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One of the major challenges in neurobiol-
ogy is to find the links between electro-
physiological, cellular and molecular
events in neurons as they relate to long-
term memory formation. At the cellular
level, the prevailing models that account
for retention of learning by experience
include the strengthening of existing
synapses and the development of new
ones. How these cellular events take place
is not fully understood,
although studies in the sea slug
Aplysia californica, Drosophila
melanogaster and rodents
implicate two signal transduc-
tion pathways in the control of
synaptic plasticity, learning
and memory. The first is a
cyclic AMP/protein kinase A
(cAMP/PKA)-mediated path-
way and the second, a Ras-
mediated mitogen-activated
protein kinase (Ras/MAPK)
pathway1–3. On page 399, Rui
Costa and colleagues4 present a
study that holds promise for an
improved understanding of the
balance between these path-
ways, and how it may influence
the process of learning.

Type I neurofibromatosis
(NF1) is a prevalent genetic
disorder affecting 1 in 3,500
newborns, with pathological
consequences ranging from
benign hyperplasias in cells
derived from neural crest to
malignancies in the peripheral
nervous system and the blood5.
About 35–50% of people with
NF1 have learning disabilities6.
The disorder is caused by
mutations in NF1, which
encodes the Ras GAP-related
protein neurofibromin7 and is
highly expressed in the central
nervous system of adults.

Alternative splicing of NF1
gives rise to four isoforms, 
two of which, I and II, are 

abundantly expressed in the brain. Costa
et al.4 wondered whether one of these,
type II neurofibromin—which includes
exon 23a—is critical to learning ability.
By selectively targeting exon 23a, they
generated a mouse (Nf123a–/–) lacking
only type II neurofibromin. The mice
develop normally, are viable and are not
susceptible to tumor formation. They
have, however, learning impairments

similar to those of NF1 patients and
Nf1+/– mice (that is, they fare poorly in
two independent tasks relying on hip-
pocampal function).

Because of the position of exon 23a,
type I and type II neurofibromins are
believed to differentially regulate Ras-
dependent signaling—which transduces
various signals at the plasma membrane
into gene regulation within the nucleus

(Fig. 1). Ras is a small GTPase
and acts as a molecular switch,
cycling from active Ras-GTP
to inactive Ras-GDP. It is acti-
vated by guanylyl-exchange
factors (GEFs) and muted by
GTPase-activating proteins
(GAPs) such as neurofi-
bromin, which accelerate the
hydrolysis of GTP into GDP.
Other studies have indicated
that a perturbation in the bal-
ance of active and inactive
Ras—in either direction—can
result in learning abnormali-
ties8,9. Whereas such a pertur-
bation is certain to be at the
core of the learning difficulties
of Nf123a–/– mice, its direction
has yet to be elucidated.

At face value, reduction of
type II neurofibromin might
be considered equivalent to the
reduction of NF1 in Nf1+/–

mice, with both resulting in
lower net GAP activity and
thus in higher Ras-GTP levels.
According to this model, the
Ras/MAPK pathway would be
activated in the mutants. But
exon 23a encodes 21 amino
acids that lie within the Ras-
binding domain (the ‘GAP
domain’); as a result, type II
neurofibromin has a higher
affinity for Ras-GTP but a
lower GAP activity compared
with the type I isoform10 (Fig.
2). So, ablation of type II neu-
rofibromin might actually
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Type 1 neurofibromatosis is a syndrome caused by mutation of the gene NF1, which encodes neurofibromin—a tumor suppressor
related to the Ras GAP signaling proteins. A new study of mice that lack a splice variant of neurofibromin discloses learning
impairments similar to those of people with neurofibromatosis, and raises questions about the signaling pathways implicating
neurofibromin isoforms during synaptic plasticity.

Fig. 1 Neuronal synapses undergo biochemical and morphological modifications
as a result of neuronal activity. Two signaling pathways have been implicated in
such synaptic plasticity, one, dependent on Ras, and the other, on cAMP. Ras is a
small GTPase that functions as a molecular switch by cycling between a GDP-
bound inactive form and a GTP-bound active form in response to extracellular
and intracellular signals. Guanylyl-exchange factors (GEF) activate Ras, whereas
GTPase-activating proteins (GAP) mute it. Although neurofibromin (NF1) is func-
tionally related to GAPs, different NF1 isoforms are thought to promote Ras inac-
tivation to different degrees (Fig. 2), so the net effect of the ablation of the type
II isoform on Ras activity is still unclear. Activation of Ras results, through the
mitogen-activated protein kinase (MAPK) cascade, in the transcription of genes
required for long-term memory. The MAPK pathway is also activated by protein
kinase A (PKA) in response to the higher levels of cAMP produced by the adeny-
late cyclase. Drosophila NF1 can activate the cAMP/PKA pathway. So, type II neu-
rofibromin might act positively or negatively on the MAPK pathway, through
either Ras- or cAMP-dependent signaling.

Bo
b 

C
rim

i

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://genetics.nature.com



news & views

nature genetics • volume 27 • april 2001 355

result in an increased access of type I neu-
rofibromin to Ras-GTP, with a higher net
GAP activity, hence lower Ras-GTP levels
(Fig. 2a). A close comparison of the
Nf1+/– and Nf123a–/– mice should deter-
mine whether this is the case.

The identification and study of a highly
conserved NF1 homolog in Drosophila
adds yet another twist to the story. NF1-
mutant flies have deficiencies in odor-
recognition conditioning11. Curiously,
mutation of Drosophila NF1 does not
have a significant impact on Ras activity;
rather, it inhibits the cAMP/PKA signal-
ing pathway. This provides a compelling
motivation to determine whether cAMP-
dependent pathways are modified in ver-
tebrates with mutations in NF1.

Both the Ras and PKA pathways con-
verge on the mitogen-activated protein
kinase (MAPK) signaling cascade,
through the activation of Raf and B-Raf,
respectively (Fig. 1). The MAPK signaling
cascade was originally identified as a criti-
cal regulatory pathway in cell growth and
differentiation. Once activated, MAPK
translocates to the nucleus, which leads to
activation of transcription factors12. Eric
Kandel and colleagues13 provided several
lines of evidence that the MAPK pathway
is implicated in synaptic plasticity and
learning. Exploring how different NF1
mutations affect these downstream effec-
tors seems an obvious course of action.

Similarly, determining where and when
the presence of the different neurofibromin

isoforms is critical to development is also
of issue. For example, both type I and
type II neurofibromins are expressed in
neurons and glia, but their amounts, both
absolute and relative to one another, may
vary. Is the phenotype observed by Costa
et al.4 dependent on loss of type II neu-
rofibromin in a particular cell type? 

The authors conclude that the learning
disabilities of Nf123a–/– mice do not seem
to be related to developmental defects,
but rather, to the physiology of the brain.
Consistent with this is the observation
that the learning disability of NF1–/– flies
can be rescued by transient expression of
an NF1 transgene in adults11. If this is also
found to be the case in mice, approaches
to treat NF1-related learning difficulties
may be possible. Finally, it is important to
note that, as with Nf1+/– mice and people
with NF1, the learning deficits of
Nf123a–/– mice can be overcome by exten-
sive training.
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Fig. 2 By up-loading GTP, Ras gets ‘activated’, as it promotes the activity of downstream effectors like the
Raf kinase (Fig. 1). Once activated, Ras slowly turns itself off by hydrolyzing GTP into GDP, thanks to its
intrinsic GTPase activity. This reaction can be accelerated upon the binding of a GTPase-activating protein
(GAP) such as neurofibromin, the product of NF1—so, even though a GAP ‘activates’ the intrinsic GTPase
activity of Ras, this results in muting the ‘active’ form of Ras, Ras-GTP. Two neurofibromin isoforms,
because they have distinct Ras-binding domains, differ in their GAP properties: type I neurofibromin (a)
binds Ras-GTP with a lower affinity than type II (b), but promotes GTP hydrolysis more efficiently. So, abla-
tion of neurofibromin II, as in Nf123a–/– mice, is likely to result in higher access of neurofibromin I to Ras-
GTP, hence to higher net GTP hydrolysis (a). This suggests that Ras signaling might be globally lower in
these mutant animals compared with wild-type mice.
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Recent studies of both chick and mouse
have improved our understanding of the
mechanisms controlling development of
the dorsal pancreas1. The dorsal pre-pan-
creatic endoderm remains closely associ-
ated with the notochord during early

developmental stages. The notochord has
been shown to permit development of the
dorsal pancreas by secreting activin and
fibroblast growth factor-2 (FGF2). These
signaling molecules repress endodermal
expression of sonic hedgehog (Shh),

which acts as an autocrine inhibitor of
dorsal pancreatic development. By releas-
ing the Shh-mediated block, the dorsal
endoderm can commit to a pancreatic cell
fate. Generation of a dorsal pancreas in
response to these signaling events also

The pancreas and its heartless beginnings
Stephen A. Duncan

Department of Cell Biology, Neurobiology and Anatomy, Medical College of Wisconsin, Milwaukee, Wisconsin 53226, USA. e-mail: duncans@mcw.edu

During embryonic development, the pancreas derives from two separate outgrowths of endodermal cells called the ventral and
dorsal pancreatic buds. These buds fuse to form the definitive pancreas. A new study shows that a bipotential cell population
exists in the embryonic endoderm that gives rise to both the liver and the ventral pancreas. The decision by these cells to adopt
either a pancreatic or hepatic cell fate is determined by their proximity to the developing heart.
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Learning deficits, but normal development
and tumor predisposition, in mice lacking
exon 23a of Nf1
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Neurofibromatosis type 1 (NF1) is a commonly inherited autosomal dominant disorder. Previous studies indicated

that mice homozygous for a null mutation in Nf1 exhibit mid-gestation lethality, whereas heterozygous mice have

an increased predisposition to tumors and learning impairments. Here we show that mice lacking the alternatively

spliced exon 23a, which modifies the GTPase-activating protein (GAP) domain of Nf1, are viable and physically

normal, and do not have an increased tumor predisposition, but show specific learning impairments. Our findings

have implications for the development of a treatment for the learning disabilities associated with NF1 and indi-

cate that the GAP domain of NF1 modulates learning and memory.
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Introduction
NF1 is a commonly inherited, autosomal dominant disorder that
affects approximately 1 in 4,000 individuals. Mutations in the
gene NF1 cause several abnormalities in cell growth and tissue dif-
ferentiation, including neurofibromas, café au lait spots and Lisch
nodules of the iris1,2. A broad range of learning disabilities are also
associated with NF1 (ref. 3). The protein encoded by NF1, neu-
rofibromin, contains a GAP domain, known to inhibit Ras-medi-
ated signal transduction4–6. Previous studies showed that mice
homozygous for a Nf1 null mutation exhibit mid-gestational
lethality, whereas heterozygous mice have an increased tumor pre-
disposition and learning impairments7–9. It is therefore unclear
whether the learning disabilities are associated with developmen-
tal abnormalities or increased tumor predisposition. An alterna-
tively spliced NF1 exon, 23a, encodes 63 bp within the
GAP-related domain. Exclusion of exon 23a results in the type I
isoform, whereas inclusion of 23a results in the type II isoform.
The type II isoform has a greater affinity for Ras, but lower GAP
activity than type I (refs. 10,11). To determine the role of the type
II isoform, we developed a mouse strain specifically lacking exon
23a (Nf1tm1Cbr, hereafter Nf123a–/–). We found that mice homozy-
gous for this mutation (Nf123a–/–) are viable and physically nor-
mal, and do not have an increased tumor predisposition. Nf123a–/–

mice, however, have specific learning impairments in hippocam-
pal-dependent tasks (water maze and contextual discrimination)
similar to those previously described for heterozygous null
mutants9. These results demonstrate that the Nf1 type II isoform
is not required for either normal embryological development or
tumor suppression, but is essential for normal brain function.
Also, they indicate that the GAP-related domain of neurofibromin
modulates learning and memory.

Results
Mice lacking exon 23a are viable and lack Nf1 type II
We made the exon 23a deletion vector by joining a DNA frag-
ment located upstream of Nf1 exon 23a to a fragment 3´ of exon
23a, generating a deletion of approximately 300 bp that included
exon 23a (Fig. 1a). For positive selection of the targeting vector, a
neomycin resistance cassette previously shown not to affect the
transcription or splicing of the surrounding exons12 was inserted
in the deletion. After electroporation of the targeting vector and
subsequent selection and screening of embryonic stem (ES) cell
clones, 19 independent clones were identified that had the
expected deletion of exon 23a.

Male chimeric mice were generated from two independent
exon 23a deletion ES cell lines using standard procedures13.
Upon maturity, males derived from each cell line were mated
with C57BL/6J females, and germline transmission of the exon
23a deletion mutation was obtained from both lines. The result-
ing F1 progeny were intercrossed to obtain F2 mice of all three
genotypes in the expected mendelian ratio. These
(C57BL/6J×129/SvEv) F2 animals were used in the experiments
described below. Identical results were obtained from both inde-
pendent lines; therefore, we combined them.

To confirm that the engineered mutation resulted in deletion
of exon 23a, we used RT–PCR from RNA derived from brain 
tissue. We determined that the type II isoform was missing from
Nf123a–/– animals, but present in Nf123a+/+ and Nf123a+/– animals
(Fig. 1b). Moreover, Nf123a–/– animals seemed to have normal
levels of the type I isoform, indicating that the intronic
neomycin resistance gene had no adverse affect on Nf1
expression. Protein extracts prepared from brain tissue were
analyzed by western-blot analysis using two affinity-purified 
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anti-neurofibromin peptide antibodies14: NF1C, which recog-
nizes the C terminus of neurofibromin; and GAP4, which recog-
nizes the 21 amino acids encoded by exon 23a. We determined
that, although all three genotypes express type I neurofibromin,
only Nf123a+/+ and Nf123a+/– mice express type II (Fig. 1c). These
data demonstrate that the targeted deletion of Nf1 exon 23a
results in loss of type II neurofibromin. We then performed
immunohistochemical analysis of brain tissue with the GAP4
antibody using Nf123a–/– tissue as a negative control for antibody
specificity. In contrast to previous studies using RT–PCR analy-
sis of mouse cortical cultures15, we found that type II neurofi-
bromin is not only expressed in glia, but also in mature neurons
in the mouse adult brain, including pyramidal neurons in the
CA3 region of the hippocampus, Purkinje and granule cells in
the cerebellum (Fig. 1d–i).

Nf123a–/– mice do not have increased predisposition for
tumor formation
We analyzed 28 adult mice (between the ages of 4 and 13 months;
average 8 months) at the histopathological level (13 Nf123a–/–, 10
Nf123a+/– and 5 Nf123a+/+). Complete examination revealed that
only 4 of 28 mice had any abnormalities, but no abnormality was
found more than once. One male Nf123a–/– mouse (8 months)

had an enlarged spleen (6 times normal) containing splenic
hyperplasia with expansion of red pulp and increased
extramedullar hematopoiesis. The lung, liver and kidneys
revealed mild interstitial lymphocyte infiltrates. Another
Nf123a–/– male (13 months) had a small liver adenoma (0.3 cm)
and a small lung adenoma (0.3 cm). A Nf123a–/– female mouse (9
months) contained a large intra-abdominal cyst filled with yel-
low serous fluid. Microscopic examination revealed features con-
sistent with endometriosis. Finally, a Nf123a+/– male (6.5 months)
had an enlarged kidney (2 times normal), which on sectioning
revealed multiple cystic lesions in the medulla and seemed to be a
renal cystadenoma. The remaining 24 mice were found to be
completely normal, indicating that there are neither obvious
genotype-associated pathologies nor an increased risk for malig-
nancy within the first year of life.

Examination of brain sections from all 28 mice stained with
hematoxylin and eosin revealed no gross or microscopic abnor-
malities among the three genotypes. As there have been reports of
astrogliosis in individuals with NF1 and in Nf1+/– mice16,17, we
investigated the distribution of astrocytes in the brain by immuno-
staining with glial fibrillary acid protein (GFAP) antibody. Overall,
no differences in the GFAP staining pattern or intensity were seen
among the three groups of mice (data not shown).

Fig. 1 Strategy and analysis of targeted disruptions of Nf1 exon 23a. a, Strategy
for creation of the exon 23a deletion allele. The top line represents the structure
of a portion of endogenous Nf1. The second line represents the targeting vector
in which the Neo cassette (white box) replaces 300 bp of genomic DNA encom-
passing exon 23a. A viral thymidine kinase gene (light stippled box) has been
placed at the 5´ end of the construct as above. The third line represents the pre-
dicted structure of the locus following targeted integration of the replacement
vector. b, RT–PCR analysis of wild-type, heterozygous and homozygous mutant
mice at 6 weeks of age. Brain RNA was reversed transcribed using random hexam-
ers followed by PCR amplification using oligonucleotides derived from exon 23
and the junction of exons 24 and 25. c, Absence of neurofibromin type II in exon
23a mutant mice. Mouse brain protein extracts from Nf123a–/–, Nf123a+/– and
Nf123a+/+ mice were subjected to western blots using the GAP4 antibody, which
detects type II isoform (top), and the NF1C antibody which detects both type I and
type II isoforms (bottom). The GAP4 antibody detects a single 250-kD protein in
wild-type and heterozygous mice, but not in homozygous mutant mice. In con-
trast, the NF1C antibody detects a 250-kD protein in all three genotypes. d–i, Spe-
cific expression on type II neurofibromin in the hippocampus and the cerebellum.
Mouse brain sections from wild-type (d,f,h) and Nf123a–/– (e,g,i) mice were stained
with GAP4 antibody. In the hippocampus (d,f), high expression of type II neurofi-
bromin is found in the pyramidal neurons in the CA3 region, but only weak
expression is found in the CA2 and CA1 regions. Type II neurofibromin is unde-
tectable in the dentate gyrus (DG). f,g, Close-up of the CA3 region. In the cerebel-
lum (h,i), the GAP4 antibody strongly labels the cell bodies and dendrites of the
Purkinje neurons. The type II neurofibromin isoform was undetectable in Nf123a–/–

brain sections (e,g,i). Magnifications are as follows: top row, ×10; middle and bot-
tom rows, ×100; insets, ×500. Bars for d,e, 0.5 mm; f–i, 50 µm; insets, 10 µm.
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Fig. 2 Spatial learning in the water maze. a, Nf123a–/– mice
(n=12) and wild-type littermates (n=12) were trained for 14 d,
with 2 trials per day in the water maze. The average latency to
reach the hidden platform is plotted. Escape latencies decrease
across days (F1,21=13.914, P<0.05) and there is no difference in
latencies between mutants and controls during training
(F1,21=2.548, P>0.05). b, After the hidden version of the water
maze, the animals were run in the visible platform task. There
was no difference in latency to get to the platform across trials
between wild-type and mutants (F1,14=0.30, P>0.05). c, Results
of a probe trial given after 10 days of training. The percentage
of time animals spent searching in each of the training quad-
rants is shown. ANOVA shows that there is an effect of per-
centage time spent in quadrant for wild type (F3,44=12.242,
P<0.05). Post-hoc analysis show that wild-type mice spent sig-
nificantly more time searching in the training quadrant than in
any of the other quadrants (Fisher PLSD, P<0.05). Mutants did
not search selectively in any of the quadrants (F3,44=2.716,
P>0.05) and spent significantly less time searching in the train-
ing quadrant than wild type (F1,22=6.555, P<0.05). d, Probe trial
given after 14 days of training. Both mutants (F3,44=15.348,
P<0.05) and wild type (F3,44=23.110, p<0.05) searched selec-
tively and spent significantly more time searching in the train-
ing quadrant than in any of the other quadrants (Fisher PLSD,
P<0.05). e, During the probe trial given at day 10, wild-type
mice searched on average closer to the exact position of the
platform during training than to the symmetric position in the
opposite quadrant (t11=–2.612, P<0.05), whereas mutants did
not (t11=0.709, P>0.05). f, Probe trial day 14. Both mutants and
wild type searched on average closer to the exact platform
position than to the opposite position in the pool (t11=–2.905,
P<0.05; t11=–6.71, P<0.05). Dashed line indicates random
search (25% in each quadrant). *Significant difference, P<0.05.
tq, training quadrant; ar, adjacent right quadrant; al, adjacent
left quadrant; op, opposite quadrant.
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Because the Nf1+/– mice have increased predisposition for
tumor formation and lower survival rates than wild-type con-
trols8, we aged another cohort of 27 mice (9 wild type, 10
Nf123a+/–, 8 Nf123a–/–) for over two years and analyzed their sur-
vival rates at different ages. No differences were observed in the
survival rates of the different genotypes (Table 1; χ2

6=2.27,
P>0.05). At the age of 27 months, the surviving mice were eutha-
nized and necropsy was performed. One wild-type female had
pus in the abdominal cavity with enlarged spleen and one
Nf123a–/– male had a large (0.5 cm), well-confined mass in the
prostate area, but no consistent pathology was seen among the
three genotypes.

Spatial learning is impaired in Nf123a–/– mice
Visual-spatial problems are among the most common cognitive
deficits detected in NF1 patients3 and previous results showed
that Nf1+/– mice have abnormal spatial learning9. To determine
whether the Nf123a–/– mutation affected spatial learning, we
tested these mice in the hidden version of the water maze, a task
known to be sensitive to hippocampal lesions18. In this task an
animal learns to locate a submerged platform in a pool filled with
opaque water. During training, mice were given 2 trials per day
for 14 days. No differences were observed between wild-type and
mutant mice in floating, thigmotaxic behavior or swimming
speed (wild type=19.9 cm/s, mutants=18.9, F1,22=0.297,
P>0.05). Across days, all animals decreased the time taken to find
the platform (F1,21=13.914, P<0.05) and no difference was found
between Nf123a–/– mice and wild-type littermates (F1,21=2.548,
P>0.05; Fig. 2a). The time taken to find the platform during
training is known to be a poor measure of spatial learning19.
Therefore, we assessed spatial learning in probe trials in which
the platform was removed from the pool. In a probe trial given
after 10 days of training, the wild-type mice searched selectively,

spending significantly more time searching for the platform in
the quadrant where the platform was during training than in the
other quadrants (F3,44=12.242, P<0.05), whereas Nf123a–/– mice
searched randomly (F3,44=2.716, P>0.05) and spent significantly
less time searching for the platform in the training quadrant than
wild type (F3,22=6.555, P<0.05; Fig. 2c). Using another very sen-
sitive measure to assess spatial learning20 (proximity to plat-
form), we verified that wild-type mice searched on average closer
to the exact platform position than to the symmetrically opposite
position in the pool (t11=–2.612, P<0.05), whereas mutants did
not (t11=0.709, P>0.05; Fig. 2e).

Previous studies showed that additional training alleviates the
learning deficits in the Nf1+/– mice9. Consistently, following four
additional days of training, the Nf123a–/– mice searched as selec-
tively as wild-type controls in a probe test (F=1.301, P>0.05; Fig.
3d). They spent significantly more time searching in the training
quadrant than in the other quadrants (F3,44=15.348, P<0.05) and
searched closer to the exact platform position (t11=–2.905,
P<0.05; Fig. 3f).

To determine whether deficits in motivation, motor coordina-
tion, or vision account for the abnormalities in spatial learning,

Table 1 • Survival rates of the different genotypes

Age (months) 12 18 24 27

Genotype

wild type 100% 77% 77% 44%

Nf123a+/– 100% 100% 90% 50%

Nf123a–/– 100% 87.5% 75% 50%

We aged 27 mice (9 wild type, 10 Nf123a+/– and 8 Nf123a–/–) to 27 months and
analyzed their survival rates at different ages. No differences were observed in
the survival rates of the different genotypes (χ2

6=2.27, P>0.05).

a b

c d

e f

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://genetics.nature.com



Fig. 3 Contextual discrimination. a, Percentage
of time spent freezing in chamber A (shock con-
text, filled) versus chamber B (no-shock context,
open bars) shown for each of the three testing
days. Wild-type mice spent significantly more
time freezing in the chamber where they were
shocked than in the other chamber on each test
day (day 1, A=66.8, B=47.4, t8=2.407, P<0.05; day
2 A=78.0, B=51.2, t8=5.873, P<0.05; day 3,
A=77.2, B=52.2, t8=4.890, P<0.05), showing that
they discriminate between the two chambers.
Nf123a–/– mutants did not discriminate between
the chambers (day 1, A=47.5, B=43.3, t8=0.603,
P>0.05; day 2, A=70.5 B=53.5, t8=1.839, P>0.05)
during the first two days of training, but they
finally discriminated after three days of training
(A=62.4, B=44.8, t8=2.534, P<0.05). b, Specificity
of the conditioned freezing. After training in
contexts A and B, mutants and wild-type mice
were tested in chamber A and a novel chamber,
C. Both mutants (A=66.6, C=3.1) and wild-type
(A=73.7,C=3.8) showed similarly robust freezing
in chamber A (shock context, black bars,
F1,15=0.637, P>0.05) and essentially no freezing
in chamber C (novel context, gray bars,
F1,15=0.111, P>0.05). c, Memory consolidation
does not seem to be impaired in the mutants
because both mutant (open bars) and wild-type
controls (filled bars) exhibited similar levels of
freezing (wild type=77.1, mutants=73.5,
F1,15=0.111, P>0.05) when re-exposed 35 days
later to the same chamber where they were
shocked. *Significant difference, P<0.05.
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the same animals were tested in the visible platform version of the
water maze, a task that is not affected by hippocampal lesions18. In
this task, animals must locate a platform marked with a visible
cue. Both mutant and wild-type control mice acquired the task
similarly, as the times taken to reach the visible platform were not
different between the groups (F1,14=0.030, P>0.05, Fig. 3b).

Nf123a–/– mice are impaired in contextual discrimination
We confirmed the water maze results using another hippocam-
pal-dependent task, contextual discrimination21. In this task
animals are required to discriminate between two similar cham-
bers, one in which they receive a mild foot shock (chamber A)
and another in which they do not (chamber B). Contextual dis-
crimination is assessed by measuring the time spent ‘freezing’
(that is, without any bodily movement aside from respiration)
in each chamber. Throughout training, wild-type mice froze
significantly more in the chamber where they were shocked
than in the other chamber (P<0.05 for all three days), showing
that they discriminate between the two chambers (Fig. 3a). In
contrast, during the first two days of training, Nf123a–/– mutants
did not discriminate between the chambers (P>0.05 for both
days). Nf123a–/– mice finally discriminated between the cham-
bers after three days of training (day 3, t8=–2.534, P<0.05), con-
firming that, just as with spatial learning, additional training
can overcome the learning deficits. When tested in chamber C,
which is very different from the training chambers, both wild-
type and mutant mice showed little or no freezing (Fig. 3b).
This demonstrates that the freezing responses in chamber B are
probably triggered by the cues shared with chamber A. The
Nf123a–/– mutation does not seem to affect long-term memory,
because mutants and controls had similar levels of freezing
(F1,15=0.111, P>0.05) when tested 35 days after training (Fig.
3c). Also, the ability to freeze seems to be unaffected by the
mutation. In chamber A, both baseline freezing (wild type, 9.0;
Nf123a–/–, 6.7; F1,15=0.264, P>0.05) and freezing after foot-
shock delivery (F1,15=3.495, P>0.05) were similar between wild
type and mutants.

Nf123a–/– mice have delayed acquisition of motor skills
Some individuals with NF1 show delayed acquisition of motor
skills and motor coordination problems3. To determine whether
the Nf123a–/– mutation affects motor function, we tested the mice
on an accelerating rota-rod22,23 (4–40 r.p.m. in 300 s). Nf123a–/–

mice fell off the rotating rod sooner than wild-type mice
(F1,17=4.84, P<0.05; Fig. 4a). This motor coordination impair-
ment is not due to greater fatigue in the mutants because, at an
intermediate, constant speed (14 r.p.m), mutants and controls
showed no differences in latency to fall from the rotating rod
(F1,16=0.262, P>0.05; Fig. 4b).

The effects of the Nf123a–/– mutation are specific
It is unlikely that the learning deficits in these mice are caused by
generalized neurological problems or poor motor performance,
as swimming speed, ability to freeze, ambulance (hind paw
analysis23), exploratory behavior (open field23), muscular
strength (wire hang24) and body weight (data not shown) were
not affected by the mutation.

Just as NF1 patients do not show learning deficits in all tasks,
the Nf123a–/– mutation did not affect all forms of learning. When
tested in the social transmission of food preferences25, a task that
assesses the capability of an animal to remember a food smelled
in the breath of a littermate, Nf123a–/– mice learned as well as
wild-type controls (t8=3.23, P<0.05; Fig. 5). This is relevant
because the brain regions required to solve this task26 are differ-
ent from the ones required for the water maze18 and contextual
discrimination21, revealing that the effects of this mutation are
specific.

Discussion
Neurofibromin is a complex protein that is implicated in a num-
ber of biological processes, including growth, differentiation,
learning and memory. Accordingly, inactivating mutations of
NF1 in humans and mice results in a wide spectrum of symptoms
ranging from increased tumor predisposition to learning disabil-
ities27. NF1 encodes several distinct isoforms of neurofibromin.
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Here we have demonstrated that one isoform, type II, is impor-
tant for brain function, but not for embryological development
or tumor suppression. It is possible that other alternatively
spliced exons (such as exon 9a) expressed postnatally in forebrain
neurons28, also have a role in mechanisms underlying learning
and memory. Our data indicate that the learning deficits caused
by mutations that inactivate NF1 in mice and humans are not a
result of developmental deficits or undetected tumors. Instead,
they suggest that the learning deficits in individuals with NF1 are
caused by the disruption of neurofibromin function in the adult
brain, a finding with important implications for the development
of a treatment for the learning disabilities associated with NF1.

Exon 23a modifies the GAP domain of NF1. Thus, our results
indicate that modulation of the Ras pathway is important to
learning and memory. These data are consistent with previous
findings. First, patients carrying a missense mutation that specif-
ically eliminates the Ras-GAP activity of neurofibromin have
learning disabilities29. Second, pharmacological disruption of the
downstream Ras target MAPK disrupts learning in rodents30.
Third, a deletion mutation of Ras guanine-nucleotide-exchange
factor (Ras-GRF) also affects learning and memory in mice31. In
addition, Nf1-null mutations are known to elevate Ras-GTP
(refs. 32,33), and cause learning disabilities9. These results sug-
gest that either abnormally high or low Ras-GTP levels affect
learning and memory. It has been shown that type I neurofi-
bromin has higher GAP activity and lower affinity for Ras than
type II (refs. 10,11), offering the possibility that the ratio between

the two isoforms modulates Ras signaling. Because Nf1 type I
and type II isoforms are expressed in some of the same popula-
tions of cells in the adult brain, and the relative expression of
these two isoforms in neuronal cultures is subject to modulation
by extrinsic factors, such as NGF (ref. 34), we propose that differ-
ential expression of these two isoforms may have a role in fine-
tuning Ras activity in the central nervous system.

Although the neurological and cognitive deficits associated
with NF1 are pleiomorphic and incompletely penetrant (only
about half of individuals show learning disabilities), spatial
problems are the most common abnormality associated with
this condition. Although it is unclear whether the same brain
systems underlie the spatial phenotype in mice and humans, it is
important to note that both the heterozygous null Nf1 mutation
and the Nf123a–/– mutation primarily result in incompletely pen-
etrant spatial learning deficits in mice. Additionally, NF1 muta-
tions can result in motor coordination problems in both mice
and humans. These compelling parallels demonstrate the use-
fulness of mouse models to understand the etiology of learning
deficits in NF1.

Methods
Targeted deletion of exon 23a. The exon 23a deletion vector was made by
joining a 5´ upstream 4.8 kb BsrFI fragment containing exon 23 to a 3´
downstream 4.6 kb BstBI-(NotI) fragment containing intronic sequence.
This resulted in a deletion of approximately 300 bp of genomic DNA,
which included exon 23a. A neomycin selectable marker (KT3NP4) was
inserted between the two fragments in the opposite transcriptional orien-
tation relative to Nf1 and a PGK-TK cassette was placed at the 5´ end of the
construct. CJ.7 cells35 were cultured and electroporated with linearized
vector using standard conditions36, and then plated onto gelatin coated
dishes in media containing ESGRO (1,000 µ/ml; Gibco BRL). After 24 h,
the culture medium was changed to include 250 µg/ml active concentra-
tion of Geneticin (Gibco BRL). After 48 h it was changed again to include
0.7 µM FIAU (0.7 µM; Oclassen Pharmaceuticals). Seven days after elec-
troporation, 500 Geneticin- and FIAU-resistant colonies were picked and
expanded on mouse embryo fibroblasts in the presence of Geneticin. We
isolated genomic DNA from ES cells as described37. Aliquots of the DNA
(5 µg) were digested to completion with BamHI, then electrophoresed
through 0.8% agarose gels, transferred to Hybond nylon membranes
(Amersham) and subsequently screened using a 0.5-kb EcoRI-SpeI frag-
ment mapping 5´ to the limit of homology. Autoradiography was carried
out at –70 °C using Kodak XAR film. We found the expected replacement
event in 1 of every 9 clones. We selected two independent clones to derive
chimeric mice according to standard procedures13.

RT–PCR. We pretreated total brain RNA (10 µg) with DNase I (Gibco
BRL). Half of the reaction was subsequently used to synthesize first-
strand cDNA with Superscript II reverse transcriptase (Gibco BRL) and
random primers (Gibco BRL). The other half of the reaction was manip-
ulated in parallel in the absence of RT. We used one-twentieth of the +RT
or –RT reactions to program PCR reactions using the following condi-
tions: 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.125 mM of
the four dNTPs, 1 unit Taq DNA polymerase (Boehringer) and 4 µM each
of the primers 5´–GCGGAACCTCCTTCAGATGACTG–3´ and
5´–GCTCTGAAGTACCTTTGAC–3´. PCR amplification conditions were
as follows: 95 °C for 4 min, followed by 40 cycles of 94 °C for 1 min, 55 °C
for 1 min, and 72 °C for 2 min. The final cycle was followed by a 10-min
extension period at 72 °C.

Genotyping. To genotype genomic DNA isolated from the exon 23a 
deletion mice, we used three oligonucleotide primers: Nf23a,

Fig. 4 Motor performance in the rota-rod. a, Accelerating rota-rod. Wild-type
and Nf123a–/– were given 5 trials in an accelerating rota-rod (4–40 r.p.m. in 5
min) during 1 day. All subjects showed an increase in the latency to fall across
trials (F1,17=13.3, P<0.05) indicating that they improved their performance
across trials. In average mutants fell off the rotating rod sooner than the wild
type (F1,17=4.84, P<0.05). b, Constant speed rota-rod. The mice were given four
trials at a lower constant speed (14 r.p.m. for 5 min) during one day. Under
these conditions, mutants and controls showed no differences in latency to fall
from the rotating rod (F1,16=0.262, P>0.05).

Fig. 5 Social transmission of food preferences. After 15 min of interaction with
demonstrator mice, both wild-type and mutant mice showed robust socially
transmitted food preference (wild type, cued=0.58 g, non-cued=0.12 g,
t8=3.16, P<0.05; Nf123a–/–, cued=0.65 g, non-cued=0.09 g, t8=3.23, P<0.05). Even
with shorter interaction times (5 min), no differences were observed between
mutant and wild-type mice (data not shown).
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5´–GCAACTTGCCACTCCCTACTGAATAAAGCTACAGTAAAA–3´; intron
23a, 5´–CCACTCACATGACCCGCAAACG–3´; and KT3NP4,
5´–GGAGTTGTTGACGCTAGGGCTC–3´. PCR conditions were the
same as above except of the following changes: 25 µl reactions were used
containing 400 ng each of the 3 oligonucleotide primer. PCR of DNA
from wild-type animals resulted in a 450-bp fragment; from homozygous
mutant animals, a 520-bp fragment; and from heterozygous animals,
both a 450-bp and a 520-bp fragment.

Western blot. Mouse brains were homogenized in triple detergent buffer
(100 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5 mM
deoxycholic acid, 1% SDS, 50 ng/ml Pefabloc, 2 U/ml aprotinin, 1 mM
EGTA, 2 µg/ml pepstatin) and spun for 1 h at 100,000g at 4 oC. Protein
concentration was determined using the Bradford Protein Detection kit
(Biorad). Western blots were performed on the same day of protein
extraction by first precipitating protein extracts (100 µg) with acetone,
which was then dissolved in 1×SDS–PAGE sample buffer and run on a
4–20% premade SDS–PAGE (Biorad) for 1 h. Proteins were then trans-
ferred to Amersham nitrocellulose filter overnight at 4 oC in western-blot
buffer. The filters were then probed with either GAP4 or NF1C antibod-
ies (1 µg/ml) using a chemiluminescent kit according to manufacturer’s
instructions (Amersham). Both GAP4 and NF1C were previously
characterized14.

Pathology. Age- and sex-matched adult mice were killed and internal
organs removed for analysis. After gross examination, the tissues were
fixed in 10% neutral buffered formalin. Representative tissue sections
were dehydrated, embedded in paraffin, sectioned (5 µm), mounted on
slides and stained with hematoxylin and eosin.

Imunohistochemistry. For the GAP4 antibody imunohistochemistry, the
mice were infused through the heart with DPBS, followed by 2% para-
farmaldehyde in DPBS. The brains were then removed and processed for
paraffin embedding. We cut 5-µm sections. Sections were boiled in sodi-
um citrate (10 mM, pH 6) for 10 min to unmask the GAP4 antigenic site,
blocked with avidin/biotin and 3% normal goat serum. Sections were
then incubated with affinity-purified GAP4 antibody14 overnight at 4 oC.
Primary antibodies were detected using the Vector rabbit ABC elite Per-
oxidase kit (Vector), enhanced by DAB enhancer, and visualized with
diaminobenzidine (DAB) (Biomedia). The sections were then counter-
stained with aqueous hematoxylin (Xymed). The same basic procedure
was used for GFAP staining using an automated immunohistochemistry
stainer (Ventana Medical System 320, and rabbit anti-cow GFAP anti-
body (Dakopatts) at 1:1,200 dilution as a primary antibody.

Animals. For the behavioral experiments, we used group-housed males
and females. The experimenters were blind to the genotype of each ani-
mal during the experiments. All the protocols used were approved by
UCLA’s Animal Research Committee.

Water maze. The basic protocol for the water maze experiments has been
described38. Our pool is circular with a 1.2-m diameter and the platform
has an 11-cm diameter. The water is made opaque with non-toxic white
paint and maintained at 27 oC. The movement of the mice is processed by
a digital tracking device (VP118, HVS Image). During the hidden plat-
form test, the platform was submerged (1 cm) below the water surface
and maintained in the same place throughout training. The mice were
given 2 trials every day (60 s ITI) for 14 d and the starting position was
varied from trial to trial. In the probe trials given after 10 and 14 d of
training, the platform was removed and the mice were allowed to search
for it for 60 s. In the visible platform test, a distinct symmetrical cue
(black and white golf ball) was fixed 5 cm above the center of the sub-
merged platform. The animals were given 5 trials during 1 day (30 min
ITI); the starting position and the platform location were pseudo-ran-
domly varied from trial to trial.

Contextual discrimination. The contextual discrimination experiments
were performed as described21. Chambers A and B were similar, both
with grid floors and located in sound attenuating boxes in dimly lit
rooms located outside the vivarium; and they were modified to have

some unique features (location, geometry, background noise, odor).
Chamber C, which shared no obvious cues with chambers A and B, was
located in a room inside the mouse vivarium and was brightly illuminat-
ed. This experiment consisted of three stages: pre-exposure (1 d), train-
ing (1 d) and testing (3 d). Each mouse was habituated to contexts A and
B for 10 min before training started (day –1). The next day (day 0) ani-
mals were placed in chambers A and B for 3 min (the order was bal-
anced), and after 150 s a mild foot-shock (0.75 mA for 2 s) was delivered
in chamber A but not in chamber B. During the 3 consecutive testing days
animals were placed in each chamber and the amount of freezing during
the initial 150 s was measured. Freezing was assessed every 5 s: mice were
scored as freezing if they were immobile (cessation of all bodily move-
ment aside from respiration) for 2 s. On each of the testing days animals
were shocked after 150 s in chamber A but not in chamber B. Context
specificity was tested 24 h after the end of the contextual discrimination
task by placing the animals in chambers A and C and measuring the
amount of freezing. Long-term memory was assessed 35 d after the end of
the contextual discrimination task.

Rota-rod. For the accelerating rota-rod task using a rota-rod (Ugo Basile
7650) accelerating from 4 to 40 r.p.m. in 300 s. 5 trials (35 min ITI) during
the same day were given. For the constant speed rota-rod task, animals
were given 4 trials (5 min) during the same day, with the rota-rod rotating
at 14 r.p.m. The latency for the animals to fall from the rota-rod was mea-
sured. If the mice initiated passive rotation (that is, grabbed the rotating
rod with all four paws and avoid falling) that was considered a fall.

Social transmission of food preferences. This task was performed as
described25,26. Mice were shaped to eat ground chow from a metal cup.
First, a demonstrator mouse was removed from each cage and food
deprived for 24 h. The demonstrator mouse was then allowed to eat
scented food for 1 h and placed back in the cage for a period of 15 min to
interact with the other mice in the cage (observers). After this, observers
were food-deprived for 24 h. Finally, observer mice were tested for their
preference in a 1-h test in which they had a choice between the food they
smelled on the demonstrator’s breath and another scented food. The
amount of each food eaten (g) was measured. The demonstrated scents
were pseudo-randomly assigned to each cage of mice.

Statistical analysis. A two-way ANOVA with repeated measures was used
to analyze the acquisition data from the water maze and rota-rod tasks.
To analyze the performance in the water maze probe trials we used a sin-
gle-factor ANOVA on the percentage time in quadrant; post-hoc com-
parisons between quadrants were performed when there was an effect of
quadrant. Planned comparisons using a paired t-test were used to analyze
the contextual discrimination data, the proximity data in the water maze
and the social transmission of food preference data.
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