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Introduction

This study investigates the role phospholipase D has when mechanically activated by muscle stretch, and if

that effect is mediated by mTOR.

Conclusions

There is an association with increased phosphatidic acid and increased mTOR downstream signaling -

implying, phosphatidic acid plays a key role in mTOR mediated cell growth.

Phospholipase's production of phosphatidic acid is a specific mechanosensation mechanism that is

independent of other cell stress signaling mechanisms.

Amendments

Study Design & Need to Know Information

Researchers used whole muscles removed from mice and
mounted them to allow the muscles to be stretched (to
induce a mechanical stretch). The muscles were also
exposed to a variety of drugs/inhibitors (described in each
figure notes) to block the activity of key enzymes to study
the effect of muscle stretch on mTOR signaling.

mTOR: Mammalian Target of Rapamycin; the master cell
growth enzyme that phosphorylates (activates) the protein
p70 to enhance muscle cell growth.

PLD: Phospholipase D; this enzyme translates stretch
(mechanosensation) on the muscle into a chemical signal
by producing phosphatidic acid, which binds mTOR
(supposedly), and activates mTOR signaling.
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Signaling by target of rap been
reparted o be necessary for me:humul load-induced growth of
shelatal musce. The involved in the acti-
wvatlon of mTOR signaling are not known, but several studies
indicate that a unique [phosphotidylinositol-3-kinase (P3K)- and
nutrient-independent] mechanism is involved. In this study, we
have demonstrated that a regulatory pathway for mTOR signaling
that invelves phosphelipase D {PLD) and the lipid second messen-
ger phasphatidic acid (PA) plays a critical role in the mechanical
activation of mTOR signaling. First, an elevation in PA concantra-
tlon was sufficlent for the activation of mTOR signaling. Second,
the isozymes of PLD (PLD1 and PLD2) are localized to the z-band in
skeletal muscle (a critical site of mechanical force transmission).
Third, mechanical stimulation of slwlelal lmls(le wnh Iﬂwrrnltlem
passive stretch ex wive induced PLD

anisms for the activation of mTOR signaling in response to other
forms of growth-promoting stimuli, such as nutrients and
growth factors, have hcm fairly well ¢ .zhh-.hu] m mmlu. .|

lh\ more, the | presence :v{
mnm.nh is uqulmd r‘\r the activation of mTOR
growth factors (12 ) (nuvu mechanical stimuli

i ignaling through a wort-
independent lmdmm-.m that does not require
nous nutrients (3, 13 ¢ findings indicate that mec

ng.
lutory mechanism of mTOR signaling involy-
D (PLD) and the lipid seeond messen

and mTOR signaling. Finally, pharmacclogical mhMlun of PLD
blodked the mechanically induced increase in PA and the activation
of mTOR signaling. Combined, these results indicate that mechan-
ical stimuli activate mTOR signaling through a PLD-dependent
increase in PA. Furthermore, we showed that mTOR signaling was
partially resistant to rapamycin in miscles subjected to mechanical
sumulallon Because rapamycin and PA compete for binding to the

TOR, these stimulii
h d binding of PA to the

ignaling
FRE domain on mTOR.

mecharical load | skelotal musche growth | exercise | stratch | atrophy

M echani
skele
i als into the mokecular events that

!

control this process huve not been defined (1, 7). Recent studies
is topic have focused on a signaling network that is
a protein kinase called the mammalian targer of

i (mTOR) (3-5). Intersst in miTOR signaling was
|n1t|;|l|) motivated by studics that suggested that this protein was
the master regulator of a signaling network that controls cell
growih (6, 7). One of the most intensely studied proteins in the

I loads pla a central role in the regulation of
however, the mechanisms jnvolved

3RO residue [paF
mTOR s aling (6, 4.
Inading of skeletal muscle has been shown to

lic acicd (PA) was described (8, 14-16), In this study,
we examined the potential role of this pathway in the mechanical
activation of mTOR i resulis indicat L a
PLD-dependent inc | step in the unigue
mechanism through which mechanical stimuli activate mTOR
signaling.

Results

PA Is Sufficiont for the Activation of mTOR Signaling. To determine
whether an elevation in PA was sufficient for the induction of
mTOR signaling in skeleral muscle, mouse extensor digitorum
wcubated in an ex vive ongan cullure
system with @ PA phosphatase inhibitor propranolal (17). As
shown in Fig. 1, incubating muscles with propranolol promoted
an increase in the concentration of PA ([PA]) and an increase in
AR (389) phosphorylation. When muscles were incul
with rapamycin, p70% (389) phosphorylation abolished in
both control and propranclol-treated muscle 1), These
results indicate that an elevation in [
of mTOR signaling in skeletal muscle,

ical Stis i i To
begin testing the role of PLD and I’A in the mechanical

activation of mTOR signaling, we used an ex vive model for
mechanically stimulai e EDL muscle (5). This ]“l\dl.l uti-
lizes intermittent passive stretch as i
stimulation and has n shown 1o actival

signaling to pTiE* (389) (5). Measurements af
points (15, 30, 6, .md 90 min) after the initiation of the
revealed 3 transient increase (15 min) in

Mechan:

induce p?\l“" {389) phosphorylation through a
semsitive mechanism, implicating a sole |||r mTOR i Illh
pathway (5, 100, T el
P phosphorylation correlates with 1
comitant growth response, and inhibiting mTOR with raps iy
prevents the mechamieal-load-induced growth (3-5, 1

together, these observations indicate that the acti

PLD activity and a sustained { 15-%0 min) inc in [PA] (Fig.

Camdiet of mtarnt sistemant: No conflics declared

BAPTA-AM, 1. A
u-,ll esner, DAG, dlcylglyerat: EOL entensor digitarum orgus, (£33,
0R, n: P d, P P

mTOR sigl |I|||;. is an essential step for convernting
growih response,
mechanisms involved in the mechanical activation
of mTOR signaling have not been defined. However, the mech-
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Fig. 1. PA is sufficent for the activation of mTOR signating. () Muscles
prelabeled with {Hlarachidonate were ncubated with 50 uh propranciol
islid bar) or the solvent vehide (spotted bar) for 120 min, and the coacen-
tration of *H-labeled PA {[H-PA]) wes determined. (8) Muscies were preincu-
bated with media containing 150 nM rapamycin or the solvent vehicie for 30
min, followed by an addational 120-min incubation with 50 uM peopranciol
and subjected to Western blot analysis for phaspharylated p70% [Pp70
(389)). 8l i i The
graph represents the mean values + SEM for each group expressed as a
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Fig. 3. Musdes were peeincubsted with medis containing 1-10 mM neo-
myin o yein —) for 30
min of mechanical “Jor

(Stretch —). Sam
704 (P-p70
(389)] (A) or phosphonyated p)s a1 INK2 (), Blots are representtative of at
least three independent exper

lated muscles at this dose. Ten millimolar neomycin, however,
did not inhibit mechanically induced signaling to the stress-
activated protein Kinases (\—\Pk\) p38 and JNK2 (Fig. 38).
These results demonstrate the specificity of neomycin and
indicate that mechanical stimuli acu\nlc at least two major
signaling pathways (mTOR and SAPKs) that diverge upstream
of the neomycin-sensitive mechanism,

Inhibitors of Intracellular (I)Ca?*, PKC. and PLC Do Not Prevent the
Mechanical Activation of mTOR Signaling. Neomycin is pulu...

percentage of the vehidle control group (1 = 3-8 per group). *,
ditferant from controd (P = 0.05).

2). It is worth noting that the time course of the mechanically
induced increase in [PA] was significantly correlated (R* = 11.78)
with the time course that we reported for mechanical activation
of mTOR signaling to p70%* (389) in this model (5).

Neomycin Inhibits the Machanical Activation of mTOR Signaling but
Not p38 or JNK. To determine whether PLD was required for the
mechanical activation of mTOR signaling, muscles were incu-
bated with the PLD/ phospholipase C (PLC) inhibitor neomycin
In the presence of neomycin, basal p70°* (389) phosphorylation
was clevated to a similar degree with all doses, and the mechan-
 induced increase in p70P (389) phosphorylation was
inhibited in a dose-dependent manner (Fig. 34). Specifically, 10

tionic i ide that binds p
bisphosphate (l’ll”) with a high affinity (18). It has lvun
reported that PIP2 is tical cofactor in the regulation of PLD
and that ncomycin inhibits PLD activity by binding to PIP2 (19,
20). Binding of neomyein to PIP2 has also been reported 1o
inhibit PLC-dependent signaling events by preventing the con-
version of PIP2 to inositol 1,45-trisphosphate (IP3) and dia-
eylgycerol (DAG) (21, 22). IP3 and DAG are secondary mes-
sengers that can promote the release of calcium from
intracellular stores (iCa®* ) and activate PKC. respectively (23).
To determine whether neomycin prevented the mechanical
activation of mTOR signaling by blocking these PLC-dependent
signaling events, pharmacological inhibitors of iCa® , PKC, and
PLC were used.

The role of iCa® in the mechanical activation of mTOR
signaling was assessed by using the intracellular calcium \h\-
lator 1,2-bis(2-amina-3-fluorophenoxy)ethane-N, N,N'. V'~

mM neomycin completely blocked the induced
increase in p70™* (389) phosphorylation, because there was no
significant difference between control and mechanically stimu-
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¥ig. 2. Muscles were prelabeled with ['Hlsrachidonate, subjected to 15-90
min of mechanical stretch or control conditions, and measurements were
made of PLD activity (A) or the concentration of *H-labeled PA ([ PAJ) (8) at
the indicated time points. Graphs represent the mean values = SEM for each
9r0up expressed a5 a percentage of the time-matched contro [n = 3-4 per
9roup). *, significantly different from time-matched contral. (= 0.05).

AT42 | e poas ceg /i o1 101073 /pras 0600678103

New Section 7 Page 2

acid L 1) ester (BAPTA-AM).
BAPTA-AM was found to block the increases in protein
kinase B (PKB) and p38 phosphorylation in muscles incubated
with the calcium ionophore A23187, thus verifying that
BAPTA-AM inhibited iCa®'-induced signaling events.
BAPTA-AM, however, did not inhibit the mechanically in-
duced signaling to p?ﬂ"“ (389) (Fig. 44). This obscrvation
indicates that iCa*" is not involved in mechanical activation of
mTOR signaling.

The role of PKCs in the mechanical activation of mTOR
signaling was assessed by using the PKC-specific inhibitor bisin-
dofylmalcimide [ (BIM), BIM was found to block the increase in
p705% (389) phosphorylation in muscles stimulated with the
PKC agonist TPA. thus verifying that BIM inhibited PKC-
dependent signaling, BIM, however, did not inhibit the mechan-
ically induced signaling to p70¥ (389) (Fig. 4B). This finding
mdicates that PKCs are not involved in the mechanical activation
of mTOR signaling,

The role of PLC in the mechanical activation of mTOR
signaling was assessed by wsing the PLC-specific_inhibitor
U'HI" U?‘I’Zwusﬁmndl(ihlmklhc increase in p70S™ (389)

. in muscles lated with the PLC agonist
l\\)plunpﬁnndu. acil, thus verifying that U73122 inhibited PLC-
dependent signaling. U73122, " however, did not inhibit the
mechanically induced signaling to p705* (3;
together, the results from the above ¢
PLC-, iCa®*-, and PKC-dependent signaling events arc not

Harmbsrger of al

Fi gure 1.: The researchers have put a whole muscle (taken from a mouse) and dipped it into a
solutlon That solutlon |s dlfferent dependlng what they are trying to accomplish. Propranolol
inhibits mTOR. Then, they are measuring the
amount of phosphoryla\ed p70 (which is phosphorylated by mTOR). If you're confused, please read
the "Study Design & Need to Know Information” | have provided above. 1A shows the amount of
phosphatidic acid produced. 1B shows the amount of phospho -p70 protein (darker smudgefline is
more).

Primary Results:

- With the addition of only propranolol, phosphatidic acid production increases, and so does the
amount of phospho-p70.

- With the addition of rapamycin, there is no phospho-p70 present.

. p70 is phosphorylated (activated) with the increase in phosphatidic acid, but this effect is
eliminated by rapamycin, implying this phosphatidic acid effect is mMTOR dependent.

Fi gure 3: The researchers are either not inducing or inducing a stretch (Stretch: - /+) onto the muscles
and/or adding neomycin (a drug that inhibits phospholipase D ((PLD)) - see notes in "Study Design") at varying
concentrations (10mM being the highest), and then measuring the amount of phosphorylated (activated) of p70
(see notes in "Study Design"), as well as p38 and JNK2, which are stress signalers (this was done to show the
PLD inhibitor is specific to mechanosensation through p76 and not other stress signaling, as p38 and JNK2 are
stress signalers, but not mechanostress signaling).

Primary Results

- Greater concentrations of neomycin elicit lower and lower phospho -p70.

- Stretch induces greater phospho-p70, but is inhibited by neomycin.

- Neither stretch nor neomycin have an effect when measuring ir pathway si
(P38, INK2)

: Phospho-p70 is affected by the inhibition of Phospholipase (decreasing its prevalence), and
enhanced by stretch, and this effect is specific to mechanosensation/stress pathway.

Fi gure 2: The researchers have placed a full muscle of a mouse into an apparatus by which they can
keep the muscle tethered at both ends and stretch the muscle and are then measuring the amount of
phospholipase D (PLD) activity and the amount of phosphatidic acid production (the product created by
PLD). Control = muscles that were not stretched, but went through the same procedure; Stretch = muscles
that were stretched 15% for 15 minutes, 30 minutes, 60 minutes, or 90 minutes.

Primary Results:
- Direct measure of PLD activity increases in the first 15 minutes, but not afterward.
- Phosphatidic acid amount increases at all time point.

: The PLD activity data is unconvincing due to a lack of overall activity, but the phosphatidic acid
content increase does lend evidence to stretch inducing phosphatidic acid increase.
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e for 30 min, subjected 1o mechanical stretch (Stretch +) or contral
canditian (Stretch —}, and the

agarést for 80 min. The jcal inhibitars and respec
thvely, are BAPTA-AM (100 xM} and AZZ1ET (20 uM} (4], BIM (5 uM) ard TP
(1 ) {8, anl UT3122 (10 uM) ared lysophasphaticic acid {5 wM) (C). Agpro-

Rapamycinnd] o 2 5 10 20 50

Fig. 5. A PLD-dependent increase in [PA] is necessary for mechanical acti-
vating af mTOR signaling. (4 and &) Musclas wara prencubiated for 30 min
with f 1-butanel (A] or 2-bu-

b ehicles weme serd il ts Sampl . subgected o) (), fotbaved by an acditianal 80 min of mecharical stretch (Stretch +)
A Bt v e or control condition (Stretch —|. Samples were subjected to Westem bt
theee Indoperdent mp.nm ;’;‘:‘r-‘n for pho v P?D’_"[F-pmml."lq_m?clwwnr.! arelabeled

involved in the mechanical activation of mTOR signaling and,
therefore, suggest that the effect of neomyein was attr [0

neamyzin (10 midh, T-Gutanal (1%}, or the sahent ve
additianal %) min of mecharical stretch o control conditions, and the wn-
centration of *Hlabeled PA ('H-PAL) was dmmmn () Muscles were.

the inhibition of PLD.

1-Butanol Inhibits the Mechanical Activation of mTOR Signaling. To
further assess whether the inhibition of PLD could prevent the
mrchumcal activation of mTOR signaling, muscles were incu-
ans of 1-butanol, a primary alco-
hol that inhibits PLD-catalyzed PA formation, or 2-butanol, a
sezondary akeobol that does ot inhibit PLD- ed PA
formation (14, 24-26). These experiments demos e that
T-hutanol produced a dose-dependent inhibition of the mechan-
ically induced signaling to pT0* (38%), whercas 2-butanol had
no effect (Fig. 5.4 and 8). To further confirm the specificity of
1-butanol, muscles were incubated with 1% 1-butanol and then
stimulated with insulin; the res indicate that 1% 1-butanol
did mot inhibdt insulin-induced aling o FKB (presented in
Fig. 7, which is published as supponting information on the PNAS
web site), Because it has been reported that insulin-induced
signaling to PKB is 8 PLD-independent signaling event (27), the
lack of an effect of 1-butanol in this event is in concert with its
specificity on PLD- decmlcnl ignaling. Taken together, these
results indicate that mecha imuli use o PLI-dependent
increase in [PA] to activate mTOR signaling.

Neomycin and 1-Butanal Inhibit the Mechanically Induced Increase in
IPAL To werify that PLI) was required for the mechanically
induced increase in [PA]. muscles were incubated with PLD
inhibitors { 10 mM neomycin and 19 1-butaned ) and subjected 1o
mechanical stimulation. The resu
cin and 1-butanol blocked the mechanically indueed increase

[PA] (Fig. 5C).

Confers Resk to PA has
been reported o modulate mTOR signaling by binding w0
mTOR in its FRE domain (14). The FRB domain is also the

Hornbisgar #f al
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, followed
Ly an additional S0 min af strech er contrel mna...ons SAmpes e sl
jected lysis Far P-p71) (369, Al blot

at least three independent experiments. The graph represents the mean
values = SEM for each group expressed as a percentage of the treatment
contral {vehicle, necmycin, or 1-butanal, {n = 3-7 per graugl. », significantly
Eferent fram treatment contral [P = B.05)

binding site for the complex formed by the immunophilin
FKBP12 and the drug rapamycin and is necessary for rapamycin
to inhibit mTOR signaling {14). It has been proposed that the
FKBP12-rapamycin complex and PA compete for binding o
the FRB domain (14}, and this hypothesis has been supported by
the recent report that an elevation of PLD activity can confer
resistance to rapamycin (28). To determine whether mechanical
stimulation can abso confer resistance W rapamycin, muscles
were incubated with varlout. conc ions of ., sub-
jected 1w or control it and
analyzed for pT0%* (389) phosphorylation. ThL 1Cs, of rapum)-
cin in mechanically stimulated muscles {232 © 0.27 oM, R?

083} was significantly higher than the 1Cs) in control mus:llc-.
(106 024 nM, R = 095, (P < 0.01) (Fig. 50). The higher
in muscles demon-

myein and sugpests that the m
l.|g||.|]m‘g results from enhanced binding of PA to the FRB

domain on mTOR,

Expression and Localization of PLD1, PLD2, and mTOR in Skeletal
Muscle. Tor gain insight into how mechanical stimuli might
regulate PLD activ rimary antibodies gencrated against the
twao isoeymes of PLD (PLDT and PLD2) and mTOR were used
o determine Ih.c subcellular localization of lhcsc proteins in
skeletal muscl [ different s of the
EDL musche dlculcd that the majority of P]_DJ was localized
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Fi gure 5: The are ic acid levels (what phospholipase D produces) after no
stretch (control) or stretching the muscle (stretch) then, they are measuring at without drug addition (vehicle) or with
the addition of neomycin and 1-butanol (both are phospholipase D inhibitors) in 5C. In 5D, the researchers are
measunng the amount of phospho-p70 in control rnuscle (no stretch) and stretched muscle (stretch) without

1 or with rap in at varying 1s (50nM being the highest). This indicates the impact PLD has,
through stretch, to produce phosphatidic acid and to stimulate phospho -p70, then how the inhibition of mTOR (the
master growth stimulation molecule) by rapamycin affect phospho -p70 expression.

Primary Results:
- Inhibition of PLD reduces phosphatidic acid amount.
- Inhibiting mTOR reduces the amount of phosphorylated p70.

. Stretch induces phospho-p70 activity through mTOR, and likely through phosphatidic acid production,
but this is not confirmed by this data.
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Fig. 6. Localization of PLD1, PLDZ, ard mTOR in skeletal muscle, (A) EDL muscles were separated into cytosol (Cyt), membrane (Mem), and cytoskeletal {Csk)
fractions a3 described in Supporting Methads, and equal amounts of protein from each fraction were subjected to Western blot analysis for PLD?, PLD2, and

mTOR. (8-G) (8-0}

{£-G) from the EDL. bod PLD1 (8 and

£),PLO2(Cand ),

from

the EDL muscle were also double-abeled with antibodies against a-actinin and PLD1 (H-K) or a-actinin and PLD2 ((-0). a-Actinin was revealed with
TRITCcanjugated secondary antibodies (red). PLDT and PLD2 were revealed with FITC-conjugated secondary antibodies (green). Images H and ! were merged
in 4, which was magnified in K. Images in L and M were merged in /. which was magnified in O. Images in 4-O were cbtained by using a confocal microscope.
All images are representative of at least three independent experiments. The boxes in S and N are the portions shawn magréfied in K and O.

to the cytoskeletal fraction, with only a small proportion of
PLDD1 i the cytosolic fraction, The majority of PLD2 was
detected in the membrane and cytoskeletal fractions, with a
small proportion in the cytosolic fraction. Similar to PLD2,
mTOR was ako localized to the membrane and cytoskeletal
fractions (Fig. 64). A quantitative analysis of these experiments
is presented in F which is published as supporting infoe-
mation on the PNAS web site.

Immunohistochemical analysis of cross-sections of the EDL
muscle demonstrated that PLDI and PLD2 were distributed
sughout the interior of the muscle fibers, but PLD2 also
displayed a higher intensity of staining at the sarcolemmal
membrane; mTOR was localized primarily at the sarcolemmal
membrane (Fig. 6 B-D), Longitudinal sections of the EDL
muscle provided additional evidence that mTOR & localized to
the sarcolemmal membrane, whereas PLD1 and PLD2 revealed
a distinct striated pattern (Fig. 6 E-G).

To further define the stristed pattern that was observed for
PLDI1 and PLD2, double-labeling experiments were performed
with antibodies directed against the z-band protein a-actinin
Confocal imuges from longitudinal sections demonstrate that
both PLD1 and PLD2 are localized within and immediately
adjacent to the region occupied by a-actinin. Furthermore, a
pattern of thin fibrous structurcs running perpendicular to the
z-band was observed for PLD2 but not PLDI (Fig. 6 H-0)
Previous studies have d d by peptide that

Discussi
Previous reports have demonstrated that signaling by mTOR is
required for mechanical-load-induced growth of skeletal muscle
(3-5, 11). To date, the mechanisms involved in the mechanical
activation of mTOR signaling have not been defined. but recent
studies indicate that an unique (PI3K- and nutrient-
independent) pathway is imvolved (2, 5. 13). This finding is
K is generally considered to be indis-

found only one other report of a P3K-independent
activation of mTOR signaling, where Wang and Proud (
demonstrated that the Gq protein-coupled receptor agonist
phenylephsine (PE) activated mTOR signaling through a wort-
¢ (ic, PI3K-ind dent) pathway, Later
studics by Ballou et al. (34) implicated a roke for PLD in this
pathway, when it was shown that 1-butanol could inhibit the
activation of mTOR signaling by PE. Therefore, this study was
undertaken to test the hypothesis that mechanical stimuli acti-
vate mTOR signaling through a PLD-depeadent mechanism
The results from this study pravide several lines of evidence
to support the hypothesis that mechanical stimuli activate
mTOR signaling through & PLD-dependent increase in [PA]
First, an elevation in [PA] was sufficient for the activation of
mTOR signaling (Fig. 1). Second, the isozymes of PLD (PLD
and l’l D2) are ized 1o the z-band in kk|uld| muscle (a
critical s te of mechanical force transmission) ( d,
induced PLD activation, I'/\ accumula-

=

the PLD2 (29) and PLD1 (30) antibodies used in this study are
highly specific
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tion, and mTOR signaling (Figs. 2-5). Fourth, pharmacological
inhibition of PLD blocked the mechanically induced increase in

Harnbserger of al
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[PA] and activation of mTOR signaling (Figs. 3 and 5). Final
mTOR signaling was partially resistant to rapamycin in mec!
ically stimulated muscles (Fig. 5), suggesting that the mechanical
activation of mTOR signaling resulted from enhanced binding of
PA 10 the FRB domain on mTOR.

Although our results indicate that PLI is the enzyme respon-
sible for the mechanically induced increase in [FA] we cunnaot
rule out the potential contribution of additional PA rcgululorv
engymes. Such enzvmes might include the PA ph

culture system at optimal bength (Lo} as described in ref. 13
Dietails regarding the protoced for mechanical stimulation have
been described in ref. 5. Briefly. 15% intermittent passive streich
was wed as a source of mechanical stimulation wddition,
muscles were maintained at Lo as a control condition.

Pharmacological Inhibitors, Muscles were preincubated with
pharmacological inh'bil.ors or the solvent vehicle for 30 min

(PAP), which dephosphorylate PA 10 DAG, and the DAG
kinases (DAGK), which penerate PA Ihrwgh the plmﬂphwv ir-
uon of DAG (35, 36). 5

i he tﬂmrmmd back 1o PA h)' DAﬂK
(3?1 Such o mechmm might explain
uwdammtmm in activity, reas the
el was sustained Additional studies wlIJ be
m:rdcdm[u]l\ defue the mechanisas by which PLD

before stimulation with phar I agunists oF mechan-
ical stretch, All pharmawluglcul hibitors were present
throughout the entire stimulation period. Stock solutions of
the inhibitors BAPTA-AM, BIM, U73122, and rapamycin
were dissolved in DMSO, neomycin was dissolved in distilled
(d}HA0, and 1-butanel and 2-butanol were added directly 1o
the culture media.

Agonists. Muscles were i with the ph.u—-

ter the meshanically induced incrense in [PA].

agonists or solvent vehicles for 90-120 min as
mduca(cd in the figure legends. Stock solutions of the phar-

Owr finding that am increase
in PLD} activity raises questions about the mechanismis) in-
waolved in this proc Previows studies have shown thar PLD
activily ean be reguliated by viriows protein kinses such as PKC,
protein-tyrosing kinases, and the MAP kinase family as well as
the small G proteins from the ARF, Rho, and Ras families {38,
39). Furthermore, the activity of PLD has been shown to be
regulated through intersctions with various cytoskeletal proteing
such as tubulin, actin, and a-actinin (40-42), For example, Park
et al, (41} demonstrated that PLD can bind to a-actinin and tl|at

agonists TPA and AZ3IRT were dissolved in
DMSD and Iysophosphatidic acid was dissolved in PBS with
015 {wt/vol) BSA. Insulin and propranolol were dissolved in
dH0.

Western Blot Analysis and Sample Proparation, Unless otherwise

notcd. lmnsclcs were remioved from the organ cul(ure system,
ly frocen in liguid nitrogen,

uWestcm hlcn analysis as describid in ref. I}. Dretuils regurdmglhc
the eytosolie,

this interaction inhibits the activity of FLD. This ol
of particular interest, becanse our results demonstrated that |>::l|!
isorymes of PLID are cobocalized with a-actinin in sl tal
muscle, Becouse a-actinin is a vital component of the z-hand

skeletal muscle, and the z-band is a focal point for mechanical
foree tranamission (43), it is wempting 1o speculate thar mechan-
stion of PLI2 from eeactinin
PLD from the inhibitory effect of the interaction.
Additional interest in the cyteskeletal network comes from the
observation that disruption of the actin c)md:cl.cmn with cy-
techalasin I3 ean prevent the mechanical activation of signaling
1o pTOE in skeletal muscle cells in viro (44), Clearly, the
mechanisms responsible for the mechanical activation of PLD
activity remain o be more fully defined. and the role of the
eyioskeletal network in this process will be an area worthy of
further investigations,

sl {ru:lmm: are provided in Siypperting Methods.

Immunohistochemistry. EDL muscles were mounted at resting
length in optimal cutting temperature compound and frozen in
isopentane chilled with liquid nitrogen. Longitudinal and cross-
sections {10 wm) were generated with a ervostat and immediately
fived in —20°C acetone or —20°C methanol. Fixed sections were
incubated with PLDI, PLDY, mTOR, or c-actinin primary
antibodies, Primary unlihodiu:ﬂ were detected with FITC- or

ine isothi TC}-conj seC-
ondary with an epi or
confocal mlszoopc Addltlonﬂl details N:guldmg_ these proce-
dures are provided in Supporting Methods.

llalriknﬂiw Mlh«!’aﬂd [PA]. PLI} activity was measured with
assay described by Facchinett er all

In summary, the results of this study indicate that
stimuli activate mTOR eiignaling through a PLD—dcpendcnl
increase in [PA]. Because the activation of mTOR signaling is
required for mechanically induced growth of skeletal muscle,

t.d}. Briefly, muscles were prelabeled in the organ culture
system with media containing [*H]arachidonate (1 pCi/ml) (1
©i = 37 GBq) for 2 b and then subjected 1o expernmental

ﬂ|c=c findings tu our af

ignals are o the events
|Ju4( regulate skeletal muscle growth and mmndu_lmg
Materials and Methods

Materials, Dictails regarding the specific materials used in this
study are deseribed in Supporring Methods, which is published as
supporting information on the PNAS website,

Animal Care and Use, All cxperimental procedures were approved
by the University of California at San Dicgo Animal Care and
Use Committee. Male CSTBLS mice {The Jackson Laboratories
and Harlan Laboratornes), 8=14 weeks of age, were randomly
assigned 1o different experimental groups. All animals were
allowed free access to food and water.

Organ Culture and ion. Mice we
with sodium pwmbalblhll {150 mykg of bosdy weight), and the
EDL musche of the hind limb was placed in the ex vive organ

Hornbisgar #f al
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PLD activity was measured during the final 15 min
before the indicated treatment time by washing the muscle with
fresh media for 5 min and then incubating with media containing
0.3% I-butanol for 15 min. The same procedure was used for
measurements of *He-labeled PA, except 1-butanol was not added
o the culture media, Samples were homogenized in chloroform—
methanol 2:1 (vl /val) with a polytron. and lipids were extracted
according to Folch ef af, (45). Phosphotidylbutanal {PLdBut) and
PA standards (10 pg) were added to the extracted lipids, and
aliguots were used for the measurement of radioactivity in the
total lipids or spotted on LKSD silica gel plates for separation of
PrdBut and PA by TLC. The plates were d.c\-rl.opcdmlh a-olw:m
system comsisting of ethyl

13:2:5:10 :vulnu]} This system provided efficient separation of
PrdBut (R = 0.41) and PA (R = (.14}, which were visualized
by iodine staining. Iodine-stained spots containing the "H-
Labclcd P(dBnl zmd PA were y:mpcd of[ lhc TLC plate, and the

Final calculatlons for PLD acnvlly and [PA] wcre made I‘y
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1. This is potential explanation for figures 2A&B.
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dividing the amount of radioactivity in the Prdbut or PA spot by
the amount of radioactivity in the total lipid extract.

Slumlul .Inl','lll. All \-'alucﬁ are expressed as means *© SEM.
d by wsing ANOVA, fol-
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