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The concept of learning and memory is a
neurological process believed to reside in the
nervous
of living organisms. In
particular; the growth-associated protein,
GAP-43, has been shown to alter its state
of phosphorylation via a protein kinase C
mediated reaction following
potentiation, a
of learning and
memory. Most recent studies of GAP-43 in
goldfish (Carassius auratus L.)
on its
in
or !1p,\,plrtrl1Ylrr
optic nerves. The present
seeks to
determine the existence of GAP-43 in the
goldfish brain by Western blotting with
commercially available antibodies and
secondly, quantify phosphorylated
isoforms of GAP-43 before and after
active avoidance training.

Introduction
Physiological and biochemical changes
occurring in the brain following a
learning task have mostly
inferred
through data stemming from the
induced process of long-term
potentiation (LTP). LTP is defined as a
prolonged enhancement of
following
high
frequency stimulation to
fiber
tracts in associative regions of brain
and
(Bliss and Lomo, 1973;
Collingridge, 1993). Biological
mechanisms responsible for such
changes in this model purportedly
mimic in vivo changes underlying the
natural process of learning and memory
in many species including humans (Bliss
and Collingridge, 1993; Derrick and
Martinez, 1994).
Well established LTP induced
alterations in synaptic activity observed
in the perforant pathway of the
hippocampus and in the parietal and
temporal regions of the cerebral cortex
include sustained release of glutamate
from pre-synaptic terminals resulting in
heightened activation of the postsynaptic AMPA and NMDA
glutamatergic receptors and subsequent
formation of intracellular second
messenger molecules (reviewed in Bliss
and Collinridge, 1993). Induction of
LTP is regulated by kinase mediated
phosphorylation of glutamate receptor
protein subunits, whereas maintenance
of LTP is dependent on production and
retrograde diffusion of nitric oxide
(Wang and Feng, 1992). Pre-synaptic
protein kinase C activity controlled by a
nitric oxide mediated reaction increases
phosphorylation of the growth
associated protein, GAP-43 (Akers et. al.
1986; Leahyet. al., 1993; Lovinger et.
aL, 1985). Phosphorylated GAP-43 has
been shown to dissociate from the
calcium-binding protein, calmodulin,
allowing for calcium accumulation
inside the pre-synaptic element
(Alexander et. al, 1987). Thus, sustained
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elevated intracellular calcium is believed
to mediate increased transmitter release
for prolonged periods of time
establishing the phenomenon of LTP
The degree
nitric oxide .L'-?.L.1..L.L~l..L,-?jL.L,
protein kinase C activity and GAP-43
phosphorylation that accounts for the
formation of memories in the human
brain is not known and,
controversy still
as to the validity
of LTP serving as a model of natural
learning and memory
However, indirect support
the LTP model has been mounting from
in vivo studies that create decreased
learning abilities in animals after
perturbing one or more essential
mechanisms necessary for
enhancement of synaptic activity Studies
that interfere with LTP commonly
employ the rat, mouse, chick or goldfish
and pharmacologically inhibit protein
kinase C activity; inhibit glutamate
transmission, antagonize glutamate
receptors, block nitric oxide synthesis
and/or genetically delete glutamate
receptors (Ali et. al., 1988; McHugh et.
al., 1996; Namgung et. al., 1997;
Paratcha et. aI. 2000; Xu et. al. 1995; Xu
et.al., 1998). Likewise, enhancement of
learning and memory is demonstrated in
genetically altered mice that
the NMDA NR2B glutamate receptor
subunit (Tang et. al., 1999) or GAP-43
(Routtenberg et. al., 2000).
Despite reports of a GAP-43-like
protein increasing in expression and
phosphorylation in the goldfish optic
nerve and optic tectum following crush
injury; no information exists on how in
vivo GAP-43 expression and
phosphorylation is affected following
tasks that rely on learning and memory
(Benowitz and Lewis, 1983; Benowitz
and Schmidt, 1987). We support the
theory that natural learning and memory
occurs in the vertebrate brain by the
same mechanisms that create LTP
Therefore, the specific focus of this
research is to investigate the hypothesis
t"hD,rDT,r\rD

'-''-?.L.L'-?'--/'-?.L'.Al..L.L.L;;;'"

that
isoforms of GAP-43
are increased in the
brain
behavioral modification induced
active shock avoidance
TAIIA'l:T7,.y'Irr'

Methods and Materials
Enrichment of GAP-43 from goldfish
and rat brain
of
from both rat
and goldfish brains was
modified procedure
'J
by McMaster et.
individual whole goldfish brains
were placed in 1.0 ml of homogenization
buffer (.32 M sucrose, 10mM Tris-HCl,
2mM EDTA at pH 7.4), diced with a
and homogenized inside 1.5 ml
microcentrifuge tubes
Konte's
Pellet Pestle Motor. The homogenate
from individual brains were pooled into
two 14 ml Beckman Ultracentrifuge
tubes. The tissue was centrifuged at low
speed (1000 x g for10 minutes) at 4°C
using a LE 80 Beckman Ultracentrifuge
SW40 Ti Rotor. The synaptosomal
enriched supernant (Sl) was combined
into one Beckman Ultracentrifuge tube
and centrifuged at 13000 x g at 4°C for
20 minutes. The pellet (P2 ) was
resuspended in 5.0 ml of lysing buffer
(10mM EGTA, 2mM EDTA, 10mM TrisHCI at pH
This solution was
immersed in an ice bath and stirred for
45 minutes using the NUOVA II
Thermolyne Stirplate. The hypoosmotic
solution was centrifuged at 175000 x g
at 4°C for 20 minutes. Alkaline
extraction of membrane bound GAP-43
was performed by resuspending the
pellet (P3) in 2.0 ml of 1mM
magnesium acetate buffer, slowly
adjusted to pH 11.5 via titration with
1M NaOH, and allowed to stand on ice
for 20 minutes. This solution was then
centrifuged at 75,000 x g at 4° C for 20
minutes. Adjustment of the
supernatant to pH 5.5 was achieved by
addition of approximately 10 drops of
sodium acetate (1 ruM; pH 5.0) and
then allowed to sit on ice for 20
HY11rl"r"l"YY'\,0Y1t"
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minutes. This solution was
at 75,000 x g at 4°C for 20 minutes. The
) was decanted into a 10
ml
adjusted to a final
concentration of 40 0ib ammonium
and allowed to stand on ice for
20 minutes. The
was centrifuged
at 100,000 x g at
for 20 minutes.
The S6 supernatant was adjusted to a
final ammonium sulfate concentration of
80 0ib . This solution was incubated on ice
for 20 minutes and the centrifuged at
100000 x g at 4°C for 20 minutes. The
40~800ib pellet (P7) was resuspended
with distilled water and dialyzed against
distilled water.
I'Dl"....t"rlTllrYorl

One-Dimensional Gel Electrophoresis
The 80 0ib ammonium sulfate fractions
from both rat and brain were analyzed
using one-dimensional gel electrophoresis.
In this procedure, the proteins are
separated by molecular weight in a
gel-matrix using electric current. SOul
of sample buffer (containing 10 0ib
sodium dodecyl sulfate (SDS), 10/0
bromophenol blue, 5°ib 2-mercaptethonal
and 7°ib glycerol) was added to 20ul
of the resuspended 40-80 % ammonium
sulfate protein fraction. Low range
molecular weight standards (BioRad) and
sample proteins were separated in a 13 %
SDS-acrylamide gel using 300 ml of Trisglycine-SDS running buffer and
electrophoresed for 50minutes with power
at 200 volts and 80 milliamps.
Two-Dimensional Gel Electrophoresis
The 40~80°;6 ammonium sulfate protein
fractions were analyzed using the BIORAD Mini-PROTEAN II 2-D Cell, MiniPROTEAN II Tube Cell, and MiniPROTEAN II Tube Module system for
two-dimensional electrophoresis.
Goldfish and rat brain samples were
mixed with an equal volume of first
dimension sample buffer. 15 ul of the
sample mixture was added to tube gels
and allowed to focus at 200v, 1mA for
approximately 20 hours (overnight).
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Gels were extracted from the tubes and
transferred to 13 %
acrylamide
for separation
via molecular weight with power
at 200v, 80mA for SO minutes. The
were either placed in fixative for staining
or transferred to western blotting
transfer running buffer.
lYY\YY\C,ril"t-D'I"tT

Coomassie Blue Stain of ID gels
The 13 % SDS PAGE gels with the 40-80 % ammonium sulfate fractions were
immediately placed in 50 % methanol
and 7 % acetic acid for 30 minutes. The
fixed gels were transferred to Coomassie
blue R-250 stain for a
of 30 minutes and then destained using a solution
of 5 % acetic acid and 5 % methanol.

Silver Staining Procedure of ID and
2D gels
Immediately after electrophoresis, the gel
was placed in a BioRad fixative enhancer
solution (50 % reagent grade methanol,
10 % reagent grade acetic acid, 10 %
fixative enhancer concentrate, and 30 %
deionized distilled water) for 20
minutes, with gentle agitation. The
gels were washed three times in 500
ml deionized water over a period of 60
minutes. Development took place for
approximately 20 minutes and then
stopped using 5 % acetic acid solution.
Gels were rinsed in deionized water
and scanned.

Immunodetection procedure
One-dimensional and 2-dimensional
gels containing the rat and goldfish 4080 % ammonium sulfate protein fractions
were transferred to a PVDF (Bio-Rad)
membrane with power settings at 100v,
300mA for 1.5 hours using the Mini
trans-Blot electrophoretic transfer cell
(Bio Rad). To reduce non-specific
binding of the primary antibody; PVDF
membranes were incubated in a TTBS
blocking solution (100mM Tris-CI, pH
7.5, and 0.9 % NaCl) for 30 minutes.
The primary antibody goat polyclonal
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IgG anti-GAP-43
or a
mouse anti-GAP-43 monoclonal
in a dilution of 40 ul in 10 ml
TTBS was applied to the membrane and
incubated for approximately 30 minutes.
Membranes were washed using TTBS
three times over a 15 minute time span.
The membrane was allowed to
incubated in the secondary antibody
(biotinylated donkey anti-goat IgG Chemicon; or biotinylated goat--anti
mouse IgG) which were each diluted
using 10 ul of antibody in 20 ml TTBS
for 30 minutes. Again the membrane
was washed in TTBS three times over a
period of 15 minutes. The avidin-biotinenzyme solution (Vector Labs) was
applied to the membrane and left to
incubate for 30 minutes (2 drops
Vecastain reagent A and 2 drops
Vecastain reagent B, diluted in 50ml of
TTBS). After washing the membrane
three times in TBS over a 30 minute
span, the membrane was developed
using a DAB Substrate Kit for Peroxidase
(Vector Laboratories). The color reaction
was stopped by rinsing the membrane
five minutes in distilled water.
\

L....<
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Results
A characteristic protein band with an
approximate molecular weight of 45,000
Daltons was observed in both Coomassie
blue and silver stained (not shown) 1dimensional gels containing a sample of
the 40-80 % ammonium sulfate fraction
from rat and goldfish brains (figure 1).
Immunodetection using anti-GAP-4 3
antibodies from Chemicon International
(figure 2a) and from Zymed (figure 2b)
revealed a strong positive reaction
corresponding to a protein with a
molecular weight of 45,000 Daltons. Rat
GAP-43 immunopositive protein appears
slightly heavier than the goldfish GAP43 protein. Two-dimensional gel
electrophoresis of the rat and goldfish 40
- 80 % ammonium sulfate protein
fractions revealed protein spots (streaks)
with a molecular weight of about 45,000

daltons and isoelectric points between
4.0 and 5.0 that corresponds to
"''-J', '-'v'"
reported values for GAP-43 from rat and
other species (figure 3 and
Western
blotting
of the goldfish 40-80 %
ammonium sulfate fraction with Zymed
anti-GAP-43 antibody revealed two
distinct immunopositive spots (figure 4b).
Immunostaining with a custom made
antibody generated specifically against the
phosphorylated isoforms of GAP-43
reacted only against the more acidic
spot (not shown; antibody generously
synthesized and donated by Bethyl
Laboratories, Texas).
1-'''' '--

v

Y

Discussion
The growth associated protein, GAP-43,
is a neuronal specific protein expressed
in a wide variety of vertebrates including
human, rat, cat, chick, toad and goldfish
and is localized to the inner membrane
of pre-synaptic terminals (reviewed in
Ostericher et. al. 1997). Highest levels of
GAP-43 expression occur in neurite
terminals during nervous system
development and in axon growth cones
during regeneration of injured nerve
fibers. Upon nervous system maturity;
synaptic levels of GAP-43 expression are
maintained at relatively high levels only in
associative regions of the brain particularly
where learning and memory processes
occur such as in the hippocampus, an
area critically involved in learning and
memory (Neve, et. al., 1988).
The conserved function of GAP-43
is reflected in the primary sequence of
which indicates a protein of 211 amino
acids in the goldfish and a high degree
of homology with other vertebrates
(LaBate and Skene, 1989). The first 57
amino acid residues of the amino
terminal domain are strictly conserved
among vertebrates with a 91 % similarity
between goldfish and rat. The first four
amino acids provide a site for fatty
acylation and membrane attachment.
Between the thirty-first amino acid and
the forty -sixth amino acid in the
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sequence of
100°;b
exists across all vertebrates examined to
date.
this
the
at serine 41. A ,..."
domain is located between the
third and the
amino acid. It
has been
that GAP-43
may
the
t-, I~'-' of the nerve terminal
membrane through association with
calmodulin. The
calmodulin
binds
and this ""r\-'-'V"\r\I~""T
interacts with a
of "1"V"\r,l~r'"
various enzymes, to regulate
their function. Unlike other
that
bind to calmodulin
in the presence
of
GAP-43 has the
r'r\~ t- of
calmodulin in the
absence of
et. al.
1987). GAP-43 can
associate with
calmodulin in the n01nh"cY'\h0,r"\;TI,,,tc)n
state and release calmodulin upon
phoshporylation at ser 41. Recent
evidence indicates that phoshporylation
of GAP-43 correlates with
neurotransmitter release (Dekker et. al.,
1989). Therefore, a role of GAP-43
might be to sequester calmodulin
the inner membrane of the
nerve terminal and, in turn, regulates
the transient formation of calciumcalmodulin
that can then
coordinate other membrane events
synaptic transmission
neurotransmitter vesicle
fusion and ~",,","""""7'1-r\r"'r"
The behavior of the immunoreactive
detected in this
is
similar to properties of rat and
human GAP-43 (Chan et. al., 1986).
One-dimensional gel electrophoresis and
immunoblotting reveals goldfish type of
GAP-43 to possess a relative molecular
weight of 43,000. Examination of the 1D blots in this study reveals the rat GAP43 to
with a higher molecular
to more amino
acids in the primary sequence. The twodimensional silver-stained
and
L.L'-/.L.L.L,"'L'-/,,;.,.r

"""l'"rDC'r\r\Y\r1'I"Y\rr

immunoblot revealed the
GAP-43
the more
and the

f.:.....VL...."LLVLL
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patterns

optic
Zwiers et.
indicate that
such as
the
1C'"t-"r-n""\C' of GAP-43
via a
C mediated
phosphorylation reaction (Akers et. al.,
1986; Zwiers et al., 1985). Positive
immunodetection with antiphosphospecific GAP-43 antibodies
further aid in confirming the presence
of GAP-43 in the goldfish brain and,
further, distinguishing between
phosphorylated isoforms.
The positive result for the rat GAP43 was much
than the result of
the
GAP-43. A number of factors
could account for the differencein the
density of the staining reactions between
goldfish and rat samples. With these
being our preliminary tests, we diluted an
identical volume of goldfish and rat brain
80°;b ammonium sulfate fraction with 1-D
SDS-PAGE sample buffer prior to loading
into the lanes whereas future tests will
incorporate sample protein quantitation
and normalization.
Another interesting finding is the
difference in
between
commercially prepared anti-GAP-43
antibodies. The polyclonal antibody
purchased from Chemicon International
was directed against the amino-terminal
19 amino acid residues in rat GAP-43.
Sequence dissimilarity usually hinders
antibody
and epitope
binding, however, light staining of
goldfish GAP-43 with the polyclonal N19 anti-rat GAP-43 antibody suggests
some recognition and cross-reactivity
an additional alanine residue at
position 17 in goldfish GAP-43. The
monoclonal anti-GAP-43 antibody
f.:.....VL'...... LL>-J'LL

OY'\ ..., r}Y'\f'DC'

from
at the sequence
the ser 41
residue which is 100°;b homologous
across all vertebrates studied to date
et. al.
the
darker and more
the
might have been
due to the better epitope recognition
and binding.
The interest of this research project
was to detect
of GAP-43 in the
goldfish brain via immunohistochemical
analysis and, further, positively identify
phosphorylated isoforms. These
preliminary results at least indicate the
presence of GAP-43 in the goldfish brain
and also that this protein behaves in a
similar manner to GAP-43 characterized
in other species. Future investigations
will examine how the quantity of
phosphorylated isoforms of GAP-43
might change in the goldfish brain
after active shock avoidance training
task. Because control of GAP-43
phosphorylation plays a key role in
axon terminal and synapse activity,
information obtained from goldfish
studies may further elucidate the
molecular underpinnings that take place
during natural learning and memory in
the human brain.
r \ " -....,...hr},-.f:,r1
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Figure 1: Coomassie blue stained 13°h SDS-PAGE containing 80 0h ammonium sulfate pellet from goldfish brain (lane 1) and rat brain (lane 2).
M = marker lane.

1

1
97
66

4S

45

31

31

21

21

14

14

A

B

Figure 2: Immunostaining of the proteins in the 13°h SDS-PAGE containing 80 0h ammonium sulfate pellet from goldfish brain (lane 1) and rat
brain (lane 2) after electrotransfer onto PVDF membrane. Blot A was incubated with anti-rat-GAP-43-N-19 antibody (Chemicon). Blot
B was incubate with a mouse-monoclonal anti-GAP-43 antibody (Zymed).
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Rat Brain
80 % Ammonium Sulfate ppt
2 Dimensional Gel Electrophoresis
molecular weight

h.
molee Jar

Figure 3: Silver stained 13°;6 2nd dimension PAGE of rat brain 40°;6- 80°;6 ammonium sulfate fraction. Circle indicates several protein spots with
a molecular weight of approximately 45,000 and in the pI range of 4.3 - 4.5. These spots appear in identical location as reported by
others as being immunopositive for GAP-43.

Goldfish Brain
80 % Ammonium Sulfate ppt
2 Dimensional Gel Electrophoresis
and Western Blot

A

high

B

molecular
weight

low

6.0

4..0

pH
Figure 4: A = silver stained 13°;6 2nd dimension PAGE. B = immunodetection of same preparation as in A after transfer to PVDF membrane. Blot B
was incubate d with a mouse-monoclonal anti-GAP-43 antibody
Circle indicates immunopositive spots.
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