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The strain sensitivity of myolb is most clearly
illustrated in a plot of kg versus force (Fig. 2B),
where it can be seen that kg decreases >75-fold
with <2 pN of resisting force. At the low forces
experienced by myolb in the absence of the
isometric clamp (<0.2 pN, Fig. 1B), a 1.5-fold
decrease in kg is predicted over the unloaded
rate (kyo), Which is consistent with the values of
ks measured from the start-time averages.

The fraction of the total ATPase cycle in
which myolb is bound to actin in a force-
bearing state is termed the duty ratio, and the
force dependence of the duty ratio can be
calculated as

kag

3)

where k, is the rate of entry into the strong
binding states. &, cannot be determined directly
from the force time courses but can be estimated
from the rate of phosphate release (k. = 0.38 st
fig. S3). Myolb transforms from a low—duty-ratio
motor (<0.2) to a high—duty-ratio motor (>0.5)
when working against as little as 0.5 pN of force,
and it approaches the duty ratio of processive
myosins (>0.9) at forces as low as 1.5 pN (Fig.
2B, inset).

We investigated the effect of force on the
lifetimes and force amplitudes of the working-
stroke substeps. Interactions acquired in the pres-
ence of 50 uM ATP were sorted into bins based on
the force immediately before detachment, and
individual interactions were synchronized at their
end times and ensemble-averaged. Transient in-
creases in force due to substeps were observed in
the 500 ms before detachment in all force bins
(Fig. 3A). Single exponential fits of the time
courses yielded rates that decreased with
increasing force (Fig. 3B). The force dependence
of the rates was fit to the equation
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where kqnqo 18 the rate of the time course in the
absence of force and d..q is the distance
parameter for the substep (Fig. 3B). The
best-fit rate of kengo (22 = 2.5 s ') is
consistent with the rate of 50 uM ATP binding
in the absence of resisting loads (keng = 24 s ',
Fig. 1C), and the value de,q = 2.5 + 0.83 nm is
much smaller than dgye (Fig. 2B). Therefore, the
ATP binding step is not the force-dependent step
that limits the rate of actomyolb detachment.
ADP release is the most likely candidate for the
force-dependent transition (Fig. 3C). dge 18
substantially larger than the size of the substep
that correlates with ADP release (3.3 £+ 0.35 nm,
Fig. 1B), indicating that the force-sensitive
transition state is not on a coordinate that is in
line with a rigid lever arm rotation (24).

The presence of a substep in the end-time av-
erages in all force bins indicates that actomyolb
detachment did not occur before ADP release,
even at forces where the detachment rate is
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force-insensitive (> 1.5 pN; Fig. 2). The force-
independent detachment rate (k; in Eq. 1) is
probably the result of accelerated detachment
due to force fluctuations in the system.
Decreases in force before the ADP-release
substep are observed in the force-binned start-
and end-time averages (fig. S4). Thus, when
force transiently drops, there is an exponentially
higher probability of ADP release (Fig. 2B),
which is followed by rapid ATP binding and
detachment.

Our results show that myosin I responds to
small resisting loads (<2 pN) by dramatically
increasing the actin-attachment lifetime more
than 75-fold. This impressive tension sensitivity
supports models that identify myosin I as the
adaptation motor in mechanosensory hair cells
(2, 3). More generally, the load-dependent ki-
netics support a model in which myosin I’s func-
tion to generate and sustain tension for extended
time periods, rather than to rapidly transport cargos
(fig. S5). This new understanding of myosin I
mechanics allows a more rigorous assignment
of this motor’s molecular roles in controlling
organelle morphology (8) and dynamics (9) in
the wide variety of cells types in which it is
expressed.
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The Spread of Ras Activity
Triggered by Activation of a
Single Dendritic Spine

Christopher D. Harvey,"?* Ryohei Yasuda,>3*t Haining Zhong,"? Karel Svoboda*t

In neurons, individual dendritic spines isolate N-methyl-p-aspartate (NMDA) receptor—mediated
calcium ion (Ca®*) accumulations from the dendrite and other spines. However, the extent

to which spines compartmentalize signaling events downstream of Ca®* influx is not known.
We combined two-photon fluorescence lifetime imaging with two-photon glutamate uncaging
to image the activity of the small guanosine triphosphatase Ras after NMDA receptor
activation at individual spines. Induction of long-term potentiation (LTP) triggered robust
Ca®*-dependent Ras activation in single spines that decayed in ~5 minutes. Ras activity spread
over ~10 micrometers of dendrite and invaded neighboring spines by diffusion. The spread

of Ras-dependent signaling was necessary for the local regulation of the threshold for

LTP induction. Thus, Ca®*-dependent synaptic signals can spread to couple multiple

synapses on short stretches of dendrite.

endritic spines, small (< um®) protru-
D sions emanating from the dendritic shaft,
are the sites of most excitatory synapses
in the mammalian brain (/). Spines function as

biochemical compartments (2, 3) that isolate post-
synaptic Ca®" accumulations (4—6). Ca®" influx
through synaptic N-methyl-p-aspartate (NMDA)
receptors (NMDA-Rs) activates a complex sig-
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naling network (7), including the small guano-
sine triphosphatase (GTPase) H-Ras (8—10), to
induce long-term potentiation (LTP) of synaptic
transmission (77, 12). LTP is input specific (13),
suggesting that important Ca”'-dependent sig-
nals remain confined to single spines. In contrast,
synapses interact through diffusible cytoplasmic
factors (/4—16). Which signals downstream
of NMDA-R—dependent Ca®" influx are re-
stricted to individual spines? To begin to address
this question, we imaged the dynamics of Ras
activity during the induction of input-specific
LTP.

We transfected pyramidal neurons in organo-
typic hippocampal slices with a fluorescence res-
onance energy transfer (FRET)-based indicator
of Ras activation, FRas-F, consisting of H-Ras
tagged with monomeric enhanced green fluores-
cent protein (MEGFP) and the Ras-binding do-
main [RBD, R59A (mutation of Arg59 to Ala)] of
Raf tagged with two monomeric red fluorescent
proteins (mRFPs) (Fig. 1A) (/7). Upon Ras acti-
vation, the affinity between Ras and RBD in-
creases, leading to FRET between the donor and
acceptor fluorophores (Fig. 1A) (17-19). FRas-F
is rapidly reversible and reports the time course
of endogenous Ras activation (/7). We imaged
FRET by using two-photon fluorescence lifetime
imaging (2pFLIM) (17, 20, 21). To quantify Ras
activation, we computed the fraction of Ras mol-
ecules binding to RBD (binding fraction) (Fig. 1B)
17, 22).

To induce synapse-specific plasticity, we ap-
plied a train of two-photon glutamate uncaging
pulses (30 pulses at 0.5 Hz) to a single spine in a
low concentration (nominally 0 mM) of extra-
cellular Mg** (13, 16). Each uncaging pulse pro-
duced transient changes in the concentration of
calcium ([Ca*']) and NMDA-R—mediated cur-
rents (7.3 0.6 pA, corresponding to the opening
of about five NMDA-Rs), similar to those trig-
gered by low-frequency synaptic stimulation (fig.
S1) (6, 22, 23). Uncaging-evoked [Ca®'] accu-
mulations were restricted mostly to the heads of
the stimulated spines (fig. S1, A to E) (22). The
uncaging train caused a sustained spine enlarge-
ment in the stimulated spine; neighboring spines
less than 4 um away did not change (Fig. 1, C to
E) (13, 16). The increase in spine volume was
proportional to an enhancement in postsynaptic
sensitivity to glutamate, indicating that spine en-
largement is a structural correlate of LTP (fig. S2C)
(13, 16, 24).

The uncaging train induced robust Ras acti-
vation in the stimulated spine (Fig. 1, C, F, and
G), which peaked within 1 min after the stimulus
and returned to baseline levels within 15 min
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(decay time constant of Ras activation, Tgecay =
5.6 + 0.5 min). Ras activation required Ca*"
influx through NMDA-Rs (Fig. 1H) (8—10). Ras
activation also required the activity of multiple
signaling factors; inhibitors of calcium/calmodulin-
dependent protein kinase II (CaMKIL; 10 uM
KN62), phosphoinositide 3-kinase (PI3K; 20 uM
LY294002), or protein kinase C (PKC; 1 uM
G066976) signaling reduced Ras activation (Fig.
1H and fig. S3D) (11, 22, 25). The amplitudes
of Ras activation and sustained spine enlarge-
ment were correlated (fig. S4A). Expression of
a dominant-negative form of FRas-F [Ras S17N
(mutation of Ser'” to Asn)] or inhibition of extra-
cellular signal-regulated kinase (ERK) activation
[mitogen-activated protein kinase (MAPK) ki-
nase (MEK) blocker; 10 uM U0126] reduced the
magnitude of sustained spine enlargement (fig.
S4F) (22). Ras-ERK activation, therefore, was
necessary for the persistent increase in spine vol-
ume, confirming the role of Ras signaling in
synaptic plasticity (/7). CaMKII activity, PKC
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Fig. 1. Ras activation in individual dendritic spines during plasticity induction.
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signaling, and actin polymerization were also
required for spine structural plasticity (fig. S4F)
(13, 22).

We next characterized the spatial profile of
Ras activation (Figs. 1, F and G, and 2, A and B).
After the plasticity-inducing stimulus, Ras activ-
ity spread over several micrometers in both di-
rections along the parent dendrite and invaded
nearby spines (length constant, L ~ 11 wm at 4 min)
(Fig. 2B), suggesting that Ras signaling is not
synapse specific.

Could the presence of the Ras sensor distort
the spatial profile of Ras activity? The mean dis-
tance active Ras travels before it is inactivated, L,
depends on the effective diffusion coefficient of
Ras, D, and the time constant of Ras inactivation,
Tinactivation (22)

L~ \Y4 DTinactivation (1)

FRas-F expression could increase D and Tjyactivation
by saturating Ras scaffolds and Ras inactivators

No binding
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(A) Experimental geometry. (B) Schematic of fluorescence decay curves after

pulsed excitation. Slow and fast components correspond to free donor and donor bound to acceptor,
respectively. FRET decreases fluorescence lifetime. (C) Fluorescence lifetime images of Ras activity. At
time = 0, 30 uncaging pulses (0.5 Hz) were applied to the spine marked by the arrowhead in a low
concentration (nominally 0 mM) of extracellular Mg?*. “Warmer” colors indicate shorter lifetimes and
higher levels of Ras activation. (D) Changes in spine volume. Colors correspond to the circles in (C). Arrow,
time of stimulus. (E) Spine volume changes for the stimulated and nearby (<4 um) spines (-5 to 20
min: 91 spines; >20 min: 9 spines, mean + SEM). AV0lyaineq is the volume difference between 15.5
and 19.5 min and the baseline volume. (F) Ras activation. Colors correspond to the circles in (C). (G) Ras
activation in the stimulated and nearby spines (82 spines, mean + SEM). (H) Pathways to Ras activation.
Ras activation was the average binding fraction at 1 to 3 min minus baseline, normalized to the control
condition. Numbers of spines: 82 Ctrl, 11 Low [Ca®*]. (200 uM), 12 CPP (10 uM), 27 KN62 (10
uM), 20 LY294002 (20 uM), and 23 G66976 (1 uM). Error bars indicate mean + SEM. *P < 0.05 versus

control.
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