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Glycerophosphocholine (GPC) is an osmoprotective compatible and
counteracting organic osmolyte that accumulates in renal inner
medullary cells in response to high NaCl and urea. We previously
found that high NaCl increases GPC in renal [Madin–Darby canine
kidney (MDCK)] cells. The GPC is derived from phosphatidylcholine,
catalyzed by a phospholipase that was not identified at that time.
Neuropathy target esterase (NTE) was recently shown to be a
phospholipase B that catalyzes production of GPC from phosphati-
dylcholine. The purpose of the present study was to test whether
NTE contributes to the high NaCl-induced increase of GPC synthesis
in renal cells. We find that in mouse inner medullary collecting duct
cells, high NaCl increases NTE mRNA within 8 h and NTE protein
within 16 h. Diisopropyl fluorophosphate, which inhibits NTE
esterase activity, reduces GPC accumulation, as does an siRNA that
specifically reduces NTE protein abundance. The 20-h half-life of
NTE mRNA is unaffected by high NaCl. TonEBP�OREBP is a tran-
scription factor that is activated by high NaCl. Knockdown of
TonEBP�OREBP by a specific siRNA inhibits the high NaCl-induced
increase of NTE mRNA. Further, the lower renal inner medullary
interstitial NaCl concentration that occurs chronically in ClCK1�/�

mice and acutely in normal mice given furosemide is associated
with lower NTE mRNA and protein. We conclude that high NaCl
increases transcription of NTE, likely mediated by TonEBP�OREBP,
and that the resultant increase of NTE expression contributes to
increased production and accumulation of GPC in mammalian renal
cells in tissue culture and in vivo.

diisopropyl fluorophosphate � phospholipase B

Neuropathy target esterase (NTE) was originally identified as
a target of organophosphates that is involved in their

induction of peripheral neuropathy in humans (1). It is an
endoplasmic reticulum-associated protein, mostly exposed on
the cytoplasmic face of the membranes (2). NTE is highly
conserved in eukaryotes and even has homologues in bacteria
(3). The mechanism of organophosphate neurotoxicity is that
certain organophosphates act as pseudosubstrates for serine
hydrolases, and the covalent organophosphorylated intermedi-
ate formed by this reaction is hydrolyzed extremely slowly,
thereby inhibiting the enzyme. Loss of activity disrupts phos-
phatidylcholine (PC) homeostasis, resulting in neuronal and glial
death (4). The normal role of NTE in nerves is not completely
understood.

NTE is also expressed outside of the nervous system in
numerous organs, including the kidney (5, 6), but its role in those
tissues also is not well understood. A possible role was revealed
recently when NTE was shown to be a phospholipase B that
deacylates PC sequentially at positions sn1 and sn2 in Saccha-
romyces cerevisiae, yielding glycerophosphocholine (GPC). Yeast
mutants that lack NTE activity are not able to produce intra-
cellular GPC (7).

The interstitial concentration of NaCl normally is very high in
the renal inner medulla, associated with its role in concentrating
the urine. High NaCl is hypertonic. It shrinks cells by osmosis,

increasing the concentration of all cellular components, includ-
ing inorganic salts. This can cause cell cycle delay and apoptosis
(8, 9). Cells generally protect themselves from hypertonicity by
accumulating compatible organic osmolytes that serve to restore
cell volume and normalize intracellular salt concentration (10).
GPC is one of the organic osmolytes normally accumulated by
renal cells in response to high NaCl, both in vivo and in cell
culture (11). Osmotic regulation of GPC by high NaCl has been
studied in isolated renal inner medullary collecting duct cells (12,
13), in cell cultures (14–18), and in vivo (18). It involves changes
in both GPC synthesis and degradation. On the one hand, high
NaCl inhibits the activity of GPC–choline phosphodiesterase, an
enzyme that degrades GPC to choline and �-glycerophosphate
(12, 15, 16); the slower degradation of GPC increases its
concentration. On the other hand, high NaCl also raises phos-
pholipase activity, increasing the rate of synthesis of GPC from
PC in renal cells (17, 18). High NaCl also increases production
of GPC from PC in yeast, which helps maintain their growth
during osmotic stress (19). Despite this biochemical understand-
ing, the molecular identities of the renal phosphodiesterase and
phospholipase that are involved have remained unknown.

We previously found that high NaCl increases phospholipase
A2 or phospholipase B but not lysophospholipase activity in
Madin–Darby canine kidney (MDCK) cells (17). After the
discovery that NTE is a phospholipase B that catalyzes produc-
tion of GPC (7), we were interested in testing whether it might
contribute to high NaCl-induced accumulation of GPC in renal
cells. In support of this hypothesis, we find in the present study
that high salt increases NTE mRNA and protein expression in
mouse inner medullary collecting duct (mIMCD3) cells in
culture and in mouse inner medulla in vivo. Further, inhibiting
NTE with an organophosphate or reducing its expression by
RNA interference reduces the high NaCl-induced increase of
GPC in mIMCD3 cells.

Results
High NaCl Increases GPC Content of mIMCD3 Cells. mIMCD3 cells
accumulate GPC when they are chronically adapted to elevation
of NaCl and urea in combination (20). MDCK (14, 16, 21) and
PAP-HT25 (21) cells accumulate GPC not only when NaCl and
urea are raised in combination but also when either is raised
alone. Because mIMCD3 cells, which are murine, promised to be
more useful for our studies than either MDCK (dog) or PAP-
HT25 (rabbit), we began by testing whether high NaCl alone
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increases GPC in these cells. We found that raising osmolality
from 300 to 500 milliosmol (mosmol)�kg by adding NaCl in-
creases mIMCD3 cell GPC within 8 h (Fig. 1), which provides a
model for testing the mechanism involved.

High NaCl Increases Expression of NTE in mIMCD3 Cells. We previ-
ously found that high NaCl increases phospholipase activity in
MDCK cells, which contributes to the elevation of GPC by
increasing the rate of synthesis of GPC from PC (17). NTE is a
phospholipase that catalyzes production of GPC from PC in
COS7 and HeLa cells (7), making it a candidate for the
phospholipase that is activated by high NaCl. Therefore, we
determined the effect of high NaCl on NTE expression. Raising
osmolality from 300 to 500 mosmol�kg by adding NaCl increases
NTE mRNA abundance in mIMCD3 cells within 6–8 h (Fig. 2A)
and increases NTE protein within 16 h (Fig. 2B). In the same
extracts, neither cyclophilin mRNA nor �-actin protein abun-
dance changed significantly (data not shown).

Expression of NTE in Renal Inner Medullary Cells in Vivo Depends on
Interstitial Osmolality. Interstitial osmolality normally is high in
the renal medulla, because of high levels of NaCl and urea,
resulting in intracellular accumulation of GPC (11). The high
osmolality depends on NaCl transport by the thick ascending
limbs of Henle’s loop and countercurrent multiplication. To test
whether expression of NTE might depend on interstitial osmo-
lality in vivo, we measured NTE under conditions known to
reduce renal inner medullary interstitial NaCl concentration.

The ClC-K1 chloride channel, which normally is expressed in
medullary thin ascending limbs, is necessary for renal medullary
countercurrent multiplication, and mice lacking it (22) have
lower urine concentration because of reduced interstitial osmo-
lality. Therefore, we compared NTE expression in renal inner
medullas of ClC-K1�/� mice to that of ClC-K1�/� mice. NTE
protein expression is 35% less in the renal medullas of ClC-
K1�/� mice (Fig. 3A). NTE protein abundance is greater in the
inner medulla of wild-type mice than in the cortex (Fig. 3B).
Treatment of mice with furosemide reduces interstitial osmola-
lity. When mice are treated with furosemide for 4 h, NTE mRNA
and protein abundances are reduced in the inner medulla (Fig.
3B). We conclude that NTE expression is regulated by osmolality
in vivo, like it is in cell culture.

Having found that NTE expression depends on the level of
extracellular NaCl, the following studies were directed at deter-

mining whether NTE is necessary for the high NaCl-induced
increase in GPC.

Diisopropyl Fluorophosphate (DFP) Reduces High NaCl-Induced In-
crease of GPC. DFP is a neurotoxic organophosphate (1) that
inhibits the phospholipase B activity of NTE (7). DFP (1.0 M)
inhibits the increase of GPC that occurs 24 h after osmolality is
increased from 300 to 500 mosmol�kg by adding NaCl (Fig. 4A).
The inhibition by DFP is not accompanied by any significant
change in NTE protein abundance (Fig. 4B). We conclude that
this supports participation of NTE in the high NaCl-induced
increase of GPC.

siRNA-Mediated Knockdown of NTE Reduces High NaCl-Induced Ac-
cumulation of GPC. siRNA-mediated knockdown of NTE was
previously demonstrated in COS7 cells (7). Based on the se-
quence previously used, we designed a ‘‘Dicer substrate RNAi
duplex’’ that effectively knocks down NTE protein expression in
mIMCD3 cells (Fig. 5A), despite the generally low transfection
efficiency of these cells. We transfected the mIMCD3 cells with
either nonspecific siRNA (as a control) or with NTE-specific
siRNA for 24 h, then increased osmolality from 300 to 500
mosmol�kg for an additional 24 h by adding NaCl. High NaCl
increases NTE protein abundance by only 47% in cells trans-
fected with NTE siRNA, compared with a 120% increase with
the control siRNA. In the same experiments (Fig. 5B), the
specific siRNA reduces GPC by 30% at 300 mosmol�kg (com-
pared with the nonspecific siRNA) and by 40% at 500 mosmol�
kg. We conclude that NTE contributes to high NaCl-induced
GPC accumulation.

Fig. 1. Effect of high NaCl on mIMCD3 cell GPC. Cells, initially grown at 300
mosmol�kg were either maintained at 300 mosmol�kg or increased to 500
mosmol�kg by addition of NaCl. GPC abundance is expressed as percent of the
initial value at 300 mosmol�kg, which is 17.6 � 0.6 nmol�mg protein (mean �
SEM, n � 3; *, P � 0.05).

Fig. 2. Effect of high salt on mNTE mRNA (A) and protein (B) abundance in
mIMCD3. Cells, initially grown at 300 mosmol�kg, were either maintained at
300 mosmol�kg or increased to 500 mosmol�kg by addition of NaCl. (A) mRNA
abundance is expressed as fold change relative to the initial value at 300
mosmol�kg. (B) Protein abundance is expressed as percent of the initial value
at 300 mosmol�kg (mean � SEM, n � 3; *, P � 0.05).
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Transcription Factor TonEBP�OREBP Is Necessary for High NaCl-
Induced Increase in NTE Protein. The high NaCl-induced increase in
NTE mRNA (Fig. 2) could result either from increased tran-
scription or from reduced degradation of the mRNA. We
measured the stability of NTE mRNA from the rate of its
decrease when transcription is inhibited by Actinomycin B. The
half-life of NTE mRNA in mIMCD3 cells is �24 h both at 300
mosmol�kg and when NaCl is added, increasing osmolality to
500 mosmol�kg (Fig. 6). The implication is that high NaCl does
not stabilize NTE mRNA but rather increases its transcription.
The transcription factor TonEBP�OREBP is activated by high
NaCl, resulting in increased transcription of multiple osmopro-
tective genes (23, 24). To determine whether TonEBP�OREBP
is involved in high NaCl-induced increase of NTE mRNA, we
reduced TonEBP�OREBP expression by RNA interference in
HEK293 cells. The reason for using HEK293 cells here is that
they can be more efficiently transfected than mIMCD3 cells.
High NaCl increases TonEBP�OREBP protein abundance (23,
24), which is seen here in the presence of nonspecific siRNA (Fig.
7A). In contrast, the specific siRNA greatly decreases TonEBP�
OREBP protein abundance to the same low level both at 300 and
500 mosmol�kg (Fig. 7A). At 300 mosmol�kg, reducing
TonEBP�OREBP expression significantly decreases NTE pro-
tein abundance (Fig. 7B). In the same extracts, �-actin protein
abundance did not change significantly (data not shown). At 500
mosmol�kg, the 70% increase of NTE protein that occurs in the
presence of control nonspecific siRNA is totally inhibited. We
conclude that the high NaCl-induced increase of NTE expression
is mediated by the transcription factor, TonEBP�OREBP.

Discussion
High NaCl Raises Phospholipase Activity in Renal Medullary Cells,
Increasing Synthesis of GPC from PC. NaCl is high in renal inner
medullary interstitial f luid, and high NaCl causes renal cells to

accumulate large amounts of GPC (14). The biochemical basis
for high NaCl-induced accumulation of GPC was elucidated in
MDCK cells (17). In those cells, the GPC is synthesized from PC,
catalyzed by phospholipase activity. High NaCl increases phos-
pholipase activity. Phospholipase activity also increases in inner
medullas of rats when they are thirsted (18), water deprivation
being associated with rises of urine concentration and inner
medullary interstitial NaCl concentration.

High NaCl Increases NTE Expression. NTE was originally identified
as an esterase involved in the neuropathy produced by organo-
phosphate toxicity (1, 5). Knocking out NTE in transgenic mice
revealed that its expression is necessary for viability and that
reduced expression impairs neural development (25). NTE is
expressed not only within but also outside of the nervous system
(5, 6). Although NTE was found to have esterase activity (5, 6),
its normal cellular functions remained obscure until it was shown
to be a phospholipase B that degrades PC to GPC (7). Given that
increased phospholipase activity contributes to high NaCl-
induced increase of GPC, NTE seemed to be a promising
candidate for the phospholipase that is involved. That possibility
is confirmed in the present studies. Thus, in tissue culture, when
mIMCD3 cells are exposed to high NaCl, the abundance of NTE
mRNA increases within 6–8 h and NTE protein within 16 h (Fig.
2). In vivo, NTE protein expression is higher in the renal inner
medulla, where interstitial NaCl concentration is higher than in
the renal cortex, where it is not (Fig. 3). Further, when the
diuretic furosemide reduces renal inner medulla interstitial salt
concentration, renal medullary NTE mRNA and protein de-
crease. Thus, high NaCl increases NTE in renal cells both in
tissue culture and in vivo.

Fig. 3. Renal NTE expression in vivo. (A) (Lower) NTE protein expression in
renal inner medullas of wild-type (WT) and Clcnk1�/� (CLC KO) mice. (Upper)
Western blot results. (B) Effects of furosemide on NTE mRNA and protein.
Kidneys were removed for analysis 4 h after i.p. injection of 1.5 mg of
furosemide per 20 g of body weight (mean � SEM, n � 3–5, *, P � 0.05 vs.
control; §, P � 0.05 vs. inner medulla, no furosemide).

Fig. 4. Effect of DFP. Cells initially grown at 300 mosmol�kg were treated
with 1 �M DFP or with vehicle (isopropanol) for 2 h, then were either
maintained at 300 or increased to 500 mosmol�kg for 24 h while continuing
DFP or vehicle. (A) Relative GPC abundance. (B) (Lower) NTE protein abun-
dance. (Upper) A representative Western blot is shown (mean � SEM, n � 3–5;

*, P � 0.05).
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NTE Contributes to High NaCl-Induced Increase in GPC. We tested for
a role of NTE in high NaCl-induced accumulation of GPC by
inhibiting its activity and by knocking it out. Organophosphates,
including DFP, inhibit NTE activity by occupying its serine
esterase site (1). DFP decreases NTE phospholipase activity and
reduces formation of GPC in COS7 cells and in yeast (7). We find
that DFP decreases high NaCl-induced GPC accumulation of
mIMCD3 (Fig. 4), supporting the role of NTE in osmoregulatory
accumulation of GPC. In addition, we used a specific siRNA to

decrease NTE expression in mIMCD3 cells. This reduces GPC
accumulation in response to high NaCl (Fig. 5). Neither way of
reducing NTE activity completely eliminated the high NaCl-
induced increase of GPC. However, this is not surprising,
considering that high NaCl not only increases synthesis of GPC
but also reduces its degradation by inhibiting GPC–choline
phosphodiesterase activity (12, 15, 16). Further, the reduced
degradation occurs within 2 h (16), which is faster than the
increase in NTE expression (Fig. 2) and accounts for why the rise
of GPC (Fig. 1) precedes that of NTE (Fig. 2). We conclude that
NTE is a phospholipase that is activated by high NaCl, contrib-
uting to the resultant accumulation of GPC.

Osmotically Regulated Transcription Factor TonEBP�OREBP Is Neces-
sary for High NaCl-Induced NTE Expression. Hypertonicity activates
TonEBP�OREBP, increasing transcription of numerous osmo-
protective genes, including those involved in accumulation of the
compatible organic osmolytes sorbitol, glycine betaine, myo-
inositol, and taurine (23, 24). Hypertonicity apparently also
increases transcription of NTE, because the high NaCl-induced
increase of NTE mRNA (Fig. 2) occurs without any change in its
half-life (Fig. 6), implicating increased transcription rather than
reduction of degradation. Further, the increase in NTE requires
expression of TonEBP�OREBP (Fig. 7), implicating transcrip-
tional regulation by TonEBP�OREBP. Thus, high NaCl-induced
activation of TonEBP�OREBP apparently increases transcrip-
tion of NTE.

Because transcriptional activity of TonEBP�OREBP requires
binding to a specific DNA element, ORE�TonE (26, 27), we

Fig. 5. Effect of siRNA-mediated reduction of NTE. mIMCD3 cells were
transfected with either control siRNA or NTE-specific siRNA at 300 mosmol�kg.
Twenty-four hours later, the media were replaced by media without the
siRNAs and at either 300 or 500 mosmol�kg (NaCl added). (A) (Lower) Relative
NTE protein abundance. (Upper) A representative Western blot. (B) Relative
GPC abundance (mean � SEM, n � 3; *, P � 0.05).

Fig. 6. NTE mRNA stability. Medium bathing subconfluent mIMCD3 cells was
maintained at 300 mosmol�kg or increased to 500 mosmol�kg (NaCl added)
for 2 h, then 5 �g�ml actinomycinD was added. NTE mRNA was measured by
real-time RT-PCR (n � 5).

Fig. 7. High NaCl-induced increase of NTE protein abundance depends on
TonEBP�OREBP. HEK293 cells were transfected with either control or TonEBP�
OREBP-specific siRNA. Twenty-four hours later, the media were replaced by
media without the siRNAs at either 300 or 500 mosmol�kg (NaCl added). (A)
Relative TonEBP�OREBP protein abundance. (B) Relative NTE protein abun-
dance. (A and B Upper) Representative Western blots are shown (mean � SEM,
n � 3,*, P � 0.05).
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searched for ORE�TonEs in the NTE gene. The ORE�TonE
consensus sequence is NGGAAAWDHMC(N) (26). Between
base pairs �900 and �1 in the 5� f lanking region of NTE, there
are four DNA elements that fit this consensus. However, we do
not yet know which ones are involved in its regulation by tonicity.

Effect of Hypertonicity on PC Abundance. PC is the major membrane
lipid of eukaryotic cells. Maintenance of the level of PC in cell
membranes is necessary for their integrity (28). Its level generally
is tightly regulated by the balance between synthesis and deg-
radation. PC is synthesized by the CDP choline pathway in both
yeast (29) and mammalia (30). PC is metabolized to GPC in yeast
and catalyzed by NTE1, the yeast homologue of NTE (7).
Knockdown of NTE1 reduces synthesis of GPC, but this does not
affect the abundance of PC, because the rate of synthesis of PC
is also decreased (7). On the other hand, when high NaCl
increases synthesis of GPC from PC in yeast, PC decreases (19).
Nevertheless, the yeast survive well without evident deteriora-
tion of their plasma membranes. The proposed explanation is
that the source of the GPC is a pool of PC outside of the plasma
membranes (19).

In contrast to yeast, when mammalian renal cells (MDCK)
increase GPC in response to high NaCl, the level of PC does not
change (17). At least part of the explanation is that the increase
of GPC begins with inhibition of GPC–choline phosphodiester-
ase, which catalyzes degradation of GPC (15, 16). The reduced
degradation of GPC elevates its level without a change in
synthesis. Because this part of the response does not involve
increased degradation of PC, it should not affect its level.
Increased degradation of PC, catalyzed by NTE, does not occur
until later (17). It remains to be seen whether increased synthesis
of PC also occurs, which could contribute to maintaining its level
in mammalian cells stressed by high NaCl.

Materials
Low-glucose DMEM was from Irvine Scientific (Irvine, CA),
and Coon’s improved medium F-12 was from BioSource (Cam-
arillo, CA). QiaShredder column, RNeasy mini kit, RNase-free
DNase, and Quantitect SYBR Green PCR kit were from Qiagen
(Valencia, CA). Lipofectamine 2000 was from Invitrogen (Carls-
bad, CA). ABI Prism 7900 sequence detection system and
TaqMan reverse-transcription reagents kit were from Applied
Biosystems (Foster City, CA). Mammalian protein extraction
reagent was from Pierce (Rockford, IL), and complete minipro-
tease inhibitor tablets were from Roche (Indianapolis, IN).
Double-stranded siRNA (Dicer substrate RNAi duplex) against
mNTE and nonspecific control were designed following the
Integrated DNA Technologies (Coralville, IA) instructions and
recommendations (31). The siRNAs were synthesized by Inte-
grated DNA Technologies. The sequences of mNTE siRNA
were as follows: sense 5�-AAGAUUAUGCGGAAGGU-
GAGUUCCA-3� and antisense, 5�-UGGAACUCACCUUC-
CGCAUAAUCUUCC-3�; for TonEBP�OREBP, sense, 5�-
UAAAGGAGCUGCAAGCACCGCCCAUGG-3� (based on
ref. 32), and antisense, 5�-AUGGGCGGUGCUUGCAGCUC-
CUUTA-3�; and for nonspecific control, sense, 5�AACUC-
CCUCCCUGGGUCAGGUUCAUU-3�, and antisense, 5�-
UGAACCUGACCCAGGGGAGGGAGTT-3�.

Cell Culture. mIMCD3 cells (20) (a gift from S. Gullans, Harvard
University, Boston, MA) were grown in 45% low-glucose
DMEM plus 45% Coon’s improved medium F-12 plus 10% FBS.
HEK293 cells (American Type Culture Collection) were grown
in Eagle’s minimal essential medium plus 10% FBS. Osmolality
of the control medium was 300 mosmol�kg H2O. All cells were
cultured at 37°C in 5% CO2 and were used while subconfluent.

Animal Experiments. Two- to 3-month-old male black six-strain
mice (Taconic Farms, Germantown, NY) were injected i.p. with
1.5 mg�20 g of furosemide or the same volume of saline solution
(controls). Kidneys were removed 4 h later, and inner medullas
and cortices were dissected for RNA and protein analysis.

siRNAs and Inhibitors. mIMCD3 cells (passages 14–20) were
grown at 300 mosmol�kg and were split into 12-well plates 1 day
before transfection. Transfection was at 300 mosmol�kg and
30–50% confluency, using 1 �g�ml mNTE specific or control
siRNA or 0.1 �g�ml TonEBP�OREBP specific or control
siRNA. Twenty-four hours later, fresh medium was substituted
that had the same osmolality or was increased to 500 mosmol�kg
by adding NaCl. mIMCD3 cells were exposed to 1 �M DFP
(Sigma, St. Louis, MO) in isotonic medium for 2 h before
altering NaCl concentration.

Immunoblotting. Cells were lysed with mammalian protein ex-
traction reagent (Pierce, Rockford, IL) according to the manu-
facturer’s instructions with added protease inhibitors. Western
blotting was performed as described (33). Briefly, 10 �g of
protein was loaded onto each lane of 4–12% gradient acryl-
amide-Tris-glycine gels, and the separated proteins were trans-
ferred electrophoretically to Nitrocellulose membranes (Invitro-
gen). Membranes were blocked with blocking buffer (Odyssey,
LICOR Biosciences, Lincoln, NE) plus Tween (0.1%), then
incubated overnight at 4°C with the rabbit anti-NTE polyclonal
antibody (diluted 1:1,000) provided by Moses V. Chao (25) or
anti-TonEBP�OREBP polyclonal antibody from rabbit (diluted
1:1,000; PA1–023, anti-NFAT5; Affinity BioReagents, Golden,
CO), followed by Alexa Fluor 680 goat anti-rabbit secondary
antibody (diluted 1:5,000) for 1 h at room temperature. Blots
were visualized and quantitated by using a LICOR (Lincoln, NE)
Odyssey Infrared Imager.

RNA Isolation and cDNA Preparation. Total RNA from mIMCD3
cells was isolated by using QiaShredder columns, followed by
Qiagen RNeasy columns, according to the manufacturer’s di-
rections. RNA was treated with DNase while bound to the
RNeasy column. Total RNA concentration was measured by
spectrophotometry, and the RNA was run on agarose gels to
assess its quality. Then 2.0 �g of total RNA were reverse-
transcribed with random hexamers using TaqMan reverse tran-
scription reagent kits (Applied Biosystems), following the man-
ufacturer’s recommendations.

Real-Time PCR. For real-time PCR, specific primers were designed
for mouse NTE mRNA by using Primer Express software (Applied
Biosystems). The forward primer was 5�-CTCGGGCAGGGGG-
ACTATGTTTTT-3�, and the reverse primer was 5�-CCGCT-
GGGGATGCTGGTGAC-3�. Multiplex PCR was performed with
an ABI Prism 7900 sequence detection system, by using a Quan-
titect SYBR Green PCR kit. Triplicates of each sample at each of
two levels of added cDNA (8 and 80 ng) were included in each PCR
run. We analyzed the results using ABI Prism 7900 system software.

Analysis of mRNA Stability. Osmolality was increased from 300 to
500 mosmol�kg for 2 h by addition of NaCl or was kept constant.
Then, 5 �g�ml actinomycin D was added, and cells were har-
vested at indicated times for measurement of NTE mRNA
abundance by real-time PCR.

Measurement of GPC. Cell GPC was measured by chemilumines-
cence as described (16). Briefly, perchloric acid (PCA, 7%) was
added to attached cells for 10 min on ice after removal of the
experimental medium. Then, the PCA extract was kept at �80°C
until analyzed. NaOH (0.5 M) was added to the cell remnants for
protein determination. Fifty microliters of the PCA extract was
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diluted 1:1 with 7% PCA in duplicate. One aliquot was heated
at 95°C for 1 h to hydrolyze GPC to choline. The other aliquot
was kept on ice for 1 h to prevent hydrolysis. Then, 36 �l of 2 M
K2CO3 was added to each aliquot, followed by centrifugation at
16,000 � g for 15 min. Twenty microliters of each supernatant
were diluted to 1 ml with 67 mM glycine buffer (pH 8.6). One
hundred microliters of this dilution plus 300 �l of glycine buffer
were analyzed for choline in a luminometer (model 2010;
Monolight, San Diego, CA) by rapidly adding 100 �l of reagent

containing 67 mM glycine buffer (pH 8.6), 20 �g of horseradish
peroxidase, 0.4 units of choline oxidase, and 6 nmol luminol.

Statistical Analysis. Data were compared with an ANOVA test
(followed by a Student–Newman–Keuls posttest). Normalized
data were log-transformed before analysis by ANOVA. Results
are expressed as means � SE (n � number of independent
experiments). Differences were considered significant for P �
0.05.
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