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Neurofibromin Is the Major Ras Inactivator in Dendritic

Spines
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In dendritic spines, Ras plays a critical role in synaptic plasticity but its regulation mechanism is not fully understood. Here, using a
fluorescence resonance energy transfer/fluorescence lifetime imaging microscopy-based Ras imaging technique in combination with
2-photon glutamate uncaging, we show that neurofibromin, in which loss-of-function mutations cause Neurofibromatosis Type 1 (NF1),
contributes to the majority (~90%) of Ras inactivation in dendritic spines of pyramidal neurons in the CA1 region of the rat hippocam-
pus. Loss of neurofibromin causes sustained Ras activation in spines, which leads to impairment of spine structural plasticity and loss of
spines in an activity-dependent manner. Therefore, deregulation of postsynaptic Ras signaling may explain, at least in part, learning

disabilities associated with NF1.
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Introduction
Neurofibromatosis Type 1 (NF1) is caused by loss-of-function
mutations of the NfI gene and is associated with learning disabil-
ities. NfI encodes neurofibromin, a protein with multiple func-
tions including Ras inactivation (Ras GTPase-activating protein
or RasGAP; Ballester et al., 1990; Martin et al., 1990; Xu et al.,
1990) and adenylyl cyclase (AC) activation (Guo et al., 1997; Guo
et al., 2000), as well as interaction with a number of molecules
such as NMDA receptors (NMDARs), syndecan-2, and valosin-
containing protein (VCP; Husi et al., 2000; Hsueh et al., 2001;
Wang et al., 2011). Heterozygous knock-out mice of NfI, which
serve asan NF1 model (Silvaetal., 1997), show impaired LTP and
learning, which can be rescued by inhibition of the Ras pathway
(Costa et al., 2002; Li et al., 2005; Guilding et al., 2007). Drosoph-
ila carrying NfI-null mutations also exhibit learning defects,
which are found to be correlated with reduced AC activity (Guo
et al., 1997; Guo et al., 2000). Therefore, regulation of both Ras
and AC signaling by neurofibromin appears to be important for
learning and memory.

Neurofibromin is expressed in dendritic spines of pyramidal
neurons (Hsueh et al., 2001) and regulates spine density (Lin et
al., 2007; Wang et al., 2011). It has been reported that regulation
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of AC by neurofibromin (Lin et al., 2007) and interaction of
neurofibromin with VCP (Wang et al., 2011) and syndecan-2
(Lin et al., 2007) is required for the normal development of
spines. The roles of Ras inactivation by neurofibromin in learn-
ing and LTP have been also studied extensively. In particular, Ras
regulation by neurofibromin in interneurons was found to play a
significant role in LTP and hippocampal-dependent learning
(Costa et al., 2002; Cui et al., 2008). However, it remains elusive
how the RasGAP function of neurofibromin may shape the spa-
tiotemporal pattern of Ras activation in dendritic spines and how
it may affect the regulation of the structure and function of den-
dritic spines. Ras signaling in dendritic spines of pyramidal neu-
rons is required for many forms of synaptic plasticity, including
LTP, spine structural plasticity, and new spine formation (Manabe et
al., 2000; Wu et al., 2001; Zhu et al., 2002; Thomas and Huganir,
2004; Harvey et al., 2008; Ye and Carew, 2010; Stornetta and Zhu,
2011). It has been proposed that both hypo- and hyperactivation of
Ras in spines leads to impairment in synaptic plasticity (Stornetta
and Zhu, 2011). Therefore, Ras inactivation by neurofibromin in
dendritic spines may play an important role in regulating the plas-
ticity of dendritic spines.

Here, we investigated the role of neurofibromin in Ras signaling
and morphological plasticity of dendritic spines in CA1 pyramidal
neurons. Using a combination of two-photon fluorescence lifetime
imaging (2pFLIM) and two-photon glutamate uncaging, we found
that neurofibromin contributes to the majority of Ras inactivation in
dendritic spines and that Ras inactivation by neurofibromin is re-
quired for sustained spine enlargement associated with LTP and
maintenance of spine density.

Materials and Methods

Statistics. Significance was tested by ANOVA, followed by the least sig-
nificant difference post hoc tests. Significance level was set to 0.05. All
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Knock-down of neurofibromin impairs spine enlargement after LTP induction in an activity- and Ras-dependent manner. 4, Validation of shRNAs against neurofibromin. Knock-down

of endogenous neurofibromin in PO cortical neuronal primary cultures infected with lentivirus containing sc-shRNA or shRNA targeted to neurofibromin (sh-NF1#1 and sh-NF1#2) for 7 d. ac-Actinin
was used as a loading control. Neurofibromin levels were detected by immunoblotting. B, Representative images of spine structural plasticity in secondary or tertiary apical dendrites of CA1
pyramidal neurons expressing sc-shRNA, sh-NF1#1, sh-NF14#2, or NF1-GRD. Some neurons (indicated with “+Mg") were treated with 10 mmMgCl, for 6 —7 d during expression of shRNAs. Uncaging
experiments were performed in the absence of Mg *. White arrows indicate stimulated spines. Scale bar, 3 um. €, Time course of spine volume change in response to glutamate uncaging. D, E,
Quantification of the stimulated spine volume during the transient phase (D) and sustained phase (E) of spine enlargement. The number of neurons is as follows: 17 (sc-shRNA), 11 (sh-NF1#1), 13
(sh-NF1#2), 8 (NF1-GRD), 15 (sh-NF1#2 + Mg), 14 (sc-shRNA + Mg), and 9 (sh-NF1#2 + Mg); *p << 0.05 compared with control, ANOVA and Fischer’s least significant difference tests.

error bars in figures indicate SEM. The errors of Ras decay rates were
estimated by bootstrapping.

DNA constructs. Short hairpin RNA (shRNA) targeted to rat neurofi-
bromin (sh-NF1) or a scrambled shRNA (sc-shRNA) were cloned into a
plasmid consisting of a dual promoter CMV-enhanced green fluorescent
protein (EGFP)/U1-shRNA vector (pGeneClip) or the pLL3.8 vector
(also a dual promotor vector CMV-EGFP/U6-shRNA). When necessary,
EGFP was removed from the pLL3.8 vector. cDNA of the GAP-related
domain from neurofibromin isoform I (NF1-GRD) was obtained from
Dr. Fuyuhiko Tamanoi (University of California, Los Angeles, CA)
through Addgene and inserted into the pCI vector. The fluorescence
resonance energy transfer (FRET)/fluorescence lifetime imaging (FLIM)
Ras sensor FRas-2M consists of two constructs: HRas fused to monomeric
EGFP in pClI vector (pCI-mEGFP-HRas) and the Ras-binding domain of
Rafl with the mutations K65E and K108A fused to two monomeric
red fluorescent proteins on its terminals in pCI vector (pCI-mRFP-
RBD K65EKI08A_ 1 RFP; Yasuda et al., 2006; Oliveira and Yasuda, 2013).

Cell culture and transfection. For shRNA validation, cortical dissoci-
ated neurons were prepared from Sprague Dawley rats of either sex at
postnatal day 0 (P0) and cultured on 35 mm dishes coated with poly-p-
lysine as described previously (McDowell et al., 2010).

Lentivirus and infection. Lentivirus packaged with pLL3.8 harboring
shRNA and EGFP was generated by the Duke University Neurotrans-
genic Laboratory, which is supported in part by funding from the Na-
tional Institutes of Health—National Institute of Neurological Disorders
and Stroke Center (Core Grant 5P30NS061789). For the shRNA valida-
tion experiments, PO cortical neuron cultures were infected with lentivi-
rus at DIV 1-3. Cell lysates were collected 5-7 d later for immunoblot
analysis.

Organotypic hippocampal slice cultures and transfection. Hippocampal slice
cultures were prepared from P6 or P7 rats of either sex, as described previ-
ously (Stoppini et al., 1991), in accordance with the animal care and use
guidelines of the Duke University Medical Center. After 10-15 d in culture,
CA1l pyramidal neurons were transfected with ballistic gene transfer
(O’Brien and Lummis, 2006) using a Helios gene gun (Bio-Rad). Bullets
were prepared using 8—11 mgof 1.6 wm gold particles (Bio-Rad) coated with
atotal of 50 ug of plasmids containing cDNA. For experiments using the Ras
sensor, we used 10 ug of either sc-shRNA, sh-NF1 or NF1-GRD together
with 10 ug of pCI-mEGFP-HRas and 30 g of pCI-mRFP-RBD K6>E-K1084_
mRFP. For pharmacological experiments, the respective drug (MgCl, or
AP5) was added to the culture medium at the time of transfection and kept in
the culture medium until the experiment was performed. Imaging was per-
formed 5-7 d after transfection at room temperature (~25°C).

Western blot. Five to seven days after lentivirus infection, neurons were
lysed in lysis buffer (50 mm Tris-HCI, 1 mm EDTA, 1 mm EGTA, 150 mm
NaCl, 1% Triton X-100, pH 7.4) containing a protease inhibitor mixture
(Roche; Wang et al., 2008). The lysates were cleared by centrifugation
and protein concentrations were measured by BCA assays (Pierce) and
subjected to immunoblotting. Primary antibodies used in the study in-
cluded the following: rabbit anti-neurofibromin 1:500 (sc-68; Santa Cruz
Biotechnology) and mouse anti-a actinin 1:5000 (612576; BD Biosci-
ences). The secondary antibodies used for detection were CF680 goat
anti-mouse IgG (20065; Biotium) and CF770 goat anti-rabbit IgG
(20078; Biotium). Signals were visualized with fluorescence detection
systems (Odyssey; Li-Cor).

mEPSC recording. Miniature EPSC (mEPSC) recording was per-
formed in CA1 pyramidal neurons in organotypic hippocampal slices in
artificial CSF (ACSF) containing the following (in mm): 127 NaCl, 2.5
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Neurofibromin regulates neither the NMDAR current (/ypaz) nor a2 permeability. A, Representative images of spines from neurons filled with a red-insensitive dye (Alexa Fluor 594)

and a green Ca® " -sensitive dye (Oregon Green BAPTA-5N), before and upon stimulation. Scale bar, 2 pum. B, Representative electrophysiological traces of [,z Measured at the soma upon
uncaging stimulation paired with the respective traces for a2 elevation in the spine and adjacent dendrite. €, Quantification of the peak fluorescence normalized to baseline fluorescence in the
stimulated dendritic spines (S) and their adjacent dendrites (D; n = 9 for untransfected neurons or n = 7 for sh-NF1 neurons). D, Quantification of the peak /4. in pA measured at the soma.

KCI, 25 NaHCO;, 1.25 NaH,PO,, 4 CaCl,, 25 p-glucose plus the follow-
ing (in uMm): 20 bicuculline, 0.5 tetrodotoxin (TTX), 20 mibefradil, 100
picrotoxin, 20 nimodipine, and 50 AP5 using Cs *_based internal solu-
tion containing the following (in mm): 100 CsCH;SO5, 20 CsCl, 10 Cs-
HEPES, 10 Cs-EGTA, 4 MgCl,, 0.4 Na,GTP, 4 MgATP, and 10 Na
phosphocreatine (Shankar et al., 2007). Recordings were made using a
Multiclamp 700B amplifier under voltage-clamp mode with a holding
potential (V}.;4) of =70 mV. The signal was filtered at 2 kHz and digi-
tized at 10 kHz with a data acquisition board (PCI-6040e; National In-
struments). Five sets of 60 s recordings (total 300 s) were performed from
each neuron. The amplitude and frequency of mEPSCs were analyzed in
MATLAB using a template matching with detection criteria that in-
cluded an amplitude >8 pA, a minimum rise rate of 5 pA/ms, and a decay
constant between 1 and 12 ms (Clements and Bekkers, 1997).

Two-photon fluorescence microscopy and 2pFLIM. Imaging experi-
ments were performed under a custom-built two-photon microscope
equipped with a fluorescence lifetime imaging system with two Ti:sap-
phire pulsed lasers (MaiTai; Spectra-Physics). One of the lasers was tuned
to 920 nm for imaging fluorescent proteins and the other one was tuned
to 720 nm for glutamate uncaging. The intensity of each laser beam was
independently controlled with electro-optical modulators (350—80 LA;
Conoptics). The two laser beams were combined using a beam-splitting
cube and passed through the same set of galvano-scanning mirrors and
objective (60X, 0.9 numerical aperture; Olympus). Emitted fluorescence
was divided with a dichroic mirror (565 nm; Chroma) and detected
with photomultiplier tubes (H7422—40 for green and R3896 for red;
Hamamatsu) after wavelength filters (HQ510/70-2p for green and
HQ620/90-2p for red; Chroma Technology). Fluorescence intensity im-
ages were acquired by Scanlmage (Pologruto et al., 2003) using a data
acquisition board (PCI-6110; National Instruments) and fluorescence
lifetime images were acquired with a time-correlated single photon
counting system (SPC-150; Becker and Hickl). Binding fraction was cal-
culated as described previously (Yasuda et al., 2006; Oliveira and Yasuda,
2013).

Two-photon glutamate uncaging and spine enlargement. Spine struc-
tural plasticity was induced with 2-photon glutamate uncaging (30 pulses
at 5 mW with 6 ms duration at 0.5 Hz) in Mg** -free ACSF containing the
following (in mm): 127 NaCl, 2.5 KCl, 25 NaHCO;, 1.25 NaH,PO,, 4
CaCl,, and 25 p-glucose plus 1 pum TTX and 2 mm 4-methoxy-7-
nitroindolinyl-caged-L-glutamate (MNI-glutamate) aerated with 95%
0, and 5% CO,. The changes in spine volume were quantified by the
fractional change in fluorescence light intensity of EGFP. The sustained
volume change was calculated as the mean volume at 25 min to 30 min
minus the mean baseline normalized to the baseline volume. The tran-
sient volume change was calculated as the difference between the mean
peak volume at ~1 min after uncaging and the sustained phase normal-
ized to the baseline volume.

Calcium imaging. CA1 pyramidal neurons transfected with mRFP to-
gether with shRNA (or their neighboring cells) were subjected to the
measurement of [Ca®"] elevation in dendritic spines and whole-cell
current evoked by glutamate uncaging (Yasuda et al., 2004). Whole-cell
patch clamp was performed with pipettes (4—5 M{)) containing Cs *-
based internal solution plus a red Ca**-insensitive dye (300 um Alexa
Fluor 594; Invitrogen) and a green Ca?*-sensitive dye (500 um Oregon-
Green-BAPTA 5N, OGB-5N; Invitrogen) in Mg>" -free ACSF plus 1 um
TTX, 2 mm MNI-glutamate, and 20 um NBQX (Noguchi et al., 2005).
After loading neurons with the dyes for >20 min, images of dendritic
spines were acquired every 32 ms under a two-photon microscope while
uncaging MNI-glutamate. Each trial started with the measurement of the
dark current of the photomultiplier (two frames) followed by shutter
opening. After measurement of baseline fluorescence (12 frames), a glu-
tamate uncaging pulse (6 ms, 4—5 mW) was applied. Uncaging-evoked
Ca*" transients were measured as (F — F,)/F,, where F and F, are the
fluorescence signals during the response and baseline periods, respectively.
Simultaneously, uncaging evoked postsynaptic currents (WuEPSCs) were re-
corded from the soma under a voltage clamp (V4 = —70 mV) using a
Multiclamp 700B amplifier, filtered at 2 kHz, and acquired at 10 kHz. For
each spine, the recordings of Ca®" transients and uEPSCs were repeated
~10 times with 15 s intervals and the data were averaged over the trials.

Results

To examine the function of neurofibromin in plasticity of den-
dritic spines, we transiently knocked down neurofibromin using
shRNA targeted to different sequences of neurofibromin (sh-
NF1 #1 and #2; 6-7 d) in CA1 pyramidal neurons (Fig. 1) and
induced structural plasticity in single dendritic spines using two-
photon glutamate uncaging. Spine structural plasticity is thought
to be essential for the induction and expression of LTP (Matsu-
zaki et al., 2004), learning, and memory (Kim et al., 2013). We
monitored spine volume using fluorescence of EGFP coexpressed
with shRNA. In control neurons expressing scrambled shRNA
(sc-shRNA), the stimulated dendritic spine displayed a rapid in-
crease in volume within ~1 min after the stimulation (transient
phase; Fig. 1B-D), and then the spine volume decayed over ~5 min
to a smaller sustained enlargement that was maintained for >30 min
(sustained phase; Fig. 1 B, C,E). This time course of spine structural
plasticity is similar to that observed in previous studies (Matsuzaki et
al.,, 2004; Harvey and Svoboda, 2007; Lee et al., 2009; Murakoshi et
al,, 2011). In contrast, in neurons transfected with sh-NF1s, spine
structural plasticity was significantly impaired during both transient
and sustained phases (Fig. 1B—E). Overexpression of the GAP-
related domain of neurofibromin (NF1-GRD; RasGAP domain) by
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Figure 3.  Neurofibromin inactivates Ras in dendritic spines. A, Pseudocolor FLIM images of Ras activity in CA1 pyramidal

neurons transfected with the Ras sensor together with sc-shRNA, sh-NF1#2 or NF1-GRD and treated with 10 mum MqCl, for 6 -7 d.
Uncaging experiments were performed in the absence of Mg 2 . White arrows indicate stimulated spines. Scale bar, 4 .um. B, Time
course of Ras activation in the stimulated spines. C, Basal Ras activity (before stimulation). D, Time course of Ras activation in the
stimulated spine (B subtracted by €). Blue curves indicate exponential decay curves fitted to the data. E, Quantification of Ras
activation: peak Ras activation was obtained by averaging the change in binding fraction over 64 —160's. F, Ras inactivation
rate was measured from the fitting curves in D. G, Spatial profile of Ras activation at the time points in which Ras activation
peaks in the stimulated spines (66 — 80 s for sc-shRNA and NF1-GRD and 5—7 min for sh-NF1). Open circles indicate the
activity in the stimulated spine and filled circles indicate the activity in the dendrite plotted as a function of the distance
along the dendrite from the stimulated spine. We selected data in which >10 wm of the dendritic segment is in focus and
Ras activation in spines is >3% at the peak. H, Quantification of Ras spreading. Ras activation along the dendrite (5-10
m) was normalized to Ras activation in the stimulated spine at the time points in which Ras activation peaks in the
stimulated spines. *p << 0.05 compared with control. /, Time course of spine volume change in neurons expressing the Ras
sensor. J-K, Quantification of spine structural plasticity: transient volume change (J) and sustained volume change (K).
Number of neurons is 12 (sc-shRNA), 13 (sh-NF1), 10 (NF1-GRD), or 9 for all conditions in G—H. *p << 0.05 compared with
control.
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itself did not cause any effects on structural
plasticity, but rescued structural plasticity
when coexpressed with sh-NF1 (Fig. 1B—E).
These data suggest that Ras inactivation by
neurofibromin is required for normal spine
structural plasticity. Although neurofibro-
min is reported to interact with the
NMDAR (Husi et al., 2000), we did not ob-
serve any effect of sh-NF1 on NMDAR-
dependent postsynaptic current and Ca*"
elevation induced by two-photon glutamate
uncaging (Fig. 2). Therefore, the phenotype
in spine structural plasticity appears to be
not due to a change in NMDAR-evoked
Ca*" elevation, but rather to be caused by a
change in Ras signaling.

Given that Ras is activated by sponta-
neous neuronal activity (Zhu et al., 2002),
we further tested whether the impairment
of spine plasticity depends on spontane-
ous neuronal activity by culturing slices in
the presence of high Mg** (10 mm) dur-
ing expression of sh-NF1 (Zhu etal., 2000;
Harvey et al., 2008). It has been reported
that high Mg?™ inhibits circuit activity in
organotypic slice cultures (Zhu et al,
2000) and significantly reduces Ras acti-
vation evoked by spontaneous neuronal
activity (Zhu et al., 2002; Harvey et al.,
2008). Under this condition, the impair-
ment of spine enlargement by neurofibro-
min knock-down was rescued, indicating
that the phenotype is due to spontaneous
neuronal activity (Fig. 1B-E). These re-
sults suggest that the impaired spine plas-
ticity in neurons expressing sh-NF1 is due
to reduced inactivation of Ras evoked by
spontaneous neuronal activity (Zhu et al.,
2000; Zhu et al., 2002).

To further address to what degree neu-
rofibromin contributes to Ras inactivation
in single dendritic spines, we downregulated
neurofibromin with sh-NF1 and imaged
Ras activity with a FRET/FLIM Ras activa-
tion sensor, FRas2-M (Harvey et al., 2008;
Oliveira and Yasuda, 2013). Because spon-
taneous network activity in the culture de-
creases the sensitivity of the Ras sensor and
inhibits spine structural plasticity in the
presence of sh-NF1 (Fig. 1), we inhibited
spontaneous network activity during ex-
pression of the sensor and shRNA with high
Mg2+ (10 mm; Zhu et al., 2000; Zhu et al.,
2002; Harvey et al., 2008). Consistent with
the results obtained with GFP-expressing
neurons (Fig. 1), sh-NF1 did not impair
spine structural plasticity in neurons ex-
pressing the Ras sensor under this condition
(Figs. 1, 3I-K).

In control neurons, when 2-photon
glutamate uncaging was applied near a
single spine, Ras activity was rapidly in-
creased within ~1 min in the stimulated
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spine and decayed over ~10 min (Fig.
3A,B,D). The decay kinetics was consis-
tent with that measured with a Ras sensor
with lower affinity (FRas-F; Harvey et al.,
2008). In neurons expressing sh-NF1, the
basal Ras activity in dendritic spines was
higher (Fig. 3C), and, after glutamate un-
caging, Ras was activated to a similar level
to the control condition. However, Ras
activation decayed much more slowly
(Fig. 3D). Curve-fitting analyses indicate
that the rate of Ras inactivation in neu-
rons expressing sh-NF1 was only ~10%
of that in control neurons, whereas the
peak amplitude of Ras activation did not
show significant change (Fig. 3D-F). In
contrast, in neurons expressing NFI-
GRD, the basal activity was lower (Fig.
3C) and, after single spine stimulation,
Ras activity decayed faster than in control
neurons (Fig. 3D, F). These data indicate
that neurofibromin is the major Ras inac-
tivator in dendritic spines and is required
for rapid inactivation of Ras.

We further examined the spreading of
Ras activation from the stimulated spines
(Fig. 3G,H). Assuming that the activity
spreading is caused by the diffusion of ac-
tive Ras molecules before Ras is inacti-
vated by GAPs, the spreading can be
formulated as an exponential decay with
the length constant L as follows:

sh-NF1 #1 + NF1-GRD
.

sh-NF1 #1 + DN-HRas
LK)

Figure 4.

L~ (D/kGAP) 1 (1)

where D is the diffusion coefficient of Ras in the dendrite (~0.5
wm?/s) and kg ,p is the rate constant of Ras inactivation (Harvey
etal., 2008; Murakoshi et al., 2011). If neurofibromin is the major
Ras inactivator in dendritic spines, then loss of neurofibromin
should cause wider Ras spreading. Indeed, we observed Ras
spreading consistent with this hypothesis: in control neurons ex-
pressing sc-shRNA, Ras activity diffuses out of the stimulated
spines and spreads over ~10 wm along the dendritic shaft, con-
sistent with a previous study (Harvey et al., 2008; Fig. 3G). How-
ever, the spatial decay of Ras in neurons expressing sh-NF1 was
largely abolished (Fig. 3G). To further quantify the degree of the
Ras activity spreading, we measured Ras activation in the den-
dritic shaft over 5-10 wm from the stimulated spines normalized
to Ras activation in the spine (Fig. 3H). The value was signif-
icantly higher in neurons expressing sh-NF1 compared with
control neurons, indicating that loss of neurofibromin leads to
larger Ras spreading. In contrast, we did not observe significant
differences for neurons expressing NF1-GRD, presumably be-
cause twofold higher kg, p (Fig. 3F) is expected to change L only
by ~30% (Equation 1).

We further examined whether the impaired structural plastic-
ity and Ras inactivation in neurons with reduced level of neuro-
fibromin cause long-term effects on the dendritic morphology
(Fig. 4). Neurons expressing sh-NF1 showed reduced spine density
after 5-7 d of transfection and the phenotype was rescued by over-
expressing NF1-GRD or a dominant-negative Ras (Fig. 4A,B). In
addition, inhibition of NMDARs with AP5 (100 uM) or neuronal
activity with MgCl, (10 mm) in the medium during the culture re-
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Neurofibromin regulates the spine density in a Ras- and activity-dependent manner. 4, D, F, Representative images
of segments of secondary and tertiary apical dendrites of neurons transfected with indicated constructs for 5-7 d. Some neurons
were treated with AP5 (100 rum) or MgCl, (10 mu) for 5-7 d during the culture. DN-Ras, Dominant-negative Ras (pCl-HRas
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stored normal spine density (Fig. 4D-G). We observed no effects of
sh-NF1 expression on the relative volume of dendritic spines, mea-
sured as fluorescence intensity within the spine normalized to that in
the thick primary dendrite (Fig. 4C). These results suggest that hy-
peractivation of the NMDAR-Ras pathway due to knock-down
of neurofibromin results in spine loss.

In hippocampal pyramidal neurons, each dendritic spine is
normally associated with one glutamatergic synapse and the ma-
jority of excitatory synapses form onto dendritic spines (Harris
and Stevens, 1989). Therefore, changes in spine number are
thought to reflect changes in the number of functional excitatory
synapses. Consistent with this hypothesis, we observed reduced
frequency of mEPSCs in neurons expressing sh-NF1 compared
with untransfected neurons or with neurons expressing sc-
shRNA (Fig. 5A, B). Conversely, the amplitude of mEPSCs was
similar between control neurons and those expressing sh-NF1
(Fig. 5A, C). Therefore, these results suggest that neurofibromin
plays an important role in the maintenance of spine structure by
inactivating Ras rapidly.

Discussion
The results of our study revealed that neurofibromin is re-
sponsible for the majority of Ras inactivation in dendritic
spines in response to NMDAR activation and a lack of Ras
inactivation in neurons expressing low levels of neurofibro-
min leads to impaired structural plasticity and spine loss in an
activity-dependent manner.

Our results indicated that induction of uncaging-evoked
spine structural plasticity, a form of plasticity presumably solely
dependent on postsynaptic mechanisms, is inhibited when neu-
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Figure 5.  Neurofibromin regulates the number of functional excitatory synapses. 4, Repre-
sentative traces of mEPSCs recorded at a holding potential of —70 mV. B-C, Quantification of
the frequency (B) and amplitude (C) of the mEPSCs recorded. Number of neurons: 53 (untrans-
fected), 42 (sc-shRNA), and 45 (sh-NF1). *p << 0.05 compared with control.

rofibromin is downregulated for a few days (Fig. 1). This form of
spine plasticity is associated with increased postsynaptic gluta-
mate sensitivity (Matsuzaki et al., 2004) and shares similar phar-
macological properties with LTP (Matsuzaki et al., 2004; Harvey
etal., 2008; Murakoshi etal., 2011). Therefore, spine enlargement
is thought to be one of the mechanisms underlying LTP induc-
tion and expression (Matsuzaki et al., 2004; Harvey et al., 2008;
Leeetal., 2009; Murakoshi et al., 2011). Further, inhibiting struc-
tural plasticity of spines by modifying actin association proteins
in pyramidal neurons causes memory impairment (Kim et al.,
2013). Therefore, although a previous study suggested that hy-
peractivation of Ras in interneurons contributes to learning def-
icits in Nfl-heterozygous knock-out mice (Cui et al., 2008), our
results indicate that neurofibromin in dendritic spines of pyra-
midal neurons also plays a significant role in regulating synaptic
plasticity and likely learning and memory. Moreover, we found
that the impairment of structural plasticity is dependent on Ras
signaling, because the RasGAP domain of neurofibromin (NF1-
GRD), which represents a relatively small portion of the whole
protein (~10%), can rescue the effect of sh-NF1 (Fig. 1). Besides
Ras, NF1-GRD can also interact with syndecan-2 and the inter-
action is reported to be necessary for cAMP signaling transduc-
tion (Hsueh et al., 2001; Lin et al., 2007). However, cAMP
signaling additionally requires the AC interaction domain of
neurofibromin (Hannan et al., 2006; Lin et al., 2007). NF1-GRD
is considered to mainly act on the Ras signaling pathway (Ball-
ester et al., 1990; Martin et al., 1990; Xu et al., 1990; Bollag et al.,
1996; Hiatt et al., 2001). Therefore, our results suggest that hy-
peractivation of Ras in dendritic spines is involved in impaired
synaptic plasticity. These results are consistent with previous
studies reporting the important role of RasGAP function of neu-
rofibromin in LTP and learning and memory (Costa et al., 2002;
Li et al., 2005; Guilding et al., 2007).

Our FRET/FLIM Ras imaging demonstrated that Ras inacti-
vation is largely abolished by decreasing the expression of neuro-
fibromin (Fig. 3). This finding suggests that, among several
RasGAPs identified in neurons, neurofibromin is the major Ras
inactivation factor in spines. For example, SynGAP is highly ac-
cumulated in spines and has RasGAP activity (Chen et al., 1998;
Kim et al., 1998). However, it has been found that SynGAP acts
more strongly as a GAP toward Rap (Krapivinsky et al., 2004), a
molecule of the Ras family important for LTD (Zhu et al., 2002).
The roles of other RasGAPs in spines are less characterized, but
our results suggest that neurofibromin may be the only RasGAP
that inactivates NMDAR-evoked Ras activation.
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Figure 6.  Hypothetical scheme linking the role of the duration of Ras activation and spine
structural plasticity.

Ras activity imaging also revealed that neurofibromin is im-
portant for shaping Ras activity spreading (Fig. 3G,H ). When Ras
inactivation rate is low due to a reduced level of neurofibromin,
Ras activity spreads more because Ras molecules can diffuse lon-
ger distances before they are inactivated (Fig. 3G,H ). This may
cause more spreading in potential downstream effects of the Ras
pathway, such as exocytosis of AMPARs, priming of LTP, and
priming of spinogenesis (Harvey and Svoboda, 2007; Harvey et
al., 2008; Patterson et al., 2010; Kwon and Sabatini, 2011).

Our results also indicate that reducing the neurofibromin
level leads to spine loss in an NMDAR-, Ras-, and activity-
dependent manner (Fig. 4). This is likely due to the long-term
consequence of impaired spine structural plasticity (Fig. 1; Kasai
et al., 2010). It has been reported previously that neurofibromin
regulates spine formation through the cAMP pathway by activat-
ing AC in early development (Lin et al., 2007). However, in juve-
nile neurons in the organotypic slices we used, Ras inactivation by
neurofibromin appears to be required for maintaining normal
spine plasticity and density. Because impaired structural plastic-
ity and loss of spines in neurons expressing sh-NF1 depend on
spontaneous neuronal activity and on NMDAR and Ras activity
(Figs. 1, 4), our results suggest that these phenotypes are caused
by activation of the NMDAR-Ras pathway evoked by spontane-
ous neuronal activity (Zhu et al., 2000; Zhu et al., 2002).

It has been demonstrated that Ras activation is required for
LTP induction and associated spine enlargement (Zhu et al.,
2002; Harvey et al., 2008). This is apparently contradictory to our
results indicating that prolonged Ras activation by downregula-
tion of neurofibromin leads to impaired structural plasticity and
spine loss in an activity-dependent manner. One possible mech-
anism is that Ras hyperactivation saturates synaptic potentiation
and thereby prevents synapses from further potentiation. Alter-
natively, Ras signaling may activate different downstream path-
ways depending on its kinetics and prolonged Ras activation may
activate an additional pathway leading to impaired spine enlarge-
ment and spine loss (Fig. 6). Because the saturation of synaptic
potentiation unlikely leads to the spine loss and decreased
mEPSC frequency that we observed (Figs. 4, 5), the second mech-
anism, namely signal activation dependent on the duration of Ras
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activation, appears to be responsible for impaired spine struc-
tural plasticity and spine loss. Ras signaling is known to activate
different downstream targets depending on the duration of its
activation in other systems. In PC12 cells, different growth factors
cause different durations of Ras-ERK activation, leading to dif-
ferent cell responses (Marshall, 1995). In addition, for another
Ras superfamily protein, Racl, the transient expression of a con-
stitutively active protein promotes spine growth and increased
dendritic spine density, but prolonged activation leads to spine
shrinkage and elimination (Hayashi-Takagi et al., 2010). Overall,
our present results and those of others indicate that the duration
of Ras signaling is critical for signaling decision.

In conclusion, among ~ 10 RasGAPs (Mitin et al., 2005), neu-
rofibromin is the major Ras inactivator in spines and is important
for long-term stability of spine morphology and function. These
postsynaptic effects may be related to the learning disabilities
commonly seen in NF1 patients.
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