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Ramoén y Cajal proposed 100 years ago that memory formation
requires the growth of nerve cell processes. One-half century later,
Hebb suggested that growth of presynaptic axons and postsyn-
aptic dendrites consequent to coactivity in these synaptic elements
was essential for such information storage. In the past 25 years,
candidate growth genes have been implicated in learning pro-
cesses, but it has not been demonstrated that they in fact enhance
them. Here, we show that genetic overexpression of the growth-
associated protein GAP-43, the axonal protein kinase C substrate,
dramatically enhanced learning and long-term potentiation in
transgenic mice. If the overexpressed GAP-43 was mutated by a Ser
— Ala substitution to preclude its phosphorylation by protein
kinase C, then no learning enhancement was found. These findings
provide evidence that a growth-related gene regulates learning
and memory and suggest an unheralded target, the GAP-43 phos-
phorylation site, for enhancing cognitive ability.

H igh-resolution imaging studies of altered nerve cell struc-
ture under the influence of synaptic input (1-3) provide a
cellular basis for the view that learning involves structural
modification of synapses (4, 5). One molecule that has been
implicated in input-dependent alterations of synaptic morphol-
ogy is the growth-associated GAP-43 protein (6), a protein
kinase C (PKC) (7, 8) substrate and an intrinsic determinant of
structural change at the synapse. GAP-43, previously implicated
in memory storage processes (9-16), binds to actin (17) and
fodrin (18), and by such protein-protein interactions may affect
morphological change.

To determine whether the neuron-specific GAP-43 growth
protein in fact regulates memory formation, we studied the
effect on learning and synaptic potentiation of its overexpression
in transgenic mice. The GAP-43-null mutation is lethal (19).
Because evidence from this and other laboratories indicated that
learning increases GAP-43 phosphorylation (9-16), one might
expect that a transgenic mouse that overexpresses phosphory-
latable GAP-43 would demonstrate enhanced learning. A crit-
ical corollary of this prediction is that such genetically enhanced
learning would not occur if the PKC site of the overexpressed
GAP-43 were mutated to prevent its phosphorylation.

Materials and Methods

Animals. Transgenic mice production has been described in
detail elsewhere (20). Briefly, to construct the expression
cassette, an 8.2-kb EcoRI GAP-43 genomic fragment including
the Thy-1.2 promoter was used. Germline-transmitting chime-
ras were obtained by standard injection into C57BL/6 blas-
tocysts, and the mutation was crossed into either C57BL/6 or
C2D2/DBA genetic backgrounds. G-Phos is the S42wt line,
G-NonP the S42A line, and G-Perm the S42D line. Nontrans-
genic, wild-type (WT) mice from the breeding program were
used as controls. Transgenic animals were screened by slot blot
hybridization.

Slot Blot and in Situ Hybridization. Genomic DNA purified from
mouse tail was used for slot blot hybridization by using a
32P-labeled chick cDNA probe (21). Chick GAP-43 cDNA (1.0

kb), obtained from Lawrence Baizer (ref. 22; R.S. Dow
Neurological Science Institute; Portland, Oregon), was sub-
cloned into the EcoRI site of pGEM3Z plasmid (Promega).
The 0.5-kb HindIII fragment of chick GAP-43 cDNA, which
contains the C-terminal coding region of GAP-43, was isolated
(22) and used for preparing a *?P-labeled chick cDNA probe
by nick translation (21). This DNA fragment does not include
the DNA site of point mutation (amino acid 42; Ser — Ala or
Ser — Asp) near the GAP-43 N terminus (6), and therefore
detects the transgene sequence that is identical in the three
transgenic mouse strains. The cloned whole sizes of chick and
mouse GAP-43 cDNA are 1028 bp and 1227 bp, respectively
(22, 23). Comparison of mouse and chick sequences shows 58%
identity. Identity in the coding region is 71.7%. There is a 30-nt
deletion in the middle of the coding region in chick cDNA so
sequence identity is higher when the deletion region is ex-
cluded for comparison. Because even this sequence identity
was randomly distributed over the 0.5-kb region, the possibility
of cross-hybridization of chick GAP-43 cDNA with endoge-
nous mouse GAP-43 genomic DNA would be low. Indeed, no
hybridization signal was detected in nontransgenic control
mice (see Fig. 3). Genomic DNA hybridization and in situ
hybridization were carried out essentially as described previ-
ously (refs. 21 and 24, respectively).

Immunohistochemistry. Detection of transgenic GAP-43 protein
by immunohistochemistry was carried out as previously de-
scribed (25) by using Abs described by Meiri et al. (26). Ab 7B10
crossreacted with both chick and mouse GAP-43, whereas
10E81E7 recognized only mouse GAP-43.

Behavior. Behavioral testing was performed as previously de-
scribed (27). Briefly, the mice were maintained on a 12-h
light/dark cycle and were given unlimited mouse chow and
water. Twenty inbred mice (n = 5 per group) ranging from 17-25
g were separated into individual cages before testing. Ages
ranged from 50-100 days. A small cup (d = 2 cm, 4 = .5 cm) into
which food reward could be placed was fixed at the end of each
of the 8 arms (/ = 39 cm, w = 11.5 cm) of the Olton maze. At
the start of each trial the animals were placed at the center of the
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hub (d = 39 cm) in an opaque cylindrical container (d = 12 cm,
h = 11 cm), which was removed after 5 s. The animals were then
free to explore the maze. Activity was measured by the number
of line crossings drawn as quadrants of the 39-cm hub. The
animals were food-deprived, and their weights were reduced to
85%-90% original weight and maintained at that weight for all
subsequent tasks. Familiarization occurred over the next 7 days,
animals exploring the maze for 3 min/day. In the win-shift task
with a 1-min delay carried out over 5 days, animals were removed
from the maze after retrieving four food rewards on trial 1 and
replaced after a 1-min delay. The maze was randomly rotated
during the delay, and unretrieved food was moved to the spatial
location before rotation. Animals were expected to retrieve the
four remaining food rewards on trial 2. An error was scored
when the animal entered an arm already visited on trial 1 or 2.
This procedure was repeated in the subsequent win-shift task
with a 20-min delay, which lasted 4 days. In the win-stay task,
carried out for 23 days, only one arm was baited and was
randomly selected each day. The animal explored the maze on
trial 1 until it retrieved the food reward, after which it was
removed for a period of 1 min. The maze was rotated during the
delay, and food was replaced at the original spatial location. The
animal again explored the maze on trial 2 until the single food
reward was retrieved or after a maximum of 12 arm entries.
Errors were scored when an entry was made into an arm other
than the baited arm. A criterion was set for two or fewer errors
on 4 consecutive days.

Electrophysiology. /n vivo long-term potentiation (LTP) in the
intact mouse hippocampus was carried out as described in detail
elsewhere (28, 29). Briefly, field potentials from the dentate
gyrus in urethane-anesthetized (1 g/kg) mice maintained on a
37°C heating jacket, and conforming to approved American
Association of Laboratory Animal Care standards, were evoked
by perforant path stimulation. Stimulation and recording elec-
trodes were positioned after observation of the characteristic
molecular layer laminar profile. The recording electrode was
placed in the dentate hilus where the maximum population spike
potential was obtained. Baseline stimulation voltage of 0.1-ms
pulses delivered at 0.1 Hz was adjusted so that the population
spike amplitude was one-third the population excitatory postsyn-
aptic potential (EPSP) amplitude. Stimulation intensity selected
for tetanus (three 400-Hz trains at 0.1 Hz, with each train
consisting of eight 0.4-ms pulses per train) was the minimum
voltage required to elicit the maximum population spike. Treat-
ment effects were evaluated by using a repeated-measures
ANOVA, and individual comparisons were made with ¢ test.

Results

We studied three different transgenic mouse lines that were
under the control of the Thy-1 promoter as initially described
(20). One transgenic line, here designated G-Phos, overex-
pressed the phosphorylatable form of chick GAP-43. A second
line, designated G-NonP, overexpressed an unphosphorylatable
form, in which alanine was substituted for serine-42, preventing
PKC from phosphorylating GAP-43. The third line, designated
G-Perm, overexpressed a permanently pseudophosphorylated
form of chick GAP-43 in which aspartate was substituted for
serine-42. WT mice that did not harbor the transgene were from
the same breeding program as the transgenic mice and served as
controls. It may be noted that all transgenic mice had levels of
endogenous GAP-43 that were no different from WT controls.

The ability of each of these four groups to remember
location of food was evaluated in the 8-arm Olton radial maze,
first in a delayed nonmatching to sample (win-shift) task and
then in a delayed matching to sample (win-stay) paradigm.
Both paradigms test for spatial and working memory as
described previously (27).
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G-Phos animals performed the win-shift delay task with fewer
errors than G-NonP mice, who performed at chance levels
during training (Fig. 14). This confirmed the difference pre-
dicted between G-Phos and G-NonP mouse strains. Both WT
controls and G-Perm animals were superior to G-NonP mice.
The three strains of transgenic mice thus demonstrated discern-
ibly different behavioral phenotypes in this memory task.

When the delay interval in the win-shift task was then
increased from 1 min to 20 min, increasing the temporal
demands on spatial memory systems, the superiority of G-Phos
mice relative to the other mouse strains was more clearly evident.
Indeed G-Phos animals made significantly fewer errors relative
to each of the other mouse strains (Fig. 1B, P < 0.02). G-NonP
animals were, as in the 1-min task, unable to learn this 20-min
delay task. G-Perm mice were significantly inferior to G-Phos
animals (see Fig. 1B).

We then instituted a paradigm shift. Mice were now required
to return to the same spatial location where the single arm was
baited, i.e., a delayed matching-to-sample (or win-stay) task as
opposed to the prior win-shift task. Because there were no
intramaze cues that distinguished one arm from another, this was
a spatial memory task, not one based on cued recall.

Striking behavioral phenotypic differences were again ob-
served among the mice from the different lines. When the
number of days required to unlearn the win-shift strategy was
compared, WT controls achieved chance performance on day 7
whereas G-Perm animals, in contrast, required 22 days. G-NonP
animals, in contrast to the other mouse lines, actually showed
chance levels of performance on day 1 of win-stay training. This
chance performance occurred because G-NonP mice learned
win-shift poorly, if at all; hence, there was little requirement to
unlearn the win-shift rule. G-Phos transgenics required 10 days
to achieve chance performance.”

Only the G-Phos animals, as a group, readily learned the
spatial win-stay task and, as predicted, were superior to G-NonP
mice. Because we had previously reported that, in contrast to
rats, three different inbred strains of mice (C57/B6, B62DF1/J,
and ICR/J) were unable to learn this win-stay spatial task (30),
it was surprising that all of the G-Phos mice achieved criterion
performance, and did so in a mean of 12 days (Fig. 1C).
Surprising, too, was the fact that these mice took fewer days to
achieve criterion than did rats (27, 30). In contrast, 13 of 15 of
the G-NonP, G-Perm, and WT mice failed to reach criterion
performance.

We sought to determine whether these striking phenotypic
learning differences would demonstrate parallel differences in
LTP, a physiological mechanism for learning (31). Drawing such
parallels remains controversial (32), given the gene-targeting
studies that show either positive (33) or negative (34) correla-
tions between learning and LTP. Nonetheless, different LTP
phenotypes can be predicted here based on earlier reports
demonstrating both a selective LTP-induced increase in GAP-43
phosphorylation and its prevention by LTP-blocking N-methyl-
D-aspartate (NMDA) receptor antagonists (35-37).

The G-Phos and G-Perm mice indeed demonstrated enhanced
LTP compared with WT controls and G-NonP mice. We used
the LTP paradigm in the intact mouse (28, 29) to study synaptic
plasticity of the perforant path—granule cell synapse, part of the
hippocampal circuitry involved in both win-shift and win-stay
learning. G-Phos showed enhanced LTP to 700% of baseline as
compared with the 400% of WT controls (Fig. 24). G-Perm mice
showed LTP enhancement exceeding 1000% of baseline. G-

TRegression lines for each group were calculated, plotting errors over days until chance
performance was reached. The slopes of the lines were determined by regression coeffi-
cients: G-Phos, —0.50(0.17) F(1,42) = 8.42, P < 0.007; G-Perm, —0.26 (0.09), F(1,52) = 7.62, P <
0.01; and WT, —1.09 (0.31), F(1,26) = 11.99, P < 0.003.
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Fig. 1. (A) Effect of GAP-43 overexpression on acquisition of 1-min delayed
nonmatching to sample (win-shift) task. Chance performance is slightly
greater than four arm entries. The mean errors on trial 2 are compared among
the groups. G-Phos animals, with phosphorylatable GAP-43, committed sig-
nificantly fewer errors (ANOVA followed by individual t tests) than WT con-
trols and G-NonP, overexpressing nonphosphorylatable GAP-43. (B) In the
20-min delay win-shift task, G-Phos mice performance was significantly supe-
rior to the other 3 mouse lines. (C) Effect of GAP-43 overexpression on
delayed-matching to sample (win-stay) task. Mean days to criterion, two
errors or fewer on 4 consecutive days, is compared among the groups. G-Phos
animals required significantly fewer days to reach criterion than either G-
Perm, overexpressing permanently pseudophosphorylated GAP-43, or WT
controls. Errors were scored when the animal entered an arm other than the
one baited arm. All groups, except G-NonP, began the task committing more
errors than at chance level (for A-C, *, P < 0.05; **, P < 0.01; and **x*,
P < 0.001).

NonP mice showed, in contrast, no enhancement of the LTP
response beyond that seen in WT controls (P > 0.50). Given that
G-NonP mice overexpressed the same levels of GAP-43 trans-
genic protein as the G-Phos and G-Perm mice (see what follows),
one may conclude that the state of the GAP-43 phosphorylation
site regulated the level of LTP enhancement.

The enhanced LTP response in G-Phos and G-Perm mice was
unlikely to be due to a difference in sensitivity or reactivity of the
perforant pathway to low frequency or tetanic stimulation
because the voltages selected, based on specified response
criteria, were comparable in all four mouse strains (see Table 1).
Nor was the enhanced LTP response or the phenotypic differ-
ences in learning due to differential levels of GAP-43 overex-
pression in the lines studied, because prior whole brain analysis
(20) and the present studies of hippocampal transgene protein
and mRNA (Fig. 3) indicated that the three mouse strains did not
differ. Indeed, we found that all three lines showed qualitatively
similar levels of chick GAP-43 immunohistochemical staining
comparable to that shown for the G-Perm mice in Fig. 3B.
Moreover, transgene expression level was similar among the
different mouse strains (Fig. 3 D-F), when measured by using a
riboprobe for chick GAP-43 mRNA. This probe did not recog-
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nize endogenous mouse GAP-43 mRNA, as demonstrated by the
lack of hybridization in WT controls (Fig. 3C).

There were also no detectable distortions in the cellular arrays
or lamination patterns of the hippocampus (compare Fig. 3 A
and B), such as has been seen in other mouse mutants (e.g., ref.
38). Electrophysiological analysis of laminar profiles, performed
as described previously (35), was essentially identical in trans-
genic and nontransgenic animals. There was also no apparent
alteration in immunohistochemical staining of the endogenous
GAP-43, nor were alterations detected in calretinin and yPKC
distribution in hippocampal cell fields among the three trans-
genic strains compared with WT controls. An initial count of the
number of synapses in WT and G-Perm mice by using serial
electron microscopy (EM) sections revealed no difference be-
tween WT controls and transgenic G-Perm mice in the hip-
pocampal molecular layer. This procedure was used in two
separate synaptic counts of different tissue blocks performed
blind within both the inner and middle molecular layer of the
dentate gyrus. Nor were there any apparent differences among
the transgenic mice and WT controls in location or silver staining
intensity of over 200 non-GAP-43 proteins detected in two-
dimensional gels (data not shown).

Discussion

It is concluded from the present behavioral and electrophysio-
logical studies that both learning and synaptic plasticity were
enhanced by overexpression of a brain growth protein. More-
over, this regulation occurred through the PKC phosphorylation
site of GAP-43. Prior studies demonstrating both increased
GAP-43 phosphorylation after learning and highly correlated
increases in GAP-43 phosphorylation with LTP-induced change
converge with the present results to indicate that this phosphor-
ylation event is a critical one for learning and subsequent
retention. Time-dependent blockade of memory and LTP by
PKC inhibitors that prevent LTP-induced increases in GAP-43
phosphorylation support this conclusion (11, 14-16).

Overexpression of GAP-43 is likely to enhance learning and
LTP in two ways. First, input-dependent alterations in synaptic
connectivity during postnatal development may occur. Because
there is more GAP-43 in the synaptic terminal, normal inputs
experienced by the mice would amplify these subtle synaptic
modifications. This synaptic change could then lead to an
elaborated synaptic network that would enhance learning and
LTP. Indeed, the mossy fiber system, in some cases, can sprout
into the stratum oriens from stratum lucidum (20). Because only
some transgenic mice showed this pattern, the possibility exists
that this is an input-dependent function interacting with GAP-43
overexpression. This proposal is supported by recent work
showing that growth of mossy fibers on postnatal days 4-8 can
be regulated through the NMDA receptor (39). Moreover,
NMDA receptor antagonists reduce the GAP-43 mRNA of the
cells of origin of the affected axons and significantly reduce this
growth. It is interesting that the transgenic protein is driven by
the Thy-1 promoter, which is activated postnatally beginning on
day 7.

A second way in which increased levels of GAP-43 in the
presynaptic terminal could enhance learning and LTP is at the
time of the experiment itself. In addition to synaptic growth,
GAP-43 may also facilitate synaptic function via enhanced
transmitter release (6). The schematic diagram of Fig. 4 depicts
how each GAP-43 transgene, except G-NonP, might combine
with endogenous GAP-43 to regulate transmitter release.

Fig. 4 may be applied to the developmental mechanism just
discussed because NMDA receptor activation would regulate
postnatal developmental growth through its retrograde influ-
ence on PKC phosphorylation of GAP-43. This pathway may act
through N-CAM-mediated activation of fibroblast growth
factor (40). There is considerable debate concerning the
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Fig. 2. As compared with WT controls, overexpression of GAP-43 of either the G-Phos or G-Perm type led to an immediate and persistent enhancement of
conventional LTP. In contrast, overexpression of G-NonP, the nonphosphorylatable GAP-43, did not enhance LTP beyond that seen in WT mice. (A) Comparison
of low frequency (low freq) controls receiving an 0.1 Hz stimulus, with transgenic and WT mice receiving a high frequency tetanus. There was no difference in
response to low frequency stimulation over the 4-h test period among the four mouse groups. Mean percentage increase relative to baseline before tetanus in
population spike (=SEM) recorded from the granule cell layer of the dentate gyrus at 30 min was similar for WT and G-NonP animals but was enhanced by the
G-Phos and G-Perm transgene. The latter two groups demonstrated significantly greater LTP than WT and G-NonP (P < 0.05 for G-Phos vs. WT and vs. G-NonP;
P < 0.001 for G-Perm vs. WT and G-NonP; P < 0.02 for G-perm vs. G-Phos (ANOVA followed by t tests of individual comparisons). n = 4 per group. (B) Average
of five consecutive waveforms taken from each of the four mouse strains before, and 1 h after, perforant path tetanus. Note that, before tetanus, waveform
shape and amplitude are similar for the four lines. After tetanus, a dramatic enhancement was observed in the population spike (below each waveform is the
percentage enhancement for that particular set of waveforms). (C) Kinetics of enhanced LTP over 4-h period. Note the persistence of enhanced LTP in G-Perm
animals, and its decline in G-Phos mice, approaching the level of enhancement seen in WT and G-NonP animals. (D and E) Effect of NMDA receptor antagonist
2-amino-5-phosphonovaleric acid (APV) on G-Perm, G-Phos, and WT animals. Whereas LTP is blocked by APV in G-Phos (red line) and WT (black line) controls as
expected, LTP is still present in G-Perm animals (blue line) after APV treatment. In D, note that the amplitude and kinetics of enhanced LTP essentially replicate
the results in uninjected animals (C), even with injection of 21 nl injection of vehicle into the molecular layer 15 min before tetanus (n = 3 per group). Moreover,
as in C, the decay kinetics of WT controls relative to G-Perm and G-Phos animals are similar. Data are expressed as a percentage of the mean baseline response
over the 30 min before tetanus. Each response was the average of five individual waveforms.

identity of the retrograde factor. One attractive possibility is
an unsaturated fatty acid such as arachidonate, which has been
shown to be released after LTP (41), to activate PKC (42, 43),
and to increase GAP-43 phosphorylation (37).

Table 1. Electrophysiological responses

Baseline voltage, Baseline spike response, Tetanus voltage,

The second mechanism of enhancement proposes that the Hine v mv v
presence in the presynaptic terminal of increased GAP-43 at the =~ WT 40+0.23 1.05+0.2 6.0 +0.25
time of the learning or LTP induction is critically important. The ~ G-NonP 3.9 £0.56 13106 5.8 +0.15
presence of the overexpressed G-Phos or G-Perm sums with ~ G-Phos 3.6 £0.53 1.20 0.7 5.5%0.42

G-Perm 4.0 £ 0.21 1.15*x0.3 6.0 = 0.19

endogenous GAP-43 and by complexing with exocytotic protein
machinery (EPM) facilitates synaptic transmission (Fig. 4).

Electrophysiological responses to the perforant path stimulus prior to LTP

GAP-43 exists within a presynaptic lattice of dynamic protein—
protein interactions. Phosphorylated GAP-43 complexes with
exocytotic proteins such as synaptotagmin (44, 45) to facilitate
release and with endocytotic proteins such as rabaptin-5 (46) to
facilitate reuptake. GAP-43 overexpression would likely alter
the distribution of the membrane components to which it binds,
thereby giving rise to the altered morphological changes at the
synapse (47, 48) often subsumed under the rubric of “synaptic
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were not different among the three transgenic mouse lines (G-Phos, G-NonP,
and G-Perm), nor was there a difference between transgenic mice and non-
transgenic (WT) controls. Among the four groups, there were thus no differ-
ences in: (/) baseline voltage, the voltage level used to stimulate perforant
path and elicit the criterion baseline response, a population spike having
one-third the amplitude of the population EPSP; (ii) baseline spike response,
population spike amplitude prior to LTP; and (iii) tetanus voltage, the mini-
mum stimulation level required to elicit the maximum population spike. The
data represent mean values = SEM.

Routtenberg et al.



Fig. 3. (A and B) Immunohistochemical staining with 7B10 Ab, which re-
cognizes both the endogenous and the transgenic GAP-43 protein in a WT (A)
and G-Perm (B) mouse. Note that, in dentate gyrus, increased staining is
observed in the perforant path target zone (oml and mml, outer and middle
molecular layers, respectively), the mossy cell target zone (iml, inner molecular
layer), and the mossy fibers (stratum lucidum). (C-F) Similar GAP-43 overex-
pression among the three transgenic mouse lines in the major cell fields in
hippocampus. Darkfield photomicrographs of in situ hybridization with ribo-
probe that recognizes transgenic chick GAP-43 mRNA but not endogenous
mouse GAP-43 mRNA. Note similar levels of expression in the three transgenic
lines (D-F) in the major subfields of the hippocampus and absence of trans-
gene in WT mice (C). Abbreviations: h, hilus; so, stratum oriens; sIm,
stratum lacunosum moleculare; sr, stratum radiatum; gcl, granule cell layer.
Bar = 150 um.

growth.” Moreover, GAP-43 also binds cytoskeletal elements
such as actin (17, 1) and brain spectrin or fodrin (18).

Perturbation of the presynaptic protein lattice by mutation of
the GAP-43 phosphorylation site could thus enhance both
transmitter release and presynaptic terminal growth necessary
for enhanced LTP. This latticial adjustment within individual
synapses would in turn alter synaptic strength in the circuits that
underlie the enhanced learning observed.

The striking difference in persistence of LTP enhancement
between G-Perm vs. G-Phos mice may be related to the fact that
the GAP-43 in G-Perm mice cannot be dephosphorylated,
hence, their persistence of enhanced potentiation (Fig. 2C). The
enhancement of learning in G-Phos mice in contrast to G-Perm
animals strongly suggests a critical role for the GAP-43 phos-
phorylation—dephosphorylation cycle. The absence of such cy-
cles in G-Perm mice would not hinder expression in the single-
trial LTP paradigm. Such cycles do not occur with the mutated
transgenic protein in either poor learning G-NonP or G-Perm
mice. Because it has been shown that learning and retention
selectively increase GAP-43 phosphorylation (9), it is attractive
to think that learning requires a GAP-43 that can fine-tune its
level of phosphorylation.

The model of Fig. 4 helps explain both why LTP is enhanced
even though GAP-43 is already phosphorylated in G-Perm mice

Routtenberg et al.
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Fig. 4. Proposed mechanism to explain enhanced LTP in transgenic animals
overexpressing GAP-43. In nontransgenic animals, presynaptic PKC is acti-
vated by an NMDA-dependent postsynaptic retrograde signal. Phosphory-
lated endogenous GAP-43 (black circle) interacts only with calcium-sensor
proteins of the exocytotic protein machine (EPM) (see ref. 49) to enhance
release when intraterminal calcium is raised sufficiently. Because low fre-
quency activity does not raise intraterminal calcium to activate EPM suffi-
ciently, phosphorylated GAP-43 alone would be insufficient to induce LTP.
Once PKC phosphorylates both endogenous and transgenic G-Phos (red cir-
cle), the terminal is “primed" to release more transmitter upon subsequent
depolarization of the presynaptic terminal. Because the G-Perm variant of
GAP-43 (blue square) can bind to activated EPM without PKC phosphorylation,
this mutated form of GAP-43 does not require the influence of NMDA receptor
activation as shown in Fig. 2 D and E. Note that either G-Phos or G-Perm
transgenic GAP-43, but not the G-NonP variant (green circle), can sum with
endogenous GAP-43 to enhance exocytosis.

and why they do not show enhancement with low frequency
stimulation. Concerning the enhancement, the model indicates
that G-Perm combines with Ca?"-activated EPM to enhance
transmitter release. Thus, under physiological conditions, the
increment of phosphorylated GAP-43 occurs shortly after tet-
anus; in the transgenic mouse the elevated level of phosphory-
lated GAP-43, while present before tetanus, combines with EPM
after the tetanus. In G-Perm, moreover, both the physiological
and transgenic phosphorylated GAP-43 combine as shown in
Fig. 4 to produce the enhanced LTP. Thus, it is not the process
of phosphorylation per se, but the presence of phosphorylated
GAP-43 in combination with Ca?"-activated EPM that is critical.
This protein—protein interaction relates to the second issue of
the absence of low frequency enhancement in G-Perm mice. This
can be understood in Hebbian terms (49), given that enhance-
ment occurs only with co-occurrence, here satisfied by the
conjunction of a postsynaptic release of retrograde factor com-
bining with presynaptic activation of EPM. Thus, there is no
enhancement with low frequency stimulation because the con-
junction does not take place.

Perusal of Fig. 4 suggests a unique prediction. Because the
retrograde influence of NMDA receptor activation on GAP-43
phosphorylation would be present for G-Phos but not G-Perm
mice, NMDA receptor blockade should not influence LTP in
G-Perm mice to the same extent as in G-Phos animals. As Fig.
2 D and E shows, this prediction was confirmed. These data make
the essential point that LTP can be rescued from NMDA
receptor blockade effects when permanently phosphorylated
GAP-43 is present in the presynaptic terminal. This result adds
weight to the proposal that GAP-43 phosphorylation is down-
stream from NMDA receptor activation (35-37). Overexpres-
sion of the permanently phosphorylated form of GAP-43 could
alter postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) and/or glutamate metabotropic receptors

PNAS | June 20,2000 | vol.97 | no.13 | 7661

PSYCHOLOGY



in such a way that initiation of synaptic potentiation would bypass
the NMDA receptor (50).

It was recently reported that overexpression of the NMDA
receptor subunit NR2B led to a genetically induced enhance-
ment of learning and of LTP (33) not dissimilar from that
reported here. Such a result lends support to the present
proposed schema (Fig. 4) that emphasizes the linkage between
activation of the NMDA receptor postsynaptically and GAP-43
phosphorylation presynaptically. Because blockade of the
NMDA receptor in fact blocks LTP-induced increases in
GAP-43 phosphorylation (35-37), overexpression of the NMDA
receptor, by producing a greater retrograde signal, would be
predicted by the model to increase GAP-43 phosphorylation and
thereby enhance learning.

Linking different genes whose overexpression yields similar
phenotypic enhancements of learning suggests a genetic ap-
proach to specifying the particular signaling pathways of synaptic
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plasticity. The fact that G-NonP animals demonstrated “nor-
mal” LTP no different from controls indicates that their inability
to learn win-shift rules was not due to a gross deficiency in
capacity for synaptic modification. On the other side of the coin,
the superior learning performance of G-Phos mice suggests
novel therapeutic approaches that seek to mimic the learning—
enhancing chemistries produced here.
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