
Introduction
This study aims to find a mechanism for the translation of muscle stimulus to a chemical 
signal and its affect on muscle size. 

Conclusions
Phospholipase D is not the primary translator of muscle stretch/stimulation into phosphatidic acid. 
Diacylglycerol Kinase seems to be a greater contributor to translating muscle stretch to phosphatidic 
acid.
Muscle stretch is translated, mostly, by an mTOR dependent manner. 
Increased Diacylglycerol Kinase leads to increases in muscle cell size. 

Amendments

Study Design & Additional Information

The researchers used mouse muscle cells that were on a plate and ran experiments. They also 
took out whole muscles from mice and mounted them in a way to induce stretch and made 
measurements. Then, they used a variety of inhibitors and stimulators, with and without muscle 
stretch, to measure varying proteins involved in protein synthesis.They also used some mice 
that were genetically deficient (as in, they couldn't produce their own) diacylglycerol kinase 
(known as a knockout mouse).

Rapamycin: Inhibits mTOR
TPA: Stimulates phospholipase D
FIPI: Inhibits phospholipase D.

Additional Information:

Phospholipase D produces phosphatidic acid, and Diacylglycerol Kinase does, as well. 
Diacylglycerol Kinase uses diacylglycerol to produce phosphatidic acid (PLD does not). 
Phosphatidic acid binds mTOR, which then phosphorylates (activates) the protein called p70, 
which then (presumably) increases muscle cell size by stimulating protein synthesis. 
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Stretch on muscle induces increases in phospho-p70 expression, but not in the presence 
of Rapamycin.

-

Stretch on muscle induces increases in phosphatidic acid, which is preserved in the 
presence of rapamycin. 

-

Figure 1: [A] The researchers are measuring the amount of phosphorylated p70 (P-p70), 

which is a downstream marker of mTOR activity. T-p70 is "total" p70. They are using muscle 
stretch or no stretch, as well as rapamycin (an mTOR inhibitor) or not to measure mTOR activity 
by how much of total p70 becomes phosphorylated (more phosphorylation indicating more 
mTOR activity). [B] The researchers are measuring phosphatidic acid concentrations with 
stretch of the muscle with and without rapamycin (mTOR inhibitor). 

Primary Results:

Take Away: Muscle stimulation/stretch leads to increases in phosphorylation of p70 in an 

mTOR dependent manner, and phosphatidic acid is also upregulated with muscle stretch, but 
unaffected by mTOR inhibition, indicating its stimulation is upstream of mTOR.
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Figure 2: [A] The researchers have taken a muscle out of a mouse and mounted it on a 

contraption that holds the muscle in place, while in a bath filled with nutrients for the muscle 
cells, and stretched the muscle for no time (Stretch, -) or 15 minutes or 90 minutes (Stretch, +) 
to induce muscle contractions. Then, they measured the activity of phospholipase D, which 
generates phosphatidic acid (see additional notes section for more clarification). [B & C] The 
researchers are measuring phospholipase D activity with FIPI (a PLD inhibitor) and TPA (a PLD 
stimulator) in muscle cells (not tissue). [E] Like [A], the researchers have taken muscles out of 
mice and put them in a nutrient bath while clamped on either end to induce stretch. This time, 
they also add a PLD stimulator (TPA) or don't, as well as add an inhibitor (FIPI) or don't. [F] The 
researchers are measuring protein levels of phospho-p70 (the downstream molecule from 
mTOR) - so, the darker the band/smudge, the more there is (relative to total p70/T-p70). This is 
all done with stretch (or not) induced on the muscle before measuring, as well as with the PLD 
inhibitor (FIPI).

Primary Results
- Stretch does not increase PLD activity.
- FIPI inhibits PLD from increasing activity, but does not suppress basal activity.
- Stretch increases phosphatidic acid production, which is unaffected by PLD inhibition.
- Stretch also increases phospho-p70 production, which is unaffected by PLD inhibition.

Take Away: Phospholipase D is not a major player in the increased production of 

phosphatidic acid when the muscle is stimulated. 
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Diacylglycerol is increased with muscular stretch/stimulation.-
Diacylglycerol Kinase produces more phosphatidic acid when stretch is applied to the 
muscle, but only membrane bound DGK does this - not found for total. 

-

Figure 3: [A] The researchers are assessing Diacylglycerol (see "additional information 

section" for more) amount in muscles taken from mice and mounted to induce stretch (or not) for 
15 minutes or 90 minutes. [C] The researchers are measuring the activity of the enzyme 
Diacylglycerol Kinase (DGK), which also produces phosphatidic acid from diacylglycerol 
(measured in [A]) with and without stretch, but specifically on the membrane of the muscle cells. 
[D] This is the same experiment as [C], but looking at total DGK, not just membrane bound DGK 
activity. 

Primary Results:

Take Away: Muscle stimulation increases diacylglycerol levels within the muscle, and 
phosphatidic acid production is increased by diacylglycerol kinase enzymes that are specifically 
found on the membrane of the muscle cell. This implies DGK produces phosphatidic acid at the 
membrane of the muscle cell. 

   New Section 9 Page 7    



Figure 4: [A] The researchers are assessing Diacylglycerol Kinase (DAGK) activity (see 
"additional information section" for more details) in muscles taken from mice and mounted while 
incubated with a DAGK inhibitor (R59949) for 30 minutes. This inhibitor does not affect all 
DAGK, it spares a particular DAGK isoform (version) which we will call "Special DAGK" or 
sDAGK, because they called it something confusing and stupid. [B] This is the same 
experiment as [A], but they are inducing stretch (or not) on the muscle taken from the mouse 
and mounted for stretching (Muscle contraction) and they are measuring phosphatidic acid 
production. [C] The researchers are measuring protein levels of phospho-p70 (the downstream 
molecule from mTOR) - so, the darker the band/smudge, the more there is (relative to total 
p70/T-p70). This is all done with stretch (or not) induced on the muscle before measuring, with 
and without the DAGK inhibitor (that spares sDAGK). 

Primary Results
- DAGK activity is somewhat inhibited by the DAGK inhibitor (R59949).
- Phosphatidic acid production increases with muscle stimulation and that effect is still seen with 
the DAGK inhibitor. 
- phospho-70 is still elevated with the introduction of stretch and the inhibitor. 

Take Away: With inhibition of other DAG Kinases (DAGK), aside from sDAGK, there is still 
an increase in phosphatidic acid and phospho-p70. 

Figure 5: The researchers added a gene to muscle cells that contains the genetic material for 
a green fluorescing protein (GFP) attached to a gene for the specific diacylglyerol kinase of 
interest (sDAGK from before), known as WT-DGK. However, they also added a mutated 
diacylglycerol kinase that does not function, known as KD-DGK. Now, the cells will create green 
fluorescent protein attached to diacylglycerol kinases of one sort or another. Then, the 
researchers measured the amount of phosphorylated p70 (remember, the downstream 
molecule that is activated./phosphorylated by mTOR) relative to total p70 (T -p70). Then, they 
either starved the cells (taking away nutrients, indicated by the " -") or gave them high nutrient 
amount (denoted by "+"). 

Primary Results
- In high nutrient conditions, and with sDGK highly expressed in cells, more phospho -p70 
produced, but not with the DGK mutant (positive control) and the GFP only (negative control).

Take Away: In a high nutrient environment, functional sDGK leads to more phosphorylation 
of p70.
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Figure 6: Researchers created mice that did not have the capacity to produce sDGK (but 

could still produce other DGK variations/isoforms) and measured signaling proteins within the 
muscles of these mice compared to mice that were perfectly normal (expressing all forms of 
DGK). [A] The researchers are measuring if sDGK is truly "knocked out" in sDGK deficient mice 
and truly present in normal mice. They also measure other mTOR effectors/stimulators known 
as phosphorylated ERK and the already seen (in other figures) phospho -p70. [B] The 
researchers are measuring phosphatidic acid production in the normal mice (WT) and the sDGK 
deficient mice with and without stretch on the muscle. [D] Measuring phospho-p70 in normal 
mice and sDGK deficient mice without stretch on the muscle, as well as with stretch for 30 
minutes or 90 minutes. [E] The researchers are measuring phosphorylated p70 in the normal 
(WT) mice muscle and the sDGK deficient muscle, but they've incubated the muscle with 
increasing concentrations of rapamycin (RAP), which is an mTOR inhibitor. 

Primary Results
- phospho-p70 is still phosphorylated when sDGK is knocked out/not present in muscle.
- phospho-ERK is increased with sDGK knockout. 
- Phosphatidic acid production is blunted by the loss of sDGK
- phospho-p70 is blunted with the knockout of sDGK.
- Rapamycin decreases phosphorylation of p70 in both conditions, but more so in the sDGK 
deficient mice. 

Take Away: This data implies sDGK is not necessary for the phosphorylation of p70 unless 
stretch is induced on the muscle (even then, it is dampened if not present), but is necessary for 
major production of phosphatidic acid. The loss of sDGK decreases the ability for mTOR 
dependent phosphorylation of p70 (likely due to lower phosphatidic acid present). 
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Figure 7: The researchers added a gene to muscle cells that contains the genetic material for 

a green fluorescing protein (GFP) attached to a gene for the specific diacylglyerol kinase of 
interest (sDAGK from before), known as WT-DGK. However, they also added a mutated 
diacylglycerol kinase that does not function, known as KD-DGK. Now, the cells will create green 
fluorescent protein attached to diacylglycerol kinases of one sort or another. Laminin is the 
definition of the cell - in red. [B] The researchers are measuring muscle cell size (Fiber CSA) in 
all three conditions; GFP: Control, no change in DGK; WT-DGK, increased DGK; KD-DGK, 
mutated, non functional DGK. [E] The researchers then wanted to know if potential increases in 
muscle cell/fiber size are mTOR dependent, so they added an mTOR stimulator (YFP-Rheb) or 
DGK and then used increasing concentrations of the mTOR inhibitor (Rapamycin, RAP). 

Primary Results
- Expression of functional DGK has greater increases in muscle cell size. 
- Rapamycin completely inhibits Rheb induced increase in muscle cell size. 
- Rapamycin reduces the effect seen on increased muscle cell size in DGK expressing muscle. 

Take Away: DGK is associated with increase muscle cell size, in at least a partially mTOR 
dependent manner.
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