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Distinct Functional Domains of Neurofibromatosis Type 1
Regulate Immediate versus Long-Term Memory Formation
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Neurofibromatosis type 1 (NF1) is a dominant genetic disorder that causes tumors of the peripheral nervous system. In addition, ⬎40%
of afflicted children have learning difficulties. The NF1 protein contains a highly conserved GTPase-activating protein domain that
inhibits Ras activity, and the C-terminal region regulates cAMP levels via G-protein-dependent activation of adenylyl cyclase. Behavioral
analysis indicates that learning is disrupted in both Drosophila and mouse NF1 models. Our previous work has shown that defective cAMP
signaling leads to the learning phenotype in Drosophila Nf1 mutants. In the present report, our experiments showed that in addition to
learning, long-term memory was also abolished in Nf1 mutants. However, altered NF1-regulated Ras activity is responsible for this defect
rather than altered cAMP levels. Furthermore, by expressing clinically relevant human NF1 mutations and deletions in Drosophila
Nf1-null mutants, we demonstrated that the GAP-related domain of NF1 was necessary and sufficient for long-term memory, whereas the
C-terminal domain of NF1 was essential for immediate memory. Thus, we show that two separate functional domains of the same protein
can participate independently in the formation of two distinct memory components.
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Introduction
Neurofibromatosis type 1 (NF1) is one of the most common
neurogenetic disorders with a prevalence of 1 in 3500 (Stephens
et al., 1987). NF1 is predominantly identified by neurofibromas,
benign tumors of the peripheral nervous system, as well as malignant peripheral nerve sheath tumors (Stephens et al., 1987).
Learning disabilities are commonly observed in 30 – 60% of afflicted children (North, 2000). The NF1 protein has a central
GAP-related domain (GRD) that accelerates inactivation of Ras
(Ballester et al., 1990). Although no direct correlation has been
established between specific mutations and phenotypes, a missense mutation that abolishes the Ras-GAP function of NF1 was
found in human patients with multiple symptoms including
learning disability and mental retardation, suggesting that loss of
the GAP function of NF1 may underlie cognitive dysfunction
(Klose et al., 1998). In addition to regulating Ras activity, NF1 has
been shown to regulate cAMP levels in both Drosophila and
mouse models (Guo et al., 1997, 2000; The et al., 1997; Tong et al.,
2002; Dasgupta et al., 2003; Hannan et al., 2006). Interestingly,
although no specific region of the protein has been associated
with any NF1 disease phenotypes (Fahsold et al., 2000; Messiaen
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et al., 2000; Mattocks et al., 2004), our recent report demonstrated that the GRD is sufficient for mediating Ras-dependent
regulation of signal transduction pathways, whereas the
C-terminal region is required for G-protein-dependent adenylyl
cyclase (AC) activation (Hannan et al., 2006).
In Drosophila, Nf1-null mutants exhibit compromised learning, or immediate memory, in the Pavlovian olfactory conditioning paradigm. This behavioral phenotype is attributed to disruption in the rutabaga-encoded adenylyl cyclase pathway (Guo et
al., 2000). In the Morris water maze, Nf1⫹/⫺ mice exhibit a spatial
learning defect that is resulting from increased Ras activity (Costa
et al., 2001, 2002; Li et al., 2005). Such discrepancy is likely caused
by the vast temporal difference between the two training paradigms. It only takes minutes to train and test flies (Tully and
Quinn, 1985), whereas for mice, it takes two training sessions per
day and 6 d to complete the training (Morris, 1984). In addition,
injection of a protein synthesis inhibitor to the lateral ventricle of
the mice significantly reduces their performance in the water
maze (Meiri and Rosenblum, 1998). This suggests that the behavioral phenotype exhibited by the Nf1⫹/⫺ mice may actually be a
form of long-lasting memory that requires repetitive training sessions and is dependent on protein synthesis. In this report, we
demonstrated that Nf1 mutant flies also exhibit abolished longterm memory (LTM). Expressing the highly conserved human
NF1 (hNF1) protein in Nf1-null mutant flies, including variants
containing clinically relevant missense mutations as well as large
deletions, allowed us to identify the structural and/or functional
requisites for these behaviors. Our analyses revealed that the
GRD is required for LTM, whereas sequences in the C-terminal
region regulate immediate memory.
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Materials and Methods
Fly stocks. Flies were raised at room temperature (22 to 24°C) on standard
cornmeal medium. The Nf1 mutants, Nf1P1 and Nf1P2, together with the
parental K33 line were obtained from A. Bernards (Massachusetts General Hospital, Boston, MA). The Gal4 driver line, elav-Gal4;Nf1P1 (Williams et al., 2001), was obtained from A. Sehgal (University of Pennsylvania, Philadelphia, PA). Construction of UAS-hNF1 transgenes and
generation of transgenic fly lines carrying normal hNF1 and human NF1
point mutants and deletion mutants were described previously (Hannan
et al., 2006). Transcription of UAS-hNF1 transgenes in flies was controlled using a nervous system specific X chromosome line, elav-Gal4
(see above). The crossing schemes designed to generate progeny carrying
one copy of the transgene and one copy of the Gal4 driver in the Nf1
mutant background are outlined (see Fig. 2 A).
One-cycle training. Flies were trained and tested with the classical (Pavlovian) conditioning protocol of Tully and Quinn (1985). Briefly, ⬃100
flies were trapped in a training chamber that is lined with an electrifiable
copper grid. Two odors were then delivered to the flies sequentially
through air current, with the first odor (conditioned stimulus; CS⫹)
delivery paired with electric shock (unconditioned stimulus), but no
shock was received with the delivery of the second odor (CS⫺). Each
odor was delivered in an interval of 1 min, with 45 s of fresh air after the
delivery of each odor. This procedure constituted one training cycle. To
test for learning, flies were transferred to a choice point where the two
odors were presented to them by two converging air currents. Flies were
given 120 s to choose between the two arms of the T-maze from which the
odors were delivered. At the end of this period, flies were trapped inside
individual arms, anesthetized, and counted. To eliminate odor bias, the
concentrations of the two odors, which are aversive to untrained flies,
were calibrated such that untrained flies distributed themselves 50:50 in
the T-maze.
Performance index. Two groups of flies were always trained and tested
in one complete experiment; for one group, methylcyclohexanol (MCH)
was CS⫹ and benzaldehyde (BA) was CS⫺, whereas for the second group
BA was CS⫹ and MCH was CS⫺. The “probability correct” of each
reciprocal group was calculated as the number of flies avoiding CS⫹
minus those avoiding CS⫺ divided by the total number of flies in the
T-maze arms. The resulting two probability corrects are then averaged
and normalized to become one performance index (PI), which can range
from 0 (a 50:50 distribution reflecting no learning) to 100 (all flies
learned to avoid shock-paired odor). All statistical analyses in this study
were performed using the paired Student’s t test.
Long-term memory. This training paradigm is in accordance to a previous report (Yin et al., 1994). Extended training procedures were performed with an automated training system in which fresh air was bubbled at 750 ml/min through one of the three channels in a “bubbler
manifold” (custom built by General Valve, Fairfield, NJ). One channel
was for “fresh” air, a second was for BA, and the third was for MCH. Each
channel contained two vials, one with 10 ml of distilled water and the
other with either pure heavy mineral oil (Fisher Scientific, Houston, TX)
alone or with a particular dilution of BA or MCH (Fluka, Neu-Ulm,
Germany). Switching of bubbler channels and of a relay to deliver electric
shock pulses to the flies was computer controlled (system custom designed by Island Motion, Tappan, NY). During massed training, flies
received 10 training cycles (as above) delivered one right after the other.
For spaced training, flies received 10 training cycles with a 15 min rest
interval between each cycle. To assay memory retention, flies were tapped
gently from the training chamber into their usual food vials and stored at
18°C for the duration of 24 h. Flies were then transferred to the choice
point of the T-maze where the usual 2 min test trial was performed.
Cycloheximide feeding and heat shock treatment. The cycloheximide
(CXM) feeding regimen was as reported previously (Yin et al., 1994).
Briefly, groups of ⬃100 flies were placed in feeding tubes that contained
one Whatman (Maidstone, UK) filter paper strip soaked with 125 l of
solution mixture. Solution mixture contained 35 mM (CXM⫹) in 4%
sucrose or 4% sucrose (CXM⫺) and was fed to the flies at 25°C for 12–15
h before training and again at 18°C during the 24 h retention period. Flies
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Table 1. Performance indexes for shock reactivity and olfactory avoidance
Odor avoidance
Genotypes

Shock Reactivity
(60 V)

BA

MCH

2202u
K33
elav/⫹/Y;UAS-hNF1/⫹;Nf1P1/P2
Nf1P1
Nf1P2
elav/⫹/Y;UAS-GRD1;Nf1P1/P2
elav/⫹/Y;UAS-GRD2;Nf1P1/P2
elav/⫹/Y;UAS-GRDdel;Nf1P1/P2
elav/⫹/Y;UAS-R1276P;Nf1P1/P2
elav/⫹/Y;UAS-R1391S;Nf1P1/P2
elav/⫹/Y;UAS-K1423E;Nf1P1/P2
elav/⫹/Y;UAS-Nterm;Nf1P1/P2
elav/⫹/Y;UAS-Cterm;Nf1P1/P2

85 ⫾ 3
78 ⫾ 3
83 ⫾ 2
79 ⫾ 2
79 ⫾ 3
83 ⫾ 4
81 ⫾ 2
80 ⫾ 3
80 ⫾ 2
81 ⫾ 2
82 ⫾ 2
81 ⫾ 3
79 ⫾ 2

79 ⫾ 3
79 ⫾ 3
80 ⫾ 2
76 ⫾ 2
77 ⫾ 2
79 ⫾ 3
79 ⫾ 2
79 ⫾ 3
80 ⫾ 3
80 ⫾ 3
81 ⫾ 3
79 ⫾ 3
80 ⫾ 3

82 ⫾ 3
77 ⫾ 4
80 ⫾ 3
76 ⫾ 3
77 ⫾ 3
83 ⫾ 2
82 ⫾ 3
78 ⫾ 2
77 ⫾ 2
81 ⫾ 2
80 ⫾ 4
80 ⫾ 3
78 ⫾ 4

All wild-type, transgenic, and mutants flies used in this study have normal responses to aversive odors and electric
shocks. All scores are expressed as mean PI ⫾ SEM. For all shock reactivity and odor avoidance assays, n ⫽ 4. No
statistical difference at the level of ␣ ⫽ 0.05 is detected for sensorimotor activities and odor avoidance.

were allowed to clean themselves in standard food vials 30 min before
training.
The heat shock protocol is similar to that reported previously (Guo et
al., 2000). Heterozygous transgenic flies (hsNF1/⫹;Nf1P2) were used to
avoid potential recessive effects of the insertion on behavior. Flies were
raised at 18°C and moved to 30°C for 30 min. After a 2 h resting period at
room temperature (20 –24°C), flies were subjected to spaced training and
tested 24 h later at 25°C.
Olfactory acuity and shock reactivity. Odor-avoidance responses to BA
or MCH were quantified with the method of Boynton and Tully (1992).
Briefly, groups of ⬃100 untrained flies received a 2 min test trial in the
T-maze. Different groups were given a choice between either BA or MCH
versus fresh room air. PIs were calculated as above. Shock-avoidance
responses to 60 V were quantified with the method of Dura et al. (1993).
Briefly, groups of ⬃100 untrained flies received a 2 min test trial in the
T-maze. Each arm of the T-maze contained an electric shock grid, and
different groups of flies were given a choice between shock versus no
shock. PIs were calculated as above. Both olfactory acuity and shock
reactivity were normal for all genotypes (Table 1).

Results
Expression of human NF1 transgene in Nf1-null mutants can
rescue immediate memory and LTM defects
To dissect the long-term memory phenotype of Nf1 mutants, we
subjected flies to massed (10 cycles with no rest interval) or
spaced (10 training cycles with 15 min rest intervals) training
protocols before we tested for their memory 24 h later (see Materials and Methods). At the time of testing, spaced-trained flies
exhibit two memory components, anesthesia-resistant memory
(ARM) and LTM. LTM is protein-synthesis dependent whereas
ARM is not. However, flies that received massed training will only
exhibit ARM (Tully et al., 1994; Dubnau and Tully, 1998). In our
analyses, mutants that are defective in LTM but exhibit normal
ARM performance will be categorized as LTM mutants. All flies
in this study are able to detect odors and shock (see Table 1).
Two Nf1-null mutants were used in this study, Nf1P1 and
Nf1P2, neither of which showed any detectable NF1 protein expression and both of which are defective in olfactory associative
learning (The et al., 1997; Guo et al., 2000). K33 flies, the parental
line of the Nf1 mutants, were used as a wild-type control. We first
confirmed the Nf1 mutant learning phenotype by testing them
immediately after one cycle of training (see Materials and Methods). Consistent with our previous report (Guo et al., 2000), these
mutants exhibit significantly lower learning performance when
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compared with wild-type control flies
(Fig. 1 A). Both Nf1-null mutants also display compromised 24 h memory after
spaced training compared with the parental line (Fig. 1 A), whereas they exhibit
normal ARM, measured 24 h after massed
training (Fig. 1 B). This indicates that NF1
is specifically affecting the LTM component of 24 h memory, in addition to its
effect on learning.
The Drosophila NF1 protein has 60%
identity with the human NF1 ortholog
(The et al., 1997), and previous experi- Figure 1. Learning and LTM defects, but normal ARMP1in Nf1-nullP2 mutants. A, Learning and LTM defects in Nf1 mutants.
ments show that the human protein can Compared with the K33 (control) parental group, the Nf1 and Nf1 mutants display significantly lower performance (*p ⬍
function in place of the fly protein to res- 0.001) in learning (one cycle training) and in LTM (spaced training; for details, refer to Materials and Methods). B, Normal ARM
performance in Nf1 mutants. Memory performance was tested 24 h after massed training. Nf1 mutants perform similar to the
cue body size and stimulation of AC activparental K33 (control) flies after massed training. This indicates that the 24 h memory defect observed in these mutants is in fact
ity (Tong et al., 2002; Hannan et al., 2006). an LTM defect because ARM is normal. PI scores are expressed as mean ⫾ SEM, n ⫽ 8.
Amino acid residues that are normally
conserved between the two species are
found mutated in NF1 patient samples,
suggesting their potential functional significance in the fly (Hannan et al., 2006).
We hypothesized that the human protein
would be able to rescue the behavioral
phenotypes encountered in Nf1 mutants.
To examine whether hNF1 can rescue fly
Nf1 mutant behavioral phenotypes, we expressed the hNF1 protein in the null mutant background using the elav-GAL4
driver, which has a pan-neuronal expression pattern (for crossing scheme, see Fig.
2 A). The transgenic parental lines, elav;
Nf1P1 and UAS-hNF1;Nf1P2, were generated using an isogenic line 2202u, which
displays similar LTM performance to K33
(Fig. 2 D). The 2202u line is used as the
wild-type control in Figure 2 and Figure
4. When compared with the parental
control lines (elav;Nf1P1 and UAS-hNF1;
Nf1P2), the expression of hNF1 in the
hNF1;Nf1P1/P2 progeny (elav/⫹/Y;UAShNF1/⫹;Nf1P1/P2) significantly rescued
both learning and LTM to wild-type Figure 2. Rescue of learning and LTM defects by expressing hNF1 as well as heat shock NF1 (hsNF1) transgene in Nf1-null
level (Fig. 2 B) and also retained normal mutants. A, Crosses performed to generate F1 progeny expressing UAS-hNF1 constructs under the control of the pan-neuronal
level of ARM (Fig. 2C). Thus, human elav-Gal4 driver. B, Rescue of learning and LTM by expressing hNF1 transgene in Nf1-null mutants. Transgenic flies expressing
P1/P2
NF1 is also conserved for behavioral hNF1 pan-neuronally (elav/⫹/Y;UAS-hNF1/⫹;Nf1 ) exhibit significant increases (*p ⬍ 0.001) in both learning (left) and LTM
P1
P2
function with the Drosophila ortholog. (right) from parental lines (elav;Nf1 and UAS_hNF1;Nf1 ). The wild-type control is 2202u, an isogenic line from which transgenic
parental
lines
were
generated
(Hannan
et
al.,
2006).
C, Normal ARM performance in all transgenic lines. None of the
The rescue of LTM by hNF1 suggests
transgenes show any nonspecific effect on ARM (n ⫽ 4 PIs per group). D, Acute expression of NF1 rescues LTM. Heat shock-induced
that NF1 is essential for the formation of
expression of NF1 (hsNF1/⫹;Nf1P2) before spaced training significantly rescues (*p ⬍ 0.001) the LTM defect found in Nf1 mutants
LTM, in addition to its established role when compared with both 2202u (control) and K33 wild-type flies. This indicates the importance of NF1 in LTM formation. HS⫹,
in learning.
raised at 18°C and shifted to 30°C for 30 min 2 h before training; HS⫺, no heat shock treatment. PI scores are expressed as mean ⫾
To rule out any developmental abnor- SEM, n ⫽ 8 unless otherwise indicated.
malities that may contribute to the LTM
defect observed in Nf1 mutants, we used a
The GRD region of NF1 is required for its function in LTM
heat shock promoter to induce expression of the Drosophila Nf1
P2
To gain insights into the underlying mechanisms of the LTM
gene in the Nf1 mutant background by temperature shifting
phenotype, we examined various point mutations observed in
before training (see Materials and Methods). According to our
NF1 patients that selectively disrupt NF1-regulated signal transprevious study, this heat shock-induced expression was enough
duction pathways (Fig. 3A). Two of the clinically identified hNF1
to rescue the learning phenotype (Guo et al., 2000). Acute expresmutations, R1391S and K1423E, exhibit greatly reduced affinity
sion of the Nf1 gene before spaced training significantly rescued
for Ras (Gutmann et al., 1993; Poullet et al., 1994), whereas
the LTM defect in the Nf1P2 mutant background (Fig. 2 D). These
R1276P has ⬎8000-fold reduced GAP activity compared with
results indicate that NF1 is required acutely for the formation
wild-type NF1 protein (Klose et al., 1998). Flies expressing any of
of LTM.
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hNF1 or the GRD fragment is indeed rescue of the LTM defect, we fed flies with a
protein synthesis inhibitor, CXM, before
and after spaced training (see Materials
and Methods). As mentioned above, LTM
is protein synthesis-dependent whereas
ARM is not. Therefore, LTM should be
sensitive to CXM treatment, as shown previously (Tully et al., 1994; Yin et al., 1994).
Twenty-four hour memory performance
was compromised when wild-type control
flies, and flies expressing hNF1 (hNF1;
Nf1P1/P2) or GRD fragment alone (GRD1;
Nf1P1/P2), were subjected to CXM treatment (Fig. 4). This indicates that NF1, and
especially the GRD, is indeed required for
protein synthesis-dependent memory,
LTM.
The C-terminal region of NF1 is
essential for learning
Because expression of the GRDdel fragment rescues learning as shown above
(Fig. 3C), we hypothesized that regions
Figure 3. The GRD domain and GAP activity are necessary and sufficient for LTM formation, whereas NF1 without the GRD important for NF1-dependent learning lie
domain rescues learning. A, Positions of three hNF1 missense mutations and size of five hNF1 deletion constructs that have been outside of the GRD. Two different trunexpressed in Drosophila Nf1-null mutants. Refer to Results for a detailed description of these mutants. CSRD, Cys-Ser rich domain; cated hNF1 transgenes were used to test
LRD, Leu-rich domain; GRD1 and GRD2, GRD fragments of different sizes; GRDdel, NF1 protein with the GRD domain deleted; this hypothesis; the N-terminal (elav/⫹/Y;
Nterm, N-terminal fragment. B, GRD point mutations restore learning to wild-type level but fail to rescue LTM. The three GRD point
UAS-Nterm;Nf1P1/P2) construct contains
mutations are able to significantly rescue (*p ⬍ 0.001) the learning defect in the Nf1 mutant (elav;Nf1P1) to the same extent as the
full-length human NF1 transgene. However, the three point mutations are not able to rescue the LTM defect of Nf1 mutants (right). regions upstream of the GRD, whereas the
elav/⫹/Y;UASC, Rescue of LTM but not learning by GRD fragments. Flies expressing GRDdel significantly rescue (*p ⬍ 0.001) learning to the C-terminalP1/P2 (Cterm;
Cterm;Nf1
)
construct
contains rewild-type level, whereas flies expressing the GRD fragments, GRD1 and GRD2, do not rescue learning (left). Mutant flies expressing
both GRD fragments exhibit partial yet significant rescue (*p ⬍ 0.001) of LTM compared with the Nf1 mutant (right). When gions downstream of the GRD (Fig. 3A).
compared with flies expressing full-length hNF1 transgene, mutants expressing the GRD fragments are significantly lower in LTM Biochemical assays indicate that Cterm is
performance ( *p ⬍ 0.001), indicating only partial rescue of LTM. In contrast, mutants expressing the GRD-deleted protein show functional for NF1-dependent neuropepno rescue of LTM (right). D, Normal ARM performance in wild-type and mutant transgenic lines. None of the transgenes shows any tide and neurotransmitter stimulation of
nonspecific effect on ARM (n ⫽ 4 PIs per group), indicating that NF1 is only involved in LTM. PI scores are expressed as mean ⫾ AC activity (Hannan et al., 2006). The
SEM, n ⫽ 8 unless otherwise indicated.
Cterm fragment also rescues the cAMPdependent Nf1 mutant body size defect,
the three hNF1 point mutations (elav/⫹/Y;UAS-R1276P/⫹;
whereas the N-terminal region and the GRD do not rescue body
Nf1P1/P2; elav/⫹/Y;UAS-R1391S/⫹;Nf1P1/P2; elav/⫹/Y;UASsize (Hannan et al., 2006). Neither transgene was able to rescue
K1423E/⫹;Nf1P1/P2) display normal learning (Fig. 3B) and ARM
the LTM defect in the null mutant background (Fig. 5), consis(Fig. 3D) but defective LTM performance (Fig. 3B). This suggests
tent with the absence of the GRD region in these constructs. The
that the GAP activity of NF1 as well as its interaction with the Ras
Cterm fragment, however, rescues learning significantly (Fig. 5),
protein is extremely important for NF1-dependent LTM.
suggesting that elements within this region are crucial for NF1 to
To further evaluate the importance of the GRD for the NF1
mediate learning. Together, these data indicate that the different
behavioral phenotypes, we generated transgenic flies expressing
structural/functional relationships revealed by biochemical ashNF1 protein fragments of different sizes that contain the GRD,
says in our previous study (Hannan et al., 2006) also have a cornamed GRD1 (elav/⫹/Y;UAS-GRD1;Nf1P1/P2) and GRD2 (elav/
respondingly distinct effect on the role of NF1 in different phases
⫹/Y;UAS-GRD2;Nf1P1/P2), as well as an hNF1 protein that has a
of learning and memory.
deletion of the GRD, named GRDdel (elav/⫹/Y;UAS-GRDdel;
Discussion
Nf1P1/P2) (Fig. 3A). Expression of GRDdel rescues learning of Nf1
mutant flies to wild-type level, whereas both GRD1 and GRD2
In this study, we have dissected the functional significance of two
flies (Fig. 3C) show similar learning performance to Nf1-null
NF1 protein regions using the Pavlovian olfactory conditioning
mutants (Fig. 1 A), suggesting that the GRD is not important for
paradigm in Drosophila. The C-terminal region contains seNF1-dependent learning. We also tested GRDdel, GRD1, and
quences that are essential for immediate memory, whereas the
GRD2 flies for 24 h memory after spaced training. LTM is resGRD is required for LTM formation. These two regions also poscued, although partially, in flies expressing GRD1 and GRD2 but
sess distinct biochemical properties by which they individually
not GRDdel (Fig. 3C), whereas ARM is not affected by any of the
mediate different signaling pathways (Hannan et al., 2006). These
fragments tested (Fig. 3D). This verifies that the GRD fragment is
unique properties of NF1 suggest that different signal transducindeed functional for behavioral rescue and also illustrates that
tion pathways contribute to distinct phases of memory.
the GRD is an essential region for NF1-dependent LTM.
The Morris water maze, for testing spatial learning perforTo verify that rescue of 24 h memory after spaced training by
mance in mice, requires the subject to find a platform submerged
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Figure 4. CXM abolished LTM performance in wild-type and hNF1 transgenic flies. CXM, a
protein synthesis inhibitor, was fed to the wild-type, hNF1, and GRD1 flies before spaced training and again during the 24 h retention period (see Materials and Methods). For the CXMtreated group (CXM⫹), LTM for wild-type control, hNF1 and GRD1 flies were reduced to Nf1P1
mutant levels. However, when hNF1 and GRD1 flies were treated with vehicle, they still displayed significant rescue compared with the elav;Nf1P1 parental control (right; *p ⬍ 0.001).
These results indicate that NF1 is indeed important for the formation of protein synthesisdependent memory and that the GRD fragment specifically rescues LTM after spaced training. PI
scores are expressed as mean ⫾ SEM, n ⫽ 8; p ⬍ 0.001.

Figure 5. Rescue of learning by Cterm fragment. Flies expressing Cterm (see Fig. 3A) exhibit
complete rescue of learning compared with the wild-type transgene (*p ⬍ 0.001), whereas the
N-terminal fragment (Nterm) (see Fig. 3A) has no effect on the learning score (left). Both
fragments are unable to restore LTM performance (right). These data indicate region-specific
functionality of the NF1 protein for distinct memory phases (i.e., the GRD is required for LTM)
and the C-terminal is essential for learning. PI scores are expressed as mean ⫾ SEM, n ⫽ 8.

under water by using spatial cues in the environment. This task
requires two training sessions per day and, in the case of Nf1⫹/⫺
mice, 6 d to complete the training regimen (Silva et al., 1997). The
amount of time for this task is significantly longer than the 4 min
required for training flies in the Pavlovian olfactory learning task
(Tully and Quinn, 1985; Guo et al., 2000). In fact, the water maze
paradigm is strikingly similar to the spaced training we used for
LTM induction in flies, both of which have repetitive training as
well as resting components. This similarity is indeed valid because both paradigms have been shown to produce protein
synthesis-dependent memory (Tully et al., 1994; Meiri and
Rosenblum, 1998). This study resolves the discrepancy of differ-

Ho et al. • Role of NF1 in Immediate and Long-Term Memory

Figure 6. Working model for regulation of distinct memory processes by different domains
of NF1. In this model, two different signaling pathways underlie distinct phases of memory
formation, which are both mediated by NF1. The GRD domain, with its GAP activity and interaction with the Ras protein, is necessary and sufficient for mediating EGFR signaling (Hannan et
al., 2006) as well as LTM (Fig. 3C). Thus, EGFR may be an essential signaling mechanism to
mediate LTM in flies. Also shown is the synergistic stimulation of an unknown AC (AC-X) by NF1
and Ras proteins (Hannan et al., 2006). This AC-X may be the downstream target of Ras and NF1
governing LTM formation. The C-terminal of the NF1 protein has been shown to mediate
G-protein signaling (Hannan et al., 2006) and is essential to regulate learning or immediate
memory (Fig. 5). Therefore, signaling molecules, such as serotonin and histamine, whose
downstream signaling pathways are mediated by NF1 (Hannan et al., 2006), may be important
for learning or immediate memory. GPCR, G-protein coupled receptor; Rut-AC, rutabagaencoded adenylyl cyclase; LRN, learning.

ent pathways underlying the behavioral phenotypes exhibited by
these two NF1 animal model systems. Our results indicate that
different phases of memory were examined in previous reports.
According to earlier findings, the GRD deletion and point
mutants used in this study are also defective in mediating growth
factor-stimulated Ras-dependent AC activity (Hannan et al.,
2006). The three GRD point mutants have been shown to be
essential for the affinity of NF1 for Ras as well as GAP activity
(Gutmann et al., 1993; Poullet et al., 1994; Klose et al., 1998). In
the mammalian system, growth factor receptors have been demonstrated to be an essential component for the maintenance of
long-term potentiation, an electrophysiological phenomenon
suggested to be the underlying mechanism for learning and
memory (Bramham and Messaoudi, 2005). Ras signaling has also
been shown to play an important role in synaptic plasticity as well
as learning and memory (Brambilla et al., 1997; Atkins et al.,
1998). The epidermal growth factor receptor (EGFR) was shown
to be important for Ras-mediated AC stimulation in our previous
study (Hannan et al., 2006). The effects of the GRD point mutants on LTM suggest that the EGFR and Ras pathway may be an
important mechanism for LTM in flies, as illustrated in our working model (Fig. 6). Additional experiments assaying the LTM
performance of Ras and EGFR mutants will be needed to confirm
this hypothesis.
Combining our present behavioral data together with the
former biochemical analysis (Hannan et al., 2006), we proposed a
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working model as shown in Figure 6. Two independent pathways
are mediated by different regions of the NF1 protein. The
C-terminal region controls the G-protein-dependent AC pathway, which can be stimulated by neurotransmitters such as serotonin and histamine (Hannan et al., 2006). This NF1-cAMP
pathway is important for learning (Fig. 5) (Guo et al., 2000). The
GRD region regulates Ras activity, which can be stimulated by
growth factors, such as epidermal growth factor, to induce cAMP
production (Hannan et al., 2006). This NF1-Ras pathway is essential for LTM formation. This requires normal GAP activity of
NF1-GRD and interaction with the Ras protein (Fig. 3B). Although our data showed that fragments containing the GRD can
only partially rescue the LTM defect, this may be because of insufficient conformational support of the GRD fragments to fully
restore wild-type function. The fact that deletion of the GRD
from the NF1 protein (Fig. 3C) eliminates the ability to rescue the
LTM defect suggests the importance of the GRD in the role of
NF1 in regulating LTM formation.
This report is the first step in gaining insight into the nature of
the cognitive defects found in NF1 patients using the Drosophila
model system. Interestingly, the NF1 protein presents a unique
case of having distinct regions governing two independent steps
of an important cognitive process. These NF1 protein regions
that are involved in different phases of learning and memory
contain different types of post-translational modification sites,
such as phosphorylation sites for protein kinase A and protein
kinase C (Mangoura et al., 2006), and binding sites for proteins
such as syndecan (Hsueh et al., 2001). It will be interesting to
investigate the role that these sites play in governing the behavioral outputs assayed in this report to find out the exact mechanisms and pathways that govern the distinct behaviors of learning
and memory.
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