
D
o

C
F
a

b

A

a

A
R
R
A
A

K
D
A
P
P

1

e
2
t
a
s
g
t
(
d
d

t
�
D
g
b
r

C

h
1

The International Journal of Biochemistry & Cell Biology 74 (2016) 1–11

Contents lists available at ScienceDirect

The  International  Journal  of  Biochemistry
& Cell  Biology

jo ur nal home page: www.elsev ier .com/ locate /b ioce l

iacylglycerol  levels  modulate  the  cellular  distribution
f  the  nicotinic  acetylcholine  receptor

onstanza  B.  Kamerbeeka,  Melina  V.  Mateosa, Ana  S.  Vallésa, María  F.  Pediconia,
rancisco  J.  Barrantesb, Virginia  Borronia,∗

Instituto de Investigaciones Bioquímicas de Bahía Blanca, Camino La Carrindanga km 7, 8000 Bahía Blanca, Argentina
Laboratory of Molecular Neurobiology, Institute for Biomedical Research UCA-CONICET, Faculty of Medical Sciences,
v. Alicia Moreau de Justo 1600, C1107AFF Buenos Aires, Argentina

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 April 2015
eceived in revised form 3 February 2016
ccepted 15 February 2016
vailable online 17 February 2016

eywords:
iacylglycerol

a  b  s  t  r  a  c  t

Diacylglycerol  (DAG),  a second  messenger  involved  in  different  cell  signaling  cascades,  activates  protein
kinase  C  (PKC)  and  D  (PKD),  among  other  kinases.  The  present  work  analyzes  the  effects  resulting  from
the  alteration  of  DAG  levels  on neuronal  and  muscle  nicotinic  acetylcholine  receptor  (AChR)  distribution.
We  employ  CHO-K1/A5  cells,  expressing  adult  muscle-type  AChR  in  a stable  manner,  and  hippocam-
pal  neurons,  which  endogenously  express  various  subtypes  of  neuronal  AChR.  CHO-K1/A5  cells  treated
with  dioctanoylglycerol  (DOG)  for  different  periods  showed  augmented  AChR  cell surface  levels  at  short
incubation  times  (30  min–4  h)  whereas  at longer  times  (18  h)  the  AChR  was shifted  to intracellular  com-
cetylcholine receptor
rotein kinase C
rotein kinase D

partments.  Similarly,  in cultured  hippocampal  neurons  surface  AChR  levels  increased  as  a  result  of DOG
incubation  for 4 h. Inhibition  of  endogenous  DAG  catabolism  produced  changes  in  AChR  distribution
similar  to  those  induced  by  DOG  treatment.  Specific  enzyme  inhibitors  and  Western  blot  assays  revealed
that  DAGs  exert  their  effect  on  AChR  distribution  through  the  modulation  of the  activity  of  classical  PKC
(cPKC),  novel  PKC  (nPKC)  and  PKD  activity.
. Introduction

Diacylglycerol (DAG) is involved as a second messenger in differ-
nt cell signaling cascades and cellular events (Carrasco and Merida,
007; Merida et al., 2010). It has also been demonstrated that pro-
eins responding to DAG, such as PKCs, PKDs and other kinases, have
t least one copy of the conserved domain 1 (C1) in their amino acid
equence. In addition, DAGs’ conical shape and small polar head
roup make them especially apt to move in slow flip-flop oscilla-
ions in the membrane, favoring vesicle budding, fusion and fission

Huttner and Zimmerberg, 2001; Lev, 2006). DAG therefore has a
ual role in mammalian cells as both a modulator of membrane
ynamics and a second messenger, tightly regulating DAG levels.

Abbreviations: 4�-PMA, 4�-phorbol 12-myristate 13-acetate; AChR, muscle-
ype nicotinic acetylcholine receptor; aPKC, atypical protein kinase C; BTX,
-bungarotoxin; cPKC, classical protein kinase C; CPT, choline phosphotransferase;
AG, diacylglycerol; DAGK, diacylglycerol kinase; DOG, dioctanoylglycerol; GGOH,
eranylgeraniol; nPKC, novel protein kinase C; PC, phosphatidylcholine; PDBu, phor-
ol  12-13-di butyrate; PKD, protein kinase D; PVDF, polyvinylidene fluoride; ROT,
ottlerin; TTBS, Tween–Tris buffer solution.
∗ Corresponding author. Current address: Planta Piloto de Ingeniería Química,
amino La Carrindanga km 7, 8000 Bahía Blanca, Argentina.

E-mail addresses: vborroni@criba.edu.ar, mvirborroni@gmail.com (V. Borroni).

ttp://dx.doi.org/10.1016/j.biocel.2016.02.010
357-2725/© 2016 Elsevier Ltd. All rights reserved.
© 2016  Elsevier  Ltd. All  rights  reserved.

The interrelationship between DAG metabolism and signaling func-
tions is crucial to ensure correct maintenance of homeostasis
during cell growth and development (Joshi et al., 2013; Liu et al.,
2014; Meguro et al., 2006). Modification of membrane DAG levels
and other non-membrane DAG pools, in combination with certain
intracellular responses, is crucial for specifying the nature, inten-
sity and duration of a given signal in the modulation of cellular
processes.

The Golgi complex is the only organelle with relatively stable
DAG levels in the absence of any stimuli. In contrast, DAGs located
in the plasma membrane are generated and quickly degraded in
response to extracellular signals through e.g. PKC/phospholipase
C (PLC) and sphingomyelin synthase 2 (SMS2) pathways (Gallegos
et al., 2006; Huitema et al., 2004; Lev, 2006).

Intracellular DAG accumulation in muscle triggers the activa-
tion of novel PKCs with subsequent impairment of insulin signaling
(Schmitz-Peiffer, 2000, 2013). Although lipid accumulation has
been thoroughly studied in relation to the insulin pathway, little
is known about the consequences of this condition on the muscle-
type nicotinic acetylcholine receptor (AChR), a key molecule in

neuromuscular transmission.

The AChR is an integral membrane protein that belongs to the
ligand-gated ion channel superfamily. It is composed of five homol-
ogous subunits organized pseudo-symmetrically around a central

dx.doi.org/10.1016/j.biocel.2016.02.010
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2016.02.010&domain=pdf
mailto:vborroni@criba.edu.ar
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ore (Karlin, 2002). The binding of the natural neurotransmitter
cetylcholine (ACh) to the AChR produces a conformational change,
hich opens the channel, thus allowing positively charged ions to

nter the cell (Karlin, 2002). Previous research from our laboratory
as shown that AChR is extremely sensitive to its lipid environ-
ent (reviewed in Barrantes (2004, 2010)). Furthermore, we  have

emonstrated that cholesterol and sphingomyelin are particu-
arly important for correct AChR distribution and trafficking (Baier
nd Barrantes, 2007; Borroni et al., 2007; Borroni and Barrantes,
011; Gallegos et al., 2008; Pediconi et al., 2004; Roccamo et al.,
999). Additional work from our laboratory also demonstrated that
eramides differentially modulate AChR trafficking to the plasma
embrane in a concentration-dependent manner (Gallegos et al.,

008). A precise lipid balance is therefore required for AChR to reach
he plasma membrane in a functional way (Baier and Barrantes,
007; Gallegos et al., 2008; Roccamo et al., 1999).

The purpose of the present work was to study the modula-
ion of muscle-type AChR distribution and function by DAGs in
HO-K1/A5 cells, a cell line model system that heterologously
xpresses adult-type muscle AChR (Roccamo et al., 1999). To this
nd, different experimental strategies were implemented to set cel-
ular DAG levels. We  demonstrate that AChR distribution in the

ell line expressing adult muscle-type receptor is modified in a
ime-dependent manner by DAG oversupply acting through con-
entional and novel PKC (cPKC and nPKC) and PKD. These results are
urther confirmed using hippocampal neurons in primary culture.

ig. 1. Exposure to DOG from 30 min  to 4 h increases surface AChR levels and alters liga
hemical structure. (B) CHO-K1/A5 cells were exposed to 300 �M DOG for 4 h at 37 ◦C and
otal  [125I]-BTX binding. (C) CHO-K1/A5 cells were incubated with 300 �M DOG for 30 m
uantified. (D) Scatchart-plots obtained from control and treated cells exposed to DOG fo
fter  incubation of CHO-K1/A5 cells for 30 min at 37 ◦C with 300 �M DOG. Data represent
 Biochemistry & Cell Biology 74 (2016) 1–11

2. Materials and methods

2.1. Materials

All chemicals were from Sigma Chemical Company (St. Louis,
MO,  USA) unless otherwise specified. [125I]iodine was  from Perkin
Elmer (Wellesley, MA,  USA). 1-Palmitoyl-2-oleoyl-sn-glycerol
(POG) was  from Avanti Polar Lipids (Alabaster, AL, USA). Nile red
and Alexa Fluor488-conjugated BTX (Alexa Fluor488-BTX) were from
Molecular Probes (Eugene, OR, USA).

Rabbit polyclonal antibodies anti-PKD, anti-pPKD (Ser916), anti-
pPKC�/�II (Thr638/641) and anti-pPKC�/� (Ser643/676) were from Cell
Signaling (Beverly, MA,  USA). Mouse monoclonal antibodies anti-
PKC�, anti-PKC� and anti-PKC� were from BD Biosciences (San
Jose, CA, USA). Rabbit polyclonal antibody anti-pPKC� (Thr655) was
from Life Technologies (Grand Island, NY, USA). HRP-conjugated
goat anti-rabbit and goat anti-mouse antibodies were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

2.2. Cell culture and protein content

CHO-K1/A5 cells were grown in Ham’s F12 medium supple-

mented with 12% fetal bovine serum as previously described
(Roccamo et al., 1999). Dissociated neuronal cultures were pre-
pared from hippocampi of embryonic day 19 rats, as previously
described (Brocco et al., 2003). When required, lipids and enzyme

nd binding affinity and channel properties. (A) Schematic representation of DOG
 at the end of the incubation period cells were probed for surface, intracellular and
in  at 37 ◦C and at the end of the incubation period surface [125I]-BTX binding was
r 30 min. (E) Histogram showing the mean open time of AChR activated with ACh

 average ± SD from n = 4. **p < 0.01, ***p < 0.001.
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nhibitors were added to the culture medium dissolved in dimethyl
ulfoxide (DMSO). DMSO concentration was kept below 0.5%. Pro-
ein content was determined by Lowry method (1951).

.3. BTX radioiodination and equilibrium studies of [125I]-BTX
inding

[125I] �-bungarotoxin ([125I]-BTX) was obtained in our labo-
atory following the protocol of Pediconi et al. (2004). Surface,
ntracellular and total AChR levels were determined by [125I]-BTX
inding as in Pediconi et al. (2004).

.4. Lipid droplet labeling

After incubation with DOG, CHO-K1/A5 cells were fixed with 2%
araformaldehyde for 20 min  and permeabilized with 0.1% Triton
-100 during 5 min  at room temperature. Samples were subse-
uently stained with 1.5 �g/ml of Nile red solution for 10 min,
ashed thrice with medium 1 (M1: 140 mM NaCl, 1 mM CaCl2,

 mM MgCl2 and 5 mM KCl in 20 mM HEPES buffer, pH 7.4) and
ounted for microscope examination as in Baier and Barrantes

2007).

.5. Western blot

After each treatment, CHO-K1/A5 cells were washed with
1 and lysed at 4 ◦C during 1 h with cell lysis buffer (20 mM
EPES; 10 mM EGTA; 5 mM �-glycerol phosphate, 1% Nonidet P-40;
.5 mM MgCl2) containing protease inhibitors (2 �g/ml leupeptin;
 �g/ml aprotinin; 1 �g/ml pepstatin; 0.1 mM PMSF). Proteins
40 �g) were resolved by sodium dodecyl sulfate–polyacrylamide
el electrophoresis (SDS–PAGE) on 10% polyacrylamide gels
nd subsequently transferred to polyvinylidene fluoride (PVDF)

ig. 2. Exposure to DOG for 18 h changes AChR cellular distribution. (A) CHO-K1/A5 cells
eriod cells were probed for surface, intracellular and total [125I]-BTX binding. (B, C) CHO
nd  of the incubation period cells were probed for surface, intracellular (B) and total (C) [
 Biochemistry & Cell Biology 74 (2016) 1–11 3

membranes (Millipore, Bedford, MA,  USA). Membranes were
blocked and probed with primary antibodies overnight at 4 ◦C fol-
lowed by incubation with the corresponding secondary antibodies
at room temperature for 2 h. Immunoreactive bands were detected
by enhanced chemiluminescence reagent (ECL, Amersham Bio-
sciences) using standard X-ray film (Kodak X-Omat AR).

2.6. Patch clamp recording

Single-channel currents were recorded at a membrane potential
of −70 mV and 20 ◦C using an Axopatch 200B patch-clamp amplifier
(Axon Instruments, Inc., CA) as in Vallés et al. (2007).

2.7. Data analysis

Quantification analyses of the immunoreactive bands were car-
ried out using ImageJ 1.38 software. Data were analyzed using
GraphPad Prism program from GraphPad Software Inc., CA, USA.
Statistically significant differences were determined by Student’s
t-test (two-tailed) or one way ANOVA followed by Tukey post-test,
when appropriate.

3. Results

3.1. Incubation of CHO-K1/A5 cells with exogenously added DAG
analogs changes AChR distribution

In order to determine the effects of exogenous DAG  on AChR
levels, cells were incubated with a short-chain DAG, sn-1,2-

dioctanoylglycerol (DOG, Fig. 1A). DOG is a synthetic lipid which
mimics the action of endogenous DAGs and is widely used in lipid
research mainly because of its good solubility in aqueous media
(Davis et al., 1985; Kearns et al., 1997). DOG  is not metabolized

 were treated with 300 �M DOG for 18 h at 37 ◦C and at the end of the incubation
-K1/A5 cells were treated with 300 �M DOG for 24, 48 and 72 h at 37 ◦C and at the
125I]-BTX binding. Data represent average ± SD from n = 4. *p < 0.05, **p < 0.01.
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o phosphatidic acid (PA) and does not enter into phospholipid
iosynthetic pathways (Henneberry et al., 2001). Since it was
lanned to carry out the experiments at a high concentration
300 �M)  of DOG, the possibility that this treatment may  induce
ell damage was first explored. Incubation of CHO-K1/A5 cells with
OG modified neither cell morphology nor protein levels, even at

he longest incubation time (72 h), thus indicating that cell viability
as not compromised (Supplementary Fig. S1).

In mammals, lipid excess is stored in lipid droplets (Guo et al.,
009; Thiele and Spandl, 2008). In order to investigate whether
OG or its metabolites were directed to such lipid droplets, cells
ere stained with Nile-red and the amount of lipid droplets per

ell was measured after incubation with DOG for 4 h and 18 h. No
hanges in the number of lipid droplets per cell after a 4 h treatment
ith DOG were observed. However, after 18 h of DOG treatment,

he number of cells with 2 or more lipid droplets was significantly
igher (Supplementary Fig. S2).

Changes in AChR levels and distribution induced by DOG treat-
ent for different incubation times were analyzed next. For this

urpose [125I]-BTX binding assays were performed. An increase
n AChR surface levels was  measured after a 4 h treatment with
00 �M DOG (Fig. 1B). These changes were observed even after

ncubation times as short as 30 min  (Fig. 1C). Scatchard plots
btained from control and treated cells showed that 30 min  incu-
ation with DOG not only increased surface binding sites but
lso reduced AChR affinity for the antagonist BTX (Fig. 1D). Inter-

stingly, electrophysiological recordings showed that AChR mean
pen time was shortened by 30% after incubation with DOG,
emonstrating that AChR ion channel function was  also affected
Fig. 1E).

ig. 3. Exposure to POG and endogenous modification of DAG levels affects AChR cellula
nd  at the end of the incubation period cells were probed for surface, intracellular and to
ells,  were determined by [125I]-BTX binding assay, after 4 h at 37 ◦C treatment with veh
C)  CHO-K1/A5 cells were treated with 80 �M GGOH for 4 h at 37 ◦C, and at the end of th
inding. Data represent average ± SD from n = 4. *p < 0.05.
 Biochemistry & Cell Biology 74 (2016) 1–11

We  continued studying the effects of longer incubations with
300 �M DOG. To this end, CHO-K1/A5 cells were incubated at 37 ◦C
for 18, 24, 48 and 72 h. After 18 h incubation with DOG, surface
AChR levels decreased with respect to the control condition with
a concomitant increase in the amount of intracellular receptors,
although total AChR levels remained unaffected (Fig. 2A). The same
changes in AChR distribution were observed after 24 h incubation
(Fig. 2B). However, after longer incubation times surface and intra-
cellular AChR levels returned to control values (Fig. 2B). None of the
experimental conditions studied altered AChR total levels (Fig. 2A
and C).

We  further tested the effects of treating CHO-K1/A5 cells with a
physiological DAG, palmitoyl-2-oleoyl-sn-glycerol (POG). For this
purpose we  incubated CHO-K1/A5 cells for 4 h at 37 ◦C with 300 �M
POG and analyzed changes in surface-, intracellular- and total AChR
levels by [125I]-BTX binding assay. Fig. 3A shows that the incubation
with POG increased AChR surface expression. However, this was
accompanied by an increase in total AChR levels without affecting
intracellular AChR levels. These results indicate that DOG and POG
exert similar effects on AChR surface levels.

3.2. Endogenous modification of DAG levels affects AChR
distribution

3.2.1. Inhibition of diacylglycerol kinase (DAGK)
One of the main routes for DAG metabolization is its transfor-
mation into PA through the enzyme diacylglycerol kinase (DAGK)
(Shulga et al., 2011). A strong inhibitor of DAGKs, R59949 (Chianale
et al., 2007; Jiang et al., 2000; Sato et al., 2013), was thus used in
order to induce an endogenous increase in DAG levels.

r distribution. (A) CHO-K1/A5 cells were treated with 300 �M POG for 4 h at 37 ◦C
tal [125I]-BTX binding. (B) Surface, intracellular and total AChR levels in CHO-K1/A5
icle (control), 300 nM R59949, 300 �M DOG or DOG 300 �M plus 300 nM R59949.
e incubation period cells were probed for surface, intracellular and total [125I]-BTX
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Fig. 4. DAG effects on AChR distribution are mimicked by PDBu treatment. (A)
Surface, intracellular and total AChR levels in CHO-K1/A5 cells, were determined
by  [125I]-BTX binding assay, after 4 h at 37 ◦C with the vehicle, 20 �M 4�-PMA or
PDBu. (B) Scatchart-plots obtained from control and PDBu treated cells. (C) Surface,

125
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CHO-K1/A5 cells were incubated for 4 h at 37 ◦C with 300 nM
59949 and surface, intracellular and total AChR levels were
nalyzed by [125I]-BTX binding assay. As shown in Fig. 3B, the
ndogenous increase in DAG induced by the DAGK inhibitor
ugmented surface AChR levels without significantly affecting
ntracellular and total AChR amounts, thus mimicking the effect
reviously seen with DOG. Furthermore, co-incubation of the cells
ith DOG and R59949 produced a greater increase in surface
ChR than that obtained with either of the drugs alone. Interest-

ngly, a concomitant decrease in intracellular AChR levels was also
bserved (Fig. 3B).

.2.2. Inhibition of cholinephosphotransferase (CPT)
In the last step of the Kennedy pathway of phosphatidylcholine

PC) synthesis (Kennedy and Weiss, 1956), PC is generated by
he enzyme CPT which transfers a molecule of choline from CDP-
holine to a molecule of DAG (Weiss et al., 1958). CPT can be
nhibited by isoprenoids (Gibellini and Smith, 2010; Weiss et al.,
958), such as geranylgeraniol (GGOH) (Miquel et al., 1998). Thus,
e inhibited this route, with the aim of increasing cellular DAG

evels. CHO-K1/A5 cells were incubated with 80 �M GGOH for 4 h
nd AChR levels were then quantified as described above (Fig. 3C).
GOH treatment increased surface AChR levels whereas intracel-

ular and total AChR levels were not significantly affected (Fig. 3C).
n addition, no alterations in AChR amounts or distribution were
bserved after 18 h treatment (Supplementary Fig. S3).

.3. DAG effects on AChR cellular distribution are mediated by
KCs

.3.1. Modulation of PKC activity
We next sought to identify the precise DAG-modulated molec-

lar mechanisms that affect AChR cellular distribution. Given that
ost of DAG actions are PKC-mediated, we turned our attention to

his kinase family (Antal and Newton, 2013; Newton, 2010; Wu-
hang and Newton, 2013), which includes conventional (cPKC),
ovel (nPKC) and atypical (aPKC) PKCs, all of which are classified
ccording to the second messengers required for the activation pro-
ess. cPKC and nPKC require DAG to be activated. In addition, cPKC
lso requires Ca2+ (Zeng et al., 2012).

In order to determine whether cPKC and nPKC are involved in
AG effects exerted on AChR localization, cells were treated with
horbol 12-13-di butirate (PDBu), which is known to activate cPKC
nd nPKC (Carrasco and Merida, 2007; Dougherty et al., 2014; Wang
t al., 2012; Xiao et al., 2013). An inactive phorbol, 4�-phorbol 12-
yristate 13-acetate (4�-PMA), was used as a control treatment

Rahm et al., 2012). A 4 h treatment with 20 �M PDBu increased
urface AChR levels but affected neither intracellular nor total AChR
evels (Fig. 4A). The affinity of the AChR for [125I]-BTX was also
naffected (Fig. 4B). After 18 h incubation with PDBu, surface AChR

evels decreased with a concomitant increase in the amount of
ntracellular receptors. Total AChR levels were not altered either
Fig. 4C).

Changes in AChR localization induced by PDBu were qual-
tatively and quantitatively similar to those produced by DOG
Figs. 1 and 2), thus suggesting that cPKC and/or nPKC are involved
n the redistribution of AChR observed after DOG treatment. In
ddition, the inactive 4�-PMA did not modify AChR localization
onfirming the specificity of this treatment (Fig. 4A).

.3.2. Inhibition of cPKC
To determine whether cPKCs are modulated by DOG treatment,
he selective cPKC inhibitor Gö 6976 was used (Martiny-Baron et al.,
993). The inhibition of cPKC activity with 1 �M Gö 6976 applied
or 4 h induced similar changes in AChR distribution (i.e. increase
n surface AChR levels and no modification of intracellular and
intracellular and total AChR levels in CHO-K1/A5 cells as determined by [ I]-BTX
binding assay after treatment with 20 �M PDBu for 18 h at 37 ◦C. Data represent
average ± SD from n = 4. **p < 0.01, ***p < 0.001.

total AChR levels) to those induced by DOG (Fig. 5A), suggesting
that inhibition of cPKC mediates DOG actions. The co-incubation

of CHO-K1/A5 cells with both drugs yielded no additional effect on
AChR distribution (Fig. 5A). In contrast, 18 h treatment with either
Gö 6976 or DOG alone had different effects. While DOG decreased
surface AChR levels and increased intracellular AChR levels, Gö
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Fig. 5. DAG effects on AChR distribution are mediated by inhibition and activation of
cPKC and nPKC. (A, B) Surface, intracellular and total AChR levels in CHO-K1/A5 cells
were determined by [125I]-BTX binding assay after 4 h (A) and 18 h (B) treatment at
37 ◦C with the vehicle, 300 �M DOG, 1 �M Gö 6976 or 300 �M DOG + 1 �M Gö 6976.
(C)  Surface, intracellular and total AChR levels in CHO-K1/A5 cells were determined
b
R
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y  [125I]-BTX binding assay after 4 h at 37 ◦C with the vehicle, 300 �M DOG, 3 �M
OT, or 300 �M DOG + 3 �M ROT. Data represent average ± SD from n = 4. *p < 0.05,
*p  < 0.01, ***p < 0.001.

976 increased surface and total AChR levels, without affecting
ntracellular AChR levels (Fig. 5B). Interestingly, 18 h co-incubation
recluded DOG actions, suggesting that cPKC activation is involved

n DOG effects on AChR distribution after 18 h treatment (Fig. 5B).

.3.3. Inhibition of nPKC
We  next studied the effect of PKC� (a member of nPKC fam-

ly) inhibition, which requires DAG as activator. Rottlerin (ROT), a
KC� inhibitor, was used at 3 �M,  which is the lowest concentra-

ion at which this inhibitor is selective (Gschwendt et al., 1994;
oltoff, 2007). Furthermore, since nPKC effects are seen after incu-
ation times longer than those required for cPKC inhibition, the
ffect of ROT on DAG actions was analyzed after 18 h treatment
 Biochemistry & Cell Biology 74 (2016) 1–11

(Antal and Newton, 2013; Gallegos and Newton, 2008). Incuba-
tion of CHO-K1/A5 cells with 3 �M ROT for 18 h increased surface
AChR levels and decreased the intracellular receptor pool (Fig. 5C),
in marked contrast to those obtained with DOG treatment for the
same period (Fig. 5C). In addition, ROT prevented DOG modulation
of AChR distribution (Fig. 5C), demonstrating that PKC� activation
also mediates DOG actions after 18 h. In contrast, ROT alone did not
modify AChR distribution in CHO-K1/A5 cells after 4 h (Supplemen-
tary Fig. S4).

3.3.4. DOG treatment mediates PKCs phosphorylation
PKCs are constitutively modified by phosphorylation to form a

competent mature enzyme (Antal and Newton, 2013; Griner and
Kazanietz, 2007; Lipp and Reither, 2011). Once in this mature con-
formation, they are activated by interaction with their effectors
(Antal and Newton, 2013; Freeley et al., 2011). Thus, the amount of
phosphorylated PKC is an indicator of the relative amount of com-
petent and ready-to-be-activated PKCs available in the cell. The
state of phosphorylation of cPKC (PKC� and PKC�) and nPKC (PKC�
and PKC�) in CHO-K1/A5 cells after the above-mentioned treat-
ments was further analyzed by WB.  Incubation of CHO-K1/A5 cells
for 4 h with DOG or Gö 6976 did not change the cPKC phosphor-
ylation ratio (phosphorylated PKC (p-cPKC)/total cPKC) although
total cPKC� levels were found to increase (Fig. 6A). However, the
co-incubation of cells with both drugs dramatically reduced the
amount of p-cPKC without changes in enzyme expression (Fig. 6A).
In addition, DOG either added alone or with ROT for 4 h significantly
reduced PKC�/� phosphorylation (Fig. 6B), thus suggesting an inhi-
bition of these enzymes. ROT alone did not change p-PKC�/� levels
(Fig. 6B). In contrast, treatment with DOG for 18 h increased p-cPKC
levels while treatment with Gö 6976 for the same period was  found
to decrease them (Fig. 6C). Furthermore, co-incubation with both
drugs precluded DOG action on cPKC phosphorylation and total
enzyme levels (Fig. 6C). p-PKC�/�/PKC� ratio was not altered by DOG
treatment whereas ROT, either alone or with DOG, diminished it
(Fig. 6D). The relative amount of p-PKC� underwent no changes
after 4 h or 18 h treatment with DOG (Fig. 6E).

Our results, together with the fact that PKC must be phospho-
rylated in order to be activated suggest that (i) 4 h-DOG treatment
produces inhibition of cPKC and nPKC� and activation of nPKC�,
and (ii) after 18 h treatment with DOG, the activation of cPKC medi-
ates DOG effects on AChR distribution.

3.4. PKD is activated by DOG treatment

Another downstream effector of DAG signaling is the enzyme
PKD, whose activation requires DAG and nPKC-mediated phos-
phorylation (Rozengurt, 2010; Sinnett-Smith et al., 2009; Young
et al., 2012). We  therefore analyzed PKD phosphorylation status by
WB.  PKD was, in fact, poorly activated in resting CHO-K1/A5 cells
(Fig. 7). However, incubation of CHO-K1/A5 cells with DOG  for 4 h
or 18 h significantly increased pPKD levels without affecting PKD
expression (Fig. 7). This indicates that incubation with DOG induces
PKD activation, and this activation is higher after 4 h than after 18 h
incubation.

3.5. Neuronal AChR expressed in hippocampal neurons in
primary cultures is modulated by DOG treatment

We  next studied the effect of DOG treatment on neuronal AChR
endogenously expressed in hippocampal neurons. As shown in

Fig. 8, DOG applied for 4 h increased surface AChR levels. Moreover,
cPKC inhibition with Gö 6976 and PKC� inhibition with ROT both
increased surface AChR levels, thus suggesting the involvement
of these two kinds of protein kinases in this phenomenon. Taken
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Fig. 6. DOG treatment changes phosphorylation status of cPKC and nPKC. (A) Representative Western Blot showing pPKC��II (right panel) and PKC� (left panel) in CHO-K1/A5
cells  treated with 1 �M Gö 6976, 300 �M DOG or 300 �M DOG + 1 �M Gö 6976 for 4 h at 37 ◦C. Bar graphs show the densitometry values of PKC�/actin and pPKC��II/PKC�

expressed as arbitrary units (A.U.). (B) Representative Western Blot showing pPKC�/� (upper panel) and PKC� (middle panel) in CHO-K1/A5 cells treated with 3 �M ROT,
300  �M DOG or 300 �M DOG + 3 �M ROT for 4 h at 37 ◦C. Bar graphs show the densitometry values of PKC�/actin and pPKC�/�/PKC� expressed as arbitrary units (A.U.). (C)
Representative Western Blot showing pPKC��II (upper panel) and PKC� (middle panel) in CHO-K1/A5 cells treated with 1 �M Gö 6976, 300 �M DOG or 300 �M DOG + 1 �M
Gö  6976 for 18 h at 37 ◦C. Bar graphs show the densitometry values of PKC�/actin and pPKC��II/PKC� expressed as arbitrary units (A.U.). (D) Representative Western Blot
showing pPKC�/� (upper panel) and PKC� (middle panel) in CHO-K1/A5 cells treated with 3 �M ROT, 300 �M DOG or 300 �M DOG + 3 �M ROT for 18 h at 37 ◦C. Bar graphs
show  the densitometry values of PKC /actin and pPKC /PKC expressed as arbitrary units (A.U.). (E) Representative Western Blot showing pPKC� (upper panel) and PKC�

( . Bar g
a rs ind
*

t
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r

� �/� �

lower panel) in CHO-K1/A5 cells treated with 300 �M DOG for 4 h or 18 h at 37 ◦C
rbitrary units (A.U.). Actin was used as loading control in all experiments, numbe
*p  < 0.01 and ***p < 0.001.

ogether, these experiments demonstrate that DOG and PKCs also
odulate endogenous AChR distribution in hippocampal neurons.
. Discussion

Previous research has demonstrated that DAG has a dual
ole as a modulator of membrane dynamics and as a second
raphs show the densitometry values of PKC�/actin and pPKC�/PKC� expressed as
icate molecular weights. Data represent average ± SD from at least n = 4. *p < 0.05,

messenger in mammalian cells (Carrasco and Merida, 2007;
Huttner and Zimmerberg, 2001; Lev, 2006; Merida et al., 2010).
In this work we demonstrate that DAG oversupply affected AChR

cellular distribution in CHO-K1/A5 cells and in hippocampal neu-
rons. Incubation of CHO-K1/A5 cells with POG increased surface
and total AChR levels (Fig. 3A). Similarly, 30 min  incubation
with DOG also increased surface AChR levels; these receptors
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ig. 7. Exposure to DOG activates PKD. (A) Representative Western Blot showing p
or  4 h or 18 h at 37 ◦C. (B) Bar graph shows the densitometry values of pPKD/PKD ex

olecular weights. Data represent average ± SD from n = 3. ***p < 0.001.

xhibited a lower affinity for the antagonist BTX and a shorter
hannel mean open-time (Fig. 1). The fact that the lower affin-
ty of AChR for BTX was not observed after incubation with PDBu
ndicates that this effect is not a consequence of PKC action
Fig. 4).

These findings can be explained by the fact that the DOG increase
n CHO-K1/A5 cells after 30 min  incubation occurs mainly in the
lasma membrane, which is supported by several studies show-

ng that DAG alters the physical state of membranes (Coorssen and
and, 1990; Das and Rand, 1986; Heimburg et al., 1992; Jiménez-
onreal et al., 1998) and the fact that AChR is very sensitive to the

omposition and state of its lipid environment (Barrantes, 2010;
orroni et al., 2007; Borroni and Barrantes, 2011). Therefore, mem-
rane physical alterations induced by DOG may  reduce channel
bility for ligand recognition and ion translocation. Similar find-

ngs were observed in neuronal AChRs expressed in PC12 cells, in

hich treatment with different DAGs, among them DOG, inhibited
icotinic-induced currents independently of PKC activity (Andoh
t al., 2001, 2004).

ig. 8. DOG treatment increases neuronal AChR surface levels in culture hippocampal 

ncubated with 300 �M DOG, 1 �M Gö 6976 or 3 �M ROT for 4 h at 37 ◦C. Bars represent av
ere  incubated with 300 �M DOG for 4 h. At the end of the incubation period, neurons w

0  �m.
upper panel) and PKD (lower panel) in CHO-K1/A5 cells treated with 300 �M DOG
ed as arbitrary units (A.U.). Actin was used as loading control and numbers indicate

After 4 h incubation with DOG, the increase in surface AChR lev-
els was  found to persist without changes in intracellular and total
receptor levels (Fig. 1). However, POG treatment increased surface
and total AChR (Fig. 3A). This means that the rise of total AChR levels
after incubation with POG could be attributed to a POG metabolite
that is not produced when cells are incubated with DOG. Further-
more, after 18 h exposure to DOG, both a decrease in surface AChR
levels and an increase in intracellular AChR levels were observed
(Fig. 2). These concomitant changes were found to persist for up to
24 h incubation, although at longer exposure times the same effect
was no longer observed, probably as a result of DOG metabolization
or its storage in lipid droplets (Supplementary Fig. S2).

The increase in endogenous DAG levels also produced changes
in AChR distribution similar to those resulting from exogenously
added DOG. DAGK inhibition with R59949 and CPT inhibition

with GGOH were found to increase surface AChR levels after 4 h
treatment (Fig. 3B, C). These treatments have been reported to gen-
erate DAG in different subcellular compartments, depending on the
localization of the enzymes involved. CPT is located at the Golgi

neurons. (A) Surface [125I]-BTX binding in 14 days culture hippocampal neurons
erage ± SD from n = 3, *p < 0.05, **p < 0.01. (B) 14 days culture hippocampal neurons
ere fixed with paraformaldehyde, stained with Alexa488-BTX and imaged. Scale bar
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pparatus and its inhibition has been reported to increase DAG
olgi levels (Lagace and Ridgway, 2013; Miquel et al., 1998). Fur-

hermore, among the DAGKs inhibited by R59949 treatment are
AGK� and DAGK�,  both tightly associated to the plasma mem-
rane (Shulga et al., 2011). Thus, DAGs generated either at the
lasma membrane or at the Golgi apparatus produce essentially the
ame effects on AChR distribution, although different mechanisms
re probably involved.

The fact that DOG effects on AChR were reproduced by PDBu
fter 4 h and 18 h treatment, respectively, indicates that proteins
ontaining C1 domains are involved in these effects (Fig. 4). After

 h incubation, DOG-induced effects on AChR distribution in CHO-
1/A5 cells were mimicked by the cPKC inhibitor Gö 6976, thus
uggesting that DOG may  exert its effects through inhibition of this
amily of PKCs (Fig. 5A). These results are consistent with previ-
us work showing that sustained incubations with PDBu induce
KC down regulation and inhibition (Carrasco and Merida, 2007;
ougherty et al., 2014; Wang et al., 2012; Xiao et al., 2013). Interest-

ngly, 4 h treatment with DOG was found to significantly decrease
-PKC� levels (Fig. 6B) and still the pharmacological inhibition
f the enzyme with ROT was observed to produce no changes
n AChR distribution (Supplementary Fig. S4), indicating that this
PKC activity is not related to DOG action on AChR – at least for the
ime window explored.

Incubation of CHO-K1/A5 cells with DOG for 18 h decreased sur-
ace AChR levels and increased intracellular receptor levels, both
ffects being abrogated by Gö 6976 treatment (Fig. 5B). Thus, cPKC
ctivation appears to mediate AChR redistribution induced by 18 h
ncubation with DOG. Moreover, cPKC phosphorylation did, in fact,
ncrease, although total PKC� levels were observed to decrease
Fig. 6A). DAG analogs were found to promote not only PKC dephos-
horylation but also a decrease in total enzyme levels, thus favoring
he degradation process (Gould and Newton, 2008; Junoy et al.,
002; Leontieva and Black, 2004; Liu and Heckman, 1998; Newton,
009; Parker et al., 1995). However, after prolonged exposure,
hosphorylation was found to recover, probably by the action of
haperones that can rescue PKCs from the degradation process
y promoting their rephosphorylation (Gao and Newton, 2006;
ewton, 2010). It can therefore be concluded that the increase in
PKC phosphorylation levels augments the possibilities of cPKC-
OG interaction, and their subsequent activation.

DOG effects on AChR after 18 h were also blocked by ROT, a
nding which was coincident with the decrease in pPKC� levels
Figs. 5C and 6D). Furthermore, ROT and DOG produced opposite
ffects on AChR distribution after 18 h incubation. Since total and
hosphorylated PKC� levels did not change after 18 h treatment
ith DOG it can be concluded that DOG-mediated PKC� inhibition

bserved after 4 h exposure is lost. Therefore, PKC� activation could
lso be involved in DOG-induced changes in AChR levels after 18 h.

Previous research on AChR located at the neuromuscular junc-
ion (NMJ) demonstrated that cPKC inhibition with calphostin

 increases surface AChR levels because AChR internalization
ecreases and recycling of previously internalized AChRs increases
Martinez et al., 2013). However, recycling does not significantly
ontribute to the maintenance of AChR surface levels in dener-
ated muscle or in CHO-K1/A5 cells (Bruneau and Akaaboune,
006; Kumari et al., 2008; Martinez et al., 2010). On the contrary,
KC activation by phorbol esters favors the decrease in AChR sur-
ace levels at the NMJ  (Martinez et al., 2010) and in myotubes
n culture (Lanuza et al., 2000; Nelson et al., 2003). Therefore,
he increase in AChR surface levels observed in the present study
fter 4 h treatment could be partly explained by a decrease in

ChR internalization rate resulting from the inhibition of cPKC by
OG oversupply. Activation of cPKC may, in turn, be responsible

or the decrease in surface AChR after 18 h treatment with DOG.
nterestingly, obesity and diabetes type II, two diseases in which
 Biochemistry & Cell Biology 74 (2016) 1–11 9

accumulation of DAG in muscle has been reported, are associated
with impairments in skeletal muscle function (Blaak, 2004; Lee
et al., 2015; Nomura et al., 2007; Park et al., 2006).

Our results further show that PKD was not activated in resting
CHO-K1/A5 cells, indicating that under basal conditions this kinase
is not specifically involved in AChR export to the plasma mem-
brane. However after treatment with DOG an increase in pPKD
was observed, demonstrating the activation of the enzyme (Fig. 7).
Recruiting cytosolic proteins is the limiting process in TGN vesicle
biogenesis, a process which is also modulated by DAG. This neu-
tral lipid is essential for PKD anchoring to TGN membranes where
the enzyme regulates vesicle fission and protein export to the cell
surface (Baron and Malhotra, 2002; Malhotra and Campelo, 2011).
Thus, PKD activation after 4 h treatment with DOG  may  contribute
to the observed increase in surface AChR levels at this incuba-
tion time. In contrast, after 18 h incubation PKD was still activated
by DOG although the net effect of DOG treatment consisted in an
increase in intracellular AChR levels (Fig. 2). This leads us to con-
clude that PKD activation does not significantly contribute to the
redistribution of AChR after 18 h treatment with DOG.

Taking together the findings from the present study we  can con-
clude that muscle AChR is a sensitive target of DAG misbalance.
After short incubation times (4 h), AChR surface levels increase as a
result of cPKC inhibition by DOG whereas at longer incubation times
(18 h), DOG activates both cPKC and nPKC and the AChR distribution
shifts, with accumulation of the protein in intracellular compart-
ments. The results obtained with hippocampal neurons indicate
that the phenomenon is also observed with neuronal AChRs; it
remains to be established which subtype of receptor is involved.

5. Conclusion

AChR cellular distribution is modulated by DAG levels through
modulation of cPKC and nPKC, and PKD activity. These events may
have implications in muscle physiology and pathophysiology under
conditions in which DAG muscle levels are altered, such as in obe-
sity or diabetes type II.
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