fold, 
respectively. The septal region increased approximately 5-fold 
during development but expressed a much lower level of 
a-subunit mRNA than the other 2 forebrain regions. Neither 
brain-stem nor cerebellar RNA displayed significant hybridiza- 
tion to the a-subunit probe and therefore showed very little 
developmental change. 

Discussion 
Distribution of CaM-HI mRNA 
Previous studies have revealed substantial heterogeneity in the 
distribution and subunit ratios of CaM-KII in discrete regions 
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Figure 5. Dark-field photomicro- 
graphs of in situ hybridization. Sections 
were hybridized and analyzed as de- 
scribed in Figure 3. A and B, Paracen- 
tral frontal cortex at 60 x (scale bar, 250 
pm). C and D, Cerebellum at 260x 
(scale bar, 50 pm). A and C were hy- 
bridized with a-subunit anti-sense 
probe; B and D with B-subunit anti- 
sense probe. Layers I-VI of the frontal 
cortex are designated in A and B, mo- 
lecular (mot), Purkinje (Pur), and gran- 
ule cell (Gr) layers and white matter 
(wm) are designated in C and D. The 
diagonal dotted line in C and D delin- 
eates the Purkinje and molecular layers; 
the short dotted line in D delineates the 
granule cell layer and the underlying 
white matter. 

ofadult brain (Ouimet et al., 1984; Erondu and Kennedy, 1985). 
The highest levels of immunoreactivity were found in forebrain 
structures, while hindbrain regions expressed the lowest levels. 
Subcellular localization showed strong CaM-KII immunoreac- 
tivity in postsynaptic densities (PSDs) (Ouimet et al., 1984), 
and biochemical studies have estimated that CaM-KII com- 
prises as much as 40% of the protein in isolated PSDs (Kelly 
and Montgomery, 1982; Kelly et al., 1984; Miller and Kennedy, 
1985). Using slot-blot analysis and in situ hybridization histo- 
chemistry, we have shown that the distribution of CaM-KII 
mRNA levels in adult brain closely approximates the distri- 
bution of the protein seen in previous studies. Studies at the 
protein level utilized monoclonal antibodies that were specific 
to the a-subunit (Erondu et al., 1985) or cross-reacted with both 
the (Y- and P-subunits (Ouimet et al., 1984). We have employed 
synthetic oligonucleotides which are specific for each subunit 
and which clearly demonstrate their distinct distribution and 
developmental expression. 

mol 

Gr 

, 
l ’ , 

“wm 

The hippocampus contains the highest levels of CaM-KII in 
brain, where it may comprise as much as 2% of total protein 
(Erondu and Kennedy, 1985). In agreement with this obser- 
vation, we found that the hippocampus expresses the highest 
levels of CaM-KII mRNA. While probes specific to either sub- 
unit hybridized to the pyramidal and granule cell layers, only 
the a-subunit probe hybridized to the molecular layers. The 
localization of the a-subunit mRNA to molecular layers was 
not described in a previous report by Lin et al. (1987). Hip- 
pocampal molecular layers contain few cell bodies, as demon- 
strated by the sparsity of GAPDH hybridization but contain 
extensive dendritic arborizations of the pyramidal and granule 
cells. The most prominent morphological feature of these den- 
drites is the presence of numerous spiny protrusions which con- 
tain asymmetric postsynaptic densities. The dendrites of hip- 
pocampal neurons have been shown to contain polyribosomes 
which appear to be closely associated with dendritic spines 
(Steward and Levy, 1982; Steward and Falk, 1985). In addition, 
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ALPHA SUBUNIT BETA SUBUNIT 

Figure 6. In situ hybridization in developing rat brain. Sagittal sections of rat brains at indicated ages were prepared as in Figure 2 and hybridized 
with a-subunit anti-sense probe (left column) or b-subunit anti-sense probe (right column). Exposure times were 12 d (left) and 16 days (right). 
Autoradiographic images were digitized and photographed. 
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Figure 8. Developmental changes in a-subunit mRNA in brain re- 
gions. RNA was prepared from the indicated brain regions as described 
in Materials and Methods and analyzed by slot-blot hybridization. Each 
point represents the average of at least 3 separate samples analyzed at 
5 dilutions. Error bars represent the SEM. Values are arbitrary units 
based on hybridization to the same positive RNA standard included in 
each experiment (see Materials and Methods). 
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Figure 7. Changes in mRNA levels during brain development. Brain 
sections at indicated ages were prepared and hybridized as in Figure 2. 
Images were digitized and quantitated as described in Materials and 
Methods. Specific regions were outlined on the digitized image, and 
average signal intensity was calculated. Frontal cortex included the area 
between the dorsal surface and the corpus collosum, from anterior to 
posterior poles. The hippocampal formation included the hippocampal 
pyramidal cell layer, the dentate gyrus, and associated molecular layers. 
The cerebellum included the cerebellar cortex and the deep nuclei: A, 
frontal cortex; B, hippocampal formation (note log scale); C, cerebellum. 
Values are expressed as percentages of adult brain (error bars represent 
the SEM). 

cultured hippocampal pyramidal neurons have been reported 
to transport ‘H-UTP into dendrites in an energy-dependent 
manner (Davis et al., 1987). Our results indicate that CaM-KII 
OI- but not P-subunit mRNA is transported into dendrites, there- 

by allowing its translation in close proximity to spine PSDs 
where CaM-KII is concentrated. 

Garner et al. (1988) and Tucker et al. (1989) have recently 
reported the presence of MAP2 mRNA in the molecular layers 
of the hippocampus and dentate gyrus. Like CaM-KII, MAP2 
protein is concentrated in the dendrites of these neurons. Fur- 
thermore, MAP2 is highly phosphorylated by CaM-KII in vitro 
(Schulman, 1984). Thus, mRNA for a prominent synaptic en- 
zyme and an apparent endogenous substrate protein appear to 
be co-localized in dendrites of forebrain neurons. It should be 
noted that MAP2 mRNA appears to be restricted to proximal 
portions of dentate granule cell dendrites, while it is distributed 
more distally in dendrites of hippocampal pyramidal neurons. 
Together, these observations suggest that the extent of dendritic 
translocation of specific mRNA species varies among different 
neuronal types. 

In agreement with immunohistochemical studies (Ouimet et 
al., 1984; Erondu and Kennedy, 1985), both CaM-KII mRNA 
probes hybridized strongly within cerebral cortex in a distinct 
laminar pattern. Ouimet et al. (1984) reported strong immu- 
noreactivity throughout the cortex, with the strongest staining 
in layer I. Our results with a-subunit mRNA probes support 
these observations, except that layers II and III showed the 
strongest hybridization. Ouimet found that the large pyramidal 
neurons of layer V were the most immunoreactive cell bodies 
in the cortex. These neurons extend numerous processes to the 
cortical surface, where they make synaptic contacts within layer 
I. Layer I is analogous to the molecular layers of the hippocam- 
pal formation; it contains few cell bodies but is rich in processes 
and synapses. Like hippocampal molecular layers, layer I also 
hybridized a-subunit mRNA probe, suggesting dendritic local- 
ization of a-subunit mRNA in cortical neurons. Consequently, 
the strong hybridization signal in laminae II and III may result 
from additional hybridization to mRNA in dendrites of layer 
V neurons, rather than a higher expression of mRNA in cells 
of layers II and III. 

Previous studies (McGuinness et al., 1985; Miller and Ken- 
nedy, 1985) have shown that the a- to P-subunit ratio in fore- 
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brain is about 3:!, while in the cerebellum it is about 1:4. Much 
of the difference is due to greatly decremented levels of the 
tr-subunit in cerebellum. Using an a-subunit specific antibody, 
Erondu and Kennedy (1985) reported that the only immuno- 
reactivity in the cerebellum was due to apparent nonspecific 
staining in the Purkinje layer. Recently, Walaas et al. (1988) 
reported that a-subunit immunoreactivity was restricted to Pur- 
kinje cells. Using mutant mice deficient in either Purkinje or 
granule cells, they observed a decrease in a-subunit levels only 
in Purkinje cell-deficient mutants. Our results support these 
observations. Hybridization of the a-subunit mRNA probe was 
detected only in the Purkinje cell layer and only with very long 
autoradiographic exposures (Fig. 5C). Furthermore, we found 
little hybridization of u-subunit mRNA probe in the molecular 
layer, suggesting that Purkinje cells, unlike forebrain pyramidal 
neurons, do not transport a-subunit mRNA into dendrites. We 
cannot discount the possibility that a-subunit mRNA undergoes 
dendritic transport in these neurons but at levels which escape 
detection with ?+labeled probes. However, as evidenced with 
MAP2 (Gamer et al., 1988; Tucker et al., 1989) the same mRNA 
may be transported differentially among different neuronal pop- 
ulations. We have consistently observed higher background hy- 
bridization with ?‘P-labeled probes and therefore used YS-la- 
beled probes throughout our in situ studies. Lin et al. (1987) 
observed low levels of hybridization of a 3ZP-labeled n-subunit 
riboprobe in cerebellar granule and molecular layers; however, 
the possible contribution of nonspecific hybridization was not 
reported. 

Using a monoclonal antibody directed against both the o(- and 
P-subunits, Ouimet et al. (1984) described weak immunoreac- 
tivity in both Purkinje and granule cells of the cerebellum. Our 
results with the p-subunit mRNA probe agree with those of 
Ouimet et al; however, we found the level of hybridization to 
be quite high in these neurons (Fig. 2). The difference in signal 
intensity revealed by antibody staining versus oligonucleotide 
hybridization may be due to limited accessibility ofthe antibody 
to the epitope or possibly to inefficient translation of p-subunit 
mRNA by granule cells. 

Developmental changes in CaM-KII mRNA 
Previous studies have measured developmental changes of CaM- 
KII levels in forebrain by several criteria (Kelly and Vernon, 
1985; Kelly et al., 1987). They have shown that n-subunit levels 
are very low at birth but increase dramatically during the second 
and third postnatal weeks, coinciding with the most active pe- 
riod of synaptogenesis in forebrain. The p-subunit, on the other 
hand, is readily detected at birth and increases only slightly 
thereafter. During the period of greatest a-subunit accumula- 
tion, CaM-KII shifts from being predominantly cytosolic to 
being concentrated in SJ-enriched particulate fractions. In hip- 
pocampus the burst in a-subunit mRNA expression parallels 
the most active period of synapse formation (Crain et al., 1973). 
Thus, cell-cell recognition may contribute to the regulation of 
this gene, or vice versa. We have used in situ and slot-blot 
hybridization analyses to demonstrate that mRNA levels for 
CaM-KII subunits change during development in synchrony 
with previously reported protein levels. These coordinated 
changes in mRNA and protein levels strongly suggest that tran- 
scription is the primary mechanism for regulating levels ofCaM- 
KII during brain development. 

Related isoforms ofCaM-KII have been described in a variety 
of tissues, but these proteins appear to be distinct by several 

criteria (Shenolikar et al., 1986; Fukunaga et al., 1988). More- 
over, among all tissues examined, the mammalian brain is by 
far the most abundant source of CaM-KII. In brain, CaM-KII 
is most highly, ifnot exclusively, expressed in neurons compared 
with non-neuronal cells (Scholz et al., 1988). Thus, it appears 
that CaM-KII may be regulated by a brain-specific transcrip- 
tional element. The distinct expression of the mRNAs encoding 
the 2 subunits suggests that their respective genes are under 
additional controls that are activated at different times during 
development within a single neuron (e.g., hippocampal pyrami- 
dal cells). In addition, subunit-specific genes display very dif- 
ferent transcriptional activities among neuronal types in the 
adult brain (e.g., pyramidal vs Purkinje cells). These results 
suggest that extrinsic factors such as cell-cell recognition and/ 
or synaptic connectivity may contribute to the neuron-specific 
expression of CaM-KII subunits. 

Functional considerations qf dendritic localization qf 
a-subunit mRNA 

The concentration of a-subunit in forebrain homogenates does 
not change significantly after the third postnatal week; however, 
there is a redistribution of the enzyme among subcellular frac- 
tions (Kelly and Vernon, 1985; Rostas et al., 1986). CaM-KII 
continues to accumulate in SJs well into adulthood, while sol- 
uble levels decrease during the same period. It has been spec- 
ulated that SJ-associated CaM-KII is derived from a cytosolic 
holoenzyme pool during development (Kelly and Vernon, 1985) 
and that the a-subunit may play a role in anchoring CaM-KII 
to PSDs (Miller and Kennedy, 1985). Interestingly, the cu:@ ratio 
of SJ-associated CaM-KII (7:l) is about twice that of the cy- 
tosolic enzyme (3:l; Kelly et al., 1987). Therefore, additional 
a-subunits derived from dendritic polyribosomes may be in- 
volved in the translocation ofthe cytosolic holoenzyme to PSDs. 
In another setting, namely, reactive synaptogenesis in the den- 
tate gyrus, dendritic polyribosomes become more closely as- 
sociated with spines and are postulated to facilitate the synthesis 
of important postsynaptic proteins (Steward, 1983). One such 
protein could be the a-subunit of CaM-KII, which may be in- 
volved in targeting the soluble enzyme to regenerating PSDs. 

CaM-KII exhibits a unique mechanism ofautoregulation that 
has been implicated as a molecular “switch” in memory storage 
(Miller and Kennedy, 1986). Moreover, recent results by Mal- 
enka et al. (1989) and Malinow et al. (1989) have implicated 
CaM-KII in the induction of long-term potentiation, a cellular 
analog of learning and memory, in CA1 neurons of the hip- 
pocampus. Lisman and Goldring (1988) have presented a the- 
oretical treatise describing how CaM-KII’s properties might al- 
low for a graded and stable memory storage system resistant to 
protein turnover. A central tenet of their theory is that CaM- 
KII subunits in PSDs are replaced individually, not as holoen- 
zymes. Consequently, there would need to be a source of in- 
dividual subunits for the PSD-associated enzyme to draw from. 
The presence of a-subunit mRNA in dendrites supports the 
hypothesis of localized turnover of this subunit. Thus, tu-sub- 
units synthesized in cell bodies might be assembled into cyto- 
solic holoenzymes while dendritically synthesized a-subunits may 

be targeted for the turnover of individual subunits at PSDs. The 
selective localization of a-subunit mRNA in pyramidal and 
hippocampal granule, but not Purkinje, cell dendrites suggests 
that the local synthesis of this protein may be important in the 
formation, function, and plasticity of postsynaptic elements in 
some, but not all, neuronal populations, 
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