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Differential Effects of Monocular Deprivation on Glutamic Acid
Decarboxylase and Type |l Calcium—Calmodulin-Dependent Protein
Kinase Gene Expression in the Adult Monkey Visual Cortex

D. L. Benson,' P. J. Isackson,'? C. M. Gall," and E. G. Jones'
'Department of Anatomy and Neurobiology and 2Department of Biological Chemistry, University of California, Irvine,

California 92717

Increases in immunocytochemically detectable type Il cal-
cium-calmodulin-dependent protein kinase (CaM Il kinase)
and decreases in immunocytochemically detectable glutam-
ic acid decarboxylase (GAD) are known to occur in the visual
cortex of adult monkeys following brief periods of monocular
visual deprivation. In the present study, GAD and CaM Il
kinase gene expression was investigated under these con-
ditions. The polymerase chain reaction (PCR) was used to
generate species-specific cDNA clones that were used to
make antisense RNA probes. A second form of CaM Il kinase
a, CaM Il kinase a-33, which contains an additional phos-
phorylation consensus sequence, was identified. In situ hy-
bridization in normal visual cortex revealed a complex sub-
laminar organization of GAD-expressing cells within layers
IVC and VI and a distribution of CaM Il kinase a-expressing
cells that was greatest in layers I, Ill, IVB, and VL. In situ
hybridization in the cortex from animals that had been mon-
ocularly deprived revealed enhanced CaM Il kinase mRNA
levels in deprived-eye columns of layer IVC and, associated
with the deprived eye, cytochrome oxidase-stained periodic-
ities in other layers. In layer IV, the enhancement of labeling
in deprived-eye stripes was, on average, 16 % greater than
in normal-eye stripes. By contrast, GAD mRNA levels ap-
peared unchanged in all layers, suggesting a posttranscrip-
tional regulatory mechanism.

Neural activity appears to play an important role in the regu-
lation of gene expression for numerous neuroactive molecules.
In the PNS, studies of autonomic ganglia and the adrenal me-
dulla show that depolarization-dependent events regulate levels
of mRNAs for enzymes involved in catecholamine transmitter
synthesis and for the precursors of certain neuropeptides (Kes-
sler and Black, 1982; Kilpatrick et al., 1984; LaGamma et al.,
1984; Black et al., 1985; Kanamatsu et al., 1986b; Roach et al.,
1987; La Gamma and Black, 1989). In the CNS, recurrent epi-
leptiform activity leads to selective changes in mRNA levels for
certain neuropeptides (Kanamatsu et al., 1986a; Morris et al.,
1987; White et al., 1987; Gall et al., 1990) and growth factors
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(Gall and Isackson, 1989), and enhanced neural activity can
stimulate increases in the abundance of mRNAs that encode
known and putative transcription activation factors (Morgan et
al., 1987; White and Gall, 1987, Sagar et al., 1988; Cole et al.,
1989).

Neural activity also exercises a powerful influence over the
development of the nervous system (Harris, 1981), during the
course of which, major changes in gene expression can be ex-
pected to occur. In the CNS of primates, activity-dependent,
developmental changes have been especially studied in the vi-
sual cortex of monkeys. Anatomical and physiological plasticity
can be induced in the monkey visual cortex by perturbed visual
experience during a critical period in the first few months of life
(Hubel and Wiesel, 1977; Hubel et al., 1977; LeVay et al., 1980),
and certain effects may be seen into the second year (Blakemore
et al., 1978). In adult monkeys, retinal activity continues to
exert a strong influence over the visual cortex. In these animals,
brief periods of monocular deprivation brought about by eye
removal, or by action potential blockade via intraocular tetro-
dotoxin (TTX) injections, and lasting for as little as 2 d will
lead, in the deprived-eye columns of the visual cortex, to re-
ductions in levels of immunocytochemically detectable GABA,
its synthesizing enzyme, glutamic acid decarboxylase (GAD),
the GABA, receptor, and certain tachykinins (Hendry and Jones,
1986; Hendry et al., 1988, 1990). Over the same time course,
immunocytochemically detectable levels of type II calcium—
calmodulin-dependent protein kinase (CaM II kinase) increase
in the deprived-eye columns (Hendry and Kennedy, 1986). The
GABA/GAD effect, at least, is rapidly reversible, and the main-
tenance of normal levels of these molecules depends upon the
maintenance of action potentials in the optic nerve (Hendry and
Jones, 1988). These changes in protein and transmitter content
indicate that afferent activity not only regulates transmitter and
receptor function in the adult visual cortex, but also controls
levels of second-messenger-related phosphoproteins that can be
expected to have long-term effects on neuronal function (Mal-
enka et al., 1989; Malinow et al., 1989).

The results of studies on activity-dependent regulation of gene
expression in other systems suggest that activity-dependent up-
or down-regulation of the relevant genes might underlie the
changes in immunocytochemically detected protein levels de-
monstrable in the deprived visual cortex of adult primates. In
the present study, therefore, the regulation of CaM II kinase
and GAD transcription under conditions of monocular depri-
vation was investigated by cDNA analysis and in situ hybrid-
ization.
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Preliminary reports have appeared (Benson et al., 1988,
1989b).

Materials and Methods

Oligonucleotide preparation for PCR. To amplify specifically GAD and
CaM II kinase cDNAs derived from monkey messenger RNA, synthetic
oligonucleotide primers were made that corresponded to regions likely
to be conserved between known species.

The 2 oligonucleotides synthesized for GAD polymerase chain re-
action (PCR) amplification each contained 21 bases of sequence that
are identical in cat GAD c¢cDNA (Kobayashi et al., 1987) and human
GAD ¢DNA (D.L. Benson, unpublished observations). The 5' sense-
strand oligonucleotide (5'-GGATCCCCTCACAAGATGATGGG-
CGTG-3') contains a BamHI site and 21 bases corresponding to bases
1324-1344 of cat GAD c¢DNA (Kobayashi et al., 1987). This region
encompasses the sequence encoding the pyridoxal phosphate-binding
region. The 3’ antisense oligonucleotide (5'-GAGGCTTTGTGGAA-
TATACCA-3’) contains 21 bases corresponding to bases 1663-1683 of
cat GAD cDNA. An EcoRI linker was ligated to the amplified fragment.

A species comparison of CaM II kinase cDNAs was not possible
because the kinase has been sequenced only in the rat (Bennett and
Kennedy, 1987; Lin et al., 1987). However, the sequences for all 3
subunits that comprise the enzyme («, 8, and #’) in the rat demonstrate
regions of great similarity that were exploited to generate oligonucleo-
tides (Bulleit et al., 1988).

The 2 oligonucleotides synthesized for CaM II kinase analysis were
chosen such that they would flank the region of greatest subunit vari-
ability. The 5’ sense-strand CaM II kinase oligonucleotide (5'-
GGATCCCTGAAGAAGTTCAATGCCAGG-3’) sequence contains a
BamHI site and 21 bases of sequence corresponding to bases 869-889
of the « subunit rat cDNA (Lin et al.,, 1987). This segment is 95%
identical in the a, 8, and 8’ subunits and lies entirely within the highly
conserved kinase domain. The 3' antisense oligonucleotide (5'-GTCGA-
CATGAAAGTCCAGGCCCTCGAC-3') contains a Sall site and 21
bases of sequence (bases 1165-1185 of the « subunit) from a moderately
conserved region (76% identical) downstream from the variable region
(Fig. 1).

Generating cDNA clones. Total RNA was extracted from monkey
visual cortex (GAD) or frontal cortex (CaM II kinase) using the method
of Chirgwin et al. (1979). Ten ug RNA was primed with oligo-dT and
reverse transcribed with avian myeloblastosis virus reverse transcriptase
(Boehringer Mannheim Biochemicals). One half of the resultant single-
stranded cDNA was subjected to 35 cycles of PCR amplification as
described by Saiki et al. (1985, 1988).

Amplified cDNA was restricted with either BamHI and EcoRI (GAD)
or BamHI and Sall (CaM II kinase), purified by electroelution from a
polyacrylamide gel and ligated to BamHI/EcoRI- or BamHI/Sall-di-
gested pBluescribe (pBS; Stratagene), and transformed into 71.18 cells.
Plasmids containing inserts were sequenced by the dideoxy-chain-ter-
mination method with modified bacteriophage T7 DNA polymerase
(Sanger et al., 1977; Tabor and Richardson, 1987).

Labeling probes. For an antisense GAD riboprobe, the pBSGAD clone
was linearized with either BamHI or Pvull and transcribed with T7
RNA polymerase. The former restriction was used to create a 365-
nucleotide antisense riboprobe for in situ hybridization, and the latter
restriction encoded a run-off transcript of 615 nucleotides for S1 en-
donuclease protection assays. Riboprobes were transcription labeled
with a-3S-UTP for in situ hybridization preparations and with a-32P-
UTP for S1 nuclease protection experiments. Sense-strand control ri-
boprobes for in situ hybridization were transcribed from Pvull-digested
pBSGAD using T3 RNA polymerase.

CaM II kinase antisense riboprobes were transcribed with T3 RNA
polymerase from BamHI- or Pvull-restricted pBSCKII «-33. The
BamHI-digested plasmid yielded a 373-nucleotide riboprobe that was
labeled with a-**S-UTP, and the Pvull-cut plasmid yielded a 517-nu-
cleotide riboprobe labeled with a-32P-UTP (Fig. 1). The Pvull-cut plas-
mid was transcribed with T7 RNA polymerase and labeled with «-S-
UTP for sense-strand in situ hybridization controls.

Antisense cyclophilin was transcribed with T7 RNA polymerase from
Pstl-digested piB15 (Milner and Sutcliffe, 1983) and was la-
beled with a->2P-UTP. This yields a transcript approximately 680 bases
long. Cyclophilin hybridization was used as a control for the S1 nuclease
protection experiments (Sutcliffe et al., 1983).

S1 nuclease protection assays. The primary visual cortex was removed

from one hemisphere of 9 adult Macaca fuscata or Macaca fascicularis
monkeys under ketamine and Nembutal anesthesia, and RNA was ex-
tracted according to the method of Chirgwin et al. (1979). All monkeys
were 3 yr old or older. Three were normal; 6 had been monocularly
deprived for varying amounts of time (2, 5, 7.5, 24, 48, and 144 hr):
in the 5 surviving 2-48 hr, action potential activity was blocked in
retinal ganglion cells by injecting 15 ug of the sodium channel blocker
TTX once in the vitreous chamber of 1 eye under ketamine anesthesia
(Hendry and Jones, 1986). The efficacy of the TTX injections in blocking
optic nerve activity was monitored by noting the continuing absence of
direct and consensual light reflexes. In the one monkey surviving 144
hr, an eye was removed by surgical enucleation under barbiturate an-
esthesia. Total RNA (2.5 ug), 50 ug wheat germ tRNA, and an excess
of 32P-labeled riboprobe were ethanol precipitated and resuspended in
hybridization buffer containing 80% deionized formamide and incu-
bated at 58°C for 12-15 hr. Following hybridization, remaining single-
stranded RNA was digested with 200 U S1 nuclease (Pharmacia) for 3
hr at 37°C, then separated on 6% polyacrylamide, 7 M urea gels (Berk
and Sharp, 1977). Gels were exposed to Kodak XAR film for 1-3 d.

In situ Aybridization. This portion of the study was carried out on the
visual cortex from 10 adult macaque monkeys (7 Macaca fuscata, 2
Macaca fascicularis, 1 Macaca arctoides). They were aged from 3 to 20
yr. Two normal animals served as controls. Six animals were monoc-
ularly deprived for periods ranging from 48 hr to 5 d by TTX injection
into 1 eye as above; 2 of the animals that survived for 4 and 5 d were
given a second TTX injection on the fourth day. In 1 animal, under
ketamine anesthesia, the retinal ganglion cells were destroyed by a single
intraocular injection of 0.3 ml 100 mm cobalt chloride 15 d before death
(see Malpeli and Schiller, 1979), and in the remaining animal, under
barbiturate anesthesia, one eye was enucleated 5 d prior to death. Each
of these methods, at the survival times used, in our hands have proven
to be equally effective in producing immunocytochemically detectable
changes in GAD and CaM II kinase. The efficacy of the TTX injections
was monitored as above. Cobalt chloride injections in the dose given
cause opthalmoscopically visible damage to the retina. The data pre-
sented are derived from all 3 types of deprivation. All animals were
given an overdose of Nembutal and perfused transcardially with mixtures
of paraformaldehyde (2-4%), with or without glutaraldehyde (0.1-0.2%).
Best results for in situ hybridization were obtained with 4% parafor-
maldehyde in 0.05 M phosphate buffer (pH, 7.4). Brains were postfixed
overnight in 4% paraformaldehyde and cryoprotected in 20% sucrose/
4% paraformaldehyde.

Blocks were frozen on dry ice, and 25-um serial sections were cut on
a sliding microtome in the frontal plane or in a plane parallel to the
lateral surface of the occipital lobe and collected in groups of 5 in cold
0.1 M phosphate buffer. One section of each group was labeled with the
antisense GAD probe, a second with the antisense CaM II kinase probe
(see below), a third was stained with 0.25% thionin, and a fourth was
stained for cytochrome oxidase (CO; Wong-Riley, 1979). The fifth was
used for repeat series when necessary.

Free-floating sections were pretreated for in situ hybridization by
successive incubations in 0.1 M glycine in 0.1 M phosphate buffer (pH,
7.2); 1 ug/ml proteinase K (pH, 8) for 30 min at 30°C; 0.25% acetic
anhydride in 0.1 M triethanolamine (pH, 8.0); and 2 x saline sodium
citrate (SSC). Following this, sections were incubated in the hybridiza-
tion buffer containing 50% deionized formamide, 10% dextran sulfate,
0.7% Ficoll, 0.7% polyvinyl pyrolidone, 350 mg/ml BSA, 0.15 mg/ml
yeast tRNA, 0.33 mg/ml denatured herring sperm DNA, and 20 mm
dithiothreitol (DTT) for 1 hr at 60°C, then transferred to fresh hybrid-
ization buffer containing an additional 20 mm DTT and 1 x 10% cpm/
ul of the S antisense riboprobe for at least 20 hr at 60°C (Gall and
Isackson, 1989).

Following hybridization, sections were washed in 4 x SSC, digested
with 20 ug/ml ribonuclease A (pH, 8) for 30 min at 45°C, and washed
through descending concentrations of SSC with 5 mM DTT to a final
stringency of 0.1 x SSC at 60°C for 1 hr. Sections were mounted onto
gelatin-coated slides, dried, and exposed to Amersham 8 max film for
1-4 d. Following development of the film, the sections were lipid ex-
tracted in chloroform, dipped in Kodak NTB2 emulsion diluted 1:1
with water, exposed for 7-15 d at 4°C, developed in Kodak D19, fixed,
and stained through the emulsion with cresyl violet. Film densitometry,
as further described in the Results, was conducted with a microcomputer
imaging device (Imaging Research). Each autoradiographic image was
calibrated to '*C-labeled brain paste standards exposed on the same
sheet of film.

Sense-strand radiolabeled RNA probes were hybridized to selected
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868 Leu Lys Lys Phe Asn Ala Arg Arg Lys Leu Lys Gly Ala lle Leu inr
AGG AAA CTG AAG GGA GCC ATC CTC ACC
mky CTG AAG AAG TTC AAT GCC AGG AGG AAA CTG AAG GGA GCC ATT CTC ACC

Thr Met Leu Ala Thr Arg Asn Phe Ser Gly Gly Lys Ser Gly Gly Asn
rat  ACT,ATG CTG GCC ACC AGG AAC TTC TCC GGA GGG AAG AGT GGA, GGA AAC
mky AGC ATG CTG GCC ACC AGG AAC TTC TCC GGA GGG AAG AGT GGG GGA AAC

Ser 984

Lys Lys Asn Asp Gly Val Lys Lys (Arg Lys Ser Ser Ser] Ser Val
rat AAG AAG AAT GAT GGC GTG AA
mky AAG AAG AGC GAT GGT GTG AAG AAA AGA AAG TCC AGT TCC AGC GTT

SerT*

Gln Leu Met Glu Ser Ser Glu Ser Thr Asn Thr Thr lle Glu Asp Glu
rat GAA TCC TCT GAG AGC ACC AAC ACC ACC ATC GAG GAT GAA
mky CAG TTA ATG GAA TCC TCA GAG AGC ACC AACACC ACC ATC GAG GAT GAA

T§

Asp Thr Lys Val Arg Lys Glu Glu Ile De Lys Val Thr Glu Gln Leu
rat GAC ACC AAA GTG CGC, AAA CAG GAA ATT ATC AAA GTG ACA GAG CAG CTG
mky GAC ACC AAA GTG CGG AAA CAG GAA ATT ATA AAA GTG ACA GAG CAG CTG

lle Glu Ala lle Ser Asn Gly Asp Phe Glu Ser Tyr Thr Lys Met Cys
rat ATC GAA GCC ATA AGC AAT GGA GAC, TTT GAA TCC TAC ACG AAG ATG TGC
mky ATT' GAA GOC ATA AGC AAT GGA GAT TTT GAG TCC TAC ACG AAG ATG TGC

Asp Pro Gly Met Thr Ala Phe Glu Pro Glu Ala Leu Glu Asn Leu Val
rat GAC CCT GGA, ATG ACA GCC TTT GAA CCG GAG GCC CTG GGG AAC CTG GTC
mky GAC CCT GGC ATG ACA GCC TTC GAA CCT GAG GCC CTG GGG AAC CTG GTC

1184

Glu Gly Leu Asp Phe
rat
mky GAG GGC CTG GAC TTT CA

C GLUTAMIC ACID DECARBOXYLASE

1323 Pro His Lys Met Met Gly Val Leu leu Giln Cys Ser Ala lle Leu
cat CTG TTG CAG TGC TCG GCC ATC CTC
mky CCTCACAAG ATG ATG GGC GTG CTG TTG CAG TGC TCT GCC ATT CTC

Val Lys Glu Lys Gly lle Leu Gln Gly Cys Asn Gln Met Cys Ala
cat GTC AAG GAA AAG GGT ATA CTC CAA GGA TGC AAC CAG ATG TGT GCA
mky GTC AAA GAA AAG GGT ATA CTC CAA GGA TGC AAC CAG ATG TGT GCA

Gly Tyr Leu Phe Gln Pro Asp Lys Gln Tyr Asp Val Ser Tyr Asp
cat GGA TAC CTT TTC CAG CCA GAC AAA CAG TAT GAT GTC TCC TAT, GAC
mky GGA TAC CTT TTC CAA CCA GAC AAG CAG TAT GAT GTC TCC TAC GAC

C-

Thr Gly Asp Lys Ala Ile Gln Cys Glu Arg His Val Asp lle Phe
cat ACT GGG GAC AAG GCA ATC CAG TGT GGC CGC CAC GTG GAC ATT TTC
mky ACC GGG GAC AAG GCA ATT CAG TGT GGC CGC CAC GTG GAT ATC TTC

Lys Phe Trp Leu Met Trp Lys Ala Lys Gly Thr Val Gly Phe Glu
cat AAG TTC TGG CTG ATG TGG AAA GCA AAG GGC ACA GTG GGA TTT GAA
mky AAG TTC TGG CTG ATG TGG AAA GCA AAG GGC ACA GTG GGA TTT GAA

Asn Gln Ile Asn Lys Cys Leu Glu Leu Ala Glu Tyr Leu Tyr Ala
cal AAT CAG ATC AAC AAA TGC TTG GAG CTG GCT GAA TAC CTC TAT GCC
mky AAC CAG ATC AAC AAA TGC CTG GAA CTG GCT GAA TAC CTC TAT GCC

Lys Oe Lys Asn Arg Glu Glu Phe Glu Met Val Phe Asp Gly Glu
cat AAG ATT AAA AAC AGA GAA GAA TTT GAG ATG GTT TTC GAT GGT GAG
mky AAG ATT AAA AAC AGA GAA GAA TTT GAG ATG GTT TTC GAT GGT GAG

1683
Pro Glu His Thr Asn Val Cys Phe Trp Tyr He Pro Gln Ser Leu
cat CCT GAG CAT ACA AAT GTC TGT TTC
mky CCT GAG CAT ACA AAT GTC TGT TTC TGG TAT ATT CCA CAA AGC CTC

Figure 1. Sequences of monkey CaM II kinase « and «-33 and GAD
c¢DNA clones. 4, Schematic representation of predicted CaM II kinase
protein structures. The solid white box designates regions that are highly
conserved between all subunits. Hatching on the main figure indicates
the a-33 insert. Black bars represent oligonucleotides used in PCR ex-
periments. The 8 subunit inserts represent sequences unique to the 8
transcripts; the hatched region on right insert is deleted in the g’ tran-
script (Bulleit et al., 1988). B, Monkey Cam II kinase o/a-33 sequence
is aligned to homologous region of rat CaM II kinase a« cDNA sequence
(Lin et al., 1987). The «-33 insert begins at nucleotide 984 of the rat
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sections as controls for the in situ hybridization. In all control sections,
the visual cortex showed no labeling above background (see Fig. 2D, E).
In addition, the 2 antisense riboprobes used in this study (GAD and
CaM II kinase) served as controls for one another because they possess
similar guanine/cytosine ratios.

Results

Cloning

Eight PCR-generated CaM II kinase « ¢cDNA clones derived
from monkey cortex were sequenced. Six of the clones (CaM I1
kinase «) had a 95% sequence identity with rat CaM II kinase
a cDNA in the comparable region (Lin et al., 1987). However,
2 of the clones (CaM II kinase a-33) contained a 33-base-pair
(bp) insert at the point where rat CaM II kinase «, 8, and 5’
subunit sequences diverge (Bulleit et al., 1988; Fig. 14, B). Apart
from the 33-bp insert, the 2 CaM II kinase a-33 clones were
identical to the 6 CaM II kinase a clones. Four of the 8 clones
contained 1 of 2 base substitutions. Both nucleotide changes are
in the third nucleotide of a codon and do not alter the amino
acid encoded. These substitutions probably represent errors
known to be introduced following several rounds of amplifi-
cation (approximately 0.1%; Saiki et al., 1988).

Three 360-bp monkey GAD cDNA clones were generated
using PCR and sequenced. In all 3, the 5’ end contains the
proposed pyridoxal phosphate-binding region that is conserved
between pig dopa decarboxylase cDNA (Bossa et al., 1977) and
cat GAD cDNA (Kobayashi et al., 1987). One of the 3 sequences
contains a single nucleotide change, but this change would not
alter the amino acid encoded. There was 97% sequence ho-
mology with cat GAD c¢DNA in this region (Fig. 1C).

Transcript analysis by S1 nuclease protection

32P_Jabeled antisense CaM II kinase a-33 (CaM II kinase cCRNA)
was used to analyze CaM II kinase mRNA, because it would
identify mRNAs complementary both to itself and to CaM II
kinase a. In assays from both deprived and nondeprived visual
cortex RNA, 3 protected bands of mRNA were observed. The
largest protected fragment was approximately 350 bp, which is
the predicted size for CaM II kinase «-33. Two smaller frag-
ments, approximately 200 and 116 bp, were the predicted sizes
for a CaM II kinase « transcript that has been cleaved by S1
nuclease at the location of the 33-bp insert (Fig. 24,C). Thus,
both CaM 11 kinase o and CaM II kinase «-33 are expressed in
normal and deprived visual cortex.

When monocularly deprived and nondeprived RNA samples
were compared, different densities of protected CaM 1I kinase
mRNA levels were commonly observed. However, when den-
sitometry readings from the CaM II kinase S1 autoradiograms
were normalized to film densitometry readings of antisense cy-
clophilin probes protecting the same RNA samples, consistent

—

sequence; a gap is inserted in the rat a sequence to maintain alignment.
The oligonucleotides used in the PCR procedure are underlined. Nu-
cleotide differences are indicated by small dots, and amino acid differ-
ences are indicated below the monkey sequence. Four of 8 clones had
1 of 2 base substitutions (7*, T'§). The consensus phosphorylation se-
quence in a-33 is boxed. C, Monkey GAD sequence is aligned to ho-
mologous regions of cat GAD cDNA sequence (Kobayashi et al., 1987).
Oligonucleotides used for PCR are underlined. Nucleotide differences
are indicated by small dots. C*, base substitution found in 1 of 3 se-
quences. The proposed pyridoxal phosphate binding region is boxed.
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Figure 2. Predicted GAD and CaM II kinase transcripts in normal and monocularly deprived visual cortex. 4, and B, S1 nuclease protection
experiments. 4 shows protection of CaM II kinase «-33 probe shown in the upper portion of C where hatching indicates the 33 bp insert. B shows
protection of GAD probe shown in lower portion of C. In A and B, the far left lanes contain undigested probe; the second lanes contain digested
probe protected with wheat germ tRNA alone. All other protected RNA is from the visual cortices of monkeys that had been monocularly deprived
for the hours indicated (normal = 0 hour) or from other brain regions as indicated. Size markers were 32P-labeled Hinfl-digested pBR322 fragments.
C, Antisense probes used in S1 nuclease protection and the sizes of predicted RNA fragments. D and E, Photomicrographs of autoradiographs
from area 17 of a normal monkey showing background labeling obtained with hybridization of CaM II kinase (D) and GAD (E) sense probes.

Scale bars, 100 um.

changes in the amount of CaM II kinase a-encoding mRNA
could not be detected (p = 0.1). In situ hybridization, as indi-
cated below, proved to be a more reliable indicator of a depri-
vation effect.

Antisense GAD was used to protect RNA from the visual

cortex of both normal and monocularly deprived animals as
well as from other cortical areas. In all cases, a single band of
approximately 360 bp was protected in film autoradiograms
(Fig. 2B,C). The optical density of the protected bands, when
read by a densitometer and normalized to cyclophilin readings,



showed no detectable differences in the amounts of GAD mRNA
in normal and monocularly deprived visual cortex RNA sam-

ples (p = 0.1).

Transcript localization in visual cortex by in situ hybridization
CaM II kinase

Normal. In the normal primary visual cortex (area 17), hybrid-
ization of *S-labeled CaM II kinase cRNA was very dense in
layers II-VI, and within a single layer, the density of autora-
diographic grains, indicating hybridization of the probe, was
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Figure 3. Localization of CaM II ki-
nase &« and GAD mRNA in normal vi-
sual cortex: bright-field photomicro-
graphs of adjacent sections cut parallel
to surface and hybridized with anti-
sense CaM II kinase (4, D), stained for
CO (B), or hybridized with antisense
GAD (C, E). In sections A-C, note the
uniformity of hybridization/staining
within layer IVC. Scale bars, 2 um. D
and E are photomicrographs taken at
higher magnification from 4 and C at
the region indicated by the arrows. In
E, one can see hints of sublamination
in layers IVC and V1 that become more
readily apparent when larger portions
of layer I'V are cut tangentially (see Figs.
10, 11). Scale bars, 670 um.

relatively homogeneous (Figs. 3, 4). Even with very short ex-
posure times, the level of hybridization was exceedingly high,
making it difficult to localize the overlying silver grains to in-
dividual cell somata. The pattern of hybridization was never-
theless very specific in that differences in density enabled cortical
laminae to be discerned and laminar borders to be delineated.
However, an unusually large amount of the hybridization signal,
well above background, lay over the neuropil. Comparison with
the underlying Nissl-stained pattern and with adjacent CO-
stained sections (Figs. 3, 4) showed that layers II and IVB con-
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Figure 4. Dark-field photomicrographs of each pair show comparison of CaM II kinase in situ hybridization in autoradiographs from areas 17
and 18 of normal monkey. Paired bright-field photomicrographs of the underlying Nissl-stained sections show lamination patterns. 4, In area 17,
hybridization levels are particularly high in layers II, III, IVB, and V1, and levels within a single layer are relatively uniform. B, In area 18,
hybridization levels in /ayers IV and VI are enhanced relative to area 17. (See Results for further description.) Scale bars, 100 gm.

tained the greatest amount of CaM II kinase mRNA signal.
Layers III, IVCB, and VI contained somewhat lesser amounts,
though a narrow band in the upper portion of layer VI was more
densely labeled. Levels were low in layers IVCx and V. Layers
IVA and I contained the lowest levels, and a narrow strip at the
border between layers IVC and V was almost devoid of hy-
bridization (Fig. 34, B). Within a layer, the hybridization pattern
was homogeneous. No periodicities could be detected in the
labeling pattern in layers II-V1 in radial or tangential sections.
On moving from area 17 into area 18, hybridization of CaM
II kinase cRNA increased in layer III such that it was indistin-
guishable from layer II. The sublaminae of layer IV seen in area
17 collapsed into the single layer IV of area 18 at the 17-18
border. Layer IV in area 18 was homogeneously labeled at a
level approximately equal to that of layer IVCa in area 17. Layer
VI was more intensely labeled than in area 17, and its border
with layer V was more distinct (Fig. 4). The level of neuropil
hybridization was, as in area 17, particularly high.

Adjacent sections hybridized with CaM II kinase sense-strand
riboprobes revealed no labeling above background levels (Fig.
2D).

Deprived. Following monocular deprivation by TTX injec-
tion, retinal destruction, or eye removal, the pattern of CaM II
kinase mRNA localization was dramatically altered at all sur-
vival times and in animals of all ages studied. CaM II kinase
c¢RNA hybridization in area 17 was greatly enhanced in regular
columns that extended from layers II through VI, and which
alternated with similar columns showing lower levels of hy-
bridization signal (Figs. 5-7). The changes in density of label
were most evident in sections cut parallel to the pial surface
where the alternating dense and less dense columns appeared
as long stripes that were especially visible in layer IV. In layer
IVC, the alternating stripes appeared of approximately equal
width, measuring approximately 400 um, and affected both lay-
ers IVCa and IVCS. In sections cut perpendicular to the surface,
they were more difficult to identify because of the generally high-
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Figure 5. Photomicrographs of CO staining (4) and CaM II kinase cRNA hybridization (B) in tangential sections through area 17 of monkey that
had been monocularly deprived by TTX injection 48 hr prior to death. 4, The CO staining in /layer IVC is divided into alternating light (deprived)
and dark (normal) stripes, and stained patches can be seen in layers I, III, V, and VI. B, CaM II kinase cRNA hybridization is also divided into
alternating light and dark stripes in layer IVC. Stripes can also be seen in layer VI. The arrow in A denotes the area 17/area 18 border, and boxed
regions in A and B with correlative markers can be seen at higher magnification in Figure 7. The line in B shows the direction traversed in making

the quantitative assessment in Figure 6. Scale bars, 2 mm.

grain density overall. A correlation of the columns and stripes
in layer IVC with ocular dominance columns was made from
the adjacent CO-stained sections in which long stripes of light
and dark CO staining appear in layer IVC and in which profiles
of the same sectioned blood vessels could be superimposed on
those found in the adjacent autoradiograph (Figs. 54,B; 74,B).
Because the vessels enter the cortex along radial trajectories,
this provides an accurate guide to localization from section to

section. It was clear from this comparison that the stripes of
enhanced in situ hybridization corresponded to the lightly stained
CO stripes and, thus, to deprived ocular dominance columns,
while the stripes showing weaker hybridization corresponded
to the darker CO stripes and, thus, to nondeprived columns
(Wong-Riley, 1979; Horton and Hubel, 1981). The enhanced
hybridization of CaM II kinase cRNA in the deprived-eye col-
umns was apparent 48 hr after monocular deprivation, had not
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Figure 6. Line graph from image-density analysis. Autoradiographic
grain density was measured from digitized images withina 2 x 1 mm
square approximately haif the size of the boxed area in Figure 5 and
plotted against distance in the horizontal dimension of layer IVC. The
upper line represents data taken from an area within the boxed region
in Figure 5 (see direction of traverse in Fig. 5B). The lower line represents
data taken from a comparable region of layer IVC of an autoradiograph
of normal visual cortex that was processed for CaM II kinase in situ
hybridization at the same time as the other. In the upper, deprived
visual cortex line, peaks represent deprived-eye columns, and valleys
represent the normal eye columns (see Fig. 7). No significant fluctuations
can be seen in the lower line derived from normal visual cortex.

changed by 5 d, and was still evident as late as 15 d after
monocular deprivation. However, in the one animal examined
15 d after initial deprivation, the contrast between deprived and
nondeprived columns, though maximal in the CO-stained sec-
tions, was less distinct than at the earlier time points in the
autoradiographs.

The surface-parallel sections showed that striping in the pat-
tern of hybridization similar to that in layer IVC extended up
into layers II-IVB and down into layers V and VI (Fig. 8). In
layers 11 and ITI, continuous stripes of higher autoradiographic
grain density, approximately 500 um wide, alternated with less
dense stripes approximately 300 um in width. Superimposition
on the immediately adjacent CO-stained section, using the sec-
tioned profiles of the radial blood vessels as guides, revealed
that the denser stripes of hybridization in layers II and III lay
over rows of the CO-stained periodicities (“blobs™) that lic at
the centers of ocular dominance columns in these layers (Horton
and Hubel, 1981; Horton, 1984). Because the patches of CO
staining in the rows of deprived-eye periodicities become
shrunken in longer-deprived animals (Horton, 1984; Fig. 8C),
a direct correlation of the stripes of labeling and ocular domi-
nance columns could be made. This revealed that the wider,
denser stripes of hybridization lay over rows of shrunken CO-
stained periodicities representing the deprived eye and extended
over the weakly CO-stained (interrow) regions on each side. The
narrower, less dense stripes of hybridization lay over the inter-
vening rows of nonshrunken periodicities representing the non-
deprived eye (Fig. 8C,D).

Layer IVA was too lightly labeled overall to detect rows or
stripes in the hybridization pattern, but stripes could be clearly
identified in layers IVB, V, and VI, as well as in the intervening
layer IVC. In layers IVB, V, and VI, slightly wider stripes of
enhanced hybridization alternated with somewhat narrower
stripes of less dense hybridization. Those in layer VI were denser
than in the other 2 layers (Fig. 8E€,F). In all cases, the stripes
were aligned with the rows of CO-stained periodicities detect-

able with greater or lesser clarity in these layers (Horton, 1984),
Superimposition of sections, using blood vessel profiles as guides,
showed that the denser stripes of hybridized label lay in relation
to rows of periodicities that lay above (layer IVB) or below
(layers V and VI) the dense stripes of hybridization signal rep-
resenting the deprived-eye dominance columns in layer IVC,

Autoradiograms of surface-parallel sections through layer IVC
were subjected to quantitative image density analysis. In those
from monocularly deprived animals, an area measuring 2 x 1
mm, with its long axis running perpendicular to a series of ocular
dominance stripes, was digitized. The labeling density was com-
pared with that measured in rectangles of the same size from
autoradiograms of sections through normal layer IVC and hy-
bridized at the same time (Fig. 6). The digitized images of the
autoradiograms from the deprived cortex were also superim-
posed on similarly digitized images from the same region of the
adjacent CO-stained sections to define accurately the positions
of the ocular dominance stripes. Average labeling density in
deprived-eye stripes was approximately 16% (range, 8-25%)
greater than in nondeprived stripes. In the latter, labeling density
was approximately equal to that seen in normal layer IVC.

No inhomogeneities in the hybridization pattern could be
detected in area 18 of normal or monocularly deprived monkeys
(Fig. 5).

GAD

Normal. The distribution of label indicating hybridization of
GAD cRNA spanned all layers of normal area 17 (Figs. 3C, 9).
Silver grains associated with the hybridized antisense GAD ri-
boprobes were distinctly localized over cell somata, by contrast
with the more diffuse CaM II kinase hybridization pattern. Large
and small clusters of silver grains could always be associated
with underlying Nissl-stained cell nuclei (Fig. 9C,D). The large
clusters measured approximately 21 um in diameter, and the
small clusters, approximately 10 um. Because of the RNase
treatment of the sections following hybridization, only the cell
nucleus was readily visible in Nissl stains. Therefore, somal size
could not be accurately measured. It was presumed that large-
and small-grain clusters probably corresponded to large and
small cells, respectively.

Large and small clusters with varying numbers of grains were
present in all layers. Differences in their proportions and density
revealed a distinct laminar organization that was far more com-
plex than the lamination visible in adjacent Nissl- or CO-stained
sections. In the autoradiographs, the laminae of differential grain
density were best distinguished from one another in sections cut
somewhat obliquely, because each lamina then acquired a great-
er thickness than in sections cut perpendicular to the pia mater
(Figs. 3B,C; 10; 11). Occasional small clusters of a few grains
were observed throughout layer I. Both large and small clusters
with differing grain densities were found throughout layers II
and III. Layer IVA appeared as a thin, densely labeled band
separating layers I1I and IVB. Layer IVB had fewer small silver-
grain clusters than layers II and III and was dominated by large
clusters that were aggregated, forming a thin strip in the middle
of the layer. Overall, layer IVC was characterized by small clus-
ters of label containing few grains and probably indicative of
lightly labeled small cells. Differences in the intensity of labeling
revealed layers IVCa and IVCS and further divided them into
sublaminae (Fig. 11). Layer IVCa possessed 2 sublaminae: The
upper portion was wider and had a greater amount of label than
the thinner, lower portion. Layer IVCg possessed 3 subalminae:
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Figure 7. Higher-magnification bright-field photomicrographs taken from boxed regions in Figure 5 and including the region quantified in Figure
6. CO staining (4) reveals normal- (arrowheads) and deprived-eye columns. The adjacent section (B) hybridized with antisense CaM II kinase is
also divided into dark and light bands. Comparison of positions of sectioned profiles of the same radially oriented blood vessels in the 2 sections
(circles) shows that the dark kinase bands align with the light (deprived) CO bands. Scale bar, 500 um.

2 relatively densely labeled bands separated by a less dense band.
The labeling intensity of the denser bands was approximately
equal to the labeling intensity of the upper portion of layer
IVCa. Layer V could be distinguished from layer IVC by a
decrease in overall grain density, but with the reappearance of
large clusters of grains. Layer VI, like layer IVC@, was subdi-
vided into 3 laminae. The superficial and deep bands were more
heavily labeled than a central, paler band. The entire layer was
clearly dominated by large, densely packed clusters and pos-
sessed few small clusters.

In area 18, GAD hybridization levels in layers I, II, and III
were approximately equal to levels in area 17 (Fig. 9), and the
relative proportions of large- and small-grain clusters were also
similar. Hybridization in layer IV was slightly denser than in
the overlying layers, but revealed no sublaminae of the kind
seen in area 17. Layers V and VI had fewer, but larger, silver-
grain clusters than layer IV and about the same number as in
area 17.

In sections of areas 17 or 18 cut parallel to the pial surface,
GAD in situ hybridization was uniform, within single layers or
sublayers in the horizontal dimension (Fig. 3C,E). When sec-
tions adjacent to those hybridized with GAD antisense ribo-
probes were hybridized with sense-strand probes, no labeling
above background levels could be detected (Fig. 2E).

Deprived. Monocular deprivation by any of the 3 methods
used at all times and in animals at all the ages studied resulted
in no detectable alteration in the pattern of GAD cRNA hy-
bridization in area 17 or area 18 (Figs. 10, 11). The complex
laminar pattern of GAD in situ hybridization in layer IVC re-
vealed no irregularities that could be associated with the de-
prived- or nondeprived-eye dominance columns, demonstrable
in the adjacent CO-stained sections.

Digitized images of the autoradiographs, when aligned with
images of adjacent CO-stained sections, revealed no statistical
difference between hybridization in deprived and nondeprived
ocular dominance columns (p = 0.1). Because the CO staining

—

Figure 8. Paired CaM II kinase in situ hybridization (B, D, E) and adjacent CO-stained sections (4, C, F) cut tangentially through monocularly
deprived visual cortex. 4 and B, Adjacent sections are through layers II and III from the visual cortex of a monkey that had been monocularly
deprived by TTX injection 48 hr before death. CO staining in A reveals rows of patches, the deprived members of which have not become shrunken
at this short survival. CaM II kinase cRNA hybridization is broken up into a pattern of alternating light and dark stripes running horizontally
across the figure. Positions of the same radially oriented blood vessels in the 2 sections are circled. C-F, Sections are from a monkey from which
1 eye had been enucleated 5 d before death. In layers II-III at this longer survival time (C), CO staining now reveals alternating rows of elongated
(normal) and shrunken (deprived, arrows) patches. The adjacent section hybridized with CaM II kinase shows alternating light and dark bands
oriented parallel to the rows of CO-stained patches. Positions of the same blood vessels are denoted by circles. Careful superimposition of C and
D shows that the dark stripes overlie the rows of shrunken CO patches. (The reader may wish to overlay a tracing of one on the other.) E and F,
In layers V and VI, CaM II kinase hybridization pattern (E) also delineates light and dark bands. An adjacent CO-stained section (F) photographed
from the region equivalent to that between the arrows shown in E shows deprivation effect in layer IVC and rows of CO-stained patches in /ayers
Vand VI. WM, white matter. Scale bars, 2 mm.

Figure 9. A and B, Dark-field photomicrographs of each pair show comparison of GAD in situ hybridization in autoradiographs of areas 17 and
18 from normal visual cortex cut perpendicular to the pial surface. Bright-field photomicrographs of the underlying Nissl-stained sections reveal
lamination patterns, Large- and small-grain clusters delineate GABA cells in all layers. The complex sublamination seen in areq 17 with GAD in
situ hybridization in sections cut tangentially cannot be readily identified in this plane of section. Scale bars, 100 um. C and D, High-power bright-
field photomicrographs illustrate large (C) and small (D) silver-grain clusters over Nissl-stained cell nuclei. Scale bars, 15 um.
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Figure 10. GAD in situ hybridization
and CO staining in adjacent tangential
sections from visual cortex of monkey
that had been monocularly deprived for
5 d by destruction of ganglion cells by
injected cobalt. A is stained for CO. Al-
ternating light and dark bands in layer
IVC indicate deprived and nonde-
prived ocular dominance columns, re-
spectively. B has been hybridized with
an antisense GAD probe. Note the ab-
sence of any pattern corresponding to
the alternating ocular dominance col-
umns seen in 4. Note the normal sub-
laminae within layers IVCa, IVCB, and
VI, which are clearly visible in this plane
of section. Arrows flank the regions that
are shown at higher magnification in
Figure 11. Scale bars, 2 mm.

does not reveal the additional sublaminae of layers IVCa and
IVCB, sampling could not be confined to the individual sub-
laminae seen in the autoradiographs. There were no detectable
quantitative differences between layer IVC in normal and de-
prived area 17.

Discussion

Two principal conclusions can be drawn from this study. First,
the increases in CaM II kinase immunoreactivity that have been
demonstrated in nondeprived-eye columns of the adult monkey
visual cortex following periods of monocular deprivation (Hen-
dry and Kennedy, 1986) derive from corresponding increases
in mRNA levels. Second, the large decreases in GAD immu-
noreactivity in deprived-eye columns of the adult monkey visual
cortex following monocular deprivation (Hendry and Jones,
1986, 1988) are not accompanied by corresponding changes in
GAD mRNA levels; this implies that the deprivation effect on
GAD levels is most likely mediated at a posttranscriptional
level. The present study also revealed in the monkey cerebral
cortex a second form of CaM II kinase « mRNA: CaM II kinase
a-33. The encoded protein would possess an additional con-
sensus phosphorylation sequence. Finally, new sublaminar dis-
tributions of cortical GABA cells were revealed in layers IVCa
and IVCB of area 17.

CaM [II kinase o distribution

CaM II kinase forms more than 1% of all forebrain protein in
the rat (Erondu and Kennedy, 1985), and in the forebrain, the
a subunit is particularly enriched (Miller and Kennedy, 1985).
The similar abundance in monkeys is reflected in the intensity
of the CaM II kinase hybridization pattern. The laminar dis-
tribution of neurons displaying hybridization of the CaM II
kinase « cRNA in normal monkeys was similar to the distri-
bution of CaM II kinase-immunoreactive cells indicated in pre-
vious studies (Hendry and Kennedy, 1986), though the high
mRNA levels in the neuropil and, thus, presumably in dendrites
was unexpected. Because CaM II kinase o« immunoreactivity
mostly delineates pyramidal cells (Hendry and Kennedy, 1986;
D.L. Benson and E.G. Jones, unpublished observations), it is
probable that hybridized probe over their long and densely
packed apical and basal dendritic systems contributes to the
more diffuse hybridization pattern (see also Burgin et al., 1990).

The large apical and basal dendrites of pyramidal cells contain
significant amounts of free and attached ribosomes (Peters et
al., 1976). CaM II kinase mRNA may therefore be translated
at these sites as well as in the soma. It is unclear, however,
whether the dendritic ribosomes and the dendritic CaM II kinase
mRNA are specifically associated with the large numbers of
dendritic spines and their associated asymmetrical synapes,



Figure 11.
visible in B. The 2 sublaminae revealed by GAD in situ hybridization within /ayer IVCea and the 3 within layer IVCS are denoted by arrowheads.
Three sublaminae within /ayer VI are also readily apparent. Scale bars, 1 mm.

though as a major component of the postsynaptic density (Ken-
nedy et al., 1983; Kelly et al., 1984), CaM II kinase is probably
located in large amounts at these synapses. A correlation of
dendritic ribosomes and dendritic spines has been made for
pyramidal cells of the rat hippocampal formation, and these
may be involved in dendritic plasticity in the hippocampus
(Steward, 1983).

Activity-dependent regulation of CaM Il kinase a

The present results provide further evidence for the importance
of neuronal activity in regulating gene transcription in the CNS
(see introductory remarks). CaM II kinase « immunoreactivity
increases in deprived-eye dominance columns of layer IVC as
early as 2 d following eye removal or intraocular TTX injection
and after about 9 weeks of eyelid suture (Hendry and Kennedy,
1986; D.L. Benson and E.G. Jones, unpublished observations).
The present results imply that this increase results either from
up-regulation of CaM II kinase gene transcription or from in-
creased stability of the mRNA in the deprived-eye columns. In
view of the immunocytochemical results and the present quan-
titative assessments (Fig. 6), it seems unlikely that the striping
seen in the hybridization pattern in the present results stems
from a reduction of CaM II kinase mRNA in normal eye col-
umns. The increase in immunoreactivity seen under deprived
conditions would, from the present results, appear to reflect an
increase in protein levels and not increased phosphorylation
(Erondu and Kennedy, 1985) of the enzyme. The increase in
CaM 1I kinase mRNA in the deprived-eye columns is evident
within 48 hr and can still be distinguished as late as 15 d fol-
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Higher-magnification bright-field photomicrographs of regions between arrows in Figure 10. The lack of a deprivation effect is clearly

lowing monocular deprivation. It should be noted, however,
that in the one animal examined at the later time point, the
difference in hybridization between deprived- and nondeprived-
eye dominance columns was less apparent than at the earlier
time points examined. This could reflect interanimal variation.
However, the prolonged increase in CaM II kinase « protein
following monocular deprivation might be maintained by a dif-
ferent mechanism, such as increased protein stability. This will
be a subject of future studies.

In monocularly deprived monkey visual cortex, CaM Il kinase
in situ hybridization reveals that the change in CaM II kinase
expression is far greater than would be predicted on the basis
of immunocytochemical localization of the enzyme. By using
in situ hybridization, enhanced levels of CaM Il kinase a mRNA
can be demonstrated in deprived-eye dominance columns
throughout layers II-VI. The effect of deprivation on CaM II
kinase immunoreactivity was initially only detected in layer
IVCB (Hendry and Kennedy, 1986), but recent results suggest
increases in immunoreactivity around CO periodicities related
to deprived-eye columns in layer III as well (S. H. C. Hendry
and E. G. Jones; unpublished observations). The ease with which
an effect can be identified in all layers by in situ hybridization
is most likely due to differences in the sensitivity of the tech-
niques. However, decreased phosphorylation of the CaM II ki-
nase a protein in layers other than layer IVCB could prevent
the immunocytochemical detection of a deprivation-based in-
crease because the degree of phosphorylation affects immuno-
reactivity with the monoclonal antibody employed (Erondu and
Kennedy, 1985).

The pattern of CaM II kinase probe hybridization and the
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pattern of CO staining in layers II and III of monocularly de-
prived visual cortex are inversely correlated. In deprived-eye
columns, after a period of time, the CO patches in these layers
are shrunken, and in the normal-eye columns, the patches ex-
pand and partially fuse with one another (Horton and Hubel,
1981; Horton, 1984; Wong-Riley and Carroll, 1984). Within
the deprived-eye patches and in parts of the interrow regions
adjacent to them, hybridization of CaM II kinase cRNA is en-
hanced relative to levels in the alternating rows of nondeprived-
eye patches. This and the quantitative data from layer IVC make
it apparent that CaM II kinase mRNA levels increase in the
regions of decreased CO activity. The rows of enhanced hy-
bridization in layers V and VI, therefore, probably also indicate
increased CaM II kinase mRNA levels.

The effects of changes in CaM II kinase levels are likely to be
varied and potentially long lasting. CaM 1I kinase can phos-
phorylate a wide range of substrates, including synapsin I, MAP2,
tyrosine hydroxylase, and tryptophan hydroxylase (Bennett et
al., 1983; Yamauchi and Fujisawa, 1983; Schulman, 1984; Vul-
liet et al., 1984); it enhances transmitter release from the pre-
synaptic terminal of the squid giant synapse, probably in as-
sociation with synapsin I (Llinas et al., 1985), and it increases
vesicle mobility (McGuinness et al., 1989). It is a major post-
synaptic density protein (Kennedy et al., 1983; Kelly et al.,
1984), and in the mammalian hippocampus, it has been sug-
gested to be essential for the induction of long-term potentiation
(Malenka et al., 1989; Malinow et al., 1989). Effects of monoc-
ular deprivation may therefore be manifested at all these levels.
An increase in CaM II kinase transcription resulting from visual
deprivation in the aduit monkey is likely to be a part of an entire
cascade of second-messenger-related intracellular events that
are set in motion by reduced activity entering deprived-eye
dominance columns. These events undoubtedly include the reg-
ulation of immediate early genes whose gene products will be
involved in the later regulation of CaM II kinase gene tran-
scription. In this connection, it is important to note that several
known immediate early genes have been shown to be induced
in response to increased neuronal activity as well as to mitogens
and growth factors (Greenberg et al., 1985; Morgan and Curran,
1986; Kujubu et al., 1987; Milbrandt, 1987; White and Gall,
1987; Saffen et al., 1988; Cole et al., 1989). It will therefore be
interesting to determine which immediate early genes are in-
duced or suppressed in response to decreased neuronal activity
in the monocularly deprived monkey visual cortex.

Functional implications of CaM II kinase a-33

CaM II kinase is a holoenzyme composed of the subunits a, 8,
B, and, in view of the present results in the monkey, probably
a-33. The a and B8 forms of CaM II kinase are encoded by
different genes, but are highly similar (Bulleit et al., 1988). The
major difference between the mRNAs encoding the subunits is
a deletion from o of 2 segments that are present in 8 and 8’
following the calmodulin-binding domain (Fig. 14). The in-
serted segments in the 8 subunit within this region have been
suggested to be responsible for different intracellular localization
and autophosphorylation properties of holoenzymes containing
different proportions of « and 8 subunits (Bulleit et al., 1988;
Miller et al., 1988).

Within the region cloned in this study, CaM II kinase a-33
is identical to CaM II kinase « except for a strategically placed,
hydrophilic, 33-nucleotide insert. This insert contains a poten-
tial phosphorylation site, Arg-Lys-Ser-Ser-Ser, which falls with-

in the constraints for identified phosphorylation sequences in
several CaM II kinase substrates (Pearson et al., 1985). In ad-
dition, this potential phosphorylation site is preceded by 2 lysine
residues, which have been shown to affect the kinetics of phos-
phorylation of CaM II kinase substrates by substantially de-
creasing the K, (Pearson et al., 1985). In the presence of calcium
and calmodulin, the 8 subunit incorporates approximately 3
mol phosphate per mol subunit, while the a subunit incorporates
only 2 mol phosphate (Miller and Kennedy, 1986). This differ-
ence has been attributed to the additional phosphorylation sites
found in the 8 form that are not present in the o form. CaM II
kinase a-33 provides an additional phosphorylation site that
could make its calcium-dependent activity more like the 3 form
in regard to the ability to incorporate phosphate residues.

GAD distribution

The laminar distribution of GAD riboprobe hybridization in
the visual cortex is far more complex than the lamination seen
in comparable GAD and GABA immunocytochemical prepa-
rations (Hendrickson et al., 1981; Hendry and Jones, 1986;
Fitzpatrick et al., 1987; Hendry et al., 1987). GAD and GABA
immunoreactivity is confined to nonpyramidal neurons of both
large and small sizes, with most of the larger cells being confined
to layers III, IVB, and V. This pattern is reflected in the distri-
bution of large- and small-grain clusters in the present in situ
hybridization experiments. Hybridization of the GAD cRNA
revealed distinct sublaminae in layers IVCa, IVC8, and V1. Two
subdivisions of layer IVCa have been indicated by Fitzpatrick
et al. (1987) on the basis of GABA-immunoreactive cell size.
The present data show different GAD mRNA levels in regions
corresponding to these sublaminae of layer IVCa. However, no
subdivisions comparable to those detected by in situ hybridiza-
tion in layer IVCS or in layer VI appear to have been described
by immunocytochemistry.

GAD expression following monocular deprivation

Earlier studies from this laboratory showed that, after 4 d of
monocular deprivation by eye removal or TTX injection and
after 7-9 weeks of monocular eyelid suture, approximately 50%
of the GABAergic neurons in the deprived-eye dominance col-
umns of the visual cortex had their GABA and GAD levels
reduced below an immunocytochemically detectable threshold
(Hendry and Jones, 1986, 1988; Hendry et al., 1987). These
effects are reversible upon recovery from TTX or reopening of
the eyelids (Hendry and Jones, 1988; D.L. Benson and E.G.
Jones, unpublished observations), indicating that they are de-
pendent upon the presence or absence of impulse activity in the
optic nerve.

However, by contrast with the activity-dependent regulation
of CaM 1II kinase « mRNA, levels of GAD gene transcription
appear to be maintained following monocular deprivation. This
maintenance of GAD gene expression is also seen in the adult
cat visual cortex following monocular deprivation (Benson et
al., 1989a). There are 4 potential explanations for failure to
detect a transcriptional change in GAD in the present experi-
ments. First, GAD enzyme levels could be regulated by activity
at the posttranslational level. A likely point of posttranslational
regulation would be a modification such as deamidation, meth-
ylation, or limited proteolysis that would render the enzyme
less stable or undetectable by immunocytochemistry (for review,
see Benyon, 1980).

Second, there are likely to be additional stages between DNA



transcription and posttranslational processing that could be spe-
cifically regulated. Some of these stages could include covalent
modifications of mRNA, transcript splicing, and the initiation
of mRNA translation. In the case of GAD, mRNA maturation
is not likely to be the stage regulated, because changes in polyad-
enylation or 5'-capping would affect mRNA stability and would
be detected in the in situ hybridization studies as an increase
or decrease in hybridization levels. It is possible that GAD gene
expression is regulated by an alternative splicing event. How-
ever, at this time, there is no evidence to indicate that alternative
splicing is utilized by cells to regulate the levels of gene expres-
sion. A more likely possibility is that mature, functional GAD
mRNA is prevented from being translated. There is evidence
that certain proteins are regulated at this stage of gene expres-
sion. For example, iron metabolism in higher eukaryotes is par-
tially controlled by the iron-sequestering protein ferritin. When
iron supplies are limited, ferritin mRNA translation is physi-
cally blocked (Klausner and Harford, 1989).

A third possible explanation'is that the GAD gene examined
in the present study maintains normal transcription levels while
a second GAD gene is differentially regulated in response to
monocular deprivation. Two GAD genes have recently been
discovered. One codes for a 65-kDa protein, and the other, for
a 67-kDa protein (Kaufman et al., 1989; A. Tobin, personal
communication). Immunocytochemical evidence shows the pro-
teins to be colocalized in GABA cells, but with different intra-
cellular distributions (Houser et al., 1989). The GAD gene stud-
ied in the present paper corresponds to the 65-kDa protein, and
one of the polyclonal antisera used in our earlier studies, to
demonstrate the decrease in GAD immunoreactivity that ac-
companies monocular deprivation, preferentially binds this
smaller GAD protein. Because of this, it is unlikely that changes
in the remaining 67-kDa protein would be solely responsible
for the decrease in GAD immunoreactivity. However, 2 other
GAD mRNAs have been identified that may represent alter-
native splicing products or additional GAD-encoding genes, and
these could be differentially regulated (Bond et al., 1988; Benson
et al., 1989a). ’

Finally, a very small change in GAD mRNA levels that could
only be revealed by rigorously counting individual grains over
cells might be undetected by the methods utilized in the present
study. This change would be significant if only a small portion
of the total pool of GAD mRNA was accessible for translation.
The fact that relatively small changes occur in only a proportion
of visual cortical cells may also underlie the difficulty in de-
tecting changes in mRNA levels of both GAD and CaM Il kinase
by S1 nuclease protection.

Conclusions

Immunocytochemistry and receptor-binding studies have re-
vealed that levels of a large number of neuroactive molecules
are regulated in the visual cortex in an activity-dependent man-
ner (see introductory remarks). These are probably manifesta-
tions of a more general effect whereby neural activity regulates
transmitter-, receptor-, and second-messenger-related function
throughout the nervous system. The present results suggest that
the regulatory mechanisms involved may be complex and var-
ied, and that activity-dependent changes may be effected at both
transcriptional and posttranscriptional levels. It cannot neces-
sarily be assumed that changes in levels of a particular protein
associated with changes in neural activity are attributable to
changes in transcription of the gene(s) for that protein. Many
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of the various potential mechanisms have been discussed above,
and it is probably the interplay between these mechanisms that
holds the key to understanding how neural activity regulates
this aspect of neuronal function.
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