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The growth-associated phosphoprotein GAP-43 is a com- 
ponent of the presynaptic membrane that has been linked 
to the development and functional modulation of neuronal 
connections. A monospecific antibody raised against rat GAP- 
43 was used here to study the distribution of the protein in 
cortical and subcortical areas of the human brain. On West- 
ern blots, the antibody recognized a synaptosomal plasma 
membrane protein that had an apparent molecular weight 
and isoelectric point similar to GAP-43 of other species. In 
brain tissue reacted with the antibody, the heaviest immu- 
noreactivity was found in associative areas of the neocortex, 
particularly within layers 1 and 6, in the molecular layer of 
the dentate gyrus, the caudate putamen, and the amygdala. 
In contrast, primary sensory or motor regions of the cortex, 
portions of dorsal thalamus, and cerebellum showed only 
light staining. Staining was generally confined to the neu- 
ropil, which showed punctate labeling, whereas most neu- 
ronal somata and fiber bundles were unreactive. The pro- 
nounced variations in GAP-43 immunostaining among various 
areas of the human brain may reflect different potentials for 
functional and/or structural remodeling. 

Functional plasticity in the mammalian brain appears to involve 
both pre- and post-synaptic mechanisms. In the rat hippocam- 
pus, long-lasting changes in synaptic efficacy that result from 
high-frequency stimulation of the perforant pathway require 
activation of postsynaptic N-methyl-D-aspartate (NMDA) glu- 
tamate receptors (Collingridge et al., 1983) and are also asso- 
ciated with persistent increases in the level of excitatory neu- 
rotransmitter released from presynaptic endings (Bliss et al., 
1986). The presynaptic changes may involve the phosphoryla- 
tion of one or more protein kinase C (PKC) substrates since 
manipulations of PKC with phorbol esters can either mimic, 
enhance, or prevent long-term potentiation (LTP) (Akers et al., 
1986; Malenka et al., 1986). 
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One PKC substrate that appears to play a role in synaptic 
plasticity is the neuron-specific, growth-associated phosphopro- 
tein GAP-43 (Fl, B-50, pp 46) (Akers and Routtenberg, 1985; 
Lovinger et al., 1985; Snipes et al., 1987). When neuronal con- 
nections are first being established, this protein is synthesized 
at high levels and transported to growth cones and immature 
synapses (Skene and Willard, 198 la, b; Benowitz and Lewis, 
1983; Katz et al., 1985; Meiri et al., 1986; Perrone-Bizzozero 
et al., 1986; Skene et al., 1986). Although most neurons cease 
to express high levels of GAP-43 after establishing mature syn- 
aptic relationships (Skene and Willard, 198 la, b; Benowitz and 
Lewis, 1983; Katz et al., 1985; Jacobson et al., 1986; Meiri et 
al., 1986; Skene et al., 1986; Baizer and Fishman, 1987), certain 
subsets of nerve cells continue to express the gene (Neve et al., 
1987, 1988) and convey the protein to their presynaptic ter- 
minals (Gispen et al., 1985; Kristjansson et al., 1986; Benowitz 
et al., 1988; McGuire et al., 1988) throughout life. In at least 
one site where the protein persists in the mature CNS, the rat 
hippocampus, changes in its phosphorylation state have been 
found to correlate highly with the intensity and duration of LTP 
(Akers and Routtenberg, 1985; Lovinger et al., 1985; Snipes et 
al., 1987). These observations have led to the suggestion that 
phosphorylation of GAP-43 may be associated with alterations 
in membrane activity or structure similar to those that take 
place during development (Nelson and Routtenberg, 1985; 
Routtenberg, 1985; Jacobson et al., 1986; Pfenninger, 1986; 
Benowitz and Routtenberg, 1987). 

In view of the possible role of GAP-43 in synaptic plasticity, 
we have used a monospecific antibody to identify regions of the 
adult human brain that contain high levels of this protein. Our 
results demonstrate striking regional variations in the distri- 
butional pattern of GAP-43, with high concentrations in parts 
of the associative neocortex and the hippocampus but low levels 
in primary sensory or motor areas of cortex and in much of the 
brain stem. 

Materials and Methods 

Antibodies. Antibodies against purified GAP-43 were raised in sheep as 
described (Neve et al., 1987; Benowitz et al., 1988). Cross-reactivity of 
the affinity-purified IgG fraction with human GAP-43 is described be- 
low. 

Tissue. Brain tissue was dissected from 3 individuals, a 64-year-old 
female (postmortem interval, PM1 = 9 hr, B1042), a 56-year-old male 
(PM1 = 12.5 hr. B1047). and a 52-vear-old male (PM1 = 2 hr. B1154). 
All subjects were free of any known neurological defect. Tissue was 
obtained with familial consent under the protocols of the McLean Hos- 
pital Brain Tissue Resource Center. Cortical areas dissected included 
the primary somatosensory cortex (Brodmann area 1, Al), motor cortex 
(A4), frontal cortex (A10 and/or Al l), striate cortex (A17), peristriate 
cortex (A 18 or A 19), inferior temporal cortex (A20), cingulate gyrus 
(A24), parahippocampal gyrus (A28), supramarginal gyrus (A40), in- 
ferior precentral region (A44), and hippocampal region; also included 
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were the caudate putamen, amygdala, dorsal thalamus, hypothalamus, 
and cerebellum. Tissue blocks, with volumes of approximately 0.5-l 
cm3, were immersion-fixed in 4% paraformaldehyde buffered with 0.1 
M phosphate, pH 7.4 (PBS), at 0°C overnight, cryoprotected with buff- 
ered 30% sucrose (0°C for 2 d), and stored at -70°C prior to sectioning. 
Unfixed tissue was also taken from several cortical regions and frozen 
immediately to - 70°C for gel electrophoretic analysis of proteins. 

Immunocytochemistry. Sections were cut at 40 pm intervals on the 
freezing stage of a sliding microtome (n = 2) or on a cryostat (-23°C) 
and stored for up to 2 weeks in PBS containing 0.1% NaN,. Cortical 
sections were taken to include all laminae plus some underlying white 
matter. In the principal series to be analyzed, sections from all brain 
regions were processed together in the same 50 ml tubes. Free-floating 
sections were reacted for 30 min in CH,OH containing 1% H,O, to 
inhibit endogenous peroxidase activity, washed 3x in PBS, blocked 
with 20% normal rabbit serum (NRS) 30 min, and then incubated for 
l-2 d with either neutral sheep serum, l/2000, as a control, or sheep 
anti-GAP-43 serum (affinity-purified IgG fraction) at l/2000. Sections 
were rinsed 3 times, including once overnight, in PBS containing excess 
NRS (10%) NaCl(1.8%), and Triton X-100 (0.7%) in order to optimize 
elution of nonspecifically bound primary antibodies. Sections were then 
incubated with a biotinylated secondary antibody to sheep IgG made 
in rabbit (l/250, 1 hr), washed 3x in PBS (+2% BSA, 0.3% Triton 
X-100, 1% NRS), and then reacted with avidin-biotin complex con- 
jugated to HRP according to the manufacturer’s specifications (Vector 
Labs, Burlingame, CA). HRP was visualized using 0.5% diaminoben- 
zidine and 0.01% H20, in 50 mM Tris-HCl (pH 7.5) for 5 min. Sections 
were mounted onto chrom-alum-subbed slides, dehydrated, and cov- 
ered. 

Two-dimensional gel electrophoresis of synaptosomal plasma mem- 
brane proteins. Direct comparison of GAP-43 levels in different brain 
regions was achieved by examining the proteins present in synaptosomal 
plasma membrane (SPM) fractions by 2-dimensional gel electropho- 
resis. Starting with unfixed, freshly dissected segments of cortical tissue, 
0.2-0.4 cm), containing all 6 cortical layers but minimizing the amount 
ofwhite matter, SPM fractions were prepared using a slight modification 
of the protocol of Whitaker and Greengard (197 1). Tissue was homog- 
enized in 0.32 M sucrose buffered to pH 7.4 with 0.1 M Tris containing 
5 mM EGTA, 5 mM MgCl,, aprotinin, and leupeptin (0°C). The ho- 
mogenate was centrifuged at 1000 x g 10 min, the supematant recen- 
trifuged at 17,000 x g for 30 min, the P2 pellet lysed in hypotonic 
buffer (with trituration), and the lysate layered onto a discontinuous 
sucrose gradient. Material collected after a 54,000 x g2 hr centrifugation 
at the 0.6/ 1.2 M sucrose interface was diluted, recentrifuged, resuspended 
in 10 mM Tris, pH 7.4/5 mM EGTA/S mM MgCl,, and the amount of 
protein determined by the method of Lowry (Lees and Paxman, 1972). 
SPM protein, 100 fig, from each of 5 cortical areas was separated on 
isoelectric focusing gels (pH 4.1-6.8) then separated in the second di- 
mension on 5-l 5% linear gradient SDS-polyacrylamide gels (Benowitz 
and Lewis, 1983). Proteins were visualized using the reduced silver 
staining method (Oakley et al., 1980). 

Western blots. An SPM fraction was prepared from freshly dissected 
cortical tissue and the proteins separated by 2-dimensional gel electro- 
phoresis as above. Proteins were transferred electrophoretically from 
the 2-D gel to nitrocellulose membrane (0.22 pm, 250 mA, 15 hr) with 
0.1% SDS present in the transfer buffer (Meiri et al., 1986). Blots were 
incubated with an excess of rabbit serum to block nonspecific binding 
of IaGs. then reacted with sheen anti-GAP-43 IaG at a l/1000 dilution. 
Binding of the primary antibody was visualized-using a rabbit antibody 
to sheep IgG conjugated to HRP and 4-chloronaphthol as a chromagen. 
To verify further that the antibody did not cross-react with any other 
proteins not visualized on the 2-D gel transfers, 75-100 Kg of total brain 
protein and SPM protein were separated on 1-D SDS polyacrylamide 
gels, transferred electrophoretically, and probed with either the anti- 
GAP-43 IgG fraction or neutral sheep serum at similar concentrations 
(l/2000). 

Results 
As shown in Figure 1 a, the anti-GAP-43 antibody reacted with 
a protein in the SPM fraction from human cortex that had an 
apparent molecular weight (- 5 1 kDa) and isoelectric point 
(- 4.7) similar to GAP-43 of other species (Jacobson et al., 
1986; Meiri et al., 1986; Perrone-Bizzozero et al., 1986). The 

slightly higher molecular size of the human protein relative to 
GAP-43 of rodents is at least partially explained by the primary 
sequence data (Kosik et al., 1988; Ng et al., 1988). On 1-D gel 
Western blots of total brain protein or SPM fraction, this 51 
kDa protein was the only band recognized by the antibody (data 
not shown). In brain tissue reacted with the anti-GAP-43 IgG, 
a granular pattern of staining was seen in the neuropil (Fig. 1 b), 
which varied greatly in intensity between different regions and 
laminae (Fig. lc). Most cell bodies and fiber tracts were un- 
reactive, although stained somata were occasionally observed 
in some regions (Fig. lc). In cortex, these were usually deep- 
lying pyramidal cells. Case B 1154, however, showed no cellular 
staining anywhere. Conceivably, the presence of positively 
staining somata in some cases but not others may parallel the 
aging-related accumulations of the protein visualized in the aging 
rat brain (Oestreicher et al., 1987). Control sections reacted with 
preimmune whole sheep serum instead of the affinity-purified 
anti-GAP-43 IgG showed no immunostaining at all (Fig. Id). 
As another control, parallel experiments carried out in the rat 
showed that preabsorption of the anti-GAP-43 antibody with 
a 1 OO-fold excess of purified GAP-43 eliminated almost all im- 
munoreactivity (Benowitz et al., 1988). 

In the cerebral cortex, the intensity of GAP-43 immuno- 
staining was generally low in primary sensory and motor areas, 
but quite intense in associative regions. As shown in the top 
row of Figure 2, staining was low in primary somatosensory 
cortex (a), somewhat higher, but still quite modest, in striate 
cortex (b), and low in motor cortex (c). Within the sensory areas, 
the highest levels of staining were generally seen in layer 1, layer 
6, or both. Associative areas of the cerebral cortex, several of 
which are represented in the middle row of Figure 2, showed 
considerably denser staining. Staining in these areas sometimes 
included laminae other than 1 and 6, as in the cingulate cortex 
(Fig. 2d) and supramarginal gyrus (A40, Fig. 2f), or was ex- 
tremely dense in layer 6, as in the inferior temporal cortex (Area 
20, Fig. 2e). The hippocampal region showed heavy staining in 
the molecular layer (Mol, Fig. 2g) of the dentate gyrus, and 
modest staining in the stratum lacunosum moleculare (LMol) 
of the CA1 field. The caudate putamen showed intense im- 
munoreactivity in the neuropil but none in the perforating white 
matter (Fig. 2h). Dense staining was likewise found in the amyg- 
dala and in portions of the medial hypothalamus (not shown). 
The cerebellum (Fig. 2i) and a portion of the thalamus sampled 
(not shown) showed only light staining. The other 2 brains stud- 
ied showed regional variations similar to those shown in Figure 
2 (B1047). 

To confirm that the regional differences in GAP-43 immu- 
nostaining accurately reflected variations in the levels of the 
protein, synaptosomal plasma membranes from several cortical 
areas were analyzed by 2-D gel electrophoresis. As shown in 
Figure 3, the inferior temporal cortex (Area 20) showed high 
concentrations of GAP-43, whereas the striate cortex (Area 17) 
showed very little. Low levels were also seen in SPM from 
peristriate cortex (Al 8) and motor cortex (A4), while the or- 
bitofrontal cortex (Al 1) showed intermediate levels (not shown). 
Unlike GAP-43, most other SPM proteins seemed to be present 
at similar levels in different regions (Fig. 3). 

Discussion 

These results demonstrate striking regional variations in the 
distribution of GAP-43 in the human brain. Of particular in- 
terest are the pronounced differences between primary sensory 
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Figure I. GAP-43 in the human brain. 
a, The synaptosomal plasma mem- 
brane fraction from the cortex includes 
a highly acidic protein, M, = 51 kDa, 
which cross-reacts on Western blots with 
an antibody made in sheep against rat 
GAP-43 (arrow). Apparent molecular 
weights (in kilodaltons) are indicated 
on the abscissa, and the isoelectric point 
of GAP-43 is on the ordinate. b, Im- 
munohistochemical localization of 
GAP-43 in the inferior temporal cor- 
tex. Note punctate staining in neuropil 
and absence of staining in pyramidal 
cell bodies. c, Immunostaining for GAP- 
43 in striate cortex. Note lamination 
and occasional stained somata in layer 
3. d, Control section from identical re- 
gion of striate cortex stained with neu- 
tral sheep serum (l/2000) substituted 
for immune serum. Open arrows point 
to faint outline of section (photo print- 
ed at twice the density of c). 

and motor areas, on the one hand, which showed low levels of 
GAP-43, and certain associative cortical regions and the hip- 
pocampus, which showed dense immunostaining. High levels 
of GAP-43 were also seen in certain subcortical structures, in- 
cluding the caudate putamen, amygdala, and medial hypothal- 
amus, whereas the cerebellum and one region of dorsal thalamus 
sampled showed only low levels. 

At the cortical level, several major differences are apparent 
between the distributional patterns of GAP-43 in rat and man. 
As recently described (Benowitz et al., 19SS), the rat cortex 

shows a laminar distribution of GAP-43 that is qualitatively 
similar to that found here, as well as some overall variations in 
immunostaining across cytoarchitectonic areas. However, these 
are not nearly as striking as the present findings in the human 
cortex, where staining density varies from very faint in parts of 
somatosensory or motor cortex, to extremely dense in certain 
associative areas (e.g., frontal, inferior temporal, temporoparie- 
tal regions). These differences are likely to reflect a greater re- 
gional specialization in the human cortex for associative func- 
tions. Another interspecific difference is that, whereas 

Figure 2. Regional variations in GAP-43 immunoreactivity. Primary sensory and motor areas of cortex are shown in top row: a, primary 
somatosensory cortex (Al); b, visual (striate) cortex (A17); c, motor cortex (A4). Associative areas are shown in middle row: d, cingulate cortex 
(A24); e, inferior temporal region (A20); f ;  supramarginal gyrus of the temporoparietal region (A40). Bottom row: g, the hippocampal region; h, 
caudate putamen; and i, cerebellum. 1-6 refer to cortical layers 1-6; CAl, Ammon’s horn, field 1; Mel, molecular layer; CC, granule cells; LMoZ, 
stratum lacunosum moleculare; Hil, hilus. Arrow in e indicates a reproducible discontinuity in layer VI staining that may correspond to a 
cytoarchitectonic boundary within Area 20. 
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Figure 3. Synaptosomal plasma 
membrane proteins from the striate 
cortex (Area 17) and inferior temporal 
cortex (Area 20). Proteins were sepa- 
rated by 2-dimensional gel electropho- 
resis and stained with the reduced silver 
method as described in the text. Arrow 
points to GAP-43, recognized by its 
electrophoretic migration position on 
the Western blot (Fig. la). 

immunostaining in the rat dentate gyrus is restricted to the inner 
third of the molecular layer, the whole width of this layer is 
darkly stained in the human dentate. In addition, the dendritic 
fields of the human hippocampal CA 1 region show a moderately 
dark staining but are lighter than the dentate, while the rat shows 
the opposite pattern. Below the level of the cerebral cortex, 
however, the distribution of GAP-43 in the human brain ap- 
pears to resemble that found in rat (Benowitz et al., 1988). In 
the rat, high levels of GAP-43 were found in a continuum of 
subcortical structures that included the anterior olfactory nu- 
cleus, olfactory tubercle, caudate putamen, nucleus accumbens, 
amygdala, bed nucleus of the stria terminalis, preoptic area, and 
medial hypothalamus, and the few subcortical areas sampled 
from human brain showed the same pattern. In contrast, stain- 
ing was not seen in the rat brain in cerebellum or in ascending 
relay nuclei of sensory-specific information or in motor areas. 
It has been proposed that these latter areas may have synaptic 
relationships that become relatively “hard-wired” at some early 
point in development (Benowitz et al., 1988). 

In the rhesus monkey, Nelson et al. (1987) reported marked 
variations in GAP-43 (Fl) phosphorylation in different visual 
processing areas of the cortex, with low levels in striate and 
extrastriate cortex and considerably higher levels in the inferior 
temporal region (see Benowitz and Routtenberg, 1987, and Snipes 
et al., 1987, for the equivalence of GAP-43 and protein Fl). 
This finding had suggested that in the visual system, the protein 
may be associated primarily with integrative areas that are pu- 
tative sites of information storage. Although it could not be 
concluded whether those regional differences reflected varia- 
tions in levels of the protein per se (rather than, for example, 
levels of the kinase, cofactors, or phosphatase), the present stud- 
ies indicate that they are likely to represent variations in the 
concentrations of GAP-43 itself similar to the general pattern 
found here in the human cortex. Hence, marked regional vari- 
ations in GAP-43 levels between associative and primary sen- 
sory or motor areas of the cortex are likely to be a conserved, 
general feature of the primate brain. 

With regard to the cells that give rise to the GAP-43-rich 
terminals, the use of radiolabeled cDNA probes to the human 
GAP-43 gene has revealed highest concentrations of GAP-43 
mRNA in the same associative cortical areas that were found 
here to contain high levels of the protein (Neve et al., 1987, 
1988). Thus, the regional variations observed in the present 

study are likely to be regulated at the level of gene transcription. 
By in situ hybridization, cortical neurons with highest levels of 
GAP-43 mRNA were localized in layer 2 (Neve et al., 1988) 
and appear to coincide with the small pyramidal cells that give 
rise to local intracorticalassociations (Szenthagothai, 1979; Lund 
et al., 1985). In the hippocampus, pyramidal cells in the CA1 
and CA3 fields were also seen by in situ hybridization to express 
appreciable levels of the mRNA. Hence, the GAP-43-rich nerve 
terminals of the cortex and hippocampus seem primarily to 
represent presynaptic endings of locally projecting pyramidal 
cells. The source of GAP-43 in most subcortical areas has not 
yet been established, although in at least one subcortical area, 
the caudate putamen, it is also likely to arise from cortical 
neurons, since GAP-43 mRNA levels are low in the neurons of 
the caudate putamen itself (Neve et al., 1987, 1988). 

In the rat brain, the distribution of GAP-43 in many respects 
parallels the distribution of several molecules that have been 
implicated in the postsynaptic triggering of LTP, including the 
NMDA receptor and Caz+-calmodulin (Ca-CM) kinase II. Like 
GAP-43, these molecules are particularly abundant in layer 1 
of cortex, the caudate putamen, and the CA1 field of the hip- 
pocampus, while being present at considerably lower levels in 
most of the brain stem (Ouimet et al., 1984; Monaghan and 
Cotman, 1985; Benowitz et al., 1988). However, some differ- 
ences exist, e.g., in the preoptic area and hypothalamus, where 
GAP-43 levels are relatively high but Ca-CM kinase and NMDA 
receptors are low (Ouimet et al., 1984; Monaghan and Cotman, 
1985; Benowitz et al., 1988). Despite these differences, parallels 
that do exist suggest the intriguing possibility that presynaptic 
changes in the phosphorylation of GAP-43 may function as part 
of a transsynaptic mechanism which also requires postsynaptic 
activation of the NMDA receptor and Ca-CM kinase II (Linden 
et al., 1987). Whether the parallel distribution of GAP-43, Ca- 
CM kinase II, and NMDA receptors likewise occurs in the hu- 
man brain remains to be established. In any case, the striking 
association of GAP-43 levels with synaptic development, to- 
gether with the correlation between GAP-43 (Fl) phosphoryl- 
ation and synaptic plasticity, suggest that the GAP-43-positive 
synapses visualized here may be capable of undergoing func- 
tional or even structural remodeling in response to physiological 
activity patterns. If this were the case, our results would imply 
that certain portions of the adult human brain, including the 
associative neocortex and hippocampus, may retain more of a 
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capacity for synaptic remodeling than the primary sensory cor- 
tices, motor cortex, or much of the brain stem. 

scopic immunolocalization of the growth and plasticity-associated 
protein GAP-43 in the developing rat brain. Dev. Brain Res. 41: 277- 
291. 
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