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a,-Adrenergic Receptors Augment P2X; Receptor-Mediated
Nociceptive Responses in the Uninjured State

Jason G. Meisner, James B. Waldron, and Jana Sawynok
Department of Pharmacology, Dalhousie University, Halifax, Nova Scotia, Canada.

Abstract: In the present study, the adrenergic receptor (AR) subtype mediating adrenergic augmen-
tation of P2X; receptor-mediated nociceptive responses on sensory nerve endings was examined by
using selective AR receptor agonists and antagonists in Sprague Dawley rats in the uninjured state.
Local administration of ap-methyleneATP (ligand for P2X;/P2X,,; receptors) into the plantar hind
paw produced few pain behaviors when given alone in this strain of rats; combination with adren-
aline (a1- and «2-AR agonist) and phenylephrine («1-AR agonist) but not clonidine or UK 14,304
(«2-AR agonists) increased flinching behaviors. Flinching produced by noradrenaline (NA)/aB-meth-
yleneATP was suppressed by low doses of prazosin (a1-AR antagonist), and this reduction was
selective compared with yohimbine («2-AR antagonist). Prazosin also reduced flinching produced by
phenylephrine/ap-methyleneATP. Using thermal threshold determinations, adrenaline and phenyl-
ephrine but not clonidine or UK 14,304, mimicked the action of NA in augmenting reductions in
thermal thresholds produced by ap-methyleneATP. Terazosin (another a1-AR antagonist) inhibited
hyperalgesia produced by NA/«af-methyleneATP. These results provide evidence for a1-AR involve-
ment in adrenergic augmentation of P2X;/P2X,,; receptor-mediated responses on sensory nerve
endings in the uninjured state in Sprague Dawley rats.

Perspective: This study indicates the a1-adrenergic receptor subtype mediates adrenergic augmen-
tation of the activation of sensory nerves by purinergic P2X; receptors (respond to ATP) in the periph-
ery. Observations are potentially relevant to chronic pain conditions in which sympathetic nerves
influence sensory nerves.
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rons and play a facilitatory role in nocicep-

tion."3132% P2X, receptors in dorsal root ganglia
(DRG) cell bodies (and presumably nerve endings of sen-
sory afferents) are upregulated in inflammation,*’
whereas nerve injury produces complex changes in re-
ceptor mRNA and protein expression (upregulation in
uninjured and downregulation in injured affer-
ents,*141942. and increased translocation from cyto-
plasm to the membrane in injured neurons®). P2X; recep-
tor activation leads to depolarization of isolated and
cultured DRG cells'>2° as well as activation of peripheral

PZX3 receptors are present on sensory afferent neu-
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aspects of sensory nerves.'® In the rat, local application
of P2X; receptor agonists to the hind paw leads to spon-
taneous pain behaviors (flinching, biting/licking), ther-
mal hyperalgesia, and mechanical allodynia; the former
responses are sensitive to capsaicin and represent C-fi-
ber-mediated responses, whereas mechanical allodynia
is relatively insensitive to capsaicin and reflects A-fiber—
mediated responses. "4

Noradrenaline (NA) is coreleased with ATP from sym-
pathetic nerves, and both agents contribute to sympa-
thetically mediated autonomic responses.> The sympa-
thetic nervous system is implicated in aspects of
inflammatory and neuropathic pain, and these influ-
ences can occur at peripheral nerve endings, the site of
injury, or on DRG cell bodies."? Facilitatory interactions
between adrenergic and purinergic responses have been
implicated in neuropathic pain.?63" NA augments flinch-
ing behaviors and thermal hyperalgesia produced by af-
methyleneATP (P2X5/P2X,,; receptor agonist) when co-
administered in the rat hind paw; the former end point
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reflects direct interactions on sensory nerve endings,
whereas the latter involves an indirect effect.> Both a1-
and a2- adrenergic receptors have been implicated in
sympathetic influences on nociception, and strain differ-
ences are prominent in these influences (see Discussion).
Both adrenergic augmentation of flinching and intrinsic
flinching induced by op-methyleneATP exhibit a strain
difference, being more pronounced in Wistar than in
Sprague Dawley rats.*”

In the present study, we characterized adrenergic re-
ceptor (AR) subtypes involved in the adrenergic-puriner-
gic facilitation of nociception at sensory nerve endings in
Sprague Dawley rats. Drugs were coadministered into
the hind paw, and observations are of particular rele-
vance to adrenergic-sensory coupling that can occur at
peripheral sensory nerve endings. Although Sprague
Dawley rats do not exhibit the most prominent expres-
sion of the adrenergic-purinergic interaction, this is the
most commonly used strain for neuropathic pain studies,
and we wished the data generated to be relevant to a
significant body of prior observations.'#"9:31.42.49 \\/e ex-
amined the ability of selective AR agonists (a1, a2) to
mimic the ability of NA to augment flinching behaviors
and thermal hyperalgesia produced by aB-methyl-
eneATP and then effects of selective adrenergic receptor
antagonists (a1, a2, B) on effects produced by NA or
phenylephrine in combination with o-methyleneATP.

Materials and Methods

Animals

Experiments were performed with male Sprague Daw-
ley rats (150 to 250 g) obtained from Charles River, Mon-
treal. Experiments reported in this article were approved
by the University Committee on Laboratory Animals and
performed in accordance with Canadian Council on An-
imal Care guidelines. Rats were housed in pairs and
maintained on a 12/12-hour light/dark cycle at 22 + 2°C,
with food and water freely available. Each hind paw was
tested once, with an interval of 3 to 5 days between
successive trials; a previous study indicated a high degree
of reproducibility between such trials.*”

Drug

All locally administered drugs and combinations were
injected in a total volume of 50 pL; injections were made
subcutaneously into the plantar hind paw while rats
were loosely restrained. The following selective agents
were used to characterize ARs: phenylephrine («1-AR ag-
onist), clonidine and UK 14,304 («2-AR agonists), prazo-
sin and terazosin (a1-AR antagonists), yohimbine (a2-AR
antagonist), and timolol and propranolol (3-AR antago-
nists). All drugs were dissolved in saline except for UK
14,304, yohimbine, and prazosin, which were dissolved
in 10% DMSO/10% H,0/80% saline; appropriate vehicle
controls were used throughout. All drugs were pur-
chased from Sigma (St. Louis, MO).
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Flinching Behaviors

Individual rats were acclimatized for a minimum of 15
minutes in a Plexiglas observation chamber (28 X 28 X 28
cm?®). Two rats were observed at a time in adjacent cham-
bers in alternating 2-minute bins for 32 minutes, and
spontaneous flinching (paw elevation or shaking of the
hind paw) behaviors were recorded as a cumulative num-
ber of episodes. The time course for behaviors produced
by adrenergic/purinergic combinations is continuous,*”
and this alternating method records one-half of the total
incidence of behaviors. In that earlier study, behaviors
were determined over a period of 60 minutes,*” for
doses of =25 nmol NA, where effects are local, behaviors
occur primarily over a period of 30 minutes, and the
shorter interval was used in the current study.

Thermal Hyperalgesia

A thermal hyperalgesia test apparatus (Department of
Anesthesiology, University of California San Diego) was
used. Rats were placed in Plexiglas observation chambers
positioned on a glass surface maintained at 30°C and
acclimatized for 30 minutes, by which time spontaneous
exploration had ceased. Radiant heat, in the form of a
focused light beam, was directed through the glass at
the plantar surface of the hind paw, and 3 baseline hind
paw withdrawal latencies were determined at 10-minute
intervals. After baseline determinations, rats were re-
moved for injection of drugs; they were then returned to
the chambers and latencies determined 5, 15, 30, 45, and
60 minutes after injections. Quiescent intervals between
spontaneous episodes were selected for determining
thermal latencies. The mean of 2 latency measurements
taken at each time interval was used to calculate cumu-
lative differences from baseline, and this approximates
an area under the curve. A cutoff value of 20 seconds was
imposed on the thermal stimulus to prevent tissue dam-
age.

Data and Statistics

Data are presented as mean and SEM for the time
course. Cumulative behaviors are depicted as the total
number of flinches or cumulative difference from base-
line during the indicated time interval. Data were ana-
lyzed by use of analysis of variance followed by the Stu-
dent Newman Keuls test.

Results

Receptor Characterization of Flinching
Behaviors Using AR Agonists

Local administration of 500 nmol af-methyleneATP
into the plantar surface of the hind paw produces few
flinching responses in Sprague Dawley rats (<10 to 15
flinches, as does saline); in combination with NA (which
also produces minimal responses when given alone), of3-
methyleneATP leads to a marked expression of flinching
over a period of 30 to 60 minutes.*> These effects are
locally mediated, as injection of NA into the contralat-
eral hind paw does not augment flinches produced by
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Figure 1. Dose-response curves for flinches produced by af-
methyleneATP (500 nmol) coinjected in combination with AR
agonists into the plantar surface of the hind paw of Sprague
Dawley rats. Solid symbols indicate cumulative number of
flinches over 32 minutes produced by combination with indi-
cated drugs; hollow symbol indicates the intrinsic effect of
adrenaline. [Dashed line indicates data for NA*’ redrawn for the
shorter time course used in the present study and is provided
for the purpose of direct comparison.] Data indicate mean =
SEM values; n = 5 to 7 per group. In all cases in which means
are >60, values are increased (P < .05) compared with saline.
ADR, Adrenaline; NA, noradrenaline; PE, phenylephrine; UK,
UK14,304; CLON, clonidine.

aB-methyleneATP (25/250 nmol respective drug doses;
135 * 22 flinches over a period of 32 minutes for coin-
jectionvs 7 = 3 for contralateral injection; P< .01, n = 4).
When adrenaline is combined with op-methyleneATP,
there is also a marked expression of flinching behaviors
(Fig 1). Although the dose-response curve lies to the left
of the NA curve, adrenaline also produces some intrinsic
flinching behaviors (hollow symbols) that contribute to
the total effect of the drug combination. When selective
a1-AR and «2-AR agonists are used, phenylephrine
(«1-AR agonist) but not clonidine or UK14,304 (a2-AR
agonists) mimics the effect of adrenaline and NA in aug-
menting aB-methyleneATP responses (Fig 1). (Higher
doses of «2-AR agonists were not examined, as these
clearly lead to systemic sedative effects.) Apart from
adrenaline, all other AR agonists lacked intrinsic activity
compared with saline when tested at the maximal dose
used in combination (data not shown).

Receptor Characterization of Flinching
Behaviors Using AR Antagonists

Prazosin, widely used as a selective a1-AR antagonist,
leads to inhibition of flinches produced by NA/a3-meth-
yleneATP over a wide range of doses (0.03 to 3 nmol; Fig
2A). In contrast, yohimbine, a selective a2-AR antagonist,
has no significant effect over this dose range, and there is
a 1 to 2 order-of-magnitude difference in the action of
these agents in reducing flinching (Fig 2A). Prazosin also
inhibits flinches produced by phenylephrine/a-methyl-
eneATP, and yohimbine appears to exhibit some activity
at the highest dose (30 nmol; Fig 2B). It is of interest to
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note that prazosin was much more able to inhibit the
NA/aB-methyleneATP combination than the phenyleph-
rine /aB-methyleneATP combination. The B-AR antago-
nists timololol and propranolol, at 100 nmol, did not
significantly alter flinches produced by NA/ a-methyl-
eneATP (data not shown).

Receptor Characterization of Thermal
Hyperalgesia Responses

Peripheral administration of aB-methyleneATP into
the hind paw also leads to a transient thermal hyperal-
gesia in Sprague Dawley rats; this is increased by coad-
ministration of NA, which augments both the magnitude
and duration of hyperalgesia.”> NA also leads to a prom-
inent hyperalgesia in combination with an inactive dose
of ap-methyleneATP (150 nmol; Fig 3A). Thermal hyper-
algesia is also elicited by phenylephrine given in combi-
nation with oB-methyleneATP (Fig 3B), but not by
clonidine or UK14,304 in combination with ap-methyl-
eneATP (Fig 3C). The time-response curves indicate that
the effect of phenylephrine is less sustained (resolves by
30 minutes) than that observed with NA (still prominent
at 45 min) (cf Figs 3B and 3A). With clonidine and UK
14,304, latencies at the end of the time course are ele-
vated compared with corresponding time points in the
aB-methyleneATP group (Fig 3C), suggestive of intrinsic
analgesic actions; however, these are not prominent in
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Figure 2. Inhibition of flinches produced by (A), NA with «f-
methyleneATP (25/300 nmol, respectively), and (B), phenyleph-
rine (PE) with op-methyleneATP (300/300 nmol, respectively)
over a period of 32 minutes by prazosin (PRZ) and yohimbine
(YOH). *P < .05, ***P < .001 compared with control group,
indicated by hollow symbol in each panel (n = 6 per group).
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Figure 3. Time course of thermal hyperalgesia produced by
aB-methyleneATP injected into the plantar surface of the hind
paw of Sprague Dawley rats combined with NA (A), phenyleph-
rine (B), and clonidine or UK 14,304 (C). Indicated doses are in
nmol. (D), Effects of adrenergic agonists are shown in compari-
son to saline (SAL). *P < .05, **P < .01 compared with group
depicted by hollow symbols (n = 6 per group). NA, noradrena-
line; PE, phenylephrine; CLON, clonidine; UK, UK14,304.

control experiments (Fig 3D). When hyperalgesia results
are expressed as cumulative reductions in baseline,
adrenaline augments thermal hyperalgesia by a-meth-
yleneATP with an activity similar to NA, with phenyleph-
rine producing a lesser cumulative effect due to the
shorter time course of action (Fig 4).

In further thermal hyperalgesia experiments, terazo-
sin, another selective a1-AR antagonist, produces a dose-
related reduction in the sustained thermal hyperalgesia
produced by NA in combination with a low dose of af-
methyleneATP (150 nmol; Fig 5A), and this is dose-re-
lated (Fig 5B); however, it has no effect on the more
transient hyperalgesia produced by a higher dose of af3-
methyleneATP (500 nmol) given alone (Fig 5C).

Discussion

The present study used selective AR agonists and an-
tagonists to characterize adrenergic receptors involved
in augmenting peripheral pain signaling induced by
P2X5/P2X,,; receptor activation (via local hind paw ad-
ministration of af-methyleneATP) in Sprague Dawley
rats. «1-ARs, but not a2-ARs, are implicated in 2 different
functional end points that reflect sensory nerve ending
activation (flinching and thermal hyperalgesia) in the un-
injured state. Both pain behaviors (flinching) and ther-
mal hyperalgesia produced by plantar injections of af-
methyleneATP reflect activation of receptors on C-fibers,
based on sensitivity to capsaicin-pretreatment;®>'"*" and
both direct and indirect influences of NA on such activa-
tion can occur.*® Recently, Maruo et al*® published a
study in which electrophysiologic interactions between
adrenergic receptors and P2X; receptors were examined
in Wistar rats after sciatic nerve transection (axotomy);
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they suggested that «1B-ARs are involved in potentia-
tion of P2X;-mediated responses in DRGs, based on
mRNA analysis of adrenergic receptors. Although the
a1-AR subtype involved in Sprague Dawley rats cannot
be determined on the basis of the agonists and antago-
nists used in the present study, there is a clear consistency
in the essential conclusion of implicating a1-ARs in aug-
menting P2X5;-mediated responses on sensory neurons in
the two studies using quite different experimental ap-
proaches and 2 different strains of rats.

There has been little direct characterization of a1-ARs
in DRG neurons. An early study noted an inability to
observe mRNA for a1-ARs in sensory ganglia in Sprague
Dawley rats.®® In more recent studies, mRNA for multiple
a1-ARs has been identified in sensory ganglia in Lewis
rats*® (this paper discussed possible reasons for the lack
of detection in that earlier study) and Wistar rats,?® and
a1-ARs are implicated in functional studies of peripheral
adrenergic influences on nociception using Lewis
rats®%® and Wistar rats.?® Intrinsic effects of NA on no-
ciception after inflammation are more pronounced in
Lewis rats compared with Sprague Dawley rats® and in
the uninjured state in Wistar rats compared with
Sprague Dawley rats.*> Collectively, these observations
suggest a prominent role of a1-ARs in mediating periph-
eral adrenergic nociceptive responses in both Lewis and
Wistar strains of rats; there are fewer data implicating
a1-ARs in such actions in Sprague Dawley rats.3°

There is 1 data set in which «1-ARs do feature promi-
nently in facilitating peripheral nociceptive responses in
Sprague Dawley rats, and that is with interactions with
TRPV1 receptors.2%-2>3€ This response is maintained after
sympathectomy, and the presence of «1-ARs on nocicep-
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Figure 4. Cumulative changes from baseline, representing the
area under the curve, for thermal hyperalgesia produced by
ap-methyleneATP (150 nmol) in combination with a number of
AR agonists. Negative values indicate cumulative reductions in
latency. n = 6 per group. ADR, Adrenaline; NA, noradrenaline;
PE, phenylephrine; CLON, clonidine; UK, UK14,304.
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Figure 5. Effect of terazosin (TER) on thermal hyperalgesia produced by NA combined with ap-methyleneATP (25/150 nmol,
respectively). The left panel depicts the time course and the middle panel depicts the dose-response relation for terazosin in reducing
sustained hyperalgesia produced by NA combined with a-methyleneATP. The right panel depicts the lack of effect of terazosin in
reducing the transient hyperalgesia produced by a high dose of a-methyleneATP alone. Indicated doses are in nmol. *P < .05, **P <

.01 compared with NA/aB-methyleneATP (n = 6 per group).

tive afferent neurons has been emphasized in interpret-
ing results.?>3¢ Given that both P2X; and TRPV1 recep-
tors colocalize in a significant population of sensory
neurons® and that activation of both receptors allows for
cation entry into sensory afferents and leads to en-
hanced nociception, a prominent involvement of a1-ARs
in facilitating cation channel function on sensory affer-
ents is plausible. Both TRPV1 and P2X; receptors are pos-
itively regulated by protein kinase C and other Ca®*-
dependent processes,3>344448 and these intracellular
events can be activated as a result of «1-AR activation.?’

In previous studies, a2-ARs (particularly «2A and
a2C) have been examined directly in DRG neurons in
Sprague Dawley rats.”-838 This emphasis was based on
the many previous functional studies that had impli-
cated a2-ARs in pronociceptive responses after various
forms of nerve or tissue injury.”-23:28:37.40 The present
study does not provide clear evidence for a2-AR in-
volvement in augmenting flinching or thermal hyper-
algesia responses produced by P2X; receptor activa-
tion, as a1-AR (but not a2-AR) agonists clearly mimic
the effect of NA, and a1-AR antagonists show a clear
selectivity in blocking the effects of NA combined with
ap-methyleneATP. The ability of a high dose of yohim-
bine to block flinching produced by NA/aB-methyl-
eneATP may reflect loss of receptor selectivity at
higher doses, as responses to phenylephrine, a selec-
tive «1-AR agonist, in combination with aB-methyl-
eneATP, also was reduced at a high dose. It is interest-
ing to note that prazosin is much more potent in
blocking the effect of NA than phenylephrine in com-
bination with a-methyleneATP, and it is possible that
there could be an a1/a2-AR interaction expressed with
the less selective agonist (NA). With thermal hyperal-
gesia responses, there is the additional possibility that
intrinsic antinociceptive effects of a2-AR agonists™"’
could, in some instances, confound increased nocicep-
tion produced by «2-ARs in combination with «af-
methyleneATP (cf Fig 3C). Whereas B-ARs are impli-
cated in facilitation of some nociceptive responses in
Sprague Dawley rats,'® selective B-AR antagonists
(propranolol and timolol) did not inhibit responses

produced by NA/aB-methyleneATP, and it is unlikely
that these receptors contribute to effects observed in
the present study.

The involvement of sympathetic nervesin adrenergic
augmentation of P2X5/P2X,,; receptor-mediated ther-
mal hyperalgesia provides a model of neuronal-neuro-
nal (sympathetic-sensory) interactions that occur at
the level of the sensory nerve terminal. Other poten-
tial indirect mechanisms, including non-neurogenic
ones, need to be considered as perhaps contributing to
the present observations. (1) NA could lead to vascular
constriction via a1-ARs, which leads to retention of
ap-methyleneATP in the tissue for longer, allowing for
a pharmacokinetic, rather than a pharmacodynamic,
mechanism to contribute to observed interactions. In
Sprague Dawley rats, this is unlikely to be the only
mechanism involved, as NA clearly potentiates af-
methyleneATP responses even when there is no intrin-
sic effect produced by of-methyleneATP (eg, Fig 3A).
In Wistar and Long Evans rats, in which intrinsic effects
of both aB-methyleneATP and NA are observed with
flinching, there is no potentiation of the immediate
peak effect but a progressive augmentation with time
and a marked prolongation of action®?; although this
pattern could reflect a pharmacokinetic interaction, the
progressive nature of development of the peak effect
(doubling of the initial effect) clearly suggests a pharma-
codynamic influence in which time is required for full
expression of peak action. (2) NA could act on other cell
types to release chemical mediators that then act on sen-
sory neurons to interact with the P2X; receptor-medi-
ated responses; this represents a non-neurogenic indi-
rect mechanism. For example, phenylephrine (a1-AR
agonist) has been shown to release nerve growth factor
from cultured vascular smooth muscle cells,** and this
mediator could contribute to acute facilitatory effects on
nociception by actions on sensory afferents,?* although
its more prominent role is in regulation of longer-term
events.>® Further clarification of the nature of the
marked positive interaction observed between a1-ARs
and P2X; receptors on peripheral nociception will re-
quire the use of additional experimental approaches.
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In summary, the present study reveals a prominent pos-
itive interaction between a1-ARs and P2X,/P2X, 5 recep-
tors on sensory nerve endings. Direct effects on sensory
nerves do appear to occur, but indirect effects on sympa-
thetic neurons and/or vascular smooth muscle, involving
release of intermediary agents which then act on sensory
afferents, also may contribute to such effects. Given that
peripheral a1-AR mechanisms are implicated in human
neuropathic pain states®® and that antagonists for P2X,

References

1. Aley KO, Levine JD: Multiple receptors involved in periph-
eral a, p, and A, antinociception, tolerance, and with-
drawal. J Neurosci 17:735-744, 1997

2. Banik RK, Sato J, Yajima H, Mizumura K: Differences be-
tween the Lewis and Sprague-Dawley rats in chronic inflam-
mation induced norepinephrine sensitivity of cutaneous C-
fiber nociceptors. Neurosci Lett 299:21-24, 2001

3. Bland-Ward PA, Humphrey PPA: Acute nociception medi-
ated by hindpaw P2X receptor activation in the rat. Br J
Pharmacol 122:365-371, 1997

4. Bradbury EHJ, Burnstock G, McMahon SB: The expression
of P2X; purinoreceptors in sensory neurons: Effects of axo-
tomy and glial-derived neurotrophic factor. Mol Cell Neuro-
sci 12:256-268, 1998

5. Burnstock G: Noradrenaline and ATP: Cotransmitters and
neuromodulators. J Physiol Pharmacol 46:365-384, 1995

6. ChenY, Li GW, Wang C, Gu Y, Huang LYM: Mechanisms
underlying enhanced P2X receptor-mediated responses in
the neuropathic pain state. Pain 119:38-48, 2005

7. Cho HJ, Kim DS, Lee NH, Kim JK, Lee KM, Han KS, Kang
YN, Kim KJ: Changes in the a,-adrenergic receptor subtypes
gene expression in rat dorsal root ganglion in an experimen-
tal model of neuropathic pain. NeuroReport 8:3119-3122,
1997

8. Gold MS, Dastmalchi S, Levine JD: a-Adrenergic receptor
subtypes in rat dorsal root and superior cervical ganglion
neurons. Pain 69:179-190, 1997

9. Guo A, Vulchanova L, Wang J, Li X, Elde R: Immunocyto-
chemical localization of the vanilloid receptor 1 (VR1): Rela-
tionship to neuropeptides, the P2X3 purinoceptor and IB4
binding sites. Eur J Neurosci 11:946-958, 1999

10. Hamilton SG, McMahon SB, Lewin CR: Selective activa-
tion of nociceptors by P2X receptor agonists in normal and
inflamed rat skin. J Physiol 543.2:437-445, 2001

11. Hamilton SG, Wade A, McMahon SB: The effects of in-
flammation and inflammatory mediators on nociceptive be-
haviour induced by ATP analogues in the rat. Br J Pharmacol
126:326-332, 1999

12. Janig W, Habler HJ: Sympathetic nervous system: contri-
bution to chronic pain. Brain Res 129: 451-468, 2000

13. Jarvis MF: Contributions of P2X3 homomeric and het-
eromeric channels to acute and chronic pain. Expert Opin
Ther Targets 7:513-522, 2003

14. Kage K, Niforatos W, Zhu CZ, Lynch KL, Honore P, Jarvis
M: Alteration of dorsal root ganglion P2X3 receptor expres-

561

receptors are receiving considerable attention as a po-
tential novel analgesic,'®?” this interaction may be of im-
portance to address using further in vivo and in vitro tech-
niques. Such studies will need to attend to the prominent
strain difference that occurs in rats with this interaction.

Acknowledgment

We thank Allison Reid for technical assistance.

sion and function following spinal nerve ligation in the rat.
Exp Brain Res 147:511-519, 2002

15. Kennedy C, Assis TS, Currie AJ, Rowan EG: Crossing the
pain barrier: P2 receptors as targets for novel analgesics.
J Physiol 553.3:683-694, 2003

16. Kennedy C: P2X receptors: targets for novel analgesics?
Neuroscientist 11:345-356, 2005

17. Khasar SG, Green PG, Chou B, Levine JD: Peripheral no-
ciceptive effects of a,-adrenergic receptor agonists in the
rat. Neuroscience 66:427-432, 1995

18. Khasar SG, McCarter G, Levine JD: Epinephrine produces
a B-adrenergic receptor-mediated mechanical hyperalgesia
and in vitro sensitization of rat nociceptors. J Neurophysiol
81:1104-1112, 1999

19. Kim C, Chung JM, Chung K: Changes in the gene expres-
sion of six subtypes of P2X receptors in rat dorsal root gan-
glion after spinal nerve ligation. Neurosci Lett 337:81-84,
2003

20. Kinnman E, Levine JD: Involvement of the sympathetic
postganglionic neuron in capsaicin-induced secondary hy-
peralgesia in the rat. Neuroscience 65:283-291, 1995

21. Koshimizu T, Tanoue A, Hirasawa A, Yamauchi J, Tsuji-
moto G: Recent advances in a;-adrenoceptor pharmacology.
Pharmacol Therapeutic 98:235-244, 2003

22. Lee DH, Liu X, Kim HT, Chung K, Chung JM: Receptor
subtype mediating the adrenergic sensitivity of pain behav-
ior and ectopic discharges in neuropathic Lewis rats. J Neu-
rophysiol 81:2226-2233, 1999

23. Levine JD, Taiwo YO, Collins SD, Tam JK: Noradrenaline
hyperalgesia is mediated through interaction with sympa-
thetic postganglionic neurone terminals rather than activa-
tion of primary afferent nociceptors. Nature 323:158-160,
1986

24. Lewin GR, Ritter AM, Mendell LM: Nerve growth factor-
induced hyperalgesia in the neonatal and adult rat. J Neu-
rosci 13:2136-2148, 1993

25. Lin Q, Zou X, Fang L, Willis WD: Sympathetic modulation
of acute cutaneous flare induced by intradermal injection of
capsaicin in anesthetized rats. J Neurophysiol 89:853-861,
2003

26. Maruo K, Yamamoto H, Yamamoto S, Nagata T, Fu-
jokawa H, Kanno T, Yaguchi T, Mario S, Yoshiya S, Nishizaki
T: Modulation of P2X receptors via adrenergic pathways in
rat dorsal root ganglion neurons after sciatic nerve injury.
Pain 120:106-112, 2006

27. McGaraughty S, Jarvis MF: Antinociceptive properties of
a selective non-nucleotide P2X3/P2X2/3 receptor antago-
nist. Drug News Perspect 19:501-507, 2005



562

28. Moon DE, Lee DH, Han HC, Xie J, Coggeshall RE, Chung
JM: Adrenergic sensitivity of the rat sensory receptors mod-
ulating mechanical allodynia in a rat neuropathic pain
model. Pain 80:589-595, 1999

29. North RA: The P2X; subunit: A molecular target in pain
therapeutics. Curr Opin Investig Drugs 4:833-840, 2003

30. Ouseph AK, Levine JD: Alpha 1-adrenoceptor-mediated
sympathetically dependent mechanical hyperalgesia in the
rat. Eur J Pharmacol 273:107-112, 1995

31. Park SK, Chung K, Chung JM: Effects of purinergic and
adrenergic antagonists in a rat model of painful peripheral
neuropathy. Pain 87:171-179, 2000

32. Paukert M, Osteroth R, Geisler HS, Brandle U, Glowatzki
E, Ruppersberg JP, Grunder S: Inflammatory mediators po-
tentiate ATP-gated channels through the P2X; subunit.
J Biol Chem 276:21077-21082, 2001

33. Pieribone VA, Nicholas AP, Dagerlind A, Hokfelt T: Dis-
tribution of alpha-1 adrenoceptors in rat brain revealed by
in situ hybridization experiments utilizing subtype specific
probes. J Neurosci 14:4252-4268, 1994

34. Premkumar LS, Ahern GP: Induction of vanilloid recep-
tor channel activity by protein kinase C. Nature 408:985-990,
2000

35. Ramer MS, Bradbury EJ, McMahon SB: Nerve growth
factor induced P2X; expression in sensory neurons. J Neuro-
chem 77:864-875, 2001

36. RenY, Zou X, Lin Q: Sympathetic modulation of activity
in A8- and C-primary nociceptive afferents after intradermal
injection of capsaicin in rats. J Neurophysiol 93:365-377,
2005

37. Sato J, Perl ER: Adrenergic excitation of cutaneous pain
receptors induced by peripheral nerve injury. Science 251:
1608-1610, 1991

38. ShiTJ, Winzer-Serhan U, Leslie F, Hokfelt T: Distribution
and regulation of a,-adrenoceptors in rat dorsal root gan-
glia. Pain 84:319-330, 2000

39. Teassell RW, Arnold JMO: Alpha-1 adrenoceptor hyper-
responsiveness in three neuropathic pain states: Complex

a1-ARs and Pain

regional pain syndrome, diabetic peripheral neuropathic
pain and central pain states after spinal cord injury. Pain Res
Manage 9:89-97, 2004

40. Tracey DJ, Cunningham JE, Romm MA: Peripheral hyper-
algesia in experimental neuropathy: Mediation by «,-adre-
noreceptors on post-ganglionic sympathetic terminals. Pain
60:317-327, 1995

41. Tsuda M, Koizumi S, Kita A, Shigemoto Y, Ueno S, Inoue
K: Mechanical allodynia caused by intraplantar injection of
P2X receptor agonist in rats: Involvement of heteromeric
P2X,,; receptor signaling in capsaicin-insensitive primary af-
ferent neurons. J Neurosci 20 RC90:1-5, 2000

42. Tsuzuki K, Kondo E, Fukuoka T, Yi D, Tsujino H, Sak-
agami M, Noguchi K: Differential regulation of P2X3; mRNA
expression by peripheral nerve injury in intact and injured
neurons in the rat sensory ganglia. Pain 91:351-360, 2001

43. Tuttle JB, Etheridge R, Creedon DJ: Receptor-mediated
stimulation and inhibition of nerve growth factor secretion
by vascular smooth muscle. Exp Cell Res 208:350-361, 1993

44. Vellani V, Mapplebeck S, Moriondo A, Davis JB, Mc-
Naughton PA: Protein kinase C activation potentiates gating
of the vanilloid receptor VR1 by capsaicin, protons, heat and
anandamide. J Physiol 534:813-825, 2001

45. Waldron JB, Sawynok J: Peripheral P2X receptors and
nociception: Interactions with biogenic amine systems. Pain
110:79-89, 2004

46. Xie J, Lee YH, Wang C, Chung JM, Chung K: Differential
expression of alpha1-adrenergic subtype mRNAs in the dor-
sal root ganglion after spinal nerve ligation. Mol Brain Res
93:164-172, 2001

47. Xu GY, Huang LYM: Peripheral inflammation sensitizes
P2X receptor-mediated responses in rat dorsal root ganglion
neurons. J Neurosci 22:93-102, 2002

48. Xu GY, Huang LYM: Ca®*/calmodulin-dependent pro-
tein kinase Il potentiates ATP responses by promoting traf-
ficking of P2X receptors. Proc Natl Acad SciUS A 101:11868-
11873, 2004

49. Zhou J, Chung K, Chung JM: Development of purinergic
sensitivity in sensory neurons after peripheral nerve injury in
the rat. Brain Res 915:161-169, 2001



	 1-Adrenergic Receptors Augment P2X3 Receptor–Mediated Nociceptive Responses in the Uninjured State
	Materials and Methods
	Animals
	Drug
	Flinching Behaviors
	Thermal Hyperalgesia
	Data and Statistics

	Results
	Receptor Characterization of Flinching Behaviors Using AR Agonists
	Receptor Characterization of Flinching Behaviors Using AR Antagonists
	Receptor Characterization of Thermal Hyperalgesia Responses

	Discussion
	Acknowledgment
	References


