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Abstract: The interactions between TRPV1 and µ-opioid receptors (MOR) have recently attracted
much attention because these two receptors play important roles in pain pathways and can apparently
modulate each other’s functioning. However, the knowledge about signaling interactions and
crosstalk between these two receptors is still limited. In this study, we investigated the mutual
interactions between MOR and TRPV1 shortly after their activation in HEK293 cells expressing these
two receptors. After activation of one receptor we observed significant changes in the other receptor’s
lateral mobility and vice versa. However, the changes in receptor movement within the plasma
membrane were not connected with activation of the other receptor. We also observed that plasma
membrane β-arrestin 2 levels were altered after treatment with agonists of both these receptors.
Knockdown of β-arrestin 2 blocked all changes in the lateral mobility of both receptors. Furthermore,
we found that β-arrestin 2 can play an important role in modulating the effectiveness of ERK1/2
phosphorylation after activation of MOR in the presence of TRPV1. These data suggest that β-arrestin
2 and ERK1/2 are important mediators between these two receptors and their signaling pathways.
Collectively, MOR and TRPV1 can mutually affect each other’s behavior and β-arrestin 2 apparently
plays a key role in the bidirectional crosstalk between these two receptors in the plasma membrane.
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1. Introduction

Large numbers of studies conducted over the previous decades have increased knowledge of
pain mechanisms at both the cellular and molecular level. Several membrane-bound receptors and
ion channels have been found to play a key role in the transmission or attenuation of painful stimuli.
Among them, the µ-opioid receptor (MOR) has attracted great attention as the primary molecular
target of opioid drugs, a group of most effective analgesics [1,2]. MOR belongs to the family of G
protein-coupled receptors (GPCRs). MOR is linked to the inhibitory G proteins, whose major signaling
pathway leads to inhibition of adenylyl cyclase or modulation of mitogen activated protein kinases
(MAPKs). The properties of these receptors and their signaling systems have been extensively studied
not only in connection with nociception but also with a potential risk of tolerance and dependence
associated with long-term use or abuse of opioids [3–5]. Interestingly, it has been observed that
MOR-initiated signaling can be modulated by other GPCRs or some ion channels. In the case of
antinociception, communication between the MOR and TRPV1 (transient receptor potential vanilloid 1)
receptors appears particularly noteworthy [6,7].
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TRPV1 receptors, which play a central role in thermal nociception and inflammation-induced
hyperalgesia, belong to the large superfamily of TRP ion channels [8]. These are ligand-driven,
non-selective cation channels that are present at low levels in different types of cells and tissues but
are primarily expressed in the posterior spinal neurons and trigeminal ganglia [9]. TRPV1 receptors
are considered to be important molecular integrators of nociceptive stimuli because they respond
not only to elevated temperature but also to reduced pH, vanilloids (e.g., capsaicin), and other
pain-inducing substances (e.g., arachidonic acid metabolites). Furthermore, these receptors serve as
the final target structure of intracellular signaling pathways triggered by inflammatory mediators,
thereby potentiating their activity and contributing to elevated hyperexcitability and nociception [10].
Thus, the function of TRPV1 receptors can be regulated through their direct activation by “external”
pain stimuli or through “intrinsic” sensitization induced by intracellular signaling cascades that
are linked to GPCRs or receptor tyrosine kinases (RTKs). The sensitization of TRPV1 receptors is
based on their post-translational modifications, such as protein kinase A (PKA)- and protein kinase C
(PKC)-mediated phosphorylation [11].

Previous studies have demonstrated natural co-expression of MOR and TRPV1 receptors in
different regions of the central nervous system and pointed to possible functional interactions between
these receptors [7,12]. In the recent past, Bao et al. [13] have noticed that MOR and TRPV1 receptor
agonists may have conflicting effects on antinociception, tolerance, and dependence. It has been
repeatedly observed that administration of morphine can induce antinociceptive effects by modulating
the activity of TRPV1 receptors. As indicated above, TRPV1 receptors can be activated in a variety
of ways. However, the potential specific effects of MOR agonists on TRPV1 receptors and vice versa
have not yet been fully explored.

Recent evidence suggests that functional communication between MOR and TRPV1 receptors
is bilateral and highly dependent on specific conditions; the mechanism and duration of activation
of these receptors seem particularly important. However, many intriguing questions regarding
MOR–TRPV1 interactions, crosstalk between their signaling pathways, and respective feedback
loops still remain unresolved. Therefore, in the present study we set out to investigate behavior and
functional properties of these receptors and their signaling pathways in defined in vitro conditions
and examine the role of key components of both these important cellular signaling systems in their
mutual communication (Figure 1).

Figure 1. Working hypothesis. The diagram illustrates a presumed crosstalk between the µ-opioid
receptor (MOR) and TRPV1 following stimulation by agonists (A). β-Arrestin 2 (β-Arr2) plays an
important role in signal transduction pathways initiated by MOR and TRPV1. We hypothesize that
β-arrestin 2 may also participate in mutual communication between these two receptors. We speculate
that activation of one receptor may affect functioning and mobility (
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2. Results

2.1. Transient Transfection of HMY-1 Cells with TRPV1–CFP

HMY-1 cells stably expressing MOR–YFP fusion construct [14] were transiently transfected with
TRPV1–CFP fusion construct as described in Section 4. The transfection efficiency of TRPV1–CFP into
HMY-1 cells was >60%. The expression and plasma membrane localization of TRPV1 and MOR is
shown in Figure 2A,B, respectively. This figure displays representative TIRF images of the bottom
membrane of HMY-1/TRPV1 cells taken by a super-resolution microscope (Zeiss Elyra).

Figure 2. Expression of TRPV1 and MOR in HMY-1/TRPV1 cells. HMY-1 cells were transiently
transfected with a construct expressing TRPV1–CFP as described in Section 4. Representative images
of a group of HMY-1/TRPV1 cells (focus on the bottom cell membrane) demonstrate the distribution of
the fluorescence signal corresponding to TRPV1–CFP (A) and MOR–YFP (B) in the plasma membrane.
Both these photographs were taken using the TIRF mode of super-resolution microscope Zeiss Elyra.

2.2. Activation of TRPV1 Affects MOR Mobility at the Cell Surface

First, we measured the diffusion coefficients of MOR under different experimental conditions.
HMY-1 cells were seeded in a glass bottom chamber, transiently transfected with TRPV1–CFP
construct and after 24-h incubation ligands of interest were added. In the case of the MOR agonist
endomorphin-2, we observed changes similar to those seen in HMY-1 cells without TRPV1–CFP [14],
i.e., a decrease in the rate of receptor diffusion (Figure 3A). On the other hand, the diffusion coefficient
of MOR increased at least twofold after treatment of the cells with the TRPV1 agonist capsaicin
(control, D = 0.358 ± 0.036 µm2/s; capsaicin, D = 0.978 ± 0.077 µm2/s). To check the specific effect of
agonists, some cells were treated with antagonist before adding the agonists. Pretreatment of the cells
with naloxone or capsazepine completely blocked the effects of the MOR agonist endomorphin-2 or
TRPV1 agonist capsaicin, respectively.
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Figure 3. Effect of different ligands on the lateral mobility of MOR in the plasma membrane of
HMY-1/TRPV1 cells. The diffusion coefficients (A) and the mobile fractions (B) of MOR were obtained
from fluorescent recovery after photobleaching (FRAP) measurements. The cells plated in a glass
bottom chamber were treated with capsaicin (Caps, 0.5 µM) or endomorphin-2 (End-2, 1 µM) for
5 min before measurements. In some cases, the cells were incubated in the presence of the TRPV
antagonist capsazepine (Cpz) or the MOR antagonist naloxone (Nal) (both 10 µM) for 10 min prior to
addition of the agonists. FRAP experiments were performed on the bottom cell membrane using a Zeiss
LSM 880 confocal microscope. The data were collected from three independent experiments, at least
50 cells in each group. Results are expressed as means ± S.E.M. Asterisks denote significant differences
between control (Ctrl) and different drug treatment groups (** p < 0.01, *** p < 0.001 compared to
corresponding control).

Next, we determined the proportion of mobile and immobile receptors in the plasma membrane
after activation of both MOR and TRPV1 with their cognate agonists. Whereas the mobile fraction of
MOR significantly increased after treatment of HMY-1/TRPV1 cells with endomorphin-2, this fraction
markedly decreased in the presence of capsaicin (Figure 3B). The effects of either agonist were prevented
when the respective antagonists (naloxone and capsazepine) were added to cell culture media prior to
each agonist.

2.3. Activation of MOR Affects TRPV1 Mobility at the Cell Surface

The diffusion of unactivated TRPV1 (D = 0.75 ± 0.07 µm2/s) was higher than the diffusion of
unactivated MOR (D = 0.36 ± 0.03 µm2/s) in cells expressing both these receptors. After activation
of TRPV1 with capsaicin, the diffusion coefficient of this receptor increased more than two times
(D = 1.590 ± 0.136 µm2/s), compared to the control vehicle-treated cells (D = 0.73 ± 0.09 µm2/s).
Moreover, activation of MOR with endomorphin-2 also increased the diffusion coefficient of TRPV1
(D = 1.150 ± 0.121 µm2/s), but less than capsaicin (Figure 4A). Importantly, pretreatment of the cells
with naloxone or capsazepine prevented the agonist-induced changes in the receptor diffusion.

Treatment of HMY-1/TRPV1 cells with both capsaicin and endomorphin-2 changed the proportion
of mobile and immobile TRPV1 in the plasma membrane. Whereas capsaicin reduced the mobile
fraction of TRPV1, endomorphin-2 markedly increased the mobile fraction of TRPV1 (Figure 4B).
Pretreatment of the cells with naloxone or capsazepine before adding endomorphin-2 or capsaicin
prevented the effects of both these agonists.
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Figure 4. Effect of different ligands on the lateral mobility of TRPV1 in the plasma membrane of
HMY-1/TRPV1 cells. The diffusion coefficients (A) and the mobile fractions (B) of MOR were obtained
from FRAP measurements. The cells plated in a glass bottom chamber were treated with capsaicin
(Caps, 0.5 µM) or endomorphin-2 (End-2, 1 µM) for 5 min before measurements. In some cases,
the cells were incubated in the presence of the TRPV antagonist capsazepine (Cpz) or the MOR
antagonist naloxone (both 10 µM) for 10 min prior to addition of the agonists. FRAP experiments were
performed on the bottom cell membrane using a Zeiss LSM 880 confocal microscope. The data were
collected from three independent experiments, at least 50 cells in each group. Results are expressed
as means ± S.E.M. Asterisks denote significant differences between control (Ctrl) and different drug
treatment groups (* p < 0.05, *** p < 0.001 compared to corresponding control).

2.4. Knockdown of β-Arrestin 2 Prevents Activation-Induced Changes in the Mobility of Both
TRPV1 and MOR

In order to explore the possible role of β-arrestin 2 in modulating the mobility of MOR and TRPV1
in the plasma membrane, the receptor diffusion was monitored in HMY-1/TRPV1 cells after knockdown
of β-arrestin 2. The efficacy of siRNA-mediated β-arrestin 2 knockdown was confirmed by Western
blotting. This analysis indicated that the expression of β-arrestin 2 was downregulated by about 90%
in cells transfected with β-arrestin 2 siRNA. Interestingly, knockdown of β-arrestin strongly affected
receptor diffusibility and limited the modulatory effects of agonists on receptor movement.

In the case of MOR, knockdown of β-arrestin 2 somewhat decreased (by about 16%) the lateral
mobility of unactivated MOR (Figure 5A). Moreover, this intervention markedly attenuated the ability
of capsaicin and endomorphin-2 to affect the rate of diffusion of MOR. Whereas capsaicin increased
the rate of MOR diffusion by 42%, endomorphin-2 did not change the receptor movement under
these conditions. Interestingly, the proportion of mobile MOR significantly increased (by about 18%)
after β-arrestin 2 knockdown (Figure 5B). Capsaicin reduced the MOR mobile fraction (by 22%) in
HMY-1/TRPV1 cells with suppressed expression of β-arrestin 2 to a similar extent as in the cells
carrying a normal level of β-arrestin 2 (decrease by about 21%). Addition of endomorphin-2 to
HMY-1/TRPV1 cells after β-arrestin 2 knockdown reduced the MOR mobile fraction by about 17%.
β-Arrestin 2 knockdown substantially decreased (by about 47%) the lateral mobility of TRPV1 and
its rate of diffusion was increased to the same extent (by about 25%) by the addition of capsaicin
or endomorphin-2 (Figure 5C). The fraction of mobile receptors was significantly increased after
knockdown of β-arrestin 2 (by about 25%) and the addition of capsaicin or endomorphin-2 reduced
the proportion of mobile TRPV1 back to the control level (Figure 5D). This was in contrast to normal
MY-1/TRPV1 cells, where endomorphin-2 significantly increased (by about 20–30%) the proportion of
mobile MOR and TRPV1.
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Figure 5. Effect of β-arrestin 2 knockdown on the ability of capsaicin and endomorphin-2 to affect the
lateral mobility of MOR and TRPV1 in the plasma membrane of HMY-1/TRPV1 cells. The diffusion
coefficients (A,C) and the mobile fractions (B,D) of TRPV1 (upper panel) and MOR (lower panel) were
obtained from FRAP measurements. The knockdown of β-arrestin 2 (β-Arr2(↓)) was performed 24 h
before addition of the ligands. The cells plated in a glass bottom chamber were treated with capsaicin
(Caps, 0.5 µM) or endomorphin-2 (End-2, 1 µM) for 5 min before measurements. FRAP experiments
were performed on the bottom cell membrane using a Zeiss LSM 880 confocal microscope. The data
were collected from three independent experiments, at least 50 cells in each group. Results are expressed
as means ± S.E.M. Asterisks or hashes denote significant differences between control (Ctrl) or untreated
(-) β-Arr2(↓) cells and different drug treatment groups (* p < 0.05, ** p < 0.01, *** p < 0.001 compared to
corresponding control; # p < 0.05, ### p < 0.001 compared to corresponding β-Arr2(↓) (-)).

2.5. Functional Studies of MOR and TRPV1 Signaling

In this set of experiments, we examined agonist-induced Ca2+ responses and inhibition of adenylyl
cyclase (AC) activity in HMY-1 and HMY-1/TRPV1 cells. We found that the TRPV1 agonist capsaicin
was able to evoke a dose-dependent Ca2+ influx only in HMY-1/TRPV1 cells (Figure 6A). No such
response was observed on HMY-1 cells. The MOR agonist endomorphine-2 did not elicit any detectable
Ca2+ responses at any concentration. The ability of receptor agonists to affect forskolin-stimulated
AC was determined using the HTRF assay (Cisbio Bioassays). Whereas capsaicin did not change AC
activity either in HMY-1 or HMY-1/TRPV1, endomorphin-2 inhibited the enzyme activity in both these
cell lines to a similar extent (Figure 6B).
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Figure 6. Functional studies of TRPV1- and MOR-mediated signaling. (A) The effect of increasing
concentrations of capsaicin (Caps) and endomorphin-2 (End-2) on intracellular levels of calcium in
HMY-1 and HMY-1/TRPV1 cells was determined using endpoint calcium assay described in Section 4.
The graph shows calcium response to agonist stimulation expressed as percentage of the maximum
response. (B) The effect of capsaicin and endomorphin-2 (both 1µM) on cAMP production in HMY-1 and
HMY-1/TRPV1 cells incubated in the presence of forskolin was determined using TRF assay described
in Section 4. Results are expressed as means ± S.E.M. (*** p ≤ 0.001 compared to corresponding control).

2.6. Activation of TRPV1 and MOR Alters the Plasma Membrane Localization of β-Arrestin 2

We were interested to determine whether stimulation of HMY-1 and HMY-1/TRPV1 affected the
association of β-arrestin 2 with the plasma membrane. After incubating the cells for 5 min in the
presence of capsaicin or endomorphin-2, the relative level of β-arrestin 2 in the plasma membrane
fraction was assessed by immunoblot analysis. Both capsaicin and endomorphin-2 markedly reduced
(by about 50%) the content of β-arrestin 2 in samples of plasma membranes from HMY-1/TRPV1 cells
(Figure 7A). There was no such change in the plasma membrane distribution of β-arrestin 2 after
treatment of HMY-1 cells by these agonists.

Then, we investigated the localization of β-arrestin 2 at the plasma membrane using TIRF
microscopy. HMY-1 and HMY-1/TRPV1 cells stained with antibody against β-arrestin 2 and Alexa
Fluor 594-conjugated secondary antibody were visualized with Zeiss Elyra SP.1 nanoscope (Figure 7B).
These experiments indicated that transfection of HMY-1 cells with TRPV1 did not change the level
of β-arrestin 2 associated with the plasma membrane (Figure 7C). Interestingly, pretreatment of
HMY-1/TRPV1 cells, but not HMY-1 cells, with capsaicin and endomorphin-2 reduced the plasma
membrane localization of β-arrestin 2.

2.7. Crosstalk between TRPV1 and MOR Signaling Is Driven via the MAPK ERK1/2 Pathway

It seems obvious that β-arrestin 2 can play an important role in mediating crosstalk between
TRPV1 and MOR. To decipher the potential involvement of post-receptor signaling pathways in
cross- communication between both these receptors, we monitored protein phosphorylation changes
of key components of the MAPK signaling cascades in response to stimulation of HEK293/TRPV1,
HMY-1/TRPV1, and HMY-1 cells by capsaicin and endomorphin-2. Phospho- and total protein
levels of ERK1/2, p38 and JNK were assessed by immunoblotting (Figure 8). Capsaicin remarkably
increased phosphorylation of ERK1/2 in cells expressing TRPV1 (HEK293/TRPV1 and HMY-1/TRPV1).
No significant change occurred in HMY-1 cells. Endomorphin-2 increased phosphorylation of ERK1/2
in cells expressing MOR (HMY-1 and HMY-1/TRPV1). Intriguingly, a much greater elevation of ERK1/2
phosphorylation was found in cells expressing both MOR and TRPV1 (Figure 8A). We performed yet
another set of experiments on cells with reduced expression of β-arrestin 2. Knockdown of β-arrestin
2 did not affect capsaicin-induced phosphorylation of ERK1/2, but strongly attenuated the ability of
endomorphin-2 to increase phosphorylation of ERK1/2 in the cells expressing both MOR and TRPV1
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(Figure 8B). The phosphorylation levels of the other two MAP kinases, p38 and JNK, were not changed
in either cell line after treatment with both agonists (Figure 8C,D).

Figure 7. Effect of capsaicin and endomorphin-2 on the association of β-arrestin 2 with the plasma
membrane. (A) Immunoblot analysis of β-arrestin 2 distribution in the plasma membrane fractions
isolated from HMY-1 and HMY-1/TRPV1 cells that were incubated for 5 min in the absence (Ctrl) and
presence of 1 µM capsaicin (Caps) or endomorphin-2 (End-2). The figure shows a representative Western
blot from four independent experiments. The band intensities were densitometrically evaluated and
normalized to β-actin levels. Results represent means ± S.E.M. and are expressed as percentage of
control (** p < 0.01 versus control). (B) Immunofluorescence detection of β-arrestin 2, TRPV1 and MOR
in HMY-1 and HMY-1/TRPV1 cells that were incubated for 5 min in the absence (Ctrl) and presence of
1 µM capsaicin (Caps) or endomorphin-2 (End-2). After treatment with the agonists, the cells were
fixed with 4% PFA and immunostained using primary anti-β-arrestin 2 antibody and secondary Alexa
Fluor 594-conjugated antibody. Cells were visualized using Zeiss Elyra SP.1 nanoscope equipped
with TIRF technology. (C) Relative intensity of fluorescence signals corresponding to the amount
of β-arrestin 2 associated with the plasma membrane were quantified by Image J software. Results
represent means ± S.E.M. and are expressed as percentage of control (*** p < 0.001 compared to
corresponding control).
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Figure 8. Effect of capsaicine and endomorphin-2 on phosphorylation of MAP kinases. HEK293/TRPV1,
HMY-1/TRPV1, and HMY-1 cells were incubated for 5 min in the absence (Ctrl) and presence of
1 µM capsaicin (Caps) or endomorphin-2 (End-2). In some experiments, β-arrestin 2 was knocked
down (β-Arr2(↓)) before treatment of the cells with the agonists. Aliquots of whole cell lysates
(30 µg protein/lane) were resolved by SDS-PAGE and subjected to immunoblotting using specific
antibodies against ERK1/2 and pERK1/2 (A,B), p38 and p-p38 (C), and JNK and pJNK (D). Shown are
representative blots from four independent experiments. The band intensities were densitometrically
evaluated and normalized to β-actin levels. Results are expressed as means ± S.E.M. of the ratios of
phosphorylated to unphosphorylated MAPK forms (* p < 0.05, *** p < 0.001 compared to corresponding
control; # p < 0.05, ## p < 0.01 compared to HMY-1/TRPV1; + p < 0.05, ++ p < 0.01, +++ p < 0.001 compared
to cells treated with Caps).

3. Discussion

The purpose of this study was to investigate the relationship between MOR and TRPV1 and
potential crosstalk between their signaling pathways. Using Fluorescent recovery after photobleaching
(FRAP), we compared the mobility of both these receptors in the plasma membrane after their activation
by capsaicin and endomorphin-2. Capsaicin is a naturally occurring vanilloid that exhibits TRPV1
agonistic activity [15]. Endomorphin-2 is an endogenous MOR agonist biased towards β-arrestin
2-dependent signaling [16,17]. We have previously found that the lateral mobility of MOR in the
plasma membrane was significantly increased by DAMGO and decreased by endomorphin-2 [14].
Our current results indicate that the exogenous expression of TRPV1 in HMY-1 cells did not affect the
mobility of MOR. However, the activation of TRPV1 with capsaicin markedly increased the mobility of
MOR and decreased the number of mobile receptors in the plasma membrane. On the other hand,
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we have also observed that the diffusion rate of TRPV1 was changed not only after activation of
TRPV1 with capsaicin but also after activation of MOR with endomorphin-2. Interestingly, there were
similar changes in mobile fractions of both MOR and TRPV1 after activation with endomorphin-2 or
capsaicin. The mobile fractions of both these receptors were decreased after treatment with capsaicin
and increased after treatment with endomorphin-2. To date, there is not much information about
TRPV1 diffusion in the plasma membrane. It has been reported that the mobility of TRPV1 decreased
within seconds upon channel activation in the presence of Ca2+ [18]. We therefore presume that the
decrease in the mobile fraction observed after activation of TRPV1 with capsaicin is due to the certain
number of active channels in the plasma membrane.

Our functional studies confirmed that the activation of TRPV1 by capsaicin leads to calcium influx
and the activation of MOR by endomorphin-2 suppresses AC activity as reflected by a decrease in cAMP
production. Although capsaicin did not affect AC activity and endomorphin-2 did not trigger calcium
influx, both these ligands were able to change the mobility of their cognate as well as noncognate
receptors in the plasma membrane. These data suggest that these receptors may communicate with
each other, but the mechanism is not yet known.

β-Arrestins are important proteins that can form scaffolding complexes with a wide variety
of proteins in order to regulate diverse signaling pathways [19]. β-Arrestin 2 was first identified
as a protein capable of mediating desensitization of β2-adrenergic receptor signaling after agonist
stimulation [20]. It is nowadays obvious that β-arrestins play an important role in cell signaling
including GPCR desensitization and, rather curiously, may also participate in desensitization of
TRPV1 [21]. It was recently shown that the activation of TRPV1 results in nuclear translocation of GRK5,
which blocks its ability to phosphorylate MOR, and that this interaction leaves the G protein-mediated
analgesic signaling of MOR intact but inhibits β-arrestin 2-mediated internalization and desensitization
of MOR [22]. These authors hypothesized that MOR and TRPV1 may compete for GRK5 andβ-arrestin 2.
Our current observations indicate that β-arrestin 2 is crucially implicated in mediating the relationship
between MOR and TRPV1. According to the classical scenario, activation of MOR with endomorphin-2
initiates GRK-catalyzed receptor phosphorylation, which is followed by β-arrestin 2 recruitment to
the plasma membrane and binding to the receptor. Consequently, the amount of β-arrestin 2 in the
cytoplasm is lowered, which may rather limit its scaffolding function. This could likely explain the
observed changes in the diffusion coefficient and mobile fraction of TRPV1.

In order to assess the role ofβ-arrestin 2 in TRPV1 and MOR cross-communication, we investigated
receptors mobility after β-arrestin 2 knockdown. As expected, this intervention increased the mobile
fraction of both TRPV1 and MOR in plasma membranes of control (unstimulated) cells. In parallel,
the diffusion coefficient of TRPV1 was markedly reduced and there was a downward tendency in the
diffusion rate of MOR. The effects of capsaicin and endomorphin-2 on the mobility of both TRPV1 and
MOR were notably diminished or altered after β-arrestin 2 knockdown. Interestingly, the study of
Por and colleagues [23] demonstrated increased association of unactivated TRPV1 and β-arrestin 2 in
CHO cells under normal serum media conditions and reduced association of these two proteins in
serum-free media. Here, we observed that treatment of HMY-1/TRPV1 cells with capsaicin for 5 min
resulted in a significant decrease in the amount of β-arrestin 2 attached to the plasma membrane.
It has been demonstrated that the activation of MOR by some ligands including endomorphin-2 leads
to internalization of the MOR–β-arrestin 2 complex [17]. Although this event is quite fast, it does not
occur within 5 min after MOR activation [24]. It therefore seems plausible that the observed decrease in
plasma membrane β-arrestin 2 level is somehow connected with TRPV1 signaling. Our data supports
this view: the activation of MOR with endomorfin-2 in HMY-1 cells (not expressing TRPV1) did not
reduce the amount of β-arrestin 2 in the plasma membrane. Surprisingly, stimulation of HMY-1/TRPV1
cells with endomorfin-2, similarly as with capsaicin, led to a significant decrement in β-arrestin 2 in the
plasma membrane. These observations endorse our hypothesis that there is crosstalk between MOR-
and TRPV1-mediated pathways which can play an important role in modulating the receptor signaling.
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The MAPK family is a diverse group of proteins involved in ensuring a wide variety of cell
physiological processes. They include extracellular signal-regulated kinase (ERK), p38-mitogen
activated protein kinase (p38), and c-Jun N-terminal kinase (JNK) [25]. It has been found that
the activation of MAPK may participate in generating pain hypersensitivity and that MEK inhibitors
known to suppress phosphorylation of ERK can effectively alleviate pain at various time points in
several animal models of neuropathic pain [26,27]. It has been reported that stimulation of TRPV1
with capsaicin leads to a rapid phosphorylation and activation of ERK1/2 [28]. Morphine was found to
induce ERK activation in CHO cells stably transfected with MOR [29]. It seems evident that MOR
can mediate responses in an agonist dependent manner. Agonists such as morphine and methadone
activate ERKs via the protein kinase C-dependent pathway but not the β-arrestin-dependent pathway.
Contrarily, agonists such as etorphine and fentanyl activate ERKs in aβ-arrestin-dependent manner [30].
Previous studies have indicated that morphine and methadone are G protein biased agonists, whereas
etorphine, fentanyl, and endomorphin-2 are β-arrestin biased agonists [17]. Interestingly, β-arrestin 2
is not a regulator of phosphorylation of ERK1/2 initiated by activation of some GPCRs [31,32]. Here we
show that the cross-communication between the TRPV1 and MOR signaling pathways after activation
either by capsaicin or by endomorphin-2 proceeds to ERK1/2. This is clearly evident from our results
showing the increase in ERK1/2 phosphorylation after activation of TRPV1 with capsaicin in cells
expressing TRPV1. Endomorphin-2 elicited a significant increase in ERK1/2 phosphorylation in cells
expressing MOR but, rather surprisingly, a more pronounced increase in ERK1/2 phosphorylation was
detected in cells expressing both MOR and TRPV1. Interestingly, Popiolek-Barczyk et al. [33] reported
that inhibition of ERK1/2 phosphorylation through inhibiting MEK1/2 (kinase phosphorylating ERK1/2)
significantly enhanced the analgesic effects of morphine. It means that phosphorylation of ERK1/2
attenuates analgesia induced by opioids. On the other hand, the p38 MAPK pathway was found to be
responsible for more effective analgesia after morphine administration [34]. Here, we observed that
TRPV1, which plays a central role in nociception, is of high importance for enhanced phosphorylation
of ERK1/2 but not for p38 or JNK phosphorylation in HMY-1/TRPV1 cells following activation of MOR
with endomorphin-2. Interestingly, β-arrestin 2 appears to be especially important for MOR-induced
ERK1/2 phosphorylation because its downregulation strongly attenuated the ability of endomorphin-2
to increase ERK1/2 phosphorylation. On the other hand, the ability of capsaicin to increase ERK1/2
phosphorylation was not affected by β-arrestin 2 knockdown. These observations suggest that the
mechanism of receptor-induced ERK1/2 activation somewhat differ between TRPV1 and MOR.

4. Materials and Methods

4.1. Cell Culture, Transient Transfection, and Drug Treatment

The human embryonic kidney (HEK) 293 cell line was purchased from Sigma-Aldrich
(St. Louis, MI, USA). The HMY-1 cell line (HEK293 cells stably expressing MOR) was prepared
and characterized previously [14]. Both cell lines were cultured in Dulbeco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic antimycotic solution
(AAS, Sigma-Aldrich) at 37 ◦C in a humidified atmosphere containing 5% CO2. For transient transfection,
cells were plated in the appropriate multi-well plates and cultivated in the above-mentioned medium.
After 24 h, on reaching 60–70% confluence, cells were transfected using Lipofectamine 3000 reagent
(Invitrogene, Waltham, MA, USA) according the manufacturer’s instructions. Briefly, Lipofectamine
3000 diluted in Opti-MEM medium was mixed with DNA or siRNA diluted in Opti-MEM with
P3000 reagent. Final mixture was incubated for 5 min at room temperature and then added directly
to the cell culture. After 24 h of incubation, cells were used in further experiments. The plasmid
containing TRPV1 with CFP fused to the C-terminus was a generous gift from Dr. Leon D Islas (National
Autonomous University of Mexico [35]. β-Arrestin 2 siRNA (sc-29208) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). HMY-1 cells carrying the TRPV1–CFP fusion receptor were denoted
HMY-1/TRPV1.
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The function of MOR and TRPV1 was modulated by the MOR agonist endomorphin-2 or antagonist
naloxone and the TRPV1 agonist capsaicin or antagonist capsazepine. These ligands were dissolved
in phosphate-buffered saline (PBS). Before starting the measurement, cells were incubated for 5 min
either with endomorphin-2 (1 µM) or capsaicin (0.5 µM) or naloxone (10 µM) or capsazepine (5 µM).
In some cases, cells were pretreated for 10 min with naloxone (10 µM) or capsazepine (5 µM) and then
exposed for 5 min to endomorphin-2 (1 µM) or capsaicin (0.5 µM), respectively.

4.2. Total Internal Reflection (TIRF)

Cells were plated on a 35 mm glass-bottom dishes in phenol red-free DMEM supplemented with
10% FBS and 1% AAS. After 24 h, cells were transfected with plasmid cDNA encoding the CFP-tagged
TRPV1 receptor as described above. One day after transfection, cells were visualized using Zeiss Elyra
SP.1 nanoscope equipped with TIRF technology.

4.3. Fluorescent Recovery after Photobleaching

HMY-1/TRPV1 cells were seeded on glass-bottom dishes and maintained in phenol red-free
DMEM supplemented with 10% FCS, 1% AAS, and 0.8 mg/mL geneticin. FRAP experiments on
living cells were performed on an inverted Zeiss LSM 880 confocal laser scanning microscope
(Carl Zeiss AG, Oberkochen, Germany) equipped with 40×/1.2 WDICIII C Apochromat objective lens
and back-thinned CCD camera (Zeiss Axio Cam). For excitation of fluorophores, we used the 514-nm
laser for visualizing YFP and 405-nm laser for visualizing CFP. Images were acquired using ZEN
Black software (Carl Zeiss AG). During all FRAP experiments, the cells were placed in a chamber
providing a stable temperature 37 ◦C and 5% CO2. All the diffusion data was always assessed by
FRAP measurements in plasma membrane areas adjacent to the glass support. Bleaching (six iterations
per bleach) was accomplished with a circular spot with 2-µm radius using the 488- and 514-nm
for YFP and 458- and 488-nm for CFP laser pulse from a 40-mW Argon laser operating at 100%
power. The time course of the fluorescence recovery signal after photobleaching was monitored at low
laser intensity (2% of maximum power) and 512 × 512 pixels resolution with sampling rate of 2 ms.
In each FRAP series, 15 prebleach images were collected and, immediately after photobleaching,
400 successive postbleach images were recorded to monitor the fluorescence redistribution. FRAP
curves were normalized to the prebleach value of the respective pulse train. The data obtained from at
least 50 cells (screened in three individual runs) during each FRAP experiment were analyzed using
easyFRAP, a MATLAB platform-based tool [36]. Recovery curves were calculated according to the
following equation:

recovery (%) = (Ibleach − Ibckg)/(Iref − Ibckg) × 100

where Ibleach is the fluorescence intensity of the bleached spot, Ibckg is the fluorescence intensity of the
background, and Iref is the fluorescence intensity of the control regions in other cells or regions far
remote from the target cell. The values of the apparent diffusion coefficients (D) for both receptors
were obtained from the following equation:

D = 0.224ω2/t1/2

where ω is the diameter of the selected bleached spot and t 1
2 is the half-life of the fluorescence

recovery [37].
The potential effects of agonists on the lateral mobility of MOR–YFP or TRPV1–CFP were

investigated using endomorphin-2 and capsaicin. HMY1/TRPV1 cells were pretreated for 5 min with
individual agonists and the agonists were left in the medium during the whole experiment. Antagonists
of MOR and TRPV1 receptors (naloxone and capsazepine, respectively) were applied to cells 10 min
before adding agonists and they were used at final concentrations 10 times higher than those of agonists.
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4.4. Time Resolved Fluorescence Assay for cAMP

The direct quantitative determination of cAMP in cells affected by receptor ligands was performed
using cAMP–Gi kit (Cisbio Bioassays, Parc Marcel Boiteux, Codolet, France) based on HTRF®

technology (Homogenous Time Resolved Fluorescence). Cells were seeded in a 384-well plate
(8000 cells per well), transfected in 24 h, and the assay was performed after 24 h of incubating
the cells with complex of Lipofectamine 3000-TRPV1 DNA plasmid. Cells were incubated for 20 min
at 37 ◦C and 5% CO2 in the presence of ligands diluted to a final concentration 1 µM in stimulation
buffer. Forskolin at a concentration 2 µM was added before incubating the cells for 45 min at 37 ◦C.
Then cryptate-labeled cAMP and monoclonal anti-cAMP-d2 antibody diluted in lysis and detection
buffer were added. The plate was incubated for 1 h at room temperature before transferring the final
lysate to a white 96-well plate and reading absorbance at 620 and 665 nm in Tecan Safire 2 reader.

4.5. Endpoint Calcium Assay

Cells were seeded in a 384-well plate (8000 cells per well) and after 24 h transfected with the
TRPV1–CFP plasmid. After the next 24 h, cells were used for the assay. We used Cell MeterTM
No Wash and Probenecid-Free Endpoint Calcium Assay kit (AAT Bioquest). Fluo-8ETM AM dye
solution was prepared according to the manufacturer’s instructions and mixed with assay buffer.
Then, 25 µL per well of the mixture was added to the plate and incubated for 45 min at 37 ◦C.
After the incubation, agonist resuspended in HHBS buffer was added and the calcium flux assay was
run immediately. The fluorescence intensity at Ex/Em = 490/525 nm was monitored on a microplate
reader (bottom read mode).

4.6. Isolation of a Plasma Membrane Fraction

Transfected and non-transfected (control) cells were incubated in the presence or absence of ligands
at 37 ◦C for 5 min. The cells were immediately chilled in an ice bath and harvested in TMES buffer
(20 mM Tris, 3 mM MgCl2, 1 mM EDTA, 250 mM sucrose; pH 7.4). The plasma membrane fraction was
isolated using Percoll® self-forming gradient as previously described with some modifications [38].
Cell homogenates (3 mL) were loaded on the top of 23 mL of 18% Percoll solution in TMES buffer and
centrifuged in a Beckman Ti50 rotor at 60,000× g for 15 min. The resulting upper layer enriched in
plasma membranes was collected, diluted in TME buffer (20 mM Tris, 3 mM MgCl2, 1 mM EDTA;
pH 7.4), and centrifuged at 150,000× g for 1 h. The pellet was resuspended in TME buffer, frozen in
liquid nitrogen, and stored at −80 ◦C.

4.7. SDS-PAGE and Immunoblotting

Samples were solubilized in Laemmli buffer and loaded on standard 10% acrylamide gels for
SDS-PAGE. The resolved proteins were transferred to nitrocellulose membrane, blocked with 5%
non-fat dry milk in TBS buffer (10 mM Tris, 150 mM NaCl; pH 8.0) for 30 min, and then incubated
in the presence of relevant primary antibodies with gentle agitation overnight at 4 ◦C. After three
10-min washes in TBS containing 0.3% Tween 20 (TBS-Tween), the secondary antibodies labeled with
horseradish peroxidase were applied for 1 h at room temperature. After another three 10-min washes
in TBS-Tween, the blots were visualized by enhanced chemiluminescence technique according to the
manufacturer’s instructions (Pierce Biotechnology, Rockford, IL, USA). The immunoblots were scanned
and quantitatively analyzed by ImageJ software.

4.8. Immunofluorescence

Cells were plated in 35 mm glass bottom dishes and were cultured in phenol red-free DMEM
supplemented with 10% FBS and 1% AAS for 24 h prior to transfection with TRPV1-CFP construct
as described above. The following day, cells were fixed with 4% paraformaldehyde for 15 min at
room temperature. Cells were washed three times in PBS and permeabilized with 0.2% Triton in PBS
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for 5 min. Samples were blocked with 10% donkey serum and 1% BSA in PBS for 1 h and then washed
three times and incubated with primary antibody against β-arrestin 2 for 1 h. Cells were washed three
times with PBS and incubated for 1 h with secondary donkey anti-rabbit antibody (Alexa Fluor 594,
Life Technologies). After incubation, cells were washed three times with PBS and visualized using
Zeiss Elyra SP.1 nanoscope enabling live-cell imaging and TIRF illumination.

4.9. Materials

Lipofectamine 3000 was purchased from Invitrogen (Carlsbad, CA, USA) and fetal bovine serum
(FBS) was from Thermo Fisher Scientific (Waltham, MA, USA). HTRF cAMP Gi Assay kit was purchased
from Cisbio Bioassays (Barford, MA, USA) and Cell MeterTM No Wash and Probenecid-Free Endpoint
Calcium Assay kit was from AAT Bioquest (Sunnyvale, CA, USA). β-Arrestin 2 antibody was from
ThermoFisher Scientific, ERK1/2, p-ERK1/2, JNK, and pJNK antibodies were from Cell Signaling
Technology (Beverly, MA) and p38 and p-p38 antibodies were from Santa Cruz Biotechnology. All the
ligands and other chemicals were purchased from Sigma-Aldrich (St. Louis, MI, USA) and they were
of the highest purity available.

4.10. Statistics

Data are expressed as mean values ± standard error of the mean (S.E.M.) of at least three
independent experiments. All statistical analyses were conducted using GraphPad Prism, Version 6.0
(GraphPad Software Inc., La Jolla, CA, USA). The differences between the means of relevant groups
were statistically evaluated by one-way ANOVA followed by the Bonferroni post hoc test. Significance
level was set at p ≤ 0.05.

5. Conclusions

Taken together, our results indicate that not only the activation of one receptor influences the
other one but that the mere presence of one receptor can modulate the signaling properties of the other
receptor. To date, there is no information about the possible formation of dimers between TRPV1
and MOR in the plasma membrane. The different lateral mobility properties of both these receptors
insinuate that this option is rather unlikely. Nevertheless, the present data clearly demonstrate that
capsaicin and endomorphin-2 may both influence the behavior of TRPV1 and MOR in the plasma
membrane and shed some new light on the possible cross-communication between these two receptors
and their signaling pathways.

Author Contributions: B.M., V.M., and L.H. performed all the experiments and data analysis. J.N. supervised
the project, provided funding for the study, and wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Charles University, project GA UK No. 790217 and 1196120, institutional
project SVV-260434/2020 and cofinanced by the European Regional Development Fund and the state budget of the
Czech Republic (CZ.1.05/4.1.00/16.0347 and CZ.2.16/3.1.00/21515).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Spetea, M.; Asim, M.F.; Wolber, G.; Schmidhammer, H. The µ opioid receptor and ligands acting at the µ
opioid receptor, as therapeutics and potential therapeutics. Curr. Pharm. Des. 2013, 19, 7415–7434. [CrossRef]
[PubMed]

2. Pergolizzi, J.V.; LeQuang, J.A.; Taylor, R.; Ossipov, M.H.; Colucci, D.; Raffa, R.B. Designing safer analgesics:
A focus on µ-opioid receptor pathways. Expert Opin. Drug Discov. 2018, 13, 965–972. [CrossRef]

3. Lopez-Gimenez, J.F.; Milligan, G. Opioid regulation of mu receptor internalisation: Relevance to the
development of tolerance and dependence. CNS Neurol. Disord. Drug Targets 2010, 9, 616–626. [CrossRef]

http://dx.doi.org/10.2174/13816128113199990362
http://www.ncbi.nlm.nih.gov/pubmed/23448479
http://dx.doi.org/10.1080/17460441.2018.1511539
http://dx.doi.org/10.2174/187152710793361522


Int. J. Mol. Sci. 2020, 21, 4626 15 of 16

4. Mizoguchi, H.; Watanabe, C.; Sakurada, T.; Sakurada, S. New vistas in opioid control of pain. Curr. Opin.
Pharmacol. 2012, 12, 87–91. [CrossRef]

5. Burford, N.T.; Traynor, J.R.; Alt, A. Positive allosteric modulators of the µ-opioid receptor: A novel approach
for future pain medications. Br. J. Pharmacol. 2015, 172, 277–286. [CrossRef]

6. Vetter, I.; Wyse, B.D.; Monteith, G.R.; Roberts-Thomson, S.J.; Cabot, P.J. The mu opioid agonist morphine
modulates potentiation of capsaicin-evoked TRPV1 responses through a cyclic AMP-dependent protein
kinase A pathway. Mol. Pain 2006, 2, 22. [CrossRef] [PubMed]

7. Endres-Becker, J.; Heppenstall, P.A.; Mousa, S.A.; Labuz, D.; Oksche, A.; Schäfer, M.; Stein, C.; Zöllner, C.
Mu-opioid receptor activation modulates transient receptor potential vanilloid 1 (TRPV1) currents in sensory
neurons in a model of inflammatory pain. Mol. Pharmacol. 2007, 71, 12–18. [CrossRef] [PubMed]

8. Premkumar, L.S.; Abooj, M. TRP channels and analgesia. Life Sci. 2013, 92, 415–424. [CrossRef] [PubMed]
9. Roberts, J.C.; Davis, J.B.; Benham, C.D. [3H] Resiniferatoxin autoradiography in the CNS of wild-type and

TRPV1 null mice defines TRPV1 (VR-1) protein distribution. Brain Res. 2004, 995, 176–183. [CrossRef]
10. Messeguer, A.; Planells-Cases, R.; Ferrer-Montiel, A. Physiology and pharmacology of the vanilloid receptor.

Curr. Neuropharmacol. 2006, 4, 1–15. [CrossRef]
11. Studer, M.; McNaughton, P.A. Modulation of single-channel properties of TRPV1 by phosphorylation.

J. Physiol. 2010, 588, 3743–3756. [CrossRef] [PubMed]
12. Maione, S.; Starowicz, K.; Cristino, L.; Guida, F.; Palazzo, E.; Luongo, L.; Rossi, F.; Marabese, I.;

de Novellis, V.; Di Marzo, V. Functional interaction between TRPV1 and mu-opioid receptors in the
descending antinociceptive pathway activates glutamate transmission and induces analgesia. J. Neurophysiol.
2009, 101, 2411–2422. [CrossRef] [PubMed]

13. Bao, Y.; Gao, Y.; Yang, L.; Kong, X.; Yu, J.; Hou, W.; Hua, B. The mechanism of µ-opioid receptor (MOR)-TRPV1
crosstalk in TRPV1 activation involves morphine anti-nociception, tolerance and dependence. Channels 2015,
9, 235–243. [CrossRef] [PubMed]

14. Melkes, B.; Hejnova, L.; Novotny, J. Biased µ-opioid receptor agonists diversely regulate lateral mobility and
functional coupling of the receptor to its cognate G proteins. Naunyn Schmiedebergs Arch. Pharmacol. 2016,
389, 1289–1300. [CrossRef]

15. Ho, K.W.; Ward, N.J.; Calkins, D.J. TRPV1: A stress response protein in the central nervous system.
Am. J. Neurodegener. Dis. 2012, 1, 1–14.

16. McPherson, J.; Rivero, G.; Baptist, M.; Llorente, J.; Al-Sabah, S.; Krasel, C.; Dewey, W.L.; Bailey, C.P.;
Rosethorne, E.M.; Charlton, S.J.; et al. mu-Opioid Receptors: Correlation of Agonist Efficacy for Signalling
with Ability to Activate Internalization. Mol. Pharmacol. 2010, 78, 756–766. [CrossRef]

17. Rivero, G.; Llorente, J.; McPherson, J.; Cooke, A.; Mundell, S.J.; McArdle, C.A.; Rosethorne, E.M.; Charlton, S.J.;
Krasel, C.; Bailey, C.P.; et al. Endomorphin-2: A Biased Agonist at the mu-Opioid Receptor. Mol. Pharmacol.
2012, 82, 178–188. [CrossRef]

18. Senning, E.N.; Gordon, S.E. Activity and Ca2+ regulate the mobility of TRPV1 channels in the plasma
membrane of sensory neurons. Elife 2015, 4, e03819. [CrossRef]

19. Smith, J.S.; Rajagopal, S. The β-Arrestins: Multifunctional Regulators of G Protein-coupled Receptors.
J. Biol. Chem. 2016, 291, 8969–8977. [CrossRef]

20. Lohse, M.J.; Benovic, J.L.; Codina, J.; Caron, M.G.; Lefkowitz, R.J. beta-Arrestin: A protein that regulates
beta-adrenergic receptor function. Science 1990, 248, 1547–1550. [CrossRef]

21. Por, E.D.; Bierbower, S.M.; Berg, K.A.; Gomez, R.; Akopian, A.N.; Wetsel, W.C.; Jeske, N.A. β-Arrestin-2
desensitizes the transient receptor potential vanilloid 1 (TRPV1) channel. J. Biol. Chem. 2012, 287, 37552–37563.
[CrossRef] [PubMed]

22. Scherer, P.C.; Zaccor, N.W.; Neumann, N.M.; Vasavda, C.; Barrow, R.; Ewald, A.J.; Rao, F.; Sumner, C.J.;
Snyder, S.H. TRPV1 is a physiological regulator of µ-opioid receptors. Proc. Natl. Acad. Sci. USA 2017, 114,
13561–13566. [CrossRef] [PubMed]

23. Por, E.D.; Gomez, R.; Akopian, A.N.; Jeske, N.A. Phosphorylation regulates TRPV1 association with
β-arrestin-2. Biochem. J. 2013, 451, 101–109. [CrossRef] [PubMed]

24. Williams, J.T.; Ingram, S.L.; Henderson, G.; Chavkin, C.; von Zastrow, M.; Schulz, S.; Koch, T.;
Evans, C.J.; Christie, M.J. Regulation of µ-opioid receptors: Desensitization, phosphorylation, internalization,
and tolerance. Pharmacol. Rev. 2013, 65, 223–254. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.coph.2011.10.020
http://dx.doi.org/10.1111/bph.12599
http://dx.doi.org/10.1186/1744-8069-2-22
http://www.ncbi.nlm.nih.gov/pubmed/16842630
http://dx.doi.org/10.1124/mol.106.026740
http://www.ncbi.nlm.nih.gov/pubmed/17005903
http://dx.doi.org/10.1016/j.lfs.2012.08.010
http://www.ncbi.nlm.nih.gov/pubmed/22910182
http://dx.doi.org/10.1016/j.brainres.2003.10.001
http://dx.doi.org/10.2174/157015906775202995
http://dx.doi.org/10.1113/jphysiol.2010.190611
http://www.ncbi.nlm.nih.gov/pubmed/20693293
http://dx.doi.org/10.1152/jn.91225.2008
http://www.ncbi.nlm.nih.gov/pubmed/19297510
http://dx.doi.org/10.1080/19336950.2015.1069450
http://www.ncbi.nlm.nih.gov/pubmed/26176938
http://dx.doi.org/10.1007/s00210-016-1293-8
http://dx.doi.org/10.1124/mol.110.066613
http://dx.doi.org/10.1124/mol.112.078659
http://dx.doi.org/10.7554/eLife.03819
http://dx.doi.org/10.1074/jbc.R115.713313
http://dx.doi.org/10.1126/science.2163110
http://dx.doi.org/10.1074/jbc.M112.391847
http://www.ncbi.nlm.nih.gov/pubmed/22952227
http://dx.doi.org/10.1073/pnas.1717005114
http://www.ncbi.nlm.nih.gov/pubmed/29203659
http://dx.doi.org/10.1042/BJ20121637
http://www.ncbi.nlm.nih.gov/pubmed/23360390
http://dx.doi.org/10.1124/pr.112.005942
http://www.ncbi.nlm.nih.gov/pubmed/23321159


Int. J. Mol. Sci. 2020, 21, 4626 16 of 16

25. Widmann, C.; Gibson, S.; Jarpe, M.B.; Johnson, G.L. Mitogen-activated protein kinase: Conservation of
a three-kinase module from yeast to human. Physiol. Rev. 1999, 79, 143–180. [CrossRef]

26. Obata, K.; Noguchi, K. MAPK activation in nociceptive neurons and pain hypersensitivity. Life Sci. 2004, 74,
2643–2653. [CrossRef] [PubMed]

27. Ma, W.; Quirion, R. The ERK/MAPK pathway, as a target for the treatment of neuropathic pain. Expert Opin.
Ther. Targets 2005, 9, 699–713. [CrossRef]

28. Backes, T.M.; Rössler, O.G.; Hui, X.; Grötzinger, C.; Lipp, P.; Thiel, G. Stimulation of TRPV1 channels activates
the AP-1 transcription factor. Biochem. Pharmacol. 2018, 150, 160–169. [CrossRef]

29. Li, L.Y.; Chang, K.J. The stimulatory effect of opioids on mitogen-activated protein kinase in Chinese hamster
ovary cells transfected to express mu-opioid receptors. Mol. Pharmacol. 1996, 50, 599–602.

30. Zheng, H.; Loh, H.H.; Law, P.Y. beta-arrestin-dependent mu-opioid receptor-activated extracellular
signal-regulated kinases (ERKs) translocate to nucleus in contrast to G protein-dependent ERK activation.
Mol. Pharmacol. 2008, 73, 178–190. [CrossRef]

31. Jin, M.; Min, C.; Zheng, M.; Cho, D.I.; Cheong, S.J.; Kurose, H.; Kim, K.M. Multiple signaling routes involved
in the regulation of adenylyl cyclase and extracellular regulated kinase by dopamine D-2 and D-3 receptors.
Pharmacol. Res. 2013, 67, 31–41. [CrossRef] [PubMed]

32. Jain, R.; Watson, U.; Saini, D.K. ERK activated by Histamine H1 receptor is anti-proliferative through spatial
restriction in the cytosol. Eur. J. Cell Biol. 2016, 95, 623–634. [CrossRef] [PubMed]

33. Popiolek-Barczyk, K.; Makuch, W.; Rojewska, E.; Pilat, D.; Mika, J. Inhibition of intracellular signaling
pathways NF-kappa B and MEK1/2 attenuates neuropathic pain development and enhances morphine
analgesia. Pharmacol. Rep. 2014, 66, 845–851. [CrossRef] [PubMed]

34. Yamdeu, R.S.; Shaqura, M.; Mousa, S.A.; Schafer, M.; Droese, J. p38 Mitogen-activated Protein Kinase
Activation by Nerve Growth Factor in Primary Sensory Neurons Upregulates mu-Opioid Receptors to
Enhance Opioid Responsiveness Toward Better Pain Control. Anesthesiology 2011, 114, 150–161. [CrossRef]
[PubMed]

35. De-la-Rosa, V.; Rangel-Yescas, G.E.; Ladrón-de-Guevara, E.; Rosenbaum, T.; Islas, L.D. Coarse architecture
of the transient receptor potential vanilloid 1 (TRPV1) ion channel determined by fluorescence resonance
energy transfer. J. Biol. Chem. 2013, 288, 29506–29517. [CrossRef] [PubMed]

36. Rapsomaniki, M.A.; Kotsantis, P.; Symeonidou, I.-E.; Giakoumakis, N.-N.; Taraviras, S.; Lygerou, Z. easyFRAP:
An interactive, easy-to-use tool for qualitative and quantitative analysis of FRAP data. Bioinformatics 2012,
28, 1800–1801. [CrossRef] [PubMed]

37. Soumpasis, D.M. Theoretical analysis of fluorescence photobleaching recovery experiments. Biophys. J. 1983,
41, 95–97. [CrossRef]

38. Hejnova, L.; Skrabalova, J.; Novotny, J. Prolonged Morphine Treatment Alters Expression and Plasma
Membrane Distribution of β-Adrenergic Receptors and Some Other Components of Their Signaling System
in Rat Cerebral Cortex. J. Mol. Neurosci. 2017, 63, 364–376. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/physrev.1999.79.1.143
http://dx.doi.org/10.1016/j.lfs.2004.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15041446
http://dx.doi.org/10.1517/14728222.9.4.699
http://dx.doi.org/10.1016/j.bcp.2018.02.008
http://dx.doi.org/10.1124/mol.107.039842
http://dx.doi.org/10.1016/j.phrs.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23059541
http://dx.doi.org/10.1016/j.ejcb.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27871651
http://dx.doi.org/10.1016/j.pharep.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/25149989
http://dx.doi.org/10.1097/ALN.0b013e318201c88c
http://www.ncbi.nlm.nih.gov/pubmed/21169793
http://dx.doi.org/10.1074/jbc.M113.479618
http://www.ncbi.nlm.nih.gov/pubmed/23965996
http://dx.doi.org/10.1093/bioinformatics/bts241
http://www.ncbi.nlm.nih.gov/pubmed/22543368
http://dx.doi.org/10.1016/S0006-3495(83)84410-5
http://dx.doi.org/10.1007/s12031-017-0987-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Transient Transfection of HMY-1 Cells with TRPV1–CFP 
	Activation of TRPV1 Affects MOR Mobility at the Cell Surface 
	Activation of MOR Affects TRPV1 Mobility at the Cell Surface 
	Knockdown of -Arrestin 2 Prevents Activation-Induced Changes in the Mobility of Both TRPV1 and MOR 
	Functional Studies of MOR and TRPV1 Signaling 
	Activation of TRPV1 and MOR Alters the Plasma Membrane Localization of -Arrestin 2 
	Crosstalk between TRPV1 and MOR Signaling Is Driven via the MAPK ERK1/2 Pathway 

	Discussion 
	Materials and Methods 
	Cell Culture, Transient Transfection, and Drug Treatment 
	Total Internal Reflection (TIRF) 
	Fluorescent Recovery after Photobleaching 
	Time Resolved Fluorescence Assay for cAMP 
	Endpoint Calcium Assay 
	Isolation of a Plasma Membrane Fraction 
	SDS-PAGE and Immunoblotting 
	Immunofluorescence 
	Materials 
	Statistics 

	Conclusions 
	References

