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Abstract
During the induction of plasticity of dendritic spines, many intracellular signaling pathways are
spatially and temporally regulated to coordinate downstream cellular processes in different
dendritic micron-domains. Recent advent of imaging technology based on fluorescence resonance
energy transfer (FRET) has allowed the direct monitoring of the spatiotemporal regulation of
signaling activity in spines and dendrites during synaptic plasticity. In particular, the activity of
three small GTPase proteins HRas, Cdc42 and RhoA, which share similar structure and mobility
on the plasma membrane, displayed different spatial spreading patterns: Cdc42 is
compartmentalized in the stimulated spines while RhoA and HRas spreads into dendrites over 5–
10 µm. These measurements thus provide the basis for understanding the mechanisms underlying
the spatiotemporal regulation of signaling activity. Further, using spatiotemporally controlled
spine stimulations, some of the roles of signal spreading have been revealed.

Introduction
Postsynaptic signaling is important for many forms of neuronal plasticity including long-
term potentiation (LTP) and depression (LTD), which are believed to be the cellular basis of
learning and memory. In neurons, the signaling dynamics can be physically restricted in
subcellular compartments with wide-ranging length scales, from dendritic or axonal
branches (> ~10 µm) to synaptic compartments such as dendritic spines and axonal boutons
(~1 µm) to nanometer scale signaling complexes near channels and receptors [1]. The
compartmentalization of signaling shapes its spatiotemporal dynamics. In particular,
dendritic spines, the postsynaptic compartments where most excitatory synapses reside,
present a unique environment containing channels, receptors, scaffolding proteins and
enzymes in an extremely small volume (~0.1 femtoliters) [2]. Signaling activity in each
spine is compartmentalized due to its narrow neck (~100 nm in diameter) connecting the
spine head and dendrite and, to some extent, regulated independently from neighboring
spines [3,4]. Due to this signal compartmentalization, LTP and associated spine enlargement
can be induced in single dendritic spines without affecting surrounding spines [5]. However,
it has been reported that the length scale of some forms of dendritic plasticity can be larger
than a single spine and involve multiple spines [6, 7*, 8]. Recently, the activity of several
signaling proteins in single spines during LTP and associated spine structural plasticity has
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been imaged, and this revealed complicated spatiotemporal integration of postsynaptic
signal transduction during LTP [9, 10*, 11*].

Spatiotemporal dynamics of signaling in single spines
FRET imaging with 2-photon fluorescence lifetime imaging

The spatiotemporal dynamics of intracellular signaling have been imaged optically using
fluorescence resonance energy transfer (FRET) in combination with FRET-based signaling
sensors [12]. FRET is the photo-physical process that occurs between two fluorophores in
which the energy of an excited donor fluorophore is transferred to an acceptor fluorophore.
FRET efficiency decays rapidly as the distance between two fluorophores increases, and
become essentially zero at ~10 nm [13]. Thus, FRET can be used as a readout of the
interaction between proteins tagged with fluorophores and the conformational change of a
protein tagged with two fluorophores [14]. A number of FRET sensors which can sense
signaling events, including changes in second messenger concentration and activity of
enzymes, have been developed [12]. These techniques, however, have been difficult to
implement for imaging spine signaling due to the small fluorescence from the tiny volume
of spines and strong light scattering by brain tissue. The recent development of 2-photon
fluorescence lifetime imaging microscopy (2pFLIM) in combination with FRET signaling
sensors extensively optimized for 2pFLIM has overcome these problems, allowing the
quantification of signaling activity in single synaptic compartments in light scattering brain
slices [9, 10*, 11*, 15–17].

2-photon glutamate uncaging to induce plasticity of single spines
Another important technique used to study signaling in single spines is 2-photon glutamate
uncaging. It has been demonstrated that photolysis of caged glutamate with 2-photon
excitation can excite glutamate receptors on single spines [18]. Furthermore, by uncaging
glutamate at a spine in Mg2+ free solution, high Ca2+ transients through NMDA-type
glutamate receptors (NMDARs) are evoked in the stimulated spines [4,19], leading to
NMDAR-dependent spine enlargement [5]. It has been further demonstrated that AMPA-
type glutamate receptors (AMPARs) are recruited in the enlarged synapses, causing LTP in
synapse-specific manner [5].

By combining 2-photon glutamate uncaging with 2pFLIM, it is now possible to image
signaling while inducing synaptic plasticity in single dendritic spines [9, 10*, 11*]. Using
these techniques, the activity of CaMKII and small GTPase proteins HRas, RhoA and Cdc42
was measured in single dendritic spines undergoing structural and functional plasticity [9,
10*, 11*].

CaMKII
CaMKII is one of the most abundant proteins in spines and has been known to play an
important role in LTP, experience-dependent cortical plasticity, and many forms of
hippocampus-dependent learning and memory [20]. The activity of CaMKII in spines was
first imaged with a FRET-based CaMKII sensor Camui-alpha in dissociated neurons.
Camui-alpha consists of CaMKII with enhanced cyan fluorescent protein (ECFP) and Venus
(a bright variant of yellow fluorescent protein (YFP)) fluorophores tagged to the N- and C-
termini, respectively [21]. Later, the sensitivity was much improved by combining 2pFLIM
and a modified CaMKII sensor Green Camui-alpha, in which ECFP and Venus are replaced
by monomeric enhanced green fluorescent protein(mEGFP) and resonant energy transfer
acceptor chromophore (REACh; a non-fluorescent variant of YFP) [10*]. Using this
method, CaMKII activation in single spines undergoing structural plasticity and LTP was
monitored. CaMKII activity increased in the stimulated spine within ~10 s and decayed with
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a time constant of ~10 s. The activation was compartmentalized in the stimulated spines, and
did not spread into dendrites.

Small GTPase proteins
Ras superfamily proteins, including the Ras, Rho, Arf and Ran subfamilies, regulate a wide
variety of cell functions [22] and many of them are also important for synaptic plasticity
[23–25]. These proteins are active when bound to GTP, and inactive when bound to GDP
[22]. GTPase activating proteins (GAP) promote the hydrolysis of GTP to GDP, inactivating
the GTPase, while guanine nucleotide exchange factors (GEF) promote the switch from
GDP to GTP [22]. Active small GTPase proteins bind to effector molecules and activate
downstream signals. Thus, by measuring FRET between a small GTPase protein tagged with
mEGFP and a small GTPase binding domain of an effector tagged with mRFP or mCherry,
one can measure the activity of the small GTPase protein. Using this sensor design, the
activation of three proteins, HRas, RhoA and Cdc42, has been measured [9,11].

The activity of HRas, RhoA and Cdc42 increases rapidly in the stimulated spines within ~1
min, and then decays over 3–5 min [9,11]. This transient activity is followed by a sustained
activation lasting more than ~30 min for RhoA and Cdc42, but not for HRas. Notably,
although these three proteins share similar structure and diffusion constants, their activation
profiles are very different (Fig. 1): HRas and RhoA activation diffuses out of stimulated
spines, and spreads along their parent dendritic shafts over 5–10 µm, while Cdc42 activation
is restricted to the stimulated spines. The gradient of activation at the spine neck is large for
Cdc42, much less for RhoA, and almost none for HRas (Fig. 1).

Spine-neck diffusion coupling
The diffusion of proteins from spine to dendrite through the spine neck (spine-neck diffusion
coupling) is one of the factors important for determining the spatial profile of proteins
[3,4,26]. This parameter has been measured by a technique called fluorescence recovery
after photobleaching (FRAP): a neuron is overexpressed with GFP (or its color variant)-
tagged molecule and the GFP-molecule in a single spine is bleached [27,28]. The recovery
of fluorescence by the movement of the GFP-molecule from the dendrite into the spine
indicates the spine-neck coupling time constant. Alternatively, one can photo-activate photo-
activatable GFP (paGFP) [29] tagged with a target protein, and measure the decay of paGFP
fluorescence [30]. Here, we use the term “FRAP” for both methods as they measure
essentially the same parameters.

Diffusion of cytosolic proteins
The spine-neck diffusion time constant (τneck) of many cytosolic molecules has been
measured, being ~100 ms for Ca2+ measured with a Ca2+ indicator [31] and other synthetic
dyes [32], and ~500 ms for GFP variants [9,30]. The time constant τ is considered to be
tightly coupled with the geometry of the spine and the diffusion constant of the molecule D.
In the simplest model in which spine is a single compartment, τneck is given by:

(1)

where D is the diffusion coefficient, and G is the geometrical factor, which can be given for
cytosolic molecule in spherical spine head connected with cylindrical spine neck as:

(2)
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where Vhead and Vneck are the volume of spine head and neck, respectively, and lneck is the
length of the neck [33]. For a typical mushroom spine in hippocampus in adult rats with
Vhead ~ 0.25 µm3, lneck ~ 0.5 µm and the neck diameter dneck ~ 0.1 µm (Vneck ~ 0.004 µm3)
[34], G is ~ 16 µm2. For Ca2+ indicators and GFP, D in cell is ~100 µm2/s and ~20 µm2/s
[35], and thus τ can be calculated to be 0.16 and 0.8 s, respectively. These values are similar
to the measured values [9,30–32].

It should be noted that τneck is a weak function of the size of the molecule, because D is
proportional to hydrodynamic radius rh (D ~ 6πηrh) and thus the cubic root of the mass:
even for a molecule with a ~100 times larger molecular weight, τneck is only ~5 times larger.
Thus, if the molecule can diffuse freely in the cytosol and if the diffusion is purely
determined by the spine structure, the spine neck coupling time is less than a few seconds.

Membrane targeted proteins
The membrane targeting of proteins slows down the diffusion efficiently. GFP with a
myristoylation domain of MACKS or GAP43 fatty acylation signal domain of GAP43 are
~10 times slower than cytosolic GFP (5 – 8 s) [9,36]. Similarly, small GTPase proteins H-
Ras, RhoA and Cdc42, which are targeted to the plasma membrane, also show similar time
constants at room temperature (3–5 s; Fig. 2) [9,11]. For H-Ras, wildtype protein and a
constitutively active mutant (G12V) displayed similar spine-neck coupling (~5 s), while
Cdc42 and RhoA are slightly less diffusible when they have the constitutively active
mutation (~5 s) compared to wildtype (~3 s). This is presumably because active Cdc42 and
RhoA are localized more in the plasma membrane [37]. Spine-neck coupling of synaptic
receptors is much slower: τneck ~ 60–300 s for AMPARs [36,38,39*] and ~10 min for
NMDARs [36].

To formulate the spine-neck time constant of membrane-bound molecule, the volume (Vhead,
and Vneck) in Eq. 2 should simply be changed to the surface area (Shead and Sneck):

(3)

For a mushroom spine with Vhead ~ 0.25 µm2, lneck ~ 0.5 µm and dneck ~ 0.1 µm [34], Shead
and Shead are ~ 1.8 µm2 and ~0.16 µm2, respectively, and thus G ~ 3 µm2. For H-Ras, D was
measured to be ~0.5 µm2 at room temperature with single molecule tracking [40,41], and
thus τneck is calculated to be ~ 6 s. This value is consistent with the values measured with
FRAP for HRas and other small GTPase proteins (Harvey et al., 2008)[11] (Fig. 2).
Interestingly, spine-neck coupling was relatively weak function of the spine volume for
small GTPase proteins (Fig. 2).

The diffusion coefficients of AMPARs and NMDARs have been measured to be ~0.01–0.1
µm2 [42–45] and ~ 0.002–0.02 µm2 s [46], and thus τneck for AMPARs and NMDARs is
~30–300 s and ~ 150–1500 s, respectively. These values are again consistent with the
measured values [36,38,39*].

“Sticky” molecules
Dendritic spines accumulate high concentration of actin. FRAP experiments revealed that
the spine-neck coupling of filamentous actin (F-actin) has two components, ~1 min and <20
min [28]. The rate limiting step for the movement of actin across spine-neck is considered to
be tredmilling: an actin monomer (G-actin) binds to the barbed end of a filament, moves
toward the pointing end, and diffuses away. Thus, τneck depends on the length of filament,
the speed of the treadmlling and the association/dissociation kinetics of G-actin to F-actin
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[28]. The slow component has been found to be tightly integrated F-actin near the bottom of
the spine [47].

Proteins in post-synaptic density (PSD) such as PSD-95 can be tightly incorporated into
PSD and thus the effective diffusion coefficient is very small. The fast component of spine-
neck coupling time constants is ~ 5 – 100 min [36,48,49], and the slower component decays
over hours [49].

CaMKII interacts with PSD proteins, F-actin, calcium channels, synaptic receptors and so on
[50]. Due to these interactions, the effective diffusion constant of CaMKII in spine is
expected to be much slower than that in solution (~20 µm2/s) [10,51]. Indeed, the fast
component of the spine-neck coupling time constants of CaMKII was measured to be ~1–3
min [10,36,52].

Activity-dependent regulation of spine-neck diffusion coupling
Interestingly, the diffusion across the spine neck is subject to activity-dependent plasticity
[30,32,53]. For most of spines, τneck of GFP is ~0.5 s [30]. However, it has been reported
that there is a small fraction of spines with much longer τneck (< 5 s) [30]. Furthermore, high
neuronal activity can increase the fraction of spines with long τneck. This spine-neck
plasticity can be induced within a few minutes by pairing uncaging with back-propagating
action potentials (bAP) [30] or by depolarizing spines to ~0 mV [32]. In contrary, Tanaka et
al. (2008) found that the spine neck become thicker during spine enlargement induced by 2-
photon glutamate uncaging paired with bAPs, thereby probably decreasing τneck. Notably,
this thickening of the spine neck requires protein synthesis [53]. Nonetheless, these studies
clearly show that spine-neck diffusion coupling is dynamically regulated by neuronal
activity.

Modeling the spatial profile of small GTPase proteins
Having established different molecules with different spatial pattern, we can now model the
degree of compartmentalization and verify the model. To create a mathematical model
explaining the spatial pattern of small GTPase signaling, we formulated the diffusion of
molecules on the plasma membrane in and out of spines [4]. In a stimulated spine, the
dynamics of GTPase signaling can be described using the single compartment model:

(4)

where Chead and CD
0 is the fraction of active molecule in the spine and dendrite beneath the

spine neck, τS is the inactivation time constant in spine, and fGEF is the activity of GEF.
Once small GTPase proteins are activated in the stimulated spine and diffuse out of the
spine, they diffuse along the dendrite until they are inactivated:

(5)

where CD (t, x) is the fraction of active molecule along the dendrite as a function of time t
and the distance along the dendrite x, and τD is the inactivation time constant in dendrite.
The flow of active molecule from the spine to dendrite (x = 0) on the plasma membrane can
be described as:
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(6)

where rD is the radius of the dendrite. The steady state solution of Eq. 5–6 is given as:

(7)

where

(8)

is the gradient of activity at the spine neck, and

(9)

is the length constant of the decay along the dendrite. While the length constant λ is
described only with D and τD, the activity gradient at the spine neck αneck includes the
structural parameters Shead, rD and τneck. Interestingly none of these parameters is a function
of τS (the inactivation time constant in spines).

In the experiments measuring the spatial profile of GTPase proteins, median size of the
spine volume before stimulation was 0.23–0.28 µm3 (0.23, 0.28, 0.28 µm3 for H-Ras, Cdc42
and RhoA; range 0.05–0.75 µm3) [9,11], and the volume is enlarged by 3–4 folds in 1–2 min
[9,11]. Also, τneck is relatively constant over a large range of the spine volume (Fig. 2).
Thus, we calculated the spatial profile using Shead = 4 µm2 (Vhead ~ 0.8 µm3; after
enlargement), rD = 0.4 µm [4], D = 0.5 µm2/s and τneck = 5 s (Fig. 1, curves). Only one
parameter, the inactivation time constant τD is obtained by fitting the data as τD ~137 s for
HRas, 44 s for RhoA and 8 s for Cdc42. This simple model fits well to the experimental data
(Figure 1b).

When constant τneck is assumed, the spine enlargement during LTP decreases the signal
gradient between spine head and dendrite (Eq. 7, 8). Thus, it is important to measure how
τneck is changed during structural plasticity [30,32,53].

Roles of the signal spreading
2-photon glutamate uncaging allows one to stimulate synapses in a spatially and temporally
controlled manner. This technique is thus useful to identify the length scale of many
different forms of synaptic plasticity as well as other cellular events. Here we review the
hypothetical roles of signals spreading out of spines (Fig. 3).

Spine-specific plasticity
LTP and associated structural plasticity induced by structural plasticity is specific to the
stimulated spine [5]. In adjacent spines, neither spine volume nor number of AMPARs
changes during these processes [5].

Yasuda and Murakoshi Page 6

Curr Opin Neurobiol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



More recently, it has been found that silencing single synapses alters the number of
glutamate receptors in the silenced synapses, but not in adjacent synapses [54,55]. Huo et al
(2008) [54] inhibited single presynapse by expressing Kir2.1 potassium channels and
showed that the number of AMPARs, but not NMDARs, increased in the spines connected
to these silenced terminals. The length scale of this form of plasticity is single spine: the
number of NMDARs in adjacent, non-silenced spines was unaltered. Lee et al. (2010) [55]
silenced presynaptic terminals by expressing tetanus toxin light chain. In contrary to Huo’s
result, they found that the number of NMDARs containing GluN2B subunit, but not
AMPARs, increased in the silenced spine. The NMDARs in adjacent, non-silenced spines
was not changed, indicating that this form of plasticity is also spine specific. Further, Ca2+

influx through NMDARs increases in the silenced synapse, and this facilitates LTP and
associated spine enlargements in the silenced synapses. Although the results are different,
both studies show that plasticity induced by silencing synapses can be spine-specific.

Priming of LTP
The spreading signals have been first discovered as priming of LTP in spines adjacent to
spines undergoing LTP induction [6]. In this experiment, LTP was induced in a single
dendritic spine using 2-photon glutamate uncaging. Then, within 5 minutes after the first
stimulation, weak stimulation which usually does not produce plasticity by itself was applied
to an adjacent dendritic spine less than ~5 µm away from the originally stimulated spine.
This subthreshold stimulius was then sufficient to induce LTP. The spatial (~5 µm) and
temporal (~minutes) scale of LTP priming is similar to that of Ras activation. Indeed, the
Ras-extracellular signal-regulated kinase (ERK) pathway was found to be required for this
facilitation of LTP [9]: to test if the Ras-ERK pathway is required for this form of plasticity,
an inhibitor of this pathway (U0126) was applied between the initial LTP-inducing stimulus
and the subsequent weak stimulus. LTP in response to the initial LTP-inducing stimulus was
not inhibited, but primed LTP in response to the second weak stimulus was inhibited by this
manipulation [9]. Furthermore, the second stimulus did not produce any additional Ras
activation, suggesting that spreading of Ras is essential to produce the facilitation of
plasticity.

Protein synthesis-dependent plasticity
Spine enlargement and LTP induced by glutamate uncaging is not sensitive to protein
synthesis inhibitors anisomycin or cyclohexamide. However, protein synthesis-dependent
plasticity can be induced in single spines using glutamate uncaging paired with postsynaptic
spiking [53]. Alternatively, glutamate uncaging in the presence of brain-derived
neurotrophic factor (BDNF) or forskolin (an actibator of cAMP signaling) in the bath also
can induce protein-synthesis-dependent plasticity [7*,53]. Further, Govindarajan et al.
(2011) [7*] found that LTP induced with uncaging and forskolin lasts more than 5 hours
(Late LTP or L-LTP) while LTP induced by uncaging alone decays within ~3 hours (early-
LTP or E-LTP). Once L-LTP is induced in one spine, the E-LTP protocol applied to
adjacent spines becomes sufficient to produce L-LTP. The second L-LTP is not sensitive to
protein-synthesis inhibitors. Further, the second L-LTP can be induced with a weak
stimulation that usually does not produce any spine structural plasticity. This L-LTP
facilitation occurs within ~50 µm along the dendrite. Thus, the length scale of protein
synthesis is an order of magnitude longer than that of Ras activation, E-LTP facilitation or
exocytosis events (~5 µm). Because the Ras-ERK pathway plays an important role in
protein synthesis, factors downstream of Ras-ERK may spread further and cause protein
synthesis in the long stretch of the dendrite.
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Endosome transport and exocytosis
Insertion of AMPAR in post-synapses is considered to be one of the mechanisms of LTP.
Exocytosis of AMPAR containing endosomes is thus a critical step for LTP. Also,
exocytosis may provide additional membrane area required for spine enlargement during
LTP. It has been reported that only a fraction of spines contain endosomes [56,57], and
endosomes are transported into spines during LTP [56] in a Myosin-V dependent
mechanism [58]. Thus, there must be signals that diffuse from spines into dendrites to
induce the endosome transportation.

More recently, the location of exocytosis of endosomes has been determined using GluA1
subunit tagged with super-ecliptic pHluorin (SEP), a pH-dependent GFP, at its N-terminus
[39*, 59–61, 62*]. Because the endosome is acidic, SEP-GluA1 in endosome is quenched.
Thus, SEP-GluA1 selectively labels the surface fraction of GluA1. To measure exocytosis,
the surface SEP-GluA1 is photo-bleached (while quenched SEP in endosomes is not
bleached), and the appearance of bright spots associated with exocytosis is monitored. It has
been shown that SEP-GluA1 exocytosis can occur in both spines [59] and dendritic shafts
[60,61] during chemical LTP. Also, when LTP is induced in single spines using glutamate
uncaging, the rate of exocytosis events is increased for ~ 1 min in adjacent dendrites within
~5 µm from the stimulated spines [39*, 62*] as well as in the stimulated spines [39*],
displaying similar pattern with Ras spreading. Further, the activity-dependent increase of
exocytosis requires the Ras-ERK pathway, but not CaMKII pathway [39*]. Thus, spreading
Ras signaling is indeed important for producing the similar pattern of exocytosis events.

Other potential roles of signal spreading
There are many potential downstream factors of Ras and Rho, which may be activated in the
dendritic area adjacent to the stimulated spines (Fig. 3). For example, Ras and Rho signals
have been implicated in Ca2+-dependent spine formation [63]. Thus, they may induce the
spine formation associated with some forms of LTP [64–66]. Indeed, it has recently been
found that newly formed spines tended to appear in close proximity (within a few
micrometers) to activated spines during LTP [67]. Also, the dendritic excitability is known
to be dependent on ERK [68,69], downstream of Ras, and the length scale of plasticity of
dendritic excitability is tens of micrometers [8]. Finally, it is known that late-phase LTP
induces gene transcription in the nucleus [70]. When sufficient synapses are activated,
signaling molecules may diffuse into nucleus to trigger gene transcription.

Conclusion
Using new optical techniques, we have begun to understand the mechanisms and roles of the
spatial regulation of signaling activity in spines and adjacent dendrites. We showed that
using a simple mathematical model, the spatial spreading of small GTPase protein could be
well described. This model has only a few free parameters, and most of parameters are
measurable. Precise measurements of geometrical factors as well as activation/inactivation
kinetics of enzymes during the spine structural plasticity will be crucial to predict this spatial
spreading more accurately. Further, by comparing the length scale of different signaling
pathways and cellular processes, the roles of signal spreading will be clarified.
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Figure 1. Spatial spreading of small GTPase proteins during structural plasticity
A. The spatial profile of activity of small GTPase proteins HRas, RhoA and Cdc42 imaged
with 2-photon fluorescence lifetime imaging microscopy. Bar: 5 µm. Reprinted and
modified from [9] and [11].
B. Activation of small GTPase protein normalized to the stimulated spine as a function of
the contour distance from the stimulated spines (Dendritic segment at the spine neck = 0).
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Figure 2. Relationship between spine volume and spine-neck coupling time constants of small
GTPase proteins HRas, Cdc42 and RhoA
Spine-neck coupling was measured by photoactivation of paGFP tagged small GTPase
proteins. Spine volume was measured from the fluorescence intensity of red fluorescence
protein in spines measured with 2-photon microscopy [9, 11]. HRas(V12), Cdc(Q61L) and
RhoA(Q63L) are constitutively active mutants.
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Figure 3. Hypothetical roles of signal spreading
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