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We performed nonradioactive in situ hybridization histochemistry
(ISH) in the lateral geniculate nucleus (LGN) of the macaque
monkey to investigate the distribution of mRNA for two growth-
associated proteins, GAP-43 and SCG10. GAP-43 and SCG10
mRNAs were coexpressed in most neurons of both magnocellu-
lar layers (layers I and II) and parvocellular layers (layers III–VI).
Double-labeling using nonradioactive ISH and immunofluores-
cence revealed that both GAP-43 and SCG10 mRNAs were
coexpressed with the a-subunit of type II calcium/calmodulin-
dependent protein kinase, indicating that both mRNAs are ex-
pressed also in koniocellular neurons in the LGN. We also
showed that GABA-immunoreactive neurons in the LGN did not
contain GAP-43 and SCG10 mRNAs, indicating that neither
GAP-43 nor SCG10 mRNAs were expressed in inhibitory inter-
neurons in the LGN. GABA-immunoreactive neurons in the peri-

geniculate nucleus, however, contained both GAP-43 and
SCG10 mRNAs, indicating that both mRNAs were expressed in
inhibitory neurons in the perigeniculate nucleus, which project to
relay neurons in the LGN. Furthermore, to determine whether the
expression of GAP-43 and SCG10 mRNAs is regulated by visual
input, we performed nonradioactive ISH in the LGN and the
primary visual area of monkeys deprived of monocular visual
input by intraocular injections of tetrodotoxin. Both mRNAs were
downregulated in the LGN after monocular deprivation for 5 d or
longer. From these results, we conclude that both GAP-43 and
SCG10 mRNAs are expressed in the excitatory relay neurons of
the monkey LGN in an activity-dependent manner.
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During a critical period in the development of the monkey brain,
monocular deprivation causes an expansion of geniculocortical
axons receiving input from a normal eye and a contraction of
geniculocortical axons receiving input from a deprived eye (LeVay
et al., 1980). After the critical period, monocular deprivation does
not cause such structural rearrangement of geniculocortical axons.
Nevertheless, some physiological expansion of ocular dominance
columns serving the normal eye of monocularly deprived adult
monkeys is also reported, determined by single-unit recording
(LeVay et al., 1980).

To investigate the basis for such a plastic response in the adult
monkey geniculocortical system, we focused on the expression of
two growth-associated proteins, GAP-43 and SCG10, in the lateral
geniculate nucleus (LGN) and the primary visual area. GAP-43 is
localized in nerve terminals of the neuropil (Nelson and Routten-
berg, 1985; Meiri et al., 1986, 1988; Skene et al., 1986) and partic-
ipates in signal transduction during axonal elongation and synaptic
growth (Akers and Routtenberg, 1985; Alexander et al., 1987;
Strittmatter et al., 1990). Another growth-associated protein,
SCG10, also accumulates in nerve terminals (Stein et al., 1988a)
and is thought to participate in axonal elongation and synaptic

growth (Stein et al., 1988b; McNeill et al., 1992; Hannan et al.,
1996) by regulating the instability of microtubules (Riederer et al.,
1997). GAP-43 and SCG10 are abundant in a developing nervous
system and persist in certain regions of the adult nervous system
such as the association areas of the cerebral cortex and the hip-
pocampus, where structural or functional changes may continue to
occur (Neve et al., 1988; Benowitz et al., 1989; Himi et al., 1994a,b;
Sugiura and Mori, 1995; Higo et al., 1998, 1999a; Oishi et al., 1998).
It is generally believed that these growth-associated proteins serve
as an intrinsic determinant of synaptic growth and plasticity even in
the adult brain (McNeill et al., 1992; Aigner et al., 1995; Holtmaat
et al., 1995; Kapfhammer, 1997) (for review, see Benowitz and
Routtenberg, 1997).

To understand the synaptic plasticity in the geniculocortical
system by using GAP-43 and SCG10 as molecular markers, the first
step is to determine the localization of GAP-43 and SCG10
mRNAs. Recently, we performed a nonradioactive in situ hybrid-
ization histochemistry (ISH) in the primary visual area and re-
vealed that prominent hybridization signals for GAP-43 and
SCG10 mRNAs are restricted to layers IV–VI (Higo et al., 1999a).
In this study, we applied the same method to the monkey LGN,
which includes three types of excitatory relay neurons (magnocel-
lular, parvocellular, and koniocellular neurons), plus inhibitory
interneurons (Hendry and Calkins, 1998).

The second step is to determine whether the expression of
GAP-43 and SCG10 mRNAs in the geniculocortical system is
regulated by the visual input. Thus, we performed a nonradioactive
ISH in both the LGN and the primary visual area of monkeys
deprived of monocular visual input by intraocular injections of
tetrodotoxin (TTX). We found that both mRNAs were downregu-
lated in the LGN but not in the primary visual area of monocularly
deprived monkeys.

Preliminary results have been published previously (Higo et al.,
1999b,c).
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MATERIALS AND METHODS
Animals and tissue preparation. Brain tissue was obtained from 11 macaque
monkeys (six Macaca fuscata and five Macaca mulatta) aged 2 or more
years. Monkeys were purchased from a local provider or were bred in the
Primate Research Institute, Kyoto University. To investigate the effect of
visual deprivation on the expression of GAP-43 and SCG10 mRNAs, five
monkeys received TTX (Sigma, St. Louis MO) (15 mg in 10 ml of normal
saline), injected intravitreously into the right eye every fifth day for a total
of 5 (n 5 2), 10 (n 5 2), and 30 (n 5 1) d before they were killed. Monkeys
were anesthetized with ketamine hydrochloride (10 mg/kg, i.m.) and
pentobarbital sodium (Nembutal; 20 mg/kg, i.v.) before TTX administra-
tion. The pupillary light reflex of these monocularly deprived monkeys
remained suppressed throughout the deprivation period.

All animals were pretreated with ketamine hydrochloride (10 mg/kg,
i.m.), then deeply anesthetized with Nembutal (35 mg/kg, i.v.). Next, they
were perfused through the ascending aorta with 0.5 l of ice-cold saline
containing 2 ml (2000 U) of heparin sodium, followed by 2–5 l of ice-cold
fixative: 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde in 0.15 M
phosphate buffer (PB), pH 7.4. During perfusion, the monkeys’ heads were
chilled with crushed ice. After perfusion, the brains were immediately
removed and blocked in the coronal plane (5 mm thick). The occipital lobe
was blocked in a plane parallel to the cortex. They were then immersed in
a postfixative solution containing 2% PFA and 5% sucrose in 0.15 M PB for
several hours, followed by successive immersions in 10, 20, and 30%
sucrose in 0.15 M PB. The brain blocks were mounted in O.C.T. compound
(Miles Inc., Elkhart, IN) and frozen rapidly in a dry ice/acetone bath, then
stored at 280°C until dissection.

In situ hybridization. Digoxigenin-labeled RNA probes were used for the
detection of GAP-43 and SCG10 mRNAs. RNA probes for GAP-43 and
SCG10 were transcribed from human cDNA clones for GAP-43 (pG#20,
500 bp; a gift from Dr. R. L. Neve, Harvard Medical School, Boston) and
SCG10 (pSG601, 550 bp; a gift from Dr. N. Mori, National Institute for
Longevity Sciences, Oobu, Aichi, Japan), using an in vitro transcription
method according to the manufacturer’s instructions (DIG-RNA Labeling
Kit, Boehringer Mannheim Biochemica, Mannheim, Germany). Before
use, the labeled probes were precipitated with ethanol, then washed to
remove unincorporated digoxigenin-labeled nucleotides.

Tissue blocks containing the LGN or the primary visual cortex were
sliced into 16-mm-sections on a cryostat (CRYOCUT 3000, Leica, Nuss-
loch, Germany). The sections were mounted on slides coated with Vecta-
bond Reagent (Vector Laboratories, Burlingame CA), dried, then pre-
treated for ISH by successive incubations in 4% PFA in 0.1 M PB for 15 min
at room temperature, 30 mg/ml Proteinase K (Boehringer Mannheim
Biochemica), pH 8.0, for 30 min at 37°C, and 4% PFA in 0.1 M PB for 10
min at room temperature. After washing with 0.1 M PB, the sections were
dehydrated through 70, 80, 90, and 100% ethanol serial washes (1 min at
each concentration) and then dried.

Sections were prehybridized in 50% formamide, 600 mM NaCl, 13
Denhardt’s solution, 0.25% SDS, 10 mM Tris-HCl, pH 7.6, 1 mM EDTA,
and 200 mg/ml tRNA for 3 hr at 50°C. After prehybridization, sections
were transferred to fresh hybridization buffer containing an additional
10% dextran sulfate and 1 mg/ml digoxigenin-labeled RNA probe. Hybrid-
ization continued for at least 16 hr at 50°C. The hybridized sections were
rinsed three times in 53 SSC at room temperature, then washed three
times (10 min each) in preheated 23 SSC, 50% formamide at 48°C. Next,
sections were treated with 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5 M
NaCl containing RNase A (Boehringer Mannheim Biochemica; 30 mg/ml)
for 30 min at 37°C, then washed in 23 SSC for 20 min at 50°C and twice
in 0.23 SSC at 50°C, for 20 min each time.

The buffer was changed to 0.1 M maleic acid, 0.15 M NaCl, and 0.2%
Tween 20, pH 7.5, with a 10 min wash at room temperature. Sections were
then incubated in 2% blocking reagent (DIG Nucleic Acid Detection Kit,
Boehringer Mannheim Biochemica), 0.1 M maleic acid, and 0.15 M NaCl,
pH 7.5, for 1 hr at room temperature, then incubated in 1:500 diluted
anti-digoxigenin Fab-fragments conjugated with alkaline phosphatase
(DIG Nucleic Acid Detection Kit, Boehringer Mannheim Biochemica) in
2% blocking reagent, 0.1 M maleic acid, and 0.15 M NaCl, pH 7.5, for 3 hr
at room temperature. Unbound antibody conjugate was removed by wash-
ing three times for 10 min each with 0.1 M maleic acid, 0.15 M NaCl, and
0.2% Tween 20, pH 7.5. Finally, the sections were preincubated in 0.1 M
Tris-HCl buffer, pH 9.5, containing 0.1 M NaCl and 0.05 M MgCl2 for 5
min, then incubated for 20 hr in the dark in the same buffer containing the
substrates: nitroblue tetrazolium (NBT) (340 mg/ml; Boehringer Mann-
heim Biochemica) and 5-bromo-4-chloro-3 indolyl phosphate (BCIP, 170
mg/ml) (Boehringer Mannheim Biochemica). Color development was
stopped by incubation in 0.1 M Tris-HCl buffer, pH 7.5, containing 0.01 M
EDTA for 10 min. The sections were incubated in 4% PFA in 0.15 M PB
for 10 min at room temperature to prevent fading. After this, sections were
dehydrated through 70, 80, 90, and 100% ethanol serial washes (1 min at
each concentration), transferred to xylene for three washes of 5 min each,
then covered with coverslips and Permount histological mounting medium
(Fisher Scientific, Fair Lawn, NJ).

The specificity of the probes was confirmed by Northern blot analysis, in
which specific bands for both GAP-43 and SCG10 mRNAs were observed,
as in a previous study (Higo et al., 1998). In addition, control sections were
hybridized using the same method described above, using the sense probes

for both mRNAs. These control sections showed no specific signals (see
Fig. 1 D, E).

Double-label ISH. To investigate whether GAP-43 and SCG10 mRNAs
are coexpressed in the single neuron of the LGN, double-label ISH was
performed. For this purpose, we synthesized a digoxigenin-labeled probe
for GAP-43 mRNA and a biotin-labeled probe for SCG10 mRNA. To
amplify the signals from the biotin-labeled probes, we used the tyramide
signal amplification technique (TSA-indirect, NEN Life Science Products,
Boston, MA).

The biotin-labeled probe was made using an in vitro transcription
method according to the manufacturer’s instructions (DIG-RNA Labeling
Kit and Biotin RNA Labeling Mix, Boehringer Mannheim Biochemica).
Before use, the labeled probes were precipitated with ethanol, then washed to
remove unincorporated biotin-labeled nucleotides. The pretreatment, prehy-
bridization, hybridization, and washing of the probes were performed in the
same manner as described above, except the hybridization took place in the
buffer containing both the digoxigenin-labeled probes for GAP-43 mRNA
and the biotin-labeled probes for SCG10 mRNA. After the probes were
washed, the buffer was changed to 0.1 M Tris-HCl, 0.15 M NaCl, and 0.05%
Tween 20, pH 7.5, and the probes were incubated for 15 min at room
temperature. Tissue sections were incubated in 0.5% blocking reagent
(TSA-indirect, NEN Life Science Products), 0.1 M Tris-HCl, and 0.15 M
NaCl, pH 7.5, for 1 hr at room temperature, then were incubated in 1:100
diluted streptavidin–HRP (TSA-indirect, NEN Life Science Products),
0.5% blocking reagent, 0.1 M Tris-HCl, and 0.15 M NaCl, pH 7.5, for 1 hr
at room temperature. Unbound streptavidin–HRP was removed by wash-
ing three times for 5 min each with 0.1 M Tris-HCl, 0.15 M NaCl, and
0.05% Tween 20, pH 7.5. Sections were incubated in Biotinyl Tyramide
Working Solution (TSA-indirect, NEN Life Science Products) for 20 min,
then washed three times for 5 min each with 0.1 M Tris-HCl, 0.15 M NaCl,
and 0.05% Tween 20, pH 7.5. Sections were then incubated in 1:100 diluted
Streptavidin-Alexa488 (Molecular Probes, Eugene OR), 0.5% blocking
reagent, 0.1 M Tris-HCl, and 0.15 M NaCl, pH 7.5, for 30 min at 48°C. After
washing three times for 10 min each with 0.1 M Tris-HCl, 0.15 M NaCl, and
0.05% Tween 20, pH 7.5, the sections were covered with coverslips and a
0.1 M PBS/glycerol solution. Images were captured with a fluorescence
microscope (BX60; Olympus, Tokyo, Japan) equipped with an illuminator
(BX-FLA; Olympus), using a 3CCD color video camera (DXC-950; Sony,
Tokyo, Japan). Next, the sections were incubated in 0.1 M maleic acid, 0.15
M NaCl, and 0.2% Tween 20, pH 7.5, to remove the coverslips, and
digoxigenin-labeled probes for GAP-43 were visualized with NBT and
BCIP by the same methods described above.

To evaluate the specificities of the biotin-labeled probes for SCG10
mRNA, control sections were hybridized using the same method described
above, using the sense probe. These control sections showed no specific
signals (data not shown).

Double-labeling using ISH and immunofluorescence. To investigate
whether GAP-43 and SCG10 mRNAs are coexpressed with the a-subunit
of type II calcium/calmodulin-dependent protein kinase (CAMKII-a) or
GABA in the LGN of normal monkeys, we conducted double-labeling
experiments using nonradioactive ISH and immunofluorescence. We per-
formed immunofluorescence first, capturing the immunofluorescent im-
age, and then performed nonradioactive ISH.

The sections were rinsed three times in 0.1 M PBS, pH 7.4, and prein-
cubated in 1% BSA, 0.02% sodium azide, and 0.6% Triton X-100 in PBS
for 4 hr at room temperature. Sections were then incubated for 60 hr at 4°C
in the primary antibodies, a mouse monoclonal antibody to CAMKII-a
(6G9; Biomol Research Laboratories, Plymouth Meeting, PA) diluted
1:100 in 0.1 M PBS containing 1% BSA, 0.02% sodium azide, and 0.3%
Triton X-100, or a mouse monoclonal antibody to GABA (GB69; Sigma)
diluted 1:800 in the same buffer. After washing three times for 15 min each
with 0.1 M PBS, the sections were incubated for 12 hr at room temperature
in the secondary antibody, Alexa 488 goat anti-mouse IgG (H1L) conju-
gate (Molecular Probes) diluted 1:400 in 0.1 M PBS containing 1% BSA,
0.02% sodium azide, and 0.3% Triton X-100. After washing three times for
15 min each with 0.1 M PBS, the sections were covered with coverslips and
a 0.1 M PBS/glycerol solution. Images were captured with a fluorescence
microscope (BX60; Olympus) equipped with an illuminator (BX-FLA;
Olympus), using a 3CCD color video camera (DXC-950; Sony). The
sections were incubated in 0.1 M PBS to remove the coverslips, then were
hybridized with the digoxigenin-labeled probes of GAP-43 or SCG10, as
described above.

The specificity of each primary antibody was confirmed in previous
studies (Kalyuzhny and Wessendorf, 1998; Tanigawa et al., 1998; Tighilet
et al., 1998a,b). Control sections were processed using the same method
described above, except the primary antibodies were excluded. These
control sections showed no specific signals (data not shown).

Quantification. To quantify the expression patterns in the LGN and the
primary visual area of monocularly deprived monkeys, images of in situ
hybridized sections or adjacent Nissl- or cytochrome oxidase-stained sec-
tions were captured with an Olympus BX60 microscope using a 3CCD
color video camera (DXC-950; Sony). The images were then digitized with
an image analysis system (MCID; Imaging Research Inc., St. Catharines,
Canada).

In the LGN, optical density was measured in each layer of a 300-mm-
wide column that sampled from layer I to layer VI, and the optical density
of the background staining was measured in the neighboring cell-free
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regions. OD(%Background) was defined as a percentage of optical density
to that of the background staining (see Figs. 4C, D, G, H, 5C, D, G, H ). The
layers of in situ hybridized sections were identified by adjacent Nissl-
stained sections.

In the primary visual area, we showed the relative optical density in each
section in pseudocolor representation. The resolutions of the digitized
images were reduced from 1.03 3 10 2 mm 2/4096 3 4096 pixels to 2.52 3
10 3 mm 2/4096 3 4096 pixels, and the optical density was measured in each
pixel. Using MATLAB version 5.0.0 (The Math Works Inc., Natick, MA) on
a Power Macintosh G3 (Apple Computer, Inc., Cupertino, CA), the optical
density in each pixel was plotted in pseudocolor representation (see Fig.
8B,D,F, H ).

RESULTS
Expression of GAP-43 and SCG10 mRNAs in
normal LGN
In normal LGN, expression of both GAP-43 and SCG10 mRNAs
was observed in the neurons of all layers (Fig. 1B,C). The hybrid-
ization signals for SCG10 mRNA were more intense than those for
GAP-43 mRNA. Weak signals for GAP-43 mRNA and intense
signals for SCG10 mRNA were also observed in the perigeniculate
nucleus (Fig. 1B,C). These results were similar among all animals
examined (n 5 6) and throughout the rostral to caudal levels of the
coronal sections. Higher-magnification photomicrographs revealed
that many GAP-43 mRNA- or SCG10 mRNA-positive neurons
existed in magnocellular layers (layers I and II), in parvocellular
layers (layers III–VI), and in interlaminar regions (Fig. 1G,H).
These neurons varied in size (10–30 mm in diameter), and were
oval, triangular, or rectangular in shape. Double-label ISH study
revealed that GAP-43 and SCG10 mRNAs colocalized in most
LGN neurons (Fig. 2). Signals were selective for GAP-43 mRNA
(Fig. 2A,C, arrows) or SCG10 mRNA (Fig. 2B,C, arrowheads) in
some LGN neurons.

Recent studies revealed that there is a third population of
neurons in the primate LGN, in addition to the magnocellular
and parvocellular neurons, known as koniocellular neurons. A
subset of koniocellular neurons relay excitatory input from short-
wavelength-sensitive cones in the retina (Martin et al., 1997; Reid
et al., 1997; for review, see Komatsu, 1998) and send retinal signals
directly to the blobs of the primary visual area of the cerebral
cortex (Hendry and Yoshioka, 1994; Hendry and Calkins, 1998).
To investigate whether GAP-43 and SCG10 mRNAs are expressed
in koniocellular neurons as well as in magnocellular and parvocel-
lular neurons, we used a double-labeling technique involving non-
radioactive ISH of GAP-43 and SCG10 mRNA and immunofluo-
rescence of CAMKII-a, a molecular marker of koniocellular
neurons (Hendry and Yoshioka, 1994; Hendry and Calkins, 1998).
Most CAMKII-a-immunoreactive neurons were observed in re-
gions ventral to each of six layers as reported previously (Hendry
and Yoshioka, 1994; Hendry and Calkins, 1998) and were rela-
tively small in size (10–20 mm in diameter) and round in shape
(Fig. 3B,E). Our double-labeling experiments confirmed that
nearly all CAMKII-a-positive neurons expressed mRNAs of
GAP-43 and SCG10 (Fig. 3A–F), indicating that koniocellular
neurons as well as magnocellular and parvocellular neurons con-
tain GAP-43 and SCG10 mRNAs.

We also conducted double-labeling experiments involving non-
radioactive ISH of GAP-43 and SCG10 mRNA and immunofluo-
rescence of GABA. In the LGN, GABA-immunoreactive neurons
were observed in both magnocellular and parvocellular layers and
varied in size (10–30 mm in diameter) and shape (Fig. 3H,K), as
reported previously (Montero and Zempel, 1986). The double-
labeling experiments confirmed that GAP-43 and SCG10 mRNAs
were not expressed in GABA-immunoreactive neurons (Fig. 3G–
L). Previous studies confirmed that GABA is expressed in inhibi-
tory interneurons in the LGN (Fitzpatrick et al., 1984; Montero
and Zempel, 1985; Montero and Zempel, 1986). Thus, the results
of the present study indicate that GAP-43 and SCG10 mRNAs are
not expressed in inhibitory interneurons. Some of the GAP-43
or SCG10 mRNA-positive neurons were outlined by GABA-
immunoreactive terminals (Fig. 3G–L, arrows).

In the perigeniculate nucleus, nearly all neurons were GABA-

ergic (Fig. 3N,Q), consistent with previous studies (Hendrickson et
al., 1983; Hendry, 1991), and most of them were fusiform in shape
(20–50 mm in length). GABAergic neurons in the perigeniculate
nucleus contained both GAP-43 and SCG10 mRNAs (Fig. 3M–R).

Effect of monocular deprivation
Figure 4 shows the effects of monocular deprivation in the LGN
ipsilateral to the TTX-injected eye. The level of staining for cyto-
chrome oxidase was lower in layers II, III, and V than layers I, IV,
and VI (Fig. 4B,D). This indicates that neuronal activity was
reduced in these layers, as the result of visual deprivation of the
ipsilateral eye. The amount of both GAP-43 and SCG10 mRNAs
was also lower in layers II, III, and V than in layers I, IV, and VI
(Fig. 4E–H), indicating that both GAP-43 and SCG10 mRNAs
were downregulated in the layers deprived of visual input. In the
adjacent Nissl-stained section, however, the apparent reduction of
staining was not observed (Fig. 4A,C), indicating that cell shrink-
age did not occur in the deprived layers. In the LGN contralateral
to the TTX-injected eye, just the opposite was observed. The levels
of staining for cytochrome oxidase and of GAP-43 and SCG10
mRNAs were lower in layers I, IV, and VI than layers II, III, and
V, although the apparent reduction of staining was not observed in
the Nissl-stained section (Fig. 5). These results further confirmed
that layers deprived of visual activity display lower levels of hy-
bridization signals for both GAP-43 and SCG10 mRNAs than
those of normally active layers. In the deprived layers, the hybrid-
ization signals for both GAP-43 and SCG10 mRNAs were reduced
in nearly all neurons (Fig. 6). The signals were downregulated in all
monocularly deprived monkeys regardless of the length of the
deprivation period: 5 d (n 5 2), 10 d (n 5 2), or 30 d (n 5 1) (Fig.
7). These results were similar throughout the rostral to caudal
levels of the coronal sections. In the perigeniculate nucleus, the
expression of both GAP-43 and SCG10 mRNAs was retained even
after monocular deprivation for each period.

After monocular deprivation for 5, 10, or 30 d, we observed a
periodic pattern of staining for cytochrome oxidase, especially in
layer IVC of the primary visual area of the cerebral cortex (Fig.
8C, D), indicating that neuronal activity of ocular dominance col-
umns that received visual input from the TTX-injected eye was
reduced. However, we did not detect such a periodic ocular dom-
inance pattern of staining for GAP-43 and SCG10 mRNAs after
monocular deprivation for each period (Fig. 8E–H). Slight unequal
distributions of both GAP-43 and SCG10 mRNAs in layer IVC
correlated with the cell density revealed by the Nissl-stained sec-
tion (Fig. 8A,B). The hybridization patterns for both GAP-43 and
SCG10 mRNAs were nearly identical to those we had previously
reported for normal monkeys (Higo et al., 1999a). These results
indicate that in the primary visual area, the expression of GAP-43
and SCG10 mRNAs is not affected after monocular deprivation for
these periods.

DISCUSSION
Expression of GAP-43 and SCG10 in the visual system
of monkey
The present study showed that mRNAs of GAP-43 and SCG10,
presynaptic determinants of synaptic growth and plasticity, were
expressed in most neurons of the magnocellular, parvocellular, and
koniocellular layers in the LGN. The expression of GAP-43 and
SCG10 proteins is likely to be regulated by mRNA stability (Fed-
eroff et al., 1988; Perrone-Bizzozero et al., 1993; Nishizawa, 1994;
Hannan et al., 1996), and several in vivo studies confirmed that the
expression of GAP-43 and SCG10 mRNAs in the neuronal cell
body is correlated with the expression of GAP-43 and SCG10
proteins in the axon terminals (Van der Zee et al., 1989; Tetzlaff et
al., 1991; Linda et al., 1992; Chong et al., 1994; Bendotti et al., 1997;
McNeill et al., 1999). Neurons in the koniocellular layer project to
both the blobs of the primary visual area (Hendry and Yoshioka,
1994; Hendry and Calkins, 1998) and the prestriate area (Ben-
evento and Yoshida, 1981; Fries, 1981; Yukie and Iwai, 1981;
Bullier and Kennedy, 1983; Lysakowski et al., 1988), indicating that
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GAP-43 and SCG10 exist in the axon terminals of these projec-
tions. Neither the GAP-43 nor SCG10 mRNA-positive neurons in
both magnocellular and parvocellular layers contained GABA,
indicating that GAP-43 and SCG10 mRNAs were expressed in
most of the excitatory relay neurons in these layers. Excitatory
relay neurons in the magnocellular and parvocellular layers of the
LGN project to layers IVCa and IVCb of the primary visual area,
respectively (Wilson and Cragg, 1967; Garey and Powell, 1971;
Hubel and Wiesel, 1972; Hendrickson et al., 1978). Thus GAP-43
and SCG10 should exist in the geniculocortical axon terminals in
the primary visual area. The result is consistent with the previous
study showing that GAP-43 protein is localized in the neuropil
around neurons in layer IV of the cat primary visual area (Liu et
al., 1996). In the LGN, the expression of both GAP-43 and SCG10
mRNAs was downregulated after monocular deprivation for 5 d or
longer. Because in vivo studies confirmed that the downregulation
of GAP-43 and SCG10 mRNAs is followed by the downregulation
of GAP-43 and SCG10 proteins (Van der Zee et al., 1989; McNeill
et al., 1999), the downregulation of GAP-43 and SCG10 mRNA in
relay neurons of the LGN should result in the downregulation of
GAP-43 and SCG10 proteins in the geniculocortical axon
terminals.

In the primary visual area of both normal and monocularly
deprived monkeys, prominent hybridization signals for both
GAP-43 and SCG10 mRNAs were observed in layers IV–VI (Higo
et al., 1999a; present study). Intense signals were frequently ob-
served in Meynert cells in layers IVB, V, and VI, which project to
area MT of the cortex or the superior colliculus (Lund and Boothe,
1975; Tigges et al., 1981; Fries and Distel, 1983; Sipp and Zeki,
1989; Peters, 1994). In contrast to the result in the LGN, the
expression of GAP-43 and SCG10 mRNAs in the primary visual
area was not affected by monocular deprivation. The lack of effect
on the expression of GAP-43 mRNA in the primary visual area is
consistent with the previous study showing that dark rearing after

Figure 1. A–E, Five adjacent sections of the normal LGN. Expression of
both GAP-43 and SCG10 mRNAs was observed in the neurons of all layers.
The expression patterns of both GAP-43 and SCG10 mRNAs were similar
among all animals examined and throughout the rostral to caudal levels of
the coronal sections. A, Nissl-stained section. B, Localization of GAP-43
mRNA. C, Localization of SCG10 mRNA. D, Control section hybridized
with a sense probe for GAP-43. E, Control section hybridized with a sense
probe for SCG10. Prg, Perigeniculate nucleus. Scale bar, 1 mm. F–H,

Figure 2. Coexpression of GAP-43 and SCG10 mRNAs in layers II and III
of the LGN. A, Localization of GAP-43 mRNA. B, Localization of SCG10
mRNA in the same section as A. C, The image of B was superimposed on
the image of A. Most of the neurons contained the hybridization signals for
both GAP-43 mRNA (dark blue) and SCG10 mRNA ( green). In some
neurons, the signal was selective for GAP-43 mRNA (arrows) or SCG10
mRNA (arrowheads). Scale bar, 100 mm.

4

Higher-magnification photomicrographs. F, Nissl-stained sections. G, Lo-
calization of GAP-43 mRNA. H, Localization of SCG10 mRNA. Arrows
indicate GAP-43 or SCG10 mRNA-positive neurons in the interlaminar
regions. Many GAP-43 or SCG10 mRNA-positive neurons existed in mag-
nocellular layers (layers I and II), parvocellular layers (layers III–VI), and
interlaminar regions. Scale bar, 100 mm.
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Figure 3. A–F, Expression of GAP-43 and SCG10 mRNAs in CAMKII-
a-immunoreactive neurons (koniocellular neurons) in the interlaminar
region between layers I and II of the LGN. A, Localization of GAP-43
mRNA. B, Localization of CAMKII-a in the same section as A. C, The
image of B was superimposed on the image of A. CAMKII-a-
immunoreactive neurons ( green) expressed GAP-43 mRNA (dark blue).
D, Localization of SCG10 mRNA. E, Localization of CAMKII-a in the
same section as D. F, The image of E was superimposed on the image of D.
CAMKII-a-immunoreactive neurons ( green) expressed SCG10 mRNA
(dark blue). G–L, Absence of GAP-43 and SCG10 mRNAs in GABA-
immunoreactive neurons in layer II of the LGN. Arrows indicate GAP-43 or
SCG10 mRNA-positive neurons that were outlined by GABA-
immunoreactive terminals. G, Localization of GAP-43 mRNA. H, Local-
ization of GABA in the same section as G. I, The image of H was
superimposed on the image of G. GABA-immunoreactive neurons ( green)
did not express GAP-43 mRNA (dark blue). J, Localization of SCG10
mRNA. K, Localization of GABA in the same section as J. L, The image
of K was superimposed on the image of J. GABA-immunoreactive neurons
( green) did not express SCG10 mRNA (dark blue). M–R, Expression of
GAP-43 and SCG10 mRNAs in GABA-immunoreactive neurons in the
perigeniculate nucleus. M, Localization of GAP-43 mRNA. N, Localiza-
tion of GABA in the same section as M. O, The image of N was superim-
posed on the image of M. GABA-immunoreactive neurons ( green) ex-
pressed GAP-43 mRNA (dark blue). P, Localization of SCG10 mRNA.
Q, Localization of GABA in the same section as P. R, The image of Q was
superimposed on the image of P. GABA-immunoreactive neurons ( green)
expressed SCG10 mRNA (dark blue). Scale bar, 50 mm.

Figure 4. The effects of monocular deprivation in the LGN ipsilateral to
the TTX-injected eye. This figure shows the results of a monkey that has
been monocularly deprived for 10 d. The hybridization signals for both
GAP-43 and SCG10 mRNAs were lower in layers innervated by the
TTX-injected eye (layers II, III, and V) than in layers innervated by a
normal eye (layers I, IV, and VI). A, Nissl-stained section. B, Cytochrome
oxidase-stained section. C, OD(%Background) from a 300-mm-wide column
sampling all layers of Nissl-stained LGN (A). D, OD(%Background) from
cytochrome oxidase-stained LGN (B). E, Localization of GAP-43 mRNA.
F, Localization of SCG10 mRNA. G, OD(%Background) from the LGN
hybridized for GAP-43 mRNA (E). H, OD(%Background) from the LGN
hybridized for SCG10 mRNA ( F). Scale bar, 1 mm.
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a critical period does not cause an alteration of GAP-43 mRNA
levels in the cat primary visual area, although it results in a
significant alteration of GAP-43 mRNA levels during early post-
natal life (Mower and Rosen, 1993).

Relationship to synaptic modifications in the visual
system of the adult monkey
During a critical period in the development of the visual system,
the geniculocortical axons are supposed to compete with one an-

Figure 5. The effects of monocular deprivation in the LGN contralateral
to the TTX-injected eye. This figure shows the results of the same
monkey as in Figure 4. The hybridization signals for both GAP-43 and
SCG10 mRNAs were lower in layers innervated by the TTX-injected eye
(layers I, IV, and VI) than in layers innervated by a normal eye (layers
II, III, and V). A, Nissl-stained section. B, Cytochrome oxidase-stained
section. C, OD(%Background) from a 300-mm-wide column sampling all
layers of Nissl-stained LGN ( A). D, OD(%Background) from cyto-
chrome oxidase-stained LGN ( B). E, Localization of GAP-43 mRNA.
F, Localization of SCG10 mRNA. G, OD(%Background) from the LGN
hybridized for GAP-43 mRNA ( E). H, OD(%Background) from the
LGN hybridized for SCG10 mRNA ( F). Scale bar, 1 mm.

Figure 6. Higher-magnification photomicrographs showing downregula-
tion of hybridization signals for GAP-43 mRNA (A, C) and SCG10 mRNA
(B, D) after 10 d of monocular deprivation. A, B, Layers I–IV of the LGN
ipsilateral to the TTX-injected eye. The photomicrographs were taken from
the same section as in Figure 4. C, D, Layers I–IV of the LGN contralateral
to the TTX-injected eye. The photomicrographs were taken from the same
section as in Figure 5. Scale bar, 100 mm.
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other for neurotrophins in layer IV of the primary visual area
(Thoenen, 1995; Bonhoeffer, 1996; McAllister et al., 1999). Among
neurotrophins, mRNA of brain-derived neurotrophic factor
(BDNF) persists in layer IV of the adult primary visual area of cat,
and the expression is downregulated after monocular deprivation
for 2 d (Lein and Shatz, 2000). Moreover, TrkB, the putative
receptor for BDNF, is likely to exist in adult geniculocortical axons
(Berardi and Maffei, 1999). Expression of both GAP-43 and
SCG10 mRNAs is induced by BDNF (Fournier et al., 1997; Koba-
yashi et al., 1997; Imamura et al., 1999). Thus, the activity-
dependent expression of GAP-43 and SCG10 mRNAs in the adult
LGN may be caused by the activity-dependent expression of
BDNF in layer IV of the adult primary visual area.

Several lines of evidence relate the expression of mRNAs of the
growth-associated proteins GAP-43 and SCG10 with structural
synaptic reorganization in the adult nervous system (Van der Zee
et al., 1989; Tetzlaff et al., 1991; Linda et al., 1992; Levin and
Dunn-Meynell, 1993; Chong et al., 1994; Aigner et al., 1995;
Holtmaat et al., 1995; Bendotti et al., 1997; McNeill et al., 1999).
Therefore, the activity-dependent expression of GAP-43 and
SCG10 mRNAs in the adult LGN suggests that the activity-
dependent plastic changes, such as proliferations or morphological
alterations of synapses, occur in the geniculocortical axons of the
adult monkey, even after geniculocortical axons lose the ability to
extensively rearrange their terminals. Activity-dependent compe-
tition among geniculocortical synapses may account for some phys-
iological expansion of ocular dominance columns serving the nor-
mal eye of the monocularly deprived monkey, as measured by
single-unit recording [monkey no. 150 of LeVay et al. (1980)].

A previous study showed that MAP-2 immunostaining is re-
duced in ocular dominance columns of layer IVC serving the
TTX-injected eye of monocularly deprived monkeys (Hendry and
Bhandari, 1992). The result suggests that reorganization of micro-
tubules occurs in the dendrites or dendritic spines of geniculocor-
tical recipient neurons. Moreover, the a-subunit of CAMKII is
upregulated and the b-subunit of CAMKII is downregulated in the
deprived ocular dominance column of layer IVC (Hendry and
Kennedy, 1986; Benson et al., 1991; Tighilet et al., 1998a). Because
CAMKII subserves an important part of protein kinase

Figure 7. OD(%Background) from each layer of the LGN hybridized for
GAP-43 mRNA (A, C) and SCG10 mRNA (B, D). A, B, The LGN
ipsilateral to the TTX-injected eye. C, D, The LGN contralateral to the
TTX-injected eye. The hybridization signals for both GAP-43 and SCG10
mRNAs were reduced in the deprived layers (layers II, III, and V of the
ipsilateral LGN and layers I, IV, and VI of the contralateral LGN) of all
monocularly deprived monkeys regardless of the length of the deprivation
period: 5 d (diamond and square), 10 d (triangle and circle), or 30 d ( plus
sign). OD(%Background) was measured from a 300-mm-wide column sam-
pling each layer of the LGN. Bars indicate the average of five monkeys.

Figure 8. Surface parallel sections through the primary visual area (area
17 of Brodmann) of a monkey that has been monocularly deprived for 30 d
(A, C, E, G). The relative optical densities in each section were also shown
in pseudocolor representation (B, D, F, H ). A, B, Nissl-stained section. C, D,
Cytochrome oxidase-stained section. E, F, Localization of GAP-43 mRNA.
G, H, Localization of SCG10 mRNA. The same blood vessels are indicated
by arrows. No deprivation effect was observed for either GAP-43 or SCG10
mRNAs. Scale bar, 500 mm.
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C-associated synaptic plasticity at postsynaptic density (Liu and
Jones, 1996; Wu and Cline, 1998; Chakravarthy et al., 1999), the
result further supports the idea that the geniculocortical synapses
of the adult monkey still have some types of activity-dependent
plasticity. The present results may provide presynaptic mechanisms
of the plastic changes of the adult geniculocortical synapses.

A growing body of evidence indicates that the structural changes
of subcortical structures contribute to reorganization of the so-
matosensory body map (for review, see Kaas et al., 1999). The
present result suggests that subcortical structures of the adult brain
have a role in plasticity not only in the somatosensory pathway but
also in the visual pathway.

A comparison with GABAergic system
We showed that GAP-43 and SCG10 mRNAs were not expressed
in GABAergic neurons in the LGN. In the perigeniculate nucleus,
however, GABAergic neurons contained both GAP-43 and SCG10
mRNAs. GABAergic neurons in the LGN are interneurons (Fitz-
patrick et al., 1984; Montero and Zempel, 1985, 1986), whereas
GABAergic neurons in the perigeniculate nucleus have projections
to relay neurons in the LGN (Cucchiaro et al., 1991; Uhlrich et al.,
1991). Thus GAP-43 and SCG10 mRNAs are expressed in projec-
tion neurons of the monkey geniculate complex.

When monocular visual input is deprived in adult monkeys,
GABA- and glutamate decarboxylase (GAD)-immunoreactive cell
bodies and processes are decreased in layers of the LGN deprived of
visual activity (Hendry, 1991). Deprivation periods of 3 weeks,
however, are required to reduce the immunoreactivities of GABA
and GAD (Hendry, 1991). The present results showed that both
GAP-43 and SCG10 mRNAs were downregulated after monocular
deprivation for periods of 5 d. The relatively rapid downregulation
of GAP-43 and SCG10 mRNAs is similar to that of GABAA recep-
tor subunits, which are downregulated after monocular deprivation
for periods of 4 d (Huntsman et al., 1995; Hendry and Miller, 1996).
GABAA receptor subunits (Hendry and Miller, 1996), as well as
GAP-43 and SCG10 mRNAs, are expressed in relay neurons of the
LGN. This suggests that the relatively rapid changes occur in the
expression of molecules in relay neurons but that such changes are
delayed in the inhibitory interneurons of the LGN.

In the perigeniculate nucleus, the expression of both GAP-43 and
SCG10 mRNAs was retained even after monocular deprivation for
each period. This is consistent with the studies of GABA and GAD
immunoreactivities in the perigeniculate nucleus of monocularly
deprived monkeys, which are identical to the immunoreactivities
found in normal monkeys (Hendry, 1991). A previous study in cats
reported that perigeniculate neurons typically are binocular (Xue
et al., 1988). Thus, the present results indicate that monocular
visual input may be sufficient for expressing both GAP-43 and
SCG10 mRNAs as well as expressing GABA and GAD.
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