
A Protein Induced During Nerve Growth (GAP-43) 
Is a Major Component of Growth-Cone Membranes 

Growth cones are specialized structures that form the distal tips of growing axons. 
During both normal development of the nervous system and regeneration of injured 
nerves, growth cones are essential for elongation and guidance of growing axons. 
Developmental and regenerative axon growth is frequently accompanied by elevated 
synthesis of a protein designated GAP-43. GAP-43 has now been found to  be a major 
component of growth-cone membranes in developing rat brains. Relative to total 
protein, GAP-43 is approximately 12 times as abundant in growth-cone membranes as 
in synaptic membranes from adult brains. Immunohistochemical localization of GAP- 
4 3  in fiozen sections of developing brain indicates that the protein is specifically 
associated with neuropil areas containing growth cones and immature synaptic 
terminals. The results support the proposal that GAP-43 plays a role in axon growth. 

AP-43 IS ONE OF A SMALL GROUP 
, of axonally transported "growth- 
associated" proteins whose synthe- 

sis is increased 20- to 100-fold during suc- 
cessful regeneration of axons in the central 
nervous system (CNS) of nonmammalian 

vertebrates ( 1 4 )  and in peripheral nerves of 
mammals (5). In adult mammalian CNS 
pathways that do not regenerate, GAP-43 
synthesis and transport fails to increase be- 
yond low background levels in response to 
injury (5, 6). During mammalian CNS de- 

Fig. 1. A protein similar t o  toad GAP-43 in a 
growth-cone prcparation from fetal rat brain. 
Proteins in a growth-cone membrane fraction (A) 
wcrc compared with proteins from regenerating 
toad optic ncrvcs (1%). The gcls wcrc sil\.cr-stained 
and arc oricntcd with the acidic end to  thc left. 
Each gel containcd 80 p p  ol protein determined 
by the method of  I m v n  er a[. (31). Arrows 
indicate the position of toad GAP-43 as dcrcr- 
mincd by autoradiography of rapidly transported 
proteins and the corresponding protein spot in 
rhc rat growth-cone prcpararion. The homology 
of the rat protein with toad GAP-43 is suggcstcd 
by their comigrarion shown hcrc, by thclr abcr- 
rant behavior in SIX p l s  of  different acnlamidc 
conccntration, and by rccopnit~on of toad GAP- 
43 by an antibody raised against the rat brain 
protein (9). GAP-43 was namcd for its apparcnt 
molecular weight on  SDS-urea gels (43,000); in 
the gel system illusrratcd hcre, its apparcnt molcc- 
tilar nv-iohr i c  annr rwin ia r r lv  58 000 Thr markc 

-+- bv thcrr comlgrarlon shown hcrc, by thciqabcr- 
.d 

' - rant beha, lor In SIX p l s  of  d~ffcrent acwlam~dc 
. c r conccntratlon, and bv rccopnmon of toad GAP- 

% ,  91 43 k. an ant~bodv ralscd aga~nst the rat bram 
proteln (9). GAP-43 was namcd for ~ t s  apparcnt 

cr - 
* molecular a w g h t  on  SDS-urea gel9 (43.000). In 

the gel svrrcm ~llu~rratcd hcre, rrr apparcnt molcc- 
5 prn ular wc~ght  1s apprownatclv 58,000 The marks 

at thc right lndlcatc the porltlons of  molecular 
wcrght 5tandards: bovrnc serum albumm (68 kD), o\-alhum~n ( 4 3  N), and tnlpslnopen (25  kD).  (C) 
An clcctron m~crograph of  the grov th-conc prcparatwn shows ~t to be rclatnclv homogeneous and 
conslwng of particles w n ~ l a r  t o  those charactcr~ud hv Pfcnn~npcr et a1 (14) 

velopment, however, GAP-43 is initially 
synthesized at a high level throughout the 
brain; this synthesis declines with increasing 
age (6-9). The relation between high levels 
of GAP-43 synthesis and successll axon 
growth suggests that the protein might di- 
rectly participate in one or more steps in 
axon elongation or synapse formation. 

Many steps in axonal growth, including 
membrane addition and recognition of sub- 
strata and target cells, occur at specialized 
motile structures called "growth cones" (10- 
12). A possible association of GAP-43 with 
growth cones was suggested by the accumu- 
lation of newly synthesized GAP-43 in the 
distal segments df regenerating toad optic 
nerves (13). To further examine the subcel- 
Mar distribution of GAP-43 in the develop- 
ing CNS, we isolated growth cones from 
homogenates of fetal (embryonic day 18) or 
neonatal (day 3) rat brains by the discontin- 
uous sucrose gradient method (14). Brains 
were homogenized in a solution containing 
0.32M sucrose, 1 mM N-tris(hydroxymeth- 
y1)methyl-2-aminoethanesulfonate (TES) 
(pH 7.3), and 1 mM MgClz and centrifuged 
at 15008 for 15 minutes. The low-speed 
supernatant was layered onto a discontinu- 
ous sucrose gradient (steps of O.75,l.O, and 
2.66M sucrose in 1 mM of TES at pH 7.3 
and 1 mM of MgC12) and centrifuged at 
242,0008 for 40 minutes (Beckman VTi50 
rotor). The fraction at the interface of the 
load and the 0.75M sucrose step (growth 
cones) was recovered. Electron microscopic 
examination of this fraction (Fig. 1) showed 
that the isolated growth-cone preparation 
was essentially homogeneous, consisting of 
membrane-bound elements resembling 
those analyzed by Pfenninger et al. (14). 

Proteins in a crude membrane fiaction 
derived from the growth-cone preparation 
were compared by two-dimensional (2-D) 
gel electrophoresis with membrane proteins 
from regenerating toad optic nerves con- 
taining GAP-43. Portions of the growth- 
cone fraction were diluted to a ratio of 1 : 1 
with a lysis buffer consisting of 1 mM TES 
at pH 7.3, 1 mM MgC12, and 0.5 mM 
CaCI2, stirred 15 minutes on ice, and centri- 
fuged for 30 minutes at 100,0008 to recover 
membranes. The pellets were resuspended in 
1 mM TES at pH 7.3 with 1 mM MgCI2; 
portions for electrophoresis were brought to 
0.5% SDS and 5 mM dithiothreitol ( D m ) .  
To prepare the samples of regenerating 
nerves, toads (Buy% marinus) were anesthe- 
tized on ice, and their left optic nerves were 
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exposed intracranially and crushed with jew- 
elers' forceps near the point at which the 
nerve enters the cranium. Two weeks later 
the toads were again anesthetized, and their 
left eyes were injected with 400 pCi of 
[35S]methionine (Arnersham). M e r  4 to 6 
hours, the toads were killed, and their left 

optic nerves and right optic tracts were 
removed and homogenized in 10 mM tris at 
pH 7.5,s mM D'IT, and 5 mM EDTA. The 
membranes were pelleted as above and re- 
dissolved in 0.5% SDS and 5 mM D'IT. 
The samples for electrophoresis were heated 
to 95°C for 5 minutes, cooled, and mixed 

Fig. 2. Relative abundance of GAP-43 in growing and mature axon terminals. (A) Vignettes of 
Coomassie-stained gels showing the gel region containing GAP-43 from membrane fractions of 
growth-cone preparations, synaptosomes, and whole brains of fetal (EM), neonatal (3d), and adult 
(Ad) rats. Equal amounts of total protein were loaded onto each gel. (B) A whole Coomassie-stained 
gel of membrane proteins of a growth-cone fraction from 3-day-old rat brain shows that GAP-43 
(arrow) is one of the most abundant proteins in the fraction. (C) Computer-directed 2-D densitometric 
analyses of the GAP-43 spot. Growth cones were isolated from the brains of posmatal rats (3 days old). 
Synaptosomes were isolated from 3-day-old and adult rat brains as described by Carlin ct al. (32), and 
membrane fractions from these preparations were isolated as described for the growth-cone prepara- 
tions. A total of 120 kg of protein was applied to each gel. Two-dimensional electrophoresis was carried 
out as described in the text, except that ampholytes were used at pH 4 to 6 instead of at pH 5 to 7. Gels 
were &xed and stained with Coomassie blue, dried on clear cellophane and scanned with a computer- 
based 2-D densitometer. The absolute amount of GAP-43 on each gel was estimated by comparison of 
GAP-43 staining with the staining of known amounts of molecular weight marker proteins. 

with an equal volume of 8M urea, 10% 
nonidet-P40. and 5 mM D'IT. Two-dimen- 
sional electrophoresis was carried out essen- 
tially according to the method of O'Farrell 
(15). Samples were applied to isoelectric 
focusing gels (1.2-mm diameter tubes) con- 
taining 4% acrylamide, 0.21% bisacrylam- 
ide, 9M urea, 1.6% ampholytes (LKB In- 
struments) at p H  3.5 to 10, and 0.8% 
ampholytes atpH 5 to 7 and focused at 350 
V for 18 hours. SDS gel electrophoresis in 
the second dimension was on gels contain- 
ing a linear gradient of 5 to 15% acrylamide 
in the buffer system of Laernmli (16). Gels 
were first fixed and stained with Coomassie 
blue (17) and then silver stained (18). The 
position of authentic GAP-43 (1) was deter- 
mined by exposing the gel containing radio- 
active axonally transported toad proteins to 
x-ray film. A protein electrophoretically and 
antigenically similar to GAP-43 from the 
regenerating optic nerve of the toad is a 
major component of the growth-cone mem- 
brane preparation from the developing rat 
brain (Fig. 1). 

Coomassie-stained gels show that, as a 
proportion of total protein, GAP-43 is more 
abundant in growth-cone membranes and in 
immature synaptic membranes than in a 
crude partidate fraction from 3-day rat 
brain (Fig. 2A). The distribution of GAP- 
43 illustrated in Fig. 2A is typical of 11 
growth-cone and synaptosomal fraction- 
ations carried out with separate litters (5 to 
11 pups per litter; growth-cone fractions 
were isolated from 18-day fetal brains on 
only two occasions). ~ensitometric analysis 
of one of these preparations indicated ap- 
proximately six times as much GAP-43 in 
;he growth-cone preparation as in a crude 
membrane fraction from the neonatal brain. 
GAP-43 is among the most abundant pro- 
teins detectable in growth-cone membranes 
by silver or Coomassie staining (Figs. 1 and 
2B). When 120 pg of protein from growth- 
cone membranes is applied to a gel, the 
extent of Coomassie staining of the GAP-43 

'2 

spot is consistent with the presence of at 
least 1 to 2 pg of protein, which suggests 
that GAP-43 constitutes more than 1% of 
the total growth-cone membrane protein. 

Immunohistochemical localization of 
GAP-43 is also consistent with a specific 
association of the protein with growtkcones 
in the developing brain. We have localized 
GAP-43 in light microscopic sections of 
neonatal rat b i in .  In earlv wstnatal devel- 

J A 

opment, GAP-43 immunoreactivity is local- 
ized to very fine irregular profiles in a 
number of CNS structures. including the 

'2 

retinal recipient layers of the superior collic- 
ulus and the molecular layer of the dentate 
gyrus (Fig. 3A). In the dentate gyrus, GAP- 
43 immunoreactivity is pronounced at post- 
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natal dav 10, which is also a time of prolific , , 

ingrowth of axons and synaptogenesis in 
this region (19). Little immunoreactivity 
could be detected in control sections reacted 
with antiserum that had been absorbed with 
purified GAP-43 (Fig. 3B). The presence of 
GAP-43 specifically within neuropil areas 
undergoing axon ingrowth and synapse for- 
mation is consistent with the biochemical 
evidence that the protein is predominantly 
associated with growth cones and immature 
synaptic endings. 

GAP-43 can be detected in 2-D gels of 
membrane proteins from adult rat brains, 
although less is synthesized than in neonatal 
brains (9). The small amount of GAP-43 in 
adult brains appears to be concentrated in 
the synaptic membranes of mature axon 
terminals (Fig. 2A). We used a computer- 
based 2-D densitometric analysis (Micro- 
scan 1000, Technology Resources, Nash- 
ville, TN) to measure the abundance of 
GAP-43, relative to total protein, in 
growth-cone and synaptic membrane frac- 
tions from 3-day brains and in synaptic 
membranes from adult brains. Growth-cone 
membranes from 3-day-old rats contained 
4.5 * 1.2 (SEM) times as much GAP-43 
per unit of total protein as synaptic mem- 
branes from 3-day brain (n = 3) and 12 + 5 
times as much as from adult synaptic mem- 
branes (n = 3), which suggests that the 
transition from the growth cone to the 
immature synaptic terminal is accompanied 
by a decrease in GAP-43 abundance that 
continues as synapses mature. 

Quantitative comparisons of GAP-43 
must be corrected to account for differences 
in protein and membrane content between 
growth cones and synaptosomes. Growth- 
cone membranes have less protein per unit 
of membrane [probably an amount similar 
to the protein content of myelin (20), at 
least 25% protein by weight] than synapto- 
soma [approximately 55% protein (21)l. 
However, growth cones are much larger 
than synaptic terminals and typically contain 
extensive internal membranes (14, 20). Iso- 
lated growth cones, for example, have ap- 
proximately twice the mean diameter of 
isolated synaptosomes (20), which indicates 
a surface area four times as large. These 
considerations suggest that the concentra- 
tion of GAP-43 per unit membrane is ap- 
proximately six times as great in growth 
cones as in mature synaptic terminals, while 
the total amount of GAP-43 in a typical 
growth cone is on the order of 20 times as 
great as in a typical synaptic terminal. 

The consistent pattern of GAP-43 induc- 
tion during axon regeneration and develop- 
ment (1-9) and the abundance of GAP-43 
in growth-cone membranes suggests that it 
may participate directly in some aspect or 

aspects of axonal growth. The presence of 
GAP-43 in mature synaptic terminals raises 
the possibility that it may participate in 
synaptic functions as well. We show else- 
where (9) that GAP-43 is electrophoretically 
identical to and antigenically similar to B- 
50, a preferred substrate for protein kinase 
C in synaptic terminals (22,23). More phos- 
phorylation of an electrophoretically similar 
protein by an endogenous kinase occurs in 
growth cones than in mature synaptosomes 
(9, 24, 25). That GAP-43 can often be 

Fig. 3. Light microscopic immunohistochemical 
localization of GAP-43 in neonatal rat hippocam- 
pal formation ( X  100). A specific rabbit antiserum 
was made against rat GAP-43 isolated from pre- 
parative 2-D gels and used to localize GAP-43 in 
frozen sections of neonatal rat brain. Unfixed 
sections were cut at 10 pm in a cryostat and 
precipitation-fixed in 2 : 1 chloroform:methanol. 
Sections were then incubated in a 1 : 100 solution 
of H202 and methanol to block endogenous 
peroxidase activity. GAP-43 immunoreactivity 
was visualized by using standard peroxidase-anti- 
peroxidase methods (33), with 3,3'-diaminoben- 
zidine used as the chromagen. The primary antise- 
rum dilution was 1: 500. These are dark-field 
photomicrographs of the dentate gyms of a 10- 
day-old rat pup. (A) GAP-43 immunoreactivity is 
specifically localized to the molecular (M) or 
neuropil layers of the dentate gyms, which are 
undergoing pronounced synaptogenesis at this 
age. No significant immunoreactivity is present in 
the granular (G) layers or hilus (H) of the dentate 
gyms. (B) Adjacent control sections, which were 
reacted with antiserum to GAP-43 that had been 
absorbed with purified GAP-43 protein, show no 
immunoreactivity. Cell bodies in the granular 
layer are visible under dark-field in both experi- 
mental and control sections because of counter- 
staining of the sections with cresyl violet. 

resolved into two overlapping spots on 2-D 
gels (Fig. 2C) may reflect different states of 
phosphorylation of the protein. These re- 
sults are interestihg in light of the associa- 
tion of protein kinase C activation with 
stimulation of secretion, including neuro- 
transmitter release at svnavtic terminals , L 

(26), and with some steps in the regulation 
of cellular growth and transformation (27). 

If GAP-43 participates in axon growth, 
GAP-43 expression could be an important 
site for the control of nerve regeneration 
after injury to the adult nervous system. 
When mature axons are severed, the GAP- 
43 concentrated in axon terminals must be 
lost as the distal portions of the axons 
degenerate. Because GAP-43 synthesis de- 
clines during maturation of the CNS (4-6, 
9), injured neurons in adults might require 
increased GAP-43 synthesis in order to sup- 
ply the amount of GAP-43 found in func- 
tional growth cones. Failure to increase 
GAP-43 synthesis after injury seems to dis- 
tinguish abortive from successll regenera- 
tion (1-6). Injured axons in the mature 
mammalian CNS form terminal exvansions 
resembling growth cones morphologically, 
but they fail to elongate (28, 29). We sug- 
gest that these "growth cones" are deficient 
in at least one major protein, GAP-43, and 
that this deficiency could limit the ability of 
the injured axons to regenerate. 

Note added in pro$ Meiri et al. (30) also 
have recently reported that GAP-43 is a 
major component of growth-cone mem- 
branes isolated from neonatal rat brains and 
have localized the protein to growth cones 
and elongating neurites of neurons in vitro. 
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Chromosome Y-Specific DNA Is Transferred to the 
Short Arm of X Chromosome in Human XX Males 

Y-chromosomal DNA is present in the genomes of most human XX males. In these 
cases, maleness is probably due to the presence of the Y-encoded testis-determining 
factor (TDF). By means of in situ hybridization of a probe (pDP105) detecting Y- 
specific DNA to metaphases from three XX males, it was demonstrated that the Y 
DNA is located on the tip of the short arm of an X chromosome. This finding supports 
the hypothesis that XX maleness is frequently the result of transfer of Y DNA, 
including TDF, to a paternally derived X chromosome. 

I N MAMMALS, SEX IS DETERMINED BY 

the presence or absence of the Y chro- 
mosome; males have a Y chromosome 

while females do not. One or more genes on 
the Y chromosome Induces the und~fferentl- 
ated gonad to become a testls, subsequent 
steps In sex d~fferent~at~on are the result of 
the actlon of hormones The gene(s) respon- 
s~ble for testlcular determmat~on has been 
termed the "tests-determin~ng factor" 
(TDF) (1 ). The b~ochem~cal nature of TDF 

is unknown, but the gene has been localized 
to the short arm of the human Y chromo- 
some (2-3). 

Testes occasionally occur in the apparent 
absence of a Y chromosome. "XX males" are 
sterile men with small testes and an other- 
wise near-normal phenotype (4). Testicular 
differentiation in XX males might occur 
because of the presence of TDF in their 
genomes. To account for the acquisition of 
TDF and the anomalous inheritance of the 

Table 1. Grain counts after in situ hybridization of probe pDP105 to metaphase chromosomes from 
nvo normal 46,XY males and thee  46,XX males. For the normal males and XX male LGL115, the 
metaphases were obtained from phytohemagglutinin-stimulated 3-day cultures of whole blood. For XX 
males LGL105 and WHT950, the metaphases were from Epstein Barr virus-transformed lymphoblas- 
toid cell cultures. The metaphases were spread on microscope slides and hybridized with nick-translated 
probe DNA according to standard techniques (16). The air-dried chromosome preparations were 
denatured in 70% formamide, 0.3M NaCI, and 0.03M sodium citrate for 2 minutes at 70°C and 
hybridized in 50% formamide, 0.3M NaCI, 0.03M sodium citrate, and 10% dextran sulfate for 12 
hours at 40°C with the %-labeled probe (specific activity 9 x countlmin per microgram of DNA) 
at a concentration of 30 to 40 ngiml. After hybridization, the slides were rinsed in 50% formamide, 
0.3M NaCI, and 0.03M sodium citrate at 39°C. The slides were coated with Kodak NTB emulsion, 
developed after 5 to 14 days of exposure and stained with 0.25% Wright's stain (Gurr, BDH Chemicals 
Ltd. Poole, England). The metaphases were photographed and the analysis of grain distribution was 
made on the photographic print. In an alternative method, the slides were first stained with quinacrine 
hydrochloride (17) and suitable cells photographed. The slides a w e  then rinsed in water and stained 
with Wright's stain. The distribution of the grains was .determined by marking the localization of the 
grains as seen in the microscope on the photomicrographs showing Q-banding. Clusters ofgrains were 
counted as one grain. 

Num- Number of grains Number of cells with at 

Individual ber of least one grain 
mi- 

toses Total On Y (%) On Xp22 (%) On Y (%) On Xp22 (%) 

Normal male 1 28 174 33 (19) 2 (1) 23 (82) 
28 200 36 (18) 2 (1) 20 (71) 

2 (7) 
Normal male 2 

164 
2 (7) 

XX male LGL105 3 1 14 (9) 13  (42) 
XX male LGL115 28 110 24 (22) 19 (68) 
XX male UTHT950 5 2 224 37 (17) 34 (65) 

X-linked blood group Xg in many XX males, 
it has been suggested that an aberrant X-Y 
interchange occurred during meiosis in the 
fathers ( 5 ) .  

The results of recent studies support the 
X-Y interchange hypothesis. As determined 
with X-linked restriction-fragment length 
polymorphisms, most if not all XX males 
indeed have one maternally derived and one 
paternally derived X chromosome (6). Di- 
rect evidence of X-Y exchange was provided 
by an XX male who expressed his father's 
allele for 12E7, a Y-linked marker, but failed 
to express his father's allele for Xg (7. When 
the genomes of 19 XX males were tested for 
the presence of 23 Y-specific restriction frag- 
ments, 12 of the males were found to have 
one or more of these DNA segments, while 
seven had none (3, 8) .  The TDF gene is 
probably close to these anonymous Y-specif- 
ic DNA sequences present in the majority of 
XX males. However, the chromosomal loca- 
tion of the Y-derived DNA in those XX 
males is not known. The in situ hybridiza- 
tion experiments reported here were de- 
signed to answer this question. 

The hybridization probe we used is 
pDP105, which detects a Y chromosome- 
specific family of DNA sequences (9). By 
the smdy of XX males, XYp- females, and 
XYq- males, it has been determined that 
most sequences homologous to pDP105 are 
found on Yp (and are present in some XX 
males), while other homologous sequences 
are found on Yq (1 0). There is no hybridiza- 
tion to female DNA at moderate stringen- 
cies. 

For this study, we selected three XX males 
(LGL105, LGL115, and WHT950) (11) 
whose genomic DNA hybridized with 
pDP105 in Southern blotting experiments. 
To substantiate the normal chromosomal 
localization of pDPlO5 sequences, we also 
studied two normal 46,XY males. 

Probe pDP105 was hybridized to meta- 
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