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ATP-gated P2X3 receptors are expressed by nociceptive neurons and participate in trans-
duction of pain. Responsiveness of P2X3 receptors is strongly reduced at low tempera-
tures, suggesting a role for these receptors in analgesic effects of cooling. Since sustained
responsiveness depends on receptor trafficking to the plasma membrane, we employed
total internal reflection fluorescence (TIRF) microscopy to highlight perimembrane pool
of DsRed-tagged P2X3 receptors and studied the effects of temperature on perimem-
brane turnover of P2X3-DsRed. Patch-clamp recordings confirmed membrane expression
of functional, rapidly desensitizing P2X3-DsRed receptors. By combining TIRF microscopy
with the technique of fluorescence recovery after photobleaching (FRAP), we measured
the rate of perimembrane turnover of P2X3-DsRed receptors expressed in hippocampal
neurons. At room temperature, the P2X3-DsRed perimembrane turnover as measured by
TIRF–FRAP had a time constant of ∼2 min. At 29˚C, receptor turnover was strongly acceler-
ated (0.6 min), yielding an extremely high temperature dependence coefficient Q10 ∼4.5.
In comparison, AMPA receptor turnover measured with TIRF–FRAP was only moderately
sensitive to temperature (Q10 ∼1.5).The traffic inhibitor Brefeldin A selectively decelerated
P2X3-DsRed receptor turnover at 29˚C, but had no effect at 21˚C (Q10 ∼1.0). This indicates
that receptor traffic to plasma membrane is the key temperature-sensitive component of
P2X3 turnover. The selective inhibitor of the RhoA kinase Y27632 significantly decreased
the temperature dependence of P2X3-DsRed receptor turnover (Q10 ∼2.0). In summary,
the RhoA kinase-dependent membrane trafficking of P2X3 receptors to plasma membrane
has an exceptionally high sensitivity to temperature. These findings suggest an important
role of P2X3 receptor turnover in hypothermia-associated analgesia.
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INTRODUCTION
Extracellular ATP is recognized as a ubiquitous neurotrans-
mitter and neuromodulator operating via metabotropic P2Y
or/and ionotropic P2X receptors (Burnstock, 2006). P2X receptors
(encoded by P2XR1–7 genes) are non-selective cationic channels
expressed in various tissues including peripheral and central ner-
vous system (Burnstock, 2007). The P2X3 subtype of ATP-gated
receptors is expressed mostly in sensory neurons and is involved
in transduction of pain stimuli, especially in inflammatory and
cancer pain models (Burnstock, 2000; Chizh and Illes, 2001; Jarvis
and Kowaluk, 2001; McGaraughty et al., 2003; North, 2004). One
unusual property of these receptors is their rapidly developing
and extremely long-lived desensitization which lasts up to 20 min
at room temperature (Cook et al., 1998). This property raises an
issue of how these receptors can perform their role in pain trans-
duction if they are silent for many minutes after a single activation
(Cook et al., 1998). A clue to this paradox was provided by the
findings that elevated temperatures specifically accelerated P2X3
receptor resensitization (Cook and McCleskey, 2001), and that
this temperature dependence was exceptionally high with the Q10

coefficient of ∼10 (Khmyz et al., 2008).

Besides desensitization/resensitization, another factor affect-
ing sustained responsiveness and plastic receptor changes during
chronic pain states is receptor trafficking to (and from) plasma
membrane (reviewed in Liu and Salter, 2010). For example, mem-
brane recycling of a well studied AMPA-type glutamate receptor
is involved in chronic pain (Latremoliere and Woolf, 2009) and
in long-term potentiation (LTP; Derkach et al., 2007), and is
known to depend on scaffolding proteins such as PICK-1 and
the cytoskeleton. In contrast to AMPA receptors, the rate of P2X3
receptor membrane recycling and mechanisms of its regulation
remain largely unknown. Adding a further layer of complexity,
current evidence suggests that members of P2X receptors sub-
family differ in their trafficking properties. Thus, P2X4 receptors
are more prone to rapid constitutive internalization/reinsertion
into the plasma membrane than P2X2, indicating involvement of
subunit-specific trafficking mechanisms (Bobanovic et al., 2002).
We have previously suggested that accelerated insertion of P2X3
receptors in the membrane is the main mechanism underlying sen-
sitization of trigeminal neurons in migraine-like states (Fabbretti
et al., 2006; Giniatullin et al., 2008). While the well established
role of P2X3 receptors in migraine and other types of chronic
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pain makes them an attractive candidate for mediating analgesic
effects of cooling, the temperature dependence of P2X3 receptor
trafficking has not been studied until now.

We set out to evaluate the recycling rate of P2X3 receptors
and to explore temperature dependence of the perimembrane
turnover of P2X3 receptors. To this end, we combined total
internal reflection fluorescence (TIRF) imaging with photobleach-
ing (TIRF–FRAP, total internal reflection fluorescence recov-
ery after photobleaching; Sund and Axelrod, 2000; Pochynyuk
et al., 2007). This approach allowed us to selectively bleach
the perimembrane pool of DsRed-tagged P2X3 receptors and
to assess the kinetics of receptor turnover by measuring the
rate of perimembrane fluorescence recovery after photobleach-
ing (FRAP). We report the remarkably high temperature depen-
dence (Q10 ∼4.5) of P2X3 receptor perimembrane turnover,
which is in sharp contrast with the mild temperature depen-
dence of AMPA receptors measured under the same TIRF–FRAP
conditions. The rapid perimembrane turnover of P2X3 recep-
tors identified in this study potentially represents a druggable
target to counteract chronic pain states that involve ATP-gated
channels.

RESULTS
MEMBRANE EXPRESSION OF P2X3-DsRed RECEPTORS
To test whether tagging P2X3 receptors with DsRed undermines its
functional properties, we performed patch-clamp recordings from
HEK-293 cells transfected with the P2X3-DsRed encoding plas-
mid. As shown in Figure 1A, application of α,β-meATP (10 μM)
for 2 s via a rapid solution exchange system induced a large inward
current with the mean amplitude of 420 ± 160 pA (n = 5 cells).
The current decayed rapidly in the presence of the agonist with
the time constant of 36 ± 7 ms, presumably due to P2X3 receptor
desensitization.

In order to compare P2X3-DsRed receptor functional proper-
ties to these of (i) untagged P2X3 and (ii) native P2X3 receptors
under the same experimental conditions, we performed patch-
clamp recordings from HEK-293 cells transfected with untagged
P2X3 (Figure 1B) and from mouse cultured trigeminal neurons
(Figure 1C). The peak current amplitude of untagged P2X3 recep-
tors was larger than that of both DsRed-tagged and native recep-
tors (3438 ± 250 versus 420 ± 160 and 650 ± 130 pA, respectively;
P < 0.05), indicating higher transfection efficiency for untagged
P2X3 receptors as compared to the DsRed-tagged ones. Impor-
tantly, desensitization kinetics was characteristically fast and did
not differ significantly between DsRed-tagged, untagged, and
native P2X3 receptors (tau 36 ± 7, 69 ± 16, and 60 ± 8 ms, n = 5,
6, and 7, respectively; P > 0.05, Figure 1D). We conclude that tag-
ging P2X3 receptors with DsRed did not influence significantly its
functional properties, in agreement with previous reports (Grote
et al., 2005).

QUANTIFICATION OF PERIMEMBRANE TURNOVER OF P2X3-DsRed
RECEPTORS USING TIRF–FRAP
Next, we evaluated the rate of perimembrane turnover of P2X3-
DsRed receptors at room temperature. We chose as a model the
embryonic hippocampal neurons which lack native P2X recep-
tors at this stage of development (Khakh et al., 2001), and

FIGURE 1 | Membrane expression and functionality of

P2X3-DsRed receptors expressed in HEK-293 cells (A) as

compared to untagged P2X3 receptors expressed in HEK-293 cells (B)

and native P2X3 receptors endogenously expressed by cultured

mouse trigeminal neurons (C). Kinetics of the characteristically rapid
desensitization during agonist application (D) were not significantly
different between P2X3-DsRed (n = 5), untagged P2X3 (n = 6) and native
P2X3 receptors (n = 7).

overexpressed P2X3-DsRed receptors in these cells. Use of total
internal fluorescence (TIRF) microscopy allowed us to highlight
those P2X3-DsRed that were proximal to basal plasma mem-
brane by means of the so called evanescent field (Schmoranzer
et al., 2000). We combined TIRF microscopy with the method of
FRAP. This approach, termed TIRF–FRAP, has been developed to
assess the kinetics of perimembrane trafficking of fluorescently
tagged molecules (Sund and Axelrod, 2000) and used previously
to evaluate perimembrane turnover of plasmalemmal ion chan-
nels (Pochynyuk et al., 2007). Prolonged exposure to the high
intensity evanescent field results in selective photobleaching of
perimembrane fluorescent molecules, whereas those intracellular
fluorescent molecules that are further than approximately 100 nm
away from the basal plasma membrane remain unbleached and
retain their fluorescence. We photobleached perimembrane P2X3-
DsRed and measured the rate of fluorescence recovery, which
we used as an index of the net movement of the unbleached
P2X3-DsRed molecules toward plasma membrane (Figure 2).
Dendritic and somatic regions were analyzed separately, with
somatic data presented first (see below for the data on dendritic
regions).

The degree of fluorescence recovery (termed “relative FRAP”)
constituted, on average, 65 ± 7% of the pre-bleaching baseline
level (n = 12). The rate of recovery in TIRF–FRAP had a time
constant of 2.15 ± 0.82 min (n = 12). Thus, at room temperature,
perimembrane recycling of P2X3 receptors required >10 min to
reach a steady-state plateau.
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FIGURE 2 | General scheme ofTIRF–FRAP experiments. (A)

Representative images of the hippocampal neuron expressing P2X3-DsRed
acquired 3 min before, 0 min after, and 13 min after the photobleaching at
room temperature. An enlarged segment of the dendrite of the same
neuron is presented in the lower panel. (B) A scheme illustrating
fluorophore bleaching by the evanescent field. Only those fluorescently
tagged receptors that are located in the close vicinity of the plasma
membrane are bleached during prolonged TIRF illumination. (C) A typical
plot of normalized fluorescence recovery after bleaching in the evanescent
field. Pre-bleaching fluorescence = 100%, post-bleaching
fluorescence = 0%. Relative FRAP is measured as the steady-state level to
which the fluorescence recovers.

EFFECTS OF TEMPERATURE ON PERIMEMBRANE TURNOVER OF
P2X3-DsRed RECEPTORS
By changing the temperature from 21 to 29˚C, we found that the
P2X3 receptor turnover was strongly accelerated. Figure 3B shows
that at 29˚C the fluorescence recovery was 3.5 times faster than at
21˚C (time constant 0.6 ± 0.09 min at 29˚C versus 2.15 ± 0.82 min
at 21˚C, P < 0.05, n = 16 and n = 12, respectively). Thus, at 29˚C
fluorescence recovery was largely complete in <1 min after pho-
tobleaching (Figure 3A). The calculated temperature dependence
coefficient Q10 was 4.62.

ROLE OF VESICULAR TRAFFIC IN P2X3-DsRed RECEPTOR TURNOVER
We have shown previously that Brefeldin A, a widely used inhibitor
of the vesicular traffic, blocks the insertion of P2X3 receptors into
plasma membrane of sensory neurons (Fabbretti et al., 2006).
Therefore, we used Brefeldin A to test whether vesicular trafficking
mediated the strong effects of temperature on P2X3-DsRed per-
imembrane turnover. Figure 4 shows that Brefeldin A (10 μg/ml,
2 h pre-incubation) induced deceleration of P2X3 receptors
turnover at 29˚C (n = 15, P < 0.05) but had no effect at room tem-
perature (n = 5, P > 0.05). Thus, in the presence of Brefeldin A,
the rates of recovery after photobleaching became almost identical
for 21 and 29˚C. As a result, Q10 decreased from 4.62 to 1.02. These
data indicated that cooling eliminates the Brefeldin A-dependent
traffic thus decelerating P2X3 receptor perimembrane turnover.

Since Brefeldin A had no effect on the P2X3 perimembrane
turnover rate at 21˚C (Figure 4B), we asked which mechanisms,

FIGURE 3 | Effect of temperature on P2X3 receptor turnover. (A) Typical
examples of P2X3-DsRed fluorescence recovery traces at 21˚C
(tau = 3.5 min) and 29˚C (tau = 0.9 min). (B) Averaged time constant of
P2X3 receptor recovery at 21˚C (n = 12) and 29˚C (n = 16). The asterisk
denotes a significant difference at P < 0.05.

FIGURE 4 | Effect of vesicle traffic inhibition on P2X3 receptor turnover

and its temperature sensitivity. (A) Typical examples of P2X3 receptor
recovery traces at 21˚C (tau = 2.5 min) and 29˚C (tau = 2.8 min) after
application of Brefeldin A (10 μg/ml). (B) Effect of Brefeldin A on the time
constant of P2X3-DsRed fluorescence recovery after photobleaching. For
comparison, control levels in (B) are shown as dotted lines. The asterisk
indicates a significant difference from control values at P < 0.05.

other than Brefeldin A-sensitive traffic, determined the rate of
fluorescence recovery in TIRF–FRAP (Figure 4A). We reasoned
that the rate-setting mechanism(s) of perimembrane turnover
could be either (i) endosomal recycling or (ii) lateral diffusion
of P2X3-DsRed receptors within plasma membrane. To test this,
we employed an image analysis method (Pochynyuk et al., 2007)
that allows distinguishing the molecules approaching basal plasma
membrane from those “sliding” along the plasma membrane
toward the evanescent field. This analysis revealed that the lateral
diffusion of P2X3-DsRed, if any, did not contribute measurably
to the perimembrane turnover either at 21 or 29˚C (Figure A1
in Appendix). By ruling out the contribution from both Brefeldin
A-sensitive traffic and lateral diffusion, we suggest that at room
temperature endosomal recycling plays a central role. In contrast,
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at 29˚C the contributions of endosomal recycling and lateral dif-
fusion appear minor compared to that of Brefeldin A-sensitive
traffic.

INVOLVEMENT OF RhoA KINASE IN REGULATION OF P2X3 RECEPTOR
TURNOVER
Activation of RhoA kinase signaling has been suggested as an
important factor in the initiation and maintenance of hyperal-
gesia caused by nerve injury and inflammation (Inoue et al., 2004;
Tatsumi et al., 2005). RhoA is also implicated in regulation of
various trafficking processes (for review, Ridley, 2001, 2006). To
determine the contribution of RhoA kinase-dependent processes
to trafficking of P2X3 receptors, we applied the RhoA kinase
inhibitor Y27632 (2 μM) and found that it significantly deceler-
ated the perimembrane turnover of P2X3 receptors at 29˚C (time
constant increased from 0.60 ± 0.09 to 1.49 ± 0.43 min, n = 8,
P < 0.05; Figure 5). In contrast, at room temperature Y27632
did not cause any significant changes in P2X3 perimembrane
turnover rate (from 2.15 ± 0.82 to 2.42 ± 0.6 min, P > 0.05). Due
to selective deceleration at 29˚C, the Q10 coefficient decreased
to a value of 1.96 in the presence of Y27632. These data sug-
gest that elimination of the RhoA kinase control of receptor
recycling plays a key role in cooling-induced deceleration of
P2X3 receptor trafficking toward the plasma membrane. Taken
together, the data obtained with Brefeldin A and Y27632 indi-
cate that the temperature sensitivity of perimembrane turnover
of P2X3 receptors is mediated by specific intracellular traffic
mechanisms.

COMPARISON OF TEMPERATURE EFFECTS AND REGULATORY
MECHANISMS IN SOMA AND DENDRITES
Due to distinct morphological features of somatic and dendritic
compartments, such as different structure of the cytoskeleton,
the mechanisms of perimembrane turnover in dendrites may
be different from those in soma. Therefore, we compared the

FIGURE 5 | Effect of RhoA kinase inhibition on P2X3 receptor turnover

and its temperature sensitivity. (A) Typical examples of P2X3 receptor
recovery traces at 21˚C (tau = 2.4 min) and 29˚C (tau = 2.1 min) in the
presence of Y27632. (B) Effect of RhoA kinase inhibitor Y27632 (2 μM) on
the time constant of P2X3 receptors recovery after photobleaching. For
comparison, control levels in B are shown with dotted lines. The asterisk
indicates a significant difference from control values at P < 0.05.

temperature dependence and regulatory mechanisms of P2X3 per-
imembrane turnover in dendrites versus soma. We observed a clear
trend for the turnover in dendrites to be slower than in soma
(Table 1), although this difference did not reach the statistical sig-
nificance (P = 0.3). The temperature dependence of P2X3 receptor
turnover in dendrites was very strong, similarly to that observed in
somatic regions (Q10 = 4.20 in dendrites versus 4.62 in soma). The
effects of RhoA kinase inhibition and vesicular traffic inhibition
on the turnover rate at 29˚C (but not at 21˚C) were also similar for
soma and dendrites (Table 1). Taken together, neither tempera-
ture dependence nor mechanisms of regulation of perimembrane
turnover of P2X3 receptors appear to be different in soma versus
dendrites.

COMPARISON OF PERIMEMBRANE TURNOVER RATE FOR DIFFERENT
CELL CULTURES AND RECEPTOR TYPES
The Q10 of ∼4.5 we observed for the perimembrane turnover
rate of P2X3 receptors is much higher than the Q10 values usu-
ally found in FRAP experiments with other biomolecules (1.5–2.5;
Combs and Balaban, 2001). To test whether such high tempera-
ture sensitivity was typical also for other ligand gated channels,
we transfected hippocampal neurons with the plasmid encoding
for GFP-tagged AMPA-type glutamate receptors and measured the
temperature dependence of their trafficking using the TIRF–FRAP
assay. We found that AMPA receptor perimembrane turnover at
21˚C had a time constant of 6.98 ± 2.3 min (n = 4) and was only
slightly accelerated at 29˚C (Q10 of 1.48). This striking differ-
ence between AMPA and P2X3 receptors indicates that the strong
temperature sensitivity of recycling is a specific feature of P2X3
receptors. Furthermore, these data suggest that the high tempera-
ture sensitivity of P2X3 receptors was not related to any technical
peculiarities of our experimental setup.

Finally, we asked whether the unusual sensitivity of perimem-
brane recycling of P2X3 receptor to temperature can be attributed
to the expression machinery of hippocampal neurons. To address
this, we applied the TIRF–FRAP method to P2X3-DsRed receptors
expressed in HEK-293 cells and found that the rate of their per-
imembrane turnover at 29˚C was 1.09 ± 0.14 min (n = 12), similar
to that of P2X3-DsRed expressed in somata of cultured hippocam-
pal neurons and nearly equal to those expressed in their dendrites.
This observation indicates that the deceleration of P2X3 receptor
perimembrane turnover by cooling is likely to reflect an intrinsic
feature of these receptors independent on the cell type they are
expressed in.

Table 1 | Modulation of P2X3 receptors turnover in soma and

dendrites at 29˚C (the 21˚C data are omitted for simplicity).

Time constant, min

Soma Dendrites

Control (n = 16) 0.6 ± 0.09 1.04 ± 0.4

Y27632 (n = 8) 1.49 ± 0.43* 2.38 ± 0.96*

Brefeldin A (n = 15) 1.74 ± 0.45* 2.81 ± 0.51*

Significant difference from control is shown in bold and marked with an asterisk.
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DISCUSSION
In the present study, we used the TIRF–FRAP technique to char-
acterize for the first time the rate of P2X3 receptor perimem-
brane turnover and its sensitivity to temperature. The main find-
ing of our study is the unusually high temperature dependence
of P2X3 receptor trafficking to plasma membrane. This traffic
is RhoA kinase-dependent and has a Q10 coefficient of 4.6 at
soma and 4.2 at dendrites. The dramatic decrease in the rate
of perimembrane turnover caused by cooling to room temper-
ature, taken together with the published evidence of a similarly
strong temperature dependence of P2X3 receptor resensitiza-
tion, suggest a role of P2X3 receptors in analgesic effects of
hypothermia.

CHOICE OF CELLULAR MODEL AND IMAGING TECHNIQUE
We investigated P2X3 receptor trafficking in embryonic hip-
pocampal neurons which do not express endogenous P2X3 recep-
tors at this stage of development (Khakh et al., 2001) while offering
the advantages of neuronal morphology and trafficking machin-
ery. We opted against the use of primary trigeminal or dorsal
root ganglion neurons expressing endogenous P2X3 receptors in
order to avoid interaction between native and overexpressed recep-
tors. An additional reason for not using trigeminal or dorsal root
ganglion neurons stems from their morphology in cultured con-
ditions: only a minor fraction of basal plasma membrane of these
neurons is located within the evanescent field (our unpublished
observation).

Mechanisms of P2X3 receptor trafficking to plasma membrane
were recently investigated using biotinylation and immunofluo-
rescence techniques (Vacca et al., 2009). The authors described
a rapid, agonist-dependent up-regulation of the membrane-
inserted pool of P2X3 receptors upon stimulation, thus reveal-
ing a highly dynamic nature of P2X3 trafficking. Lalo et al.
(2010) have recently used live cell imaging and the conven-
tional FRAP technique to demonstrate an important role of
receptor trafficking in regulation of P2X1 receptor responsive-
ness. Our data obtained here by means of an advanced imaging
technique (TIRF–FRAP) provide further evidence of rapid reg-
ulation P2X receptor surface expression. We took advantage of
the TIRF–FRAP method (Sund and Axelrod, 2000; Pochynyuk
et al., 2007) to visualize the perimembrane pool of fluorescently
tagged P2X3 receptors with a supra-optical vertical resolution of
approximately 100 nm. While we could not distinguish between
membrane-inserted receptors and those located near the plasma
membrane (e.g., in endosomes, secretory vesicles, or ER; Khi-
roug et al., 2009), the physical nature of the evanescent field
ensures that those receptors that are located >100 nm further
away from plasma membrane (i.e., beyond the reach of evanes-
cent field) are not affected by bleaching. Hence, TIRF–FRAP
kinetics represented the turnover between proximal (perimem-
brane) and distal (cytosolic) pools of the receptors in a highly
spatially resolved manner. This is one of the major advantages
of TIRF–FRAP technique as compared to the conventional FRAP
method, which measures the lateral diffusion and horizontal traf-
fic of receptors in membrane or cytosol (Sund and Axelrod,
2000).

P2X3 RECEPTOR TRAFFICKING VIA RhoA KINASE-DEPENDENT AND
BREFELDIN A-SENSITIVE MECHANISMS
The fungal antibiotic Brefeldin A has been used for a long time as
the powerful inhibitor of intracellular trafficking (Pelham, 1991).
We have previously found that this agent blocked the delayed
CGRP-induced insertion of P2X3 receptors in the membrane of
trigeminal neurons in migraine-like states (Fabbretti et al., 2006;
Giniatullin et al., 2008). The pronounced inhibitory effect of
Brefeldin A on P2X3 receptor turnover exclusively at 29˚C but
not at room temperature as reported here suggests that cooling
inactivates the Brefeldin A-sensitive trafficking of P2X3 receptors
from cytoplasmic pools into the plasma membrane.

In agreement with this notion, we found that RhoA kinase
failed to affect the turnover of P2X3 receptors at room temperature
and that the specific inhibitor of RhoA kinase, Y27632 drastically
reduced the Q10 coefficient for receptor turnover. RhoA kinase
is known to be involved in trafficking of a variety of different
membrane proteins such as Na,K-ATPase (Dada et al., 2007) or
voltage sensitive potassium channels (Stirling et al., 2009). More-
over, RhoA kinase is implicated in initiation and maintenance
of neuropathic pain (Tatsumi et al., 2005). Consistent with this,
it has been shown that the RhoA kinase inhibitor Y27632 had
the antinociceptive effect in several pain tests (Buyukafsar et al.,
2006).

Taken together, our experiments have identified P2X3 recep-
tor trafficking as a potential target for the analgesic effects of
Y27632 and will help design antinociceptive drugs based on the
mechanism of action identified here.

MECHANISMS OF PERIMEMBRANE TURNOVER AND TIRF–FRAP DATA
INTERPRETATION
Which molecular mechanisms underlie perimembrane turnover
of P2X3-DsRed receptors, and which of them render this turnover
so sensitive to temperature? We hypothesize that there are mainly
three contributors in perimembrane turnover: (i) trafficking from
Golgi and/or endoplasmic reticulum to plasma membrane, (ii)
endosomal recycling and (iii) lateral diffusion within plasma
membrane. Close analysis of the imaging data suggests that the
contribution of the lateral diffusion is negligible both at 21 and
29˚C (Figure A1 in Appendix). Indeed, while temperature affects
membrane viscosity and may, therefore, influence the mobility
of membrane associated molecules, this only accounts for mod-
erate Q10 values of 1.3–2.5 (Reits and Neefjes, 2001), which are
substantially lower than the values reported in this study (4.6
for soma and 4.2 for dendrites). These findings indicate that the
high perimembrane turnover rates require more than mere diffu-
sion of P2X3 receptors and involve highly temperature-sensitive
enzymatic processes.

The relative contributions of trafficking and recycling to per-
imembrane turnover of P2X3 receptors appear to vary dramati-
cally with temperature. As suggested by the lack of effect of the
traffic inhibitor Brefeldin A at 21˚C, endosomal recycling appears
to be the rate-setting mechanism at lowered temperatures. At
29˚C, the situation is opposite: rapid, Brefeldin A-sensitive, and
RhoA kinase-dependent trafficking largely determines the rate
of P2X3 perimembrane turnover. Together, our findings suggest
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that trafficking of P2X3 receptors from Golgi and/or endoplasmic
reticulum is the most temperature-sensitive component of their
perimembrane turnover. Endosomal recycling of P2X3 receptors
appears to be less sensitive to temperature and may contribute to
the Brefeldin A- and Y27632-insensitive turnover.

FUNCTIONAL IMPLICATIONS
Extracellular ATP is one of the main endogenous algogens
in the human body, and is released under many physiologi-
cal and pathological conditions (Burnstock, 2006). P2X3 recep-
tors are involved in transmission of inflammatory and cancer
pain (Burnstock, 2000; Chizh and Illes, 2001; North, 2004),
presumably due to the increased receptor’s responsiveness to
ATP. Accelerated receptor trafficking to plasma membrane has
been suggested as the main mechanism of P2X3 responsive-
ness enhancement in trigeminal neurons in migraine-like states
(Fabbretti et al., 2006). The unusually high temperature sensi-
tivity of P2X3 trafficking reported here may, along with resen-
sitization, play a significant role in the enhancement of pain
sensitivity during inflammation as body temperature rises. Con-
versely, cooling decreases the rate of insertion of P2X3 receptors
into the plasma membrane, thus providing a novel molecular
basis for the commonly known analgesic effects of cooling. We
propose that the extremely temperature-sensitive, RhoA kinase-
mediated P2X3 receptor trafficking mechanism is a promising
target for developing new therapeutic strategies to counteract
pain.

MATERIALS AND METHODS
DNA CONSTRUCTS
The plasmid encoding the P2X3-DsRed protein (Grote et al., 2005)
was a kind gift from Prof A. Zimmer (Bonn University, Ger-
many). Plasmid encoding for GFP-tagged GluR-A receptors was
kindly donated by Dr. Sarah Coleman and Prof. Kari Keinänen
(University of Helsinki). This construct was verified by restric-
tion mapping and by sequencing through all PCR derived parts as
described previously (Khiroug et al., 2009).

WHOLE-CELL PATCH-CLAMP RECORDINGS
Whole-cell patch-clamp recordings (in voltage-clamp mode)
were performed in HEK-293 cells transfected with P2X3-DsRed,
untagged P2X3,and cultured sensory neurons from mouse trigem-
inal ganglion. Currents were recorded at the holding potential
of −60 mV (for HEK-293 cells) or −70 mV (for neurons) using
HEKA EPC-10 USB amplifier controlled with HEKA Patch Mas-
ter software (HEKA Elektronik). Patch micropipettes (pulled
from the Harvard Apparatus GC150F-10 glass, tip resistance
of 3–5 MΩ) were filled with a solution containing (mM): 130
CsCl, 5 EGTA, 0.5 CaCl2, 5 MgCl2, 5 K2ATP, 0.5 NaGTP, and
10 HEPES (pH adjusted to 7.2 with CsOH). During record-
ings cells were superfused (1.5–2 ml/min flow rate) at room
temperature (21–22˚C) with standard extracellular solution con-
taining (in mM): 152 NaCl, 2.5 KCl, 10 glucose, 2 CaCl2, 1
MgCl2, 10 HEPES (pH adjusted to 7.4 with NaOH). α,β-meATP
(10 μM, 2 s) was applied to the patch-clamped cell using rapid
solution exchange system (RSC-200; BioLogic Science Instru-
ments). Membrane current recording and drug application were

synchronized using TTL trigger signals provided by the Patch
Master software.

PREPARATION OF HEK-293 CELLS TRANSFECTED WITH P2X3-DsRed
RECEPTORS
HEK-293 cells were routinely grown in DMEM (Invitrogen, Pais-
ley, UK) supplemented with 10% fetal bovine serum (Invitrogen,
Paisley, UK) and 100 U/ml penicillin-streptomycin at 37˚C in
5% CO2. For transfection, 100,000 cells per well were plated (in
12 well plate) 12–24 h in advance. Fugene HD (Roche, Espoo,
Finland) was used at ratio of 2 μl Fugene HD per 1 μg of
DNA in 1 ml of media. Twelve to sixteen hours before exper-
iments cells were plated on cover-slips in 35 mm dish, 65–
80,000 cells per dish. Cells were used within 4 days of transfec-
tion.

CULTIVATION OF PRIMARY TRIGEMINAL NEURONS
Primary cultures of mouse trigeminal ganglion sensory neu-
rons were prepared as previously reported (Simonetti et al.,
2006), with some modification (Van Ryssen et al., 2009). Briefly,
P10–12 C57BL/6J mice were anesthetized with CO2 and killed
by decapitation. Ganglia were rapidly excised and enzymati-
cally treated and dissociated in F12 medium (Invitrogen, Gibco,
Cat. No. 31765) containing 0.25 mg/ml trypsin, 1 mg/ml colla-
genase, and 0.2 mg/ml DNAse (Sigma) at 37˚C, 1400 rpm for
20 min using Thermomixer (Eppendorf). Cells were separated
from debris by consecutive centrifugation and plated on poly-
l-lysine-coated 35 mm Petri dishes or 12 mm cover-slips in
F12 medium containing 10% fetal calf serum and used 24 h
later.

PREPARATION AND TRANSFECTION OF RAT HIPPOCAMPAL NEURONS
All experimental procedures were approved by the Animal Care
and Use Committee, University of Helsinki. Cultured neurons
were prepared from embryonic day 18 rat hippocampi. Hip-
pocampi were dissociated with Papain solution (10 U/ml). The
cells were plated at a density of 3 × 104 cells/cm2 on glass-
bottomed Petri dishes (MatTek) pre-coated with poly-l-lysine
and laminin (1–2 μg/cm2). Cultures were maintained in the 5%
CO2/95% air atmosphere at 37˚C in Neurobasal medium (Invit-
rogen; pH = 7.4) supplemented with B27 (Invitrogen), 0.5 mM
l-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin.
Medium was changed twice per week. Neurons were transfected
after 6–10 days in vitro with construct using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Lipo-
fectamine 2000 was removed after 6–8 h. Cells were analyzed
1–2 days after transfection. TIRF–FRAP experiments on neurons
older than 12 days were not conducted as at these age neurons
in our conditions do not directly attach to the glass surface
(due to proliferating glia) making TIRF imaging much more
complicated.

FLUORESCENCE IMAGING
For TIRF imaging experiments, cell-containing MatTek dishes
were transferred to the CellR imaging system (Olympus Europe,
Hamburg, Germany). The system was equipped with an auto-
mated filter wheel for excitation filters and with 488 and 532 nm
(50 mW) DPSS lasers (Melles Griot, CA, USA) for TIRF imaging.
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Laser light with 532 nm wavelength was used for excitation of
DsRed, and 488 nm for excitation of GFP. The microscope frame
and all optical elements were maintained at two distinct tem-
perature modes: with the temperature control incubator (Solent
Scientific, Segensworth, UK) on and off. Images were collected
with a CCD camera (Orca, Hamamatsu, Japan). In TIRF mode
fluorescence was excited by the thin evanescent field formed
above the glass substrate due to total internal reflection of the
laser beam (attenuated to 5–10%). Frames were acquired every
10–15 s to reduce bleaching. During the experiments, cells were
continuously perfused using a peristaltic pump with a standard
solution containing (mM): NaCl 127, KCl 3, CaCl2 2, MgCl2
1.3, HEPES 20, glucose 10; pH was adjusted to 7.4 with NaOH.
To find out the influence of temperature level on P2X3 recep-
tor turnover, we conducted experiments in two experimental
conditions: at 21 and 29˚C. Our experimental setup allowed
us to maintain the temperature of perfusion solution stable
at these two levels. With heating device on (Incubator tem-
perature controller, Solent Scientific), temperature of perfusing
solution was stabilized and maintained at 29˚C and repeatedly
measured during experiments using digital thermometer (Fisher
scientific, accuracy ±0.5˚C) placed in culture dish. In differ-
ent set of experiments with temperature incubator off, temper-
ature of perfusing solution was stabilized and maintained at
21˚C.

DRUGS
All chemical substances used in this study were purchased from
Sigma-Aldrich (St. Louis, MO, USA), except for Brefeldin A
and PMA which were purchased from Ascent Scientific (Bris-
tol, UK). In experiments with Brefeldin A (10 μg/ml) cells
were pre-treated in drug-containing solution for 2 h before the
TIRF–FRAP experiment and Brefeldin A was present during the
testing.

TIRF–FRAP (TOTAL INTERNAL REFLECTION FLUORESCENCE RECOVERY
AFTER PHOTOBLEACHING)
Upon obtaining a 3- to 5-min baseline, the fluorescence of mem-
brane associated clusters was photobleached in TIRF mode by
applying continuous illumination at 100% laser power for 60–
120 s. For quantification of TIRF–FRAP experiments background
level was subtracted prior to calculations. To ease the comparison
between different experiments, mean pre-FRAP level of fluores-
cence intensity was accepted as 100%, level just after bleaching as
0%. We had to use quite long bleaching time due to relative sta-
bility of DsRed fluorophore: in absolute values the fluorescence
after bleaching constituted about 50% of pre-bleaching level. To
calculate kinetic parameters the recovery was fit with a single expo-
nent using Origin 6.0 software (Microcal). The degree of recovery
(termed Relative FRAP, %) was calculated as the plateau of the
exponential function fitted to the fluorescence recovery curve.

Control experiments with neurons transfected with DsRed
revealed strikingly different degree and pattern of recovery of
TIRF–FRAP curve (Figure A2 in Appendix): TIRF–FRAP was
almost complete at the time of measurement start and was
therefore much faster than for P2X3-DsRed. This indicates that
DsRed FRAP is not rate limiting step in our measurements. These
data confirm specificity of P2X3-DsRed fluorescence recovery we
observed.
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APPENDIX

FIGURE A1 |Typical image sequences of fluorescence recovery

after photobleaching at 21 and 29˚C in somatic regions of

transfected hippocampal neurons. (A) Fluorescence recovery after
photobleaching at 29˚C. Note the homogenous distribution of the
newly appearing fluorescent clusters contributing to fluorescence
recovery. Lower panels show intensity profiles plotted against the long

axis of the rectangular regions outlined in yellow. The plotted data were
normalized to maximal intensity level. (B) Fluorescence recovery after
photobleaching at 21˚C. Note similar spatial patterns at 21 and 29˚C,
indicating that lateral diffusion of P2X3-DsRed plays a minimal (if any)
role in fluorescence recovery (cf. Pochynyuk et al., 2007). Scale bars:
5 μm.

FIGURE A2 |Traces of normalized fluorescence recovery in experiments on hippocampal neurons transfected with plasmid encoding for cytoplasmic

DsRed in soma (A) and dendrites (B).
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