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Amitriptyline does not block the action of ATP at
human P2X4 receptor

JA Sim and RA North

Faculty of Medical and Human Sciences, Michael Smith Building, University of Manchester, Manchester, UK

Background and purpose: Amitriptyline is a tricyclic antidepressant that is also widely used to treat neuropathic pain in
humans, but the mechanism of this anti-hyperalgesic effect is unknown. Microglia in the mouse spinal cord become activated
in neuropathic pain, and expression of P2X4 receptors by these microglia is increased. Antisense RNA targeting P2X4 receptors
suppresses the development of tactile allodynia in rats. This suggests that blockade of P2X4 receptors might be the mechanism
by which amitriptyline relieves neuropathic pain.

Experimental approach: We expressed human, rat and mouse P2X receptors (P2X2, P2X4, P2X7) in human embryonic kidney
cells and evoked inward currents by applying ATP. We compared the action of ATP on control cells and cells treated with
amitriptyline.

Key results: Amitriptyline (10 uM), either applied acutely or by pre-incubation for 2-6 h, had no effect on inward currents
evoked by ATP (0.3-100 uM) at human P2X4 receptors. At rat and mouse receptors, amitriptyline (10 uM) caused a modest
reduction in the maximum responses to ATP, without changes in ECs values, but it had no effect at 1 uM. Amitriptyline also
had no effects on currents evoked by ATP at rat P2X2 receptors, or at rat or human P2X7 receptors.

Conclusion and implications: The results do not support the view that amitriptyline owes its pain-relieving actions in man to

the direct blockade of P2X4 receptors.
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Introduction

The tricyclic antidepressant amitriptyline is widely used in
the treatment of pain in man (Sindrup etal.,, 2005). In
rodents, it produces behavioural consequences reported as
anti-nociception in several models of neuropathic pain (Esser
and Sawynok, 1999; Gerner et al., 2002; Lynch et al., 2005;
Nagata et al., 2009; Su et al., 2009). Neuropathic pain is a
complex chronic pain state as a consequence of tissue injury,
and interest has focused recently on the possible relationship
between endogenous ATP and P2X receptors (nomenclature
follows Alexander et al., 2009) expressed by microglia in the
parts of the dorsal horn where primary afferents terminate
(McGaraughty and Jarvis, 2006).

Activation of P2X4 receptors (Tsuda et al., 2003; Zhang
etal.,, 2006; Ulmann etal.,, 2008) and/or P2X7 receptors
(Chessell et al., 2005) expressed by spinal microglia has been
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reported to mediate neuropathic pain. The expression of
P2X4 receptors is enhanced in spinal microglia after periph-
eral nerve injury model (Tsuda et al., 2003). Neuropathic pain
can be alleviated by certain P2 receptor antagonists such as 2’,
3’-0-(2,4,6-trinitrophenyl)-ATP  (TNP-ATP) (Tsuda etal.,
2003), even though TNP-ATP is only a weakly effective
blocker of P2X4 receptors, compared with receptors contain-
ing P2X1 or P2X3 subunits (Virginio et al., 1998). It can also
be inhibited by selectively reducing the expression of P2X4
receptors in microglia through intrathecal treatment with
antisense oligonucleotides (Tsuda et al., 2003) or by disrupt-
ing the P2X4 receptor gene (Ulmann et al., 2008).

These results suggest the hypothesis that amitriptyline
might relieve pain as a consequence of its blockade of P2X4
receptors. A recent attempt to address this question (Nagata
et al., 2009) used calcium imaging in 1321N1 cells expressing
P2X4 receptors. The authors found that paroxetine reduced
ATP-evoked increases in intracellular calcium, but the study
used rat receptors and effective concentrations were consid-
erably higher than those associated with its use in humans
(Nagata et al., 2009). There are pronounced differences in the
sensitivity to blockers between human and rat P2X4 receptors
(Jones et al., 2000), and the aim of the present study was to



determine whether the more widely used tricyclic antidepres-
sant amitriptyline blocks human P2X4 receptors at concen-
trations similar to those reached during its therapeutic use.

Methods

Cell culture and transfection

Human embryonic kidney (HEK)293 cells were maintained at
37°C and 5% CO, in growth medium (Dulbecco’s modified
Eagle’s medium, 10% fetal calf serum and 2 mM L-glutamine:
Invitrogen, Paisley, UK). HEK293 cells were plated onto
35 mm dishes and allowed to attain a cell density of
10° cells-cm™ before transfection. Cells were transfected for
4-6 h using lipofectamine 2000 (Invitrogen), with 0.5 pg-mL™
receptor DNA and 0.05 ug-mL™’ of a plasmid encoding
enhanced green fluorescent protein (pEGFP-N1). Cells were
then trypsinized, washed, reconstituted in growth medium
and plated out on glass coverslips at 1500 cells-cm™. The
efficiency of transfection was >60% as judged by epifluores-
cence microscopy. The coverslips were maintained at 37°C
and 5% CO, for 24-48 h prior to recording.

Whole-cell recording

The methods were as previously described (Sim et al., 2008).
Coverslips with attached cells were placed in a recording
chamber mounted on the stage of an Axiovert microscope
(Carl Zeiss, Jena, Germany). The superfusing solution con-
tained (mM): NaCl 147; KCI 3; MgCl, 1; CaCl, 2; HEPES 10
and D-glucose 13 (pH adjusted to 7.4 with NaOH, 300-
315 mOsm-L™") and was superfused at 5.5 mL-min~. Whole-
cell current recordings were made at a holding potential of
—-60 mV (EPC9 amplifier, HEKA, Lathbrecht, Germany) and at
room temperature (20-23°C). Recording electrodes were
pulled from borosilicate glass capillaries (Harvard Apparatus,
Edenbridge, UK) on a vertical puller (HEKA) and had resis-
tances of 6-9 MQ, when filled with an intracellular solution
containing (mM): NaCl 147; HEPES 10; EGTA 10 (pH adjusted
to 7.3 with NaOH).

For concentration-response experiments using P2X4 recep-
tors, ATP (0.3-300 uM) was applied for 2 s at 4-5 min inter-
vals using an RSC-200 system (Bio-Logic Science Instruments,
Claix, France), whereas ATP (0.01-10 mM, 2 s) was applied at
2 min intervals in the study with P2X7 receptors. Responses
to ATP mediated by P2X4 receptors decline in amplitude with
repeated applications, especially with concentrations >10 uM
ATP: therefore, all concentration-responses curves in the
present study were constructed using the mean values at each
concentration taken from ascending and descending
concentration-response experiments. For measurement of
‘tundown’ of responses, ATP (100 uM) was repeatedly applied
for 2 s at intervals of 5 min.

For pretreatment experiments, transfected cells were pre-
incubated with amitriptyline (1 uM or 10 uM) for a minimum
period of 2 h and up to 6 h at 37°C, and recordings were made
in the continuing presence of amitriptyline. Responses
recorded after 6 h pretreatment were comparable to those
after 2 h in all three P2X4 receptors tested.
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In those studies, stock solutions of ATP were diluted into
the extracellular solutions containing the appropriate con-
centration of amitriptyline. Furthermore, to ensure compara-
bility between amitriptyline-treated and untreated cells the
recordings from each class were alternated on a given day. In
all experiments, we compared human, rat and mouse recep-
tors from parallel transfections, and each group also received
similar pretreatment periods. Results are expressed as current
density (pA-pF™).

Data analysis

Numerical data are means = SEM, for the number of cells
tested. Current traces were obtained using Axograph (Molecu-
lar Devices, Sunnyvale, CA, USA), Kaleidagraph (Synergy Soft-
ware, Reading, PA, USA) and Canvas (ACD Systems, British
Columbia, Canada) software. Concentration-response curves
were fitted using the non-linear regression programme from
Prism 4 (GraphPad, San Diego, CA, USA) to the mean values of
the currents evoked at each concentration. In the case of
human P2X7 receptors, the curves were fitted using an
assumed maximum, as higher concentrations of ATP were not
tested in this study. The agonist concentration required for the
half-maximal responses (ECs) is expressed as its negative loga-
rithm (pECso) = SEM. Tests for significant differences between
numerical values were determined using unpaired t-tests and
ANOVA (InStat, GraphPad Software Inc., San Diego, CA, USA).

Materials
ATP and amitriptyline were purchased from Sigma Aldrich
(Poole, UK).

Results

P2X4 receptors
ATP (100 uM, 2 s) evoked currents in cells expressing P2X4
receptors, as previously described (human: Fountain and
North, 2006; rat: Buell etal.,, 1996; mouse: Townsend-
Nicholson et al.,, 1999). Acute application of amitriptyline
(10 uM) did not antagonize the ATP responses in either rat or
human P2X4 receptors. Concentration-response curves were
constructed from current amplitudes pooled for various con-
centrations of ATP from applications of increasing or decreas-
ing (0.3, 1, 3, 10, 30 and 100 uM) concentrations. These
concentration-response curves showed that pre-incubation
with amitriptyline (1 and 10 uM: 2-6 h at 37°C) had no effect
on the peak amplitude of the currents evoked by ATP in cells
expressing human P2X4 receptors (Figure 1A). Responses
evoked with 100 uM ATP in control (109 *+ 24 pA-pF!, n=10)
were also not significantly (P < 0.05) different from those
evoked in the presence of 1uM amitriptyline (108 =
11 pA-pF!, n = 11) and of 10 uM amitriptyline (109 =
23 pA-pF?, n=9). pECs values were not significantly different
from each other: control (5.3 = 0.13, n = 6-13), 1 uM
amitriptyline-treated (5.1 = 0.14, n = 6-15) and 10uM
amitriptyline-treated (5.3 = 0.14, n = 6-9).

Pre-incubation with 10 uM amitriptyline reduced the
response to ATP in both rat and mouse P2X4 receptors
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Figure 1 Amitriptyline action on ATP-evoked currents at human, rat

and mouse P2X4 receptors. (A) Concentration-response curves show
mean currents (£SEM) from pooled data in absence (control) and
presence of 1 uM and 10 uM amitriptyline (n = 3-18 cells at each
point; bars are SEM where this exceeds the symbol size). (B) Left,
currents in response to increasing concentration of ATP (1, 3, 10, 30
and 100 uM) in cell expressing rat P2X4 receptors. Right, ATP-evoked
currents (1, 3, 10, 30 and 100 uM) in another such cell that had been
treated for 4 h with amitriptyline (10 uM). (C) Amplitude of currents
evoked by ATP (100 uM, 2 s duration) applied repeatedly at 5 min
intervals to cells expressing human or rat P2X4 receptors. Ordinate is
expressed as percentage of amplitude of current evoked by first
application of ATP. Open circles, control cells. Filled circles, after 2-6 h
pre-incubation with amitriptyline.

(Figure 1). Representative currents for rat receptors are shown
in Figure 1B. Concentration-response curves suggested that
the reduction in the amplitude of the ATP currents was non-
competitive (Figure 1A). The amplitude of the current evoked
by 100 uM ATP was reduced by 35% [17 = 9 pA-pF (n=9)
compared with control 48 = 7 pA-pF* (n = 18)] in the pres-
ence of 10 uM amitriptyline. However, in the presence of
1 uM amitriptyline, there was no significant (P = 0.29) change
in the response to 100 uM ATP (Figure 1). The pECs, values
were not different among control (5.1 * 0.20, n = 6-18),
amitriptyline (1 uM; 4.8 = 0.15, n = 6-8) and amitriptyline
(10 uM; 5.2 = 0.52, n = 6-12). At mouse receptors, 1 pM
amitriptyline had no significant (P = 0.95) effect, whereas
10 uM amitriptyline reduced the current evoked by 100 uM
ATP by 34% [21 = 6 pA-pF! (n = 8) compared with control
value of 62 = 11 pA-pF?' (n = 8)]. pECs, values were not
significantly different among control cells (5.2 = 0.28, n =
6-12), cells treated with 1 uM amitriptyline (5.1 * 0.16, n
3-6) and cells treated with 10 uM amitriptyline (5.3 = 0.67, n
= 6-8).

ATP-evoked currents at P2X4 receptors show a prominent
rundown in amplitude when ATP (100 uM, 2s) is applied
repeatedly at 1 min intervals (Fountain and North, 2006). In
the present study, we tested the effect of repeated application
of ATP (100 uM, 2 s) at 5 min intervals. The responses to ATP
showed a similar degree of rundown in human, rat and mouse
receptors. Responses at 30 min were reduced by 65 * 4.7% (n
=3), 62 * 17% (n = 3) and 66 = 13% (n = 4) of the first
response in human, rat and mouse P2X4 receptors respec-
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Figure 2 Lack of effect of amitriptyline at human and rat P2X7
receptors and at rat P2X2 receptors. (A) Left, currents in response to
increasing concentration of ATP (0.1, 0.3, 1, 3 and 10 mM) in one
human embryonic kidney cell expressing human P2X7 receptors.
Right, ATP-evoked currents (0.1, 0.3, 1, 3 and 10 mM) in another
such cell that had been treated for 4 h with amitriptyline (10 uM). (B)
Concentration-response curves show mean currents (=SEM) from
pooled data for cells expressing human P2X7, rat P2X7 (concentra-
tion in mM) and rat P2X2 receptors (concentration in uM) in absence
(control) and presence of amitriptyline (10 uM) (n = 5-7 cells at each
point; bars are SEM where this exceeds the symbol size).

tively (Figure 1C). The rundown of the ATP-induced currents
at human P2X4 receptors was also not significantly changed
in the presence of amitriptyline (10 uM) (Figure 1C): the
seventh response (at 30 min) was reduced in amplitude by 77
+ 6.0% (n = 3) (Figure 1C). At rat P2X4 receptors, the
responses declined to a mean value of 70 = 8.4% (n = 4) at
30 min (although there was an initial potentiation)
(Figure 1C) and the corresponding value for mouse receptors
was 68 * 21% (n = 5) (data not shown).

P2X7 receptors

The effect of pretreatment with amitriptyline was evaluated
on the ATP responses evoked in HEK cells expressing human
or rat P2X7 receptors (Figure 2). Representative families of
ATP currents evoked in human P2X7 receptors, in the absence
and following pre-incubation of 10 uM amitriptyline, are
shown in Figure 2A. There were no differences between the
concentration-response curves in either human and rat P2X7
receptors. For the rat P2X7 receptor, pECs, values were 2.5 =
0.31 (n = 8-10) in amitriptyline and 3.0 * 0.35 (n = 4-8) in
control conditions. ECs values for ATP could not be estimated
reliably for human P2X7 receptors (Figure 2B).

P2X2 receptors

As an additional control for any non-specific effects of long
incubations with amitriptyline, we tested the effect also on
ATP-evoked currents at P2X2 receptors. There was no differ-
ence between the concentration-response curves for ATP
acting at P2X2 receptors between control cells and cells pre-



incubated with amitriptyline for 2-6 h. The respective pECs
values were 5.3 = 0.11 (n=6) and 5.7 = 0.23 (n = 6) (Figure 2).

Discussion

Our experiments show that acute application of amitriptyline
(10 uM) does not change the currents elicited by ATP when
applied to cells expressing P2X4 (human, rat or mouse), P2X7
(human or rat) or P2X2 (rat) receptors. When the amitrip-
tyline was applied for a prolonged period (2-6 h) prior to
recording, the currents elicited by ATP were not different for
human P2X4 receptors, human or rat P2X7 receptors, or rat
P2X2 receptors. For P2X4 receptors, the rundown observed
with repeated ATP applications was not affected by amitrip-
tyline. Rat and mouse P2X4 receptors showed a modest (35%)
but significant (P < 0.05) reduction in amplitude with 10 uM
but not with 1 uM amitriptyline. These effects of amitrip-
tyline on rat and mouse P2X4 receptors seemed non-
competitive, in that their ECs, for ATP was unchanged
(Figure 1C). The results for the rat receptor are similar to those
reported for another tricyclic antidepressant paroxetine
(10 uM) by Nagata et al. (2009), but that study pre-applied
paroxetine for 10 min and tested only a single ATP concen-
tration (30 uM). The differences that we have found between
human and rodent receptors are unsurprising in view of the
known species differences in the actions of P2X receptor
antagonists (North and Surprenant, 2000; Gever et al., 2006),
most notably those for suramin and pyridoxal-phosphate-6-
azophenyl-2’,4’-disulphonic acid at P2X4 receptors (Buell
et al., 1996; Jones et al., 2000).

The concentrations of amitriptyline used in the present
study are at least 10 times higher than those attained during
its use in man for anti-hyperalgesia. Therapeutic efficacy as an
antidepressant is associated with plasma concentrations of
about 100 ng-mL™" (300 nM) (Perry et al., 1994; Baldessarini,
19935), and Finnerup et al. (2005) note that similar doses are
effective when it is used as an anti-hyperalgesic. Other ‘off-
target’ actions of amitriptyline have been reported to occur at
such concentrations. These include: (i) a block of the inactive
state of the voltage-gated sodium channel Nay1.7, which is
widely expressed on nociceptive primary afferent neurons
(Dick et al., 2007); (ii) direct actions at opioid receptors (Ben-
bouzid et al., 2008); (iii) an increase in adenosine release
(Sawynok et al., 1999); and/or (iv) an up-regulation of excita-
tory amino acids transporters (Tai et al., 2006). Such actions of
amitriptyline shown in rodents seem much more likely to
account for the anti-hyperalgesic actions of amitriptyline in
humans, than any block of P2X4 receptors.

P2X7 receptors are also expressed by microglia, and neuro-
pathic pain is much reduced in mice lacking the P2X7 gene
(Chessell et al., 2005). It therefore seemed reasonable to ask
whether blockade of P2X7 receptor might contribute to the
anti-hyperalgesic actions of amitriptyline. The present results
show that there is no discernible block by 10 uM amitrip-
tyline of ionic currents at either rat or human receptor
(Figure 2). It remains conceivable, but seems unlikely that
amitriptyline might block the cytokine release associated with
P2X7 receptor activation while not blocking the ionic current.

In conclusion, our results show: (i) that prolonged applica-
tion of amitriptyline can reduce ATP responses in a non-
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competitively manner at rat and mouse P2X4 receptors, but
only at concentrations about 30 times higher than those
likely to occur during therapeutic use; (ii) that they have no
effect on ATP-evoked currents at human P2X4 receptors; and
(iii) that they do not reduce currents at human or rat P2X7
receptors. They provide no support for the view that inhibi-
tion at P2X4 receptors underlies the anti-hyperalgesic actions
of amitriptyline in humans.
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