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Abstract Some ion channels are regulated by inositol
phospholipids and by the products of cleavage by phos-
pholipase C (PLC). KCNQ channels (Kv7) require mem-
brane phosphatidylinositol 4,5-bisphosphate (PIP2) and are
turned off when muscarinic receptors stimulate cleavage of
PIP2 by PLC. We test whether diacylglycerols are also
important in the regulation of KCNQ2/KCNQ3 channels
using electrophysiology and fluorescent translocation
probes as indicators for PIP2 and diacylglycerol in tsA
cells. The cells are transfected with M1 muscarinic
receptors, channel subunits, and translocation probes.
Although they cause translocation of a fluorescent probe
with a diacylglycerol-binding C1 domain, exogenously
applied diacylglycerol (oleoyl-acetyl-glycerol and diocta-
noyl glycerol) and phorbol ester do not mimic or occlude
the suppression of KCNQ current by muscarinic agonist.
Blocking the metabolism of endogenous diacylglycerol by
inhibiting diacylglycerol kinase with R59022 or R59949
slows the decay of diacylglycerol twofold but does not
mimic or occlude muscarinic regulation and recovery of
current. Blocking diacylglycerol lipase with RHC-80267
also does not occlude muscarinic modulation of current. We
conclude that the diacylglycerol produced during activation
of PLC, any activation of protein kinase C that it may
stimulate, and downstream products of its metabolism are
not essential players in the acute muscarinic modulation of
KCNQ channels.
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Introduction

The various organellar membranes and the plasma mem-
brane each has a unique lipid composition, and their
integral and peripheral membrane proteins are sensitive to
these lipids [1]. Thus, the plasma membrane contains much
of the cellular phosphoinositide, phosphatidylinositol 4,5-
bisphosphate (PIP2), as well as numerous PIP2-sensitive
proteins [2, 3]. KCNQ ion channels (Kv7.2 and Kv7.3)
underlie the classical M current of sympathetic neurons, a
non-inactivating K+ current that can be suppressed by
agonists that activate phospholipase C (PLC). Recently, we
and others presented evidence that KCNQ channels require
PIP2 for function and that they are suppressed by PLC
because PIP2 becomes depleted from the plasma membrane
[4–10]. The evidence included showing that PLC is
essential for agonist-induced suppression of current, that
PIP2 is dramatically depleted when PLC is activated, that
other molecules that bind up PIP2 also suppress current,
that ATP and a lipid kinase on the PIP2-synthesis pathway
are essential for recovery of current, that recovery had a
similar time course to PIP2 regeneration, and that exoge-
nously applied short-chain PIP2 analogs can speed recovery
and slow suppression. We have made a kinetic model that
successfully describes the events of muscarinic activation
of PLC, hydrolysis, and resynthesis of PIP2, and the
resulting effects on KCNQ currents [5, 8].
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In this paper, we continue to test the hypothesis that
depletion of PIP2 suffices to explain muscarinic suppression
of KCNQ currents and that resynthesis of PIP2 suffices to
explain recovery of current. Activation of PLC not only
depletes PIP2, but it also produces a cascade of lipidic and
soluble signaling products, the first of which are diacylglyc-
erol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Fig. 1a).
Each of the products needs to be investigated to know if it
also contributes to PLC-mediated suppression or recovery
of KCNQ current.

This paper focuses on possible roles of DAG in the short
time scale of acute modulation of current. Is it essential for
current modulation? Do DAG or DAG metabolites have
significant direct or indirect effects on the channels during
acute channel modulation? There is precedent for sensitiv-
ity to DAG. Older studies reported that activation of protein
kinase C (PKC) by DAGs and phorbol esters can reduce M
current [11–14], and newer papers suggest that KCNQ
channels exist in a complex with bound PKC and can be
phosphorylated [15]. In addition, some other ion channels
are thought to be directly responsive to DAG independent
of PKC [16–18]. We express KCNQ channels from their
constituent KCNQ2 and KCNQ3 subunits together with
PLC-coupled M1 muscarinic receptors in a mammalian cell

line. The experiments consist of studying effects of adding
exogenous DAG analogs and of slowing the metabolism of
endogenous DAG. We use two fluorescent translocation
probes (1) for DAG to verify its appearance in the plasma
membrane and (2) for PIP2 to verify its depletion during
activation of receptors.

Materials and methods

Human embryonic kidney tsA-201 (tsA) cells were cultured
and transiently transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) with various cDNAs, as
described in [8]: M1 muscarinic receptor (1 μg, from Neil
Nathanson, University of Washington, USA), PH-PLCδ1-
EGFP (PH-EGFP, 0.25 μg, from Pietro De Camilli, HHMI,
Yale University, USA), PKC-C1A-EGFP (C1-EGFP,
0.25 μg, from Tobias Meyer, Stanford University), the
channel subunits human KCNQ2 and rat KCNQ3 (Kv7.2
and Kv7.3; 1 μg, from David McKinnon, State University
of New York, Stony Brook, NY, USA), and green
fluorescent protein (0.1 μg) as a marker for transfection if
needed. The muscarinic receptor agonist oxotremorine-M
was used at 10 μM. Chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

For translocation experiments, tsA cells were imaged
24–48 h after transfection [8]. Images were taken every 5 s
on a Leica TCS/MP confocal microscope at room temper-
ature and analyzed, as described [5]. In the legends, we use
the symbol F to represent the mean pixel intensity from the
fluorescent probe in a cytoplasmic (in one case nuclear)
region of interest, normalized so that the minima and
maxima are 0 and 1.0. For electrophysiology experiments,
cells were locally perfused with flowing solutions as
KCNQ currents were recorded by whole-cell patch clamp,
as described in [7]. Currents were studied by holding the
cell at −20 mV and applying a 500 ms hyperpolarizing step
to −60 mVevery 4 s. The plotted amplitude of the current is
the outward current at the −20 mV holding potential. The
voltage dependence of channel activation was measured
from the normalized amplitudes of outward currents at
−70 mV (tail currents) after 500-ms depolarizations to
various potentials. The plotted value is the mean current in
the period 10–20 ms after return to −70 mV.

Kinetic simulations are made with the virtual cell
environment of the National Resource for Cell Analysis
and Modeling, University of Connecticut Health Center
http://www.nrcam.uchc.edu. We started with the model
described in Horowitz et al. 2005 [5] and made small
changes. The revised working model with control values of
rate constants and initial conditions is available at that web
page for public use and modification under Shared/hillelab/
SuhHilleEJPFig1b.

Fig. 1 a, b Products of PIP2 cleavage by phospholipase C (PLC).
a Pathways of diacylglycerol (DAG) metabolism following cleavage
of phosphatidylinositol 4,5-bisphosphate (PIP2) by PLC, showing three
pathways catalyzed by: DAG kinase, sequential action of DAG lipase
and monoacylglycerol lipase, and DAG acyltransferase. Gray boxes
indicate steps blocked by inhibitors used in our study. b Simulation of
the time course of PIP2, DAG, and inositol 1,4,5-trisphosphate (IP3 )
following activation of PLC for 40 s by a muscarinic agonist using the
kinetic model of Horowiz et al. 2005. Numbers in parentheses (τ) are
the assumed mean lifetimes of DAG and IP3 in the simulation
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Results

Modeling of DAG and IP3 kinetics

We begin by showing the time course of receptor-evoked
production and disappearance of DAG and IP3 predicted by
our previous kinetic modeling (Fig. 1b). As in our previous
presentations of this model [5, 8], application of a supra-
maximal concentration (10 μM) of the muscarinic agonist
oxotremorine-M (Oxo-M) activates PLC and causes PIP2 to
fall 100-fold within a few seconds. Recovery of PIP2 begins
only after the agonist is removed. All of the PIP2 that is
cleaved is converted into equimolar amounts of DAG and
IP3. The time course of these two products would be
identical if they had the same lifetime; however, it seems
that they are further metabolized at different rates. The

model assigns DAG molecules a mean lifetime of 80 s,
chosen to match our experiments with translocation of the
C1-EGFP probe for DAG [5] (see also below). This decay
of DAG represents the parallel actions of the three enzymes
shown in Fig. 1a. The model assigns IP3 molecules a mean
lifetime of 15 s, representing rapid dephosphorylation by
IP3 5-phosphatase.

The literature does not have accurate measures of IP3
lifetime, but our value would allow IP3-dependent calcium
release to fall rapidly after agonist is removed, as in our
published experiments [5]. An interesting point to note is
that because PIP2 is quickly depleted, the rate of production
of IP3 and DAG must fall dramatically while the muscarinic
agonist is still present. This is particularly evident in the
time course of short-lived IP3. In functional experiments
that study IP3-induced calcium release, the potential

Fig. 2 a–f Oleoyl-acetyl-glycer-
ol (OAG) and dioctanoyl
glycerol (DOG) translocate the
C1-EGFP probe to the plasma
membrane. Confocal images of
C1-EGFP (a) and PH-EGFP
(b) probes transiently expressed
in tsA cells, are shown in nega-
tive contrast. Cells were bathed
with 10 μM of oxotremorine-M
(Oxo-M) or, where indicated by
bars above image, with OAG.
Calibration bars, 10 μm.
c Representative time course
(5-s sample intervals) of mean
fluorescence per pixel in a cy-
toplasmic (open circles) and a
nuclear region-of-interest (filled
circles) of a cell expressing the
C1-EGFP probe. Oxo-M and
OAG were applied where indi-
cated. d Cytoplasmic and nu-
clear fluorescence in a similar
experiment, but with the PH-
EGFP probe. e, f Representative
time courses of cytoplasmic and
a nuclear fluorescence for C1-
EGFP (e) and PH-EGFP
(f) during application of 10 μM
DOG instead of OAG
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depletion of PIP2 is often overlooked as a possible
explanation for transients in IP3 production and in calcium
elevations. In some systems, the depletion of PIP2 by PLC
is probably much less severe than in this model, as there is
a concomitant activation of the lipid kinases that synthesize
PIP2. The factors regulating these lipid kinases are not well-
understood.

Application of DAGs

The first experiments studied actions of two exogenously
applied synthetic DAGs, 1-oleoyl-2-acetyl-sn-glycerol
(OAG) and 1,2-dioctanoyl-sn-glycerol (DOG). Figure 2
shows confocal control experiments monitoring the trans-
location of a fluorescent probe for DAG, C1-EGFP [19,
20], and of a fluorescent probe that binds both to PIP2 and
IP3, PH-EGFP [21]. The cells are transfected with one of
these probes and with M1 muscarinic receptors to permit
activation of PLC by a muscarinic agonist.

In the resting condition, the DAG probe appears
throughout the cytoplasm and nucleus, as there is little
membrane DAG for it to bind to (Fig. 2a, first image), and
the PIP2/IP3 probe is bound to the plasma membrane where
there is much PIP2 (Fig. 2b, first image). Then Oxo-M is
applied to activate PLC. The DAG probe translocates from
cytoplasm to plasma membrane as DAG is formed there,
and the PIP2/IP3 probe migrates the other way as membrane
PIP2 is cleaved and cytoplasmic IP3 is formed (second
images of Fig. 2a,b). The effect is reversible after Oxo-M is
removed (third images), showing that DAG is metabolized,
PIP2 is resynthesized, and presumably IP3 is broken down,
all within <200 s.

The full-time courses of the transient changes of
cytoplasmic probe fluorescence for this experiment are
drawn in Fig. 2c,d as open symbols. Fluorescence in the
nucleus is shown as filled symbols. At about 250 s, 10 μM
OAG is applied. It induces slow migration of the DAG
probe to the plasma membrane (Fig. 2a,c), showing that
enough applied OAG penetrates gradually to the inner
leaflet of that membrane to attract the C1-domain of PKC.
This prolonged recruitment lasts long enough to draw probe
from the nucleus as well (see [5]). Nevertheless, OAG does
no affect the localization of the PIP2/IP3 probe or its
subsequent reversible translocation during application of
Oxo-M (Fig. 2b,d), showing that PLC can be activated, the
products metabolized, and new PIP2 can be synthesized in
normal fashion in the presence of added OAG. Figure 2e,f
shows similar experiments with 10 μM DOG instead of
OAG. The results look virtually the same (n=5).

Having shown that 10 μM OAG or DOG suffice for
translocation of the DAG probe, our next experiment tested
if these exogenous DAGs affect expressed KCNQ channels
and their modulation. OAG (10 μM) did little to the
amplitude of KCNQ current, its suppression by Oxo-M, or
the subsequent recovery (Fig. 3a). OAG also did not change
the time course of deactivation of channels at −60 mVor of
activation at −20 mV (Fig. 3b), and it did not change the
steady-state voltage dependence of activation measured
from tail currents at −70 mV (Fig. 3c). DOG (10 μM) was
similar to OAG except that there was a tendency for over-
recovery of current after Oxo-M application (Fig. 3d), the
activation at −20 mV was significantly accelerated
(τ=114 ms vs 313 ms) (Fig. 3e), and the voltage
dependence of activation was slightly shifted towards more
negative potentials (Fig. 3f). Thus, this concentration of

Fig. 3 a–f Effects of DAG
analogs on KCNQ current in tsA
cells. a, d DAG analogs and
muscarinic modulation of cur-
rent. Oxo-M (10 μM) was ap-
plied 5 min after the addition of
10 μM of OAG (a) or DOG
(d). b, e Aligned current wave-
forms before and after 5 min of
OAG (b) or DOG (e) applica-
tion. Dashed line in the current
traces is the zero-current level.
c, f Voltage-dependence of
tail-currents at −70 mV in
control and after OAG or DOG
treatment

296 Pflugers Arch - Eur J Physiol (2006) 453:293–301



DAGs does not mimic or perturb the suppression and
recovery of KCNQ current after short activation of PLC.

As some published works report effects of DAG at
concentrations higher than 10 μM DAG [12, 14, 25], we
also tested a tenfold-higher concentration using both OAG
and DOG (data not shown). The effects with 100 μM were
similar to those with 10 μM except that the KCNQ current
was slightly depressed during DOG or OAG application
(15.8±0.7%, n=6, and 6.2±1.0%, n=4, respectively), an
effect that took only a few seconds to develop and reverse.
As before, DOG speeded activation of current and shifted
the voltage dependence of activation (by −8 mV). The
higher concentration of DAG analogs also did not induce
translocation of the PIP2 probe or change its translocation
during Oxo-M application (data not shown), confirming the
specificity of the probe and a lack of major change of PLC
activation.

Pathways of DAG degradation

The preceding negative experiments could be criticized
because they involved application of unnatural DAG
analogs. Actions of these DAGs could be different, and
certainly the downstream metabolites are not the same as
those of native DAGs. The predominant endogenous DAG
produced by PLC action on PIP2 would be 1-stearoyl-2-
arachidonyl-sn-glycerol [22]. One approach to testing the
endogenous DAGs would be to slow their further metab-
olism so that they would persist longer and so downstream
metabolites would not be produced. DAGs are metabolized
in three ways by three major enzymes (Fig. 1a). DAG

kinase phosphorylates DAG to give phosphatidic acid,
which has potential signaling activity. DAG lipase and
monoacylglycerol lipase remove the fatty chains, to give
first monoacylglycerol and then glycerol plus the free fatty
acids, stearic acid, and arachidonic acid, which have
potential signaling roles. Finally, DAG acyltransferase can
yield triglyceride, which is not expected to have signaling
activity.

We began by using two inhibitors of DAG kinase.
Figure 4a,d shows that 20 μM of the DAG kinase inhibitors
R59022 and R59949 markedly slows the disappearance of
DAG after activation of PLC, as assessed with confocal
microscopy of our DAG translocation probe. Simulating
these experiments with the kinetic model used for Fig. 1b
allows us to estimate that the rate of DAG metabolism is
slowed by a factor of 2 with these inhibitors, making the
mean lifetime of DAG molecules about 160 s. Thus, we
conclude that in our cells about 50% of the DAG is
normally metabolized by DAG kinase to phosphatidic acid.
The R59022 inhibitor had little effect by itself on the
voltage dependence of activation of KCNQ channels
(Fig. 4b), and the R59949 inhibitor caused a negative shift
averaging −13 mV (Fig. 4e) and a speeding of the
activation time constant at −20 mV (τ=220±28, 213±21,
and 94±9 s for control, R59022, and R9949, respectively).

Despite doubling the lifetime of DAG and preventing
formation of phosphatidic acid, these inhibitors do not
reduce the depth of muscarinic suppression of current or
slow the time course of recovery of channels from
muscarinic suppression (Fig. 4c,f). The half-time for
recovery of current was 155±8 s (n=5) in control cells

Fig. 4 a–f DAG probe translo-
cation and current modulation
with DAG kinase inhibitors.
a, d Inhibitors of DAG kinase
slow translocation of C1-EGFP
probe induced by muscarinic
stimulation. Cells preincubated
with 20 μM of the DAG kinase
inhibitors R59022 (a) or
R59949 (d) for 1 h were stimu-
lated with Oxo-M (10 μM) and
the cytoplasmic fluorescence of
C1-EGFP probe was measured
using confocal microscopy.
b, e Voltage-dependence of tail
currents at −70 mV in control
and after incubation with DAG
kinase inhibitors. c, f Effect of
DAG kinase inhibitors on the
muscarinic modulation of
KCNQ current. Cells were pre-
incubated with R59022 (20 μM)
or R59949 (20 μM) for an hour
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and 149±5 s (n=7) and 103±11 s (n=5) in cells treated with
R59022 or R59949, respectively. The speeding of recovery
by R59949 was statistically significant (P<0.002) and
frequently accompanied by over-recovery, as in Fig 4f.
Hence, endogenous DAG and its metabolism to phospha-
tidic acid are not essential elements of acute muscarinic
suppression or of subsequent recovery of KCNQ current.

We then tried RHC-80267, an inhibitor of DAG lipase, to
block deacylation of DAG. By itself, 40 μM RHC-80267
slowly depressed KCNQ currents somewhat (17±4%, n=5)
without shifting voltage dependence of activation (Fig. 5a,b).
In combination with 40 μM R59022, it slowly (and
reversibly) depressed currents by 70% without changing
the voltage dependence of activation (not shown). Never-
theless, Oxo-M was still capable of strong, reversible
suppression of the remaining currents (Fig. 5c,d). Hence,
DAG lipase and its products are not needed for normal
suppression of KCNQ current through the PLC pathway.

Phorbol esters and PKC

DAGs are the physiological stimulus for recruiting and
activating PKC at the plasma membrane. They also recruit
other proteins containing C1 domains. Although we found
only minor effects upon application of OAG or DOG, we
tried a phorbol ester as a more potent general stimulus for
PKC. As expected, application of 500 nM of the active
phorbol ester, phorbol myristate acetate (PMA), led to
translocation of the DAG probe to the plasma membrane

(Fig. 6a), and 500 nM of the inactive 4-α-phorbol myristate
acetate (4-α-PMA) did not translocate the probe (Fig. 6b).
Nevertheless, although PMA effectively recruits the DAG
probe (which contains the C1 domain of PKC), neither
PMA nor the control compound significantly changed the
KCNQ current, its voltage dependence or its suppression
and recovery following 10 μM Oxo-M (Fig. 6c–f).

Discussion

We have looked for roles of DAG in the strong, acute
modulation of KCNQ channels by activation of PLC, and
we find none. Applications of exogenous OAG and DOG
do not mimic or change this modulation. Inhibitors of
endogenous DAG metabolism do not intensify or weaken
muscarinic modulation and its recovery. Phorbol ester does
not mimic or change the muscarinic suppression. Using a
fluorescent translocation probe for DAG, we show that each
of the reagents used is applied at a concentration that would
be recognized by the C1 domain of PKC or that
significantly prolongs the lifetime of endogenous DAG.

Our observations give two indices of DAG metabolism
in tsA cells. We found that the mean lifetime of endogenous
DAGs is 80 s at room temperature and that breakdown via
DAG kinase to phosphatidic acid accounts for about 50%
of the DAG metabolism. The 50% figure assumes that the
two DAG kinase inhibitors tested have high selectivity for
this enzyme and inhibit it relatively completely. These

Fig. 5 a–d KCNQ current during application of DAG lipase inhibitor.
a Reversible decrease of KCNQ current by the DAG lipase inhibitor
RHC-80267 (RHC, 40 μM). Inset shows the waveforms before and
after addition of RHC. b Voltage-dependence of tail currents at

−70 mV in control and after incubation with RHC for 5 min.
c Muscarinic modulation of KCNQ current after 40 μM RHC.
d Summary of relative current inhibition by Oxo-M or RHC

298 Pflugers Arch - Eur J Physiol (2006) 453:293–301



conclusions compare favorably with a study of DAG
metabolism in platelets where the fate of added [3H]DOG
(labeled in the glycerol) was followed by chemical analysis
of products [23]. The DOG was half metabolized in 60 s at
37°C, and production of DOG phosphate by DAG kinase
accounted for 40% of the loss. Cleavage to [3H]glycerol by
di- and monoacylglycerol lipase accounted for another 20%
of the loss. Eventually, [3H]dioctanolyphosphatidylinositol
was also formed, presumably from the DOG phosphate
(phosphatidic acid) product of DAG kinase.

Interestingly, this conversion had a half time of roughly
20 min at 37°C, showing, as is usually stated, that the
synthesis of PIP2 after PLC activation must depend much
more on the existing large, unphosphorylated phosphatidy-
linositol pool than on slow regeneration all the way from
phosphatidic acid. These experiments also remind us that
during functional studies with exogenous DAG analogs,
numerous metabolic steps are generating additional down-
stream products as well. Review articles (e.g., [22])
emphasize that much cellular DAG is formed from
abundant lipids, such as phosphatidylcholine, by pathways
that do not involve PIP2-specific PLC, as well as by
dephosphorylation of phosphatidic acid. We have no
chemical analyses but can say that the C1-probe, which
recognizes a broad range of DAGs, does not report a lot of
plasma membrane DAG accumulation in tsA cells until
PLC is activated. Hence, the DAG pools in unstimulated
cells seem small by this criterion.

It is not surprising that DAGs have no direct effect on
KCNQ channel modulation, as there have been few prior
suggestions that they might. But now it seems very clear. We
can say this both for exogenous OAG and DAG, as well as

for the endogenous DAG. We did find that DOG, but not
OAG, seemed to have direct effects on channel gating,
facilitating opening. The rate of activation upon depolariza-
tion to −20 mV was speeded and the voltage dependence of
activation was shifted in such a way as to increase the
probability of opening at any voltage. A similar facilitation
of opening was seen with R59949, and not R59022. Further
structure-activity studies would be needed to interpret these
perturbations and to relate them to any physiological signals.

From our inhibitor work, we would argue that the
downstream products of DAG metabolism are not needed
for the acute muscarinic suppression of KCNQ current and
its subsequent recovery. First, inhibiting the formation of
phosphatidic acid does not bother suppression or recovery.
A similar result with R59022 was obtained in bullfrog [24].
Second, all products of DAG metabolism (such as
arachidonic acid) must be produced slowly, as DAG is
normally metabolized with a time constant of 80 s. This
would mean that these products are not generated signifi-
cantly during the onset of inhibition (<7 s) and start to
accumulate only during the recovery phase for short agonist
exposures. Our experiments do not test whether down-
stream products may have direct actions. For that, they
should be tested individually. Indeed, there already is much
literature saying that arachidonic acid application increases
KCNQ currents (reviewed in [4]). Our point is that such
actions would have to be slow to develop after application
of a stimulus for PLC. Ford et al. [24] did find that if DAG
kinase was inhibited with R59022, repeated PLC activation
eventually slowed recovery of M current, presumably
reflecting the stoppage of phosphatidylinositol regeneration
from phosphatidic acid.

Fig. 6 a–f Probe translocation
and KCNQ current with phorbol
ester. a, b Translocation of C1-
EGFP probe by active phorbol
ester phorbol myristate acetate
(PMA) (a, 500 nM) and not by
inactive 4-α-PMA (b, 500 nM).
c, d Effect of PMA (c) or 4-α-
phorbol myristate acetate (4-α-
PMA) (d) on the current and
muscarinic modulation. e Volt-
age-dependence of tail currents
at −70 mV in control and after
PMA treatment. f Summary of
the effect of phorbol esters on
the amplitude of KCNQ current
and the Oxo-M-induced current
inhibition
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The possibility of roles for PKC remains a more difficult
question. From work on frog neurons and frog smooth
muscle, several investigators proposed that PKC might
mediate muscarinic suppression of M current [12–14]. A
strong reduction of current by OAG and PMA in C. elegans
KCNQ homologs (KQT channels) expressed in Xenopus
has also been attributed to activation of PKC, and, of the
mammalian channels, KCNQ5 was shown to be strongly
affected by PKC and the others not [25]. Our early work on
frog neurons showed that exogenous DAGs did reduce M
current somewhat, an effect blocked by blockers of PKC
[11]. We also showed that the PKC blockers did not block the
acute muscarinic suppression of M current (see also [26]).

Hence, we concluded then that activation of PKC was
not an essential link in muscarinic suppression. In this
paper, we saw smaller effects of DAGs on expressed
mammalian KCNQ2/KCNQ3 channels than we saw earlier
on M current in frog neurons, in accordance with [25].
Recent molecular work with mammalian channels showed
that mammalian KCNQ channels bind the A-kinase
anchoring protein AKAP 150, which in turn can bind
PKC [15]. Furthermore, it was found that activation of PKC
can increase the sensitivity of KCNQ channels to musca-
rinic modulation, whereas in frog neurons the agonist
sensitivity was said to be reduced by PKC [12].

Significant sensitization to muscarinic agonists could
well be happening in our experiments but would not be
apparent, as we used only supra-maximal concentrations of
Oxo-M to evoke the suppression of current. Another
possible reason we did not see larger effects of OAG,
DOG, or PMA is the suggestion that in some unstimulated
mammalian cell lines, the relevant phosphorylation of the
channels is already complete [27]. In either case, we
continue to hold that acute activation of PKC during
muscarinic signaling is not necessary for the rapid
muscarinic suppression of current that we are studying.

Acknowledgements We thank Greg Martin for help in the Keck
Imaging Center and Lea Miller for expert technical assistance. This
work was supported by National Institutes of Health grant NS08174.

References

1. Prestwich GD (2005) Visualization and perturbation of phospho-
inositide and phospholipid signaling. Prostaglandins Other Lipid
Mediat 77:168–178

2. Hilgemann DW, Feng S, Nasuhoglu C (2001) The complex and
intriguing lives of PIP2 with ion channels and transporters. Sci
STKE 2001:RE19

3. Suh BC, Hille B (2005) Regulation of ion channels by
phosphatidylinositol 4,5-bisphosphate. Curr Opin Neurobiol
15:370–378

4. Delmas P, Brown DA (2005) Pathways modulating neural KCNQ/
M (Kv7) potassium channels. Nat Rev Neurosci 6:850–862

5. Horowitz LF, Hirdes W, Suh BC, Hilgemann DW, Mackie K,
Hille B (2005) Phospholipase C in living cells: activation,
inhibition, Ca2+ requirement, and regulation of M current. J Gen
Physiol 26:243–262

6. Li Y, Gamper N, Hilgemann DW, Shapiro MS (2005) Regulation
of Kv7 (KCNQ) K+ channel open probability by phosphatidyl-
inositol 4,5-bisphosphate. J Neurosci 25:9825–9835

7. Suh BC, Hille B (2002) Recovery from muscarinic modulation of
M current channels requires phosphatidylinositol 4,5-bisphosphate
synthesis. Neuron 35:507–520

8. Suh BC, Horowitz LF, Hirdes W, Mackie K, Hille B (2004)
Regulation of KCNQ2/KCNQ3 current by G protein cycling: the
kinetics of receptor-mediated signaling by Gq. J Gen Physiol
123:663–683

9. Winks JS, Hughes S, Filippov AK, Tatulian L, Abogadie FC,
Brown DA, Marsh SJ (2005) Relationship between membrane
phosphatidylinositol-4,5-bisphosphate and receptor-mediated in-
hibition of native neuronal M channels. J Neurosci 25:3400–3413

10. Zhang H, Craciun LC, Mirshahi T, Rohacs T, Lopes CM, Jin T,
Logothetis DE (2003) PIP2 activates KCNQ channels, and its
hydrolysis underlies receptor-mediated inhibition of M currents.
Neuron 37:963–975

11. Bosma MM, Hille B (1989) Protein kinase C is not necessary for
peptide-induced suppression of M current or for desensitization of
the peptide receptors. Proc Natl Acad Sci U S A 86:2943–2947

12. Brown DA, Adams PR (1987) Effects of phorbol dibutyrate on M
currents and M current inhibition in bullfrog sympathetic neurons.
Cell Mol Neurobiol 7:255–269

13. Brown DA, Marrion NV, Smart TG (1989) On the transduction
mechanism for muscarine-induced inhibition of M-current in
cultured rat sympathetic neurones. J Physiol 413:469–488

14. Clapp LH, Sims SM, Singer JJ, Walsh JV Jr (1992) Role for
diacylglycerol in mediating the actions of ACh on M-current in
gastric smooth muscle cells. Am J Physiol 263:C1274–C1281

15. Hoshi N, Zhang JS, Omaki M, Takeuchi T, Yokoyama S,
Wanaverbecq N, Langeberg LK, Yoneda Y, Scott JD, Brown DA,
Higashida H (2003) AKAP150 signaling complex promotes
suppression of the M-current by muscarinic agonists. Nat Neurosci
6:564–571

16. Andoh T, Itoh H, Higashi T, Saito Y, Ishiwa D, Kamiya Y,
Yamada Y (2004) PKC-independent inhibition of neuronal
nicotinic acetylcholine receptors by diacylglycerol. Brain Res
1013:125–133

17. Dietrich A, Kalwa H, Rost BR, Gudermann T (2005) The
diacylgylcerol-sensitive TRPC3/6/7 subfamily of cation channels:
functional characterization and physiological relevance. Pflugers
Arch 451:72–80

18. Hardie RC (2003) TRP channels in Drosophila photoreceptors:
the lipid connection. Cell Calcium 33:385–393

19. Varnai P, Balla T (1998) Visualization of phosphoinositides that
bind pleckstrin homology domains: calcium- and agonist-induced
dynamic changes and relationship to myo-[3H]inositol-labeled
phosphoinositide pools. J Cell Biol 143:501–510

20. Oancea E, Teruel MN, Quest AF, Meyer T (1998) Green
fluorescent protein (GFP)-tagged cysteine-rich domains from
protein kinase C as fluorescent indicators for diacylglycerol
signaling in living cells. J Cell Biol 140:485–498

21. Stauffer TP, Ahn S, Meyer T (1998) Receptor-induced transient
reduction in plasma membrane PtdIns(4,5)P2 concentration mon-
itored in living cells. Curr Biol 8:343–346

22. Wakelam MJ (1998) Diacylglycerol—when is it an intracellular
messenger? Biochim Biophys Acta 1436:117–126

23. Bishop WR, Bell RM (1986) Attenuation of sn-1,2-diacylglycerol
second messengers. Metabolism of exogenous diacylglycerols by
human platelets. J Biol Chem 261:12513–12519

300 Pflugers Arch - Eur J Physiol (2006) 453:293–301



24. Ford CP, Stemkowski PL, Light PE, Smith PA (2004) Experi-
ments to test the role of phosphatidylinositol 4,5-bisphosphate in
neurotransmitter-induced M-channel closure in bullfrog sympa-
thetic neurons. J Neurosci 23:4931–4941

25. Wei AD, Butler A, Salkoff L (2005) KCNQ-like potassium
channels in Caenorhabditis elegans. Conserved properties and
modulation. J Biol Chem 280:21337–21345

26. Stemkowski PL, Tse FW, Peuckmann V, Ford CP, Colmers WF,
Smith PA (2002) ATP-inhibition of M current in frog sympathetic
neurons involves phospholipase C but not InsP3, Ca

2+, PKC, or
Ras. J Neurophysiol 88:277–288

27. Nakajo K, Kubo Y (2005) Protein kinase C shifts the voltage
dependence of KCNQ/M channels expressed in Xenopus oocytes.
J Physiol 569:59–74

Pflugers Arch - Eur J Physiol (2006) 453:293–301 301


	Does diacylglycerol regulate KCNQ channels?
	Abstract
	Introduction
	Materials and methods
	Results
	Modeling of DAG and IP3 kinetics
	Application of DAGs
	Pathways of DAG degradation
	Phorbol esters and PKC

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


