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Abstract

Hyperpolarization-activated cyclic nucleotide-gated channels and purinergic P2X receptors play critical roles in the nerve
injury-induced pain hypersensitivity. Both HCN channels and P2XR are expressed in dorsal root ganglia sensory neurons.
However, it is not clear whether the expression and function of P2X2 and P2X3 receptors can be modulated by HCN chan-
nel activity. For this reason, in rats with chronic constriction injury of sciatic nerve, we evaluated the effect of intrathecal
administration of HCN channel blocker ZD7288 on nociceptive behavior and the expression of P2X2 and P2X3 in rat DRG.
The mechanical withdrawal threshold was measured to evaluate pain behavior in rats. The protein expression of P2X?2 and
P2X3 receptor in rat DRG was observed by using Western Blot. The level of cAMP in rat DRG was measured by ELISA.
As aresult, decreased MWT was observed in CCI rats on 1 d after surgery, and the allodynia was sustained throughout the
experimental period. In addition, CCI rats presented increased expression of P2X?2 and P2X3 receptor in the ipsilateral DRG
at 7 d and 14 d after CCI operation. Intrathecal injection of ZD7288 significantly reversed CCI-induced mechanical hyperal-
gesia, and attenuated the increased expression of P2X2 and P2X3 receptor in rat DRG, which open up the possibility that the
expression of P2X?2 and P2X3 receptor in DRG is down-regulated by HCN channel blocker ZD7288 in CCI rats. Furthermore,
the level of cAMP in rat DRG significantly increased after nerve injury. Intrathecal administration of ZD7288 attenuated the
increase of cCAMP in DRG caused by nerve injury. Subsequently, effects of HCN channel activity on ATP-induced current
(Itp) in rat DRG neurons were explored by using whole-cell patch-clamp techniques. ATP (100 pM) elicited three types of
currents (fast, slow and mixed Ipp) in cultured DRG neurons. Pretreatment with ZD7288 concentration-dependently inhibited
three types of ATP-activated currents. On the other hand, pretreatment with 8-Br-cAMP (a cell-permeable cAMP analog,
also known as an activator of PKA) significantly increased the amplitude of fast, slow and mixed I,;p in DRG neurons. The
enhanced effect of 8-Br-cAMP on ATP-activated currents could be reversed by ZD7288. In a summary, our observations
suggest that the opening of HCN channels could enhance the expression and function of P2X2 and P2X3 receptor via the
cAMP-PKA signaling pathway. This may be important for pathophysiological events occurring within the DRG, for where
it is implicated in nerve injury-induced pain hypersensitivity.
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Introduction that peripheral sensitization is involved in the development

of chronic pain induced by peripheral nerve injury. Hyper-

Neuropathic pain is commonly caused by injuries in the
peripheral or central nervous system, which manifests as
allodynia, hyperalgesia and spontaneous pain [1]. It is clear

< Xiaohong Liu
1xh12242021@163.com

Key Laboratory of Brain Science, Zunyi Medical University,
Zunyi 563000, China

Department of Physiology, Zunyi Medical University, No. 6,
Xuefu west road, Zunyi 563000, Guizhou province, China

excitability of dorsal root ganglia (DRG) sensory neurons,
as a result of afferent ectopic discharges from the site of
nerve injury, is necessary to kindle the sensitization of spinal
nociceptive pathway. Some different types of ion channels in
DRG sensory neurons play an important role in nociceptive
information transmission from the peripheral to the central
nervous system. Recently, numerous studies have shown that
hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels which mediate responses to noxious stimuli are
expressed in DRG. HCN channels comprise four members
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(HCN1-HCN4). HCN1 and HCN2 are the isoforms most
strongly expressed in primary somatosensory neurons in
the DRG. The increased expression of HCN1 and HCN2
in DRG were observed in rodent models of inflammatory
and neuropathic pain. Moreover, intraperitoneal or intrath-
ecal injection with ZD7288 (4-(N-ethyl-N-phenylamino)-
1,2-dimethyl-6-(methylamino) pyrimidinium chloride, a
HCN channel inhibitor) suppressed pain hypersensitivity,
and attenuated the increased expression of HCN1 and HCN2
in DRG neurons of these pain models [2—7]. In addition,
HCN1 or HCN2-deficient mice exhibited reduced experi-
mental pain sensitivity than wild-type littermate, which indi-
cate an important role for HCN1 and HCNZ2 in pain percep-
tion [7-10]. It looks likely that inhibition of the function of
HCNI1 and HCN2 are effective at reducing the spontaneous
pain behavior in animal models of neuropathic pain, which
means that HCN channels appear to be a promising analge-
sic drug target.

It is well known that extracellular adenosine triphosphate
(ATP) can serve as an important chemical neurotransmitter
that can modulate pain perception through the activation of
P2 purinoceptors-mediated nociceptive afferent pathway. P2
receptor can be divided into two main groups: the ATP-gated
ionotropic P2X family and the G protein-coupled metabo-
tropic P2Y receptors. Immunohistochemistry and reverse
transcription-polymerase chain reaction (RT-PCR) demon-
strate that P2 receptors, including P2X1-6, P2Y1 and P2Y4,
are expressed in DRG neurons [11, 12]. Previous studies
have shown that P2X3 receptor play a crucial role in facili-
tating the transmission of pain in neuropathic pain states
[13, 14]. In situ hybridization and whole-cell patch-clamp
recording revealed that capsaicin-sensitive, small-sized
DRG neurons mainly expressed homomeric P2X3 subu-
nit, and capsaicin-insensitive, medium-sized DRG neurons
expressed heteromeric receptor with P2X2 and P2X3 [15,
16]. A growing body of research confirms that the increased
expression of P2X2 and P2X3 receptors in DRG contribute
to chronic inflammatory and neuropathic pain, and selec-
tive blockade of P2X2 and P2X3 receptor activation can
inhibit mechanical and thermal hyperalgesia [13, 17, 18].
For example, Wang et al. [16] report that ATP-induced cur-
rent mediated by P2X3 receptors in DRG neurons is signifi-
cantly enhanced after spared nerve injury (SNI). In addition,
in complete Freund's adjuvant (CFA)-induced inflamma-
tion pain rats, ATP-induced both fast and slow currents (the
responsible receptors are homomeric P2X3 and heteromeric
P2X2/3, respectively) were significantly enhanced in DRG
neurons [19]. Furthermore, Cockayne et al. [20] found that
DRG neurons from P2X2-/- mice only presented fast cur-
rent responded to ATP and reduced pain-related behavior in
response to intra plantar injection of formalin, which sug-
gests that an important contribution of heteromeric P2X2/3
receptors to nociceptive responses. These experimental
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results suggest that overactivation of P2X2 and P2X3 recep-
tors in DRG sensory neurons is responsible for the neuro-
pathic and inflammatory pain behaviors.

As a selective blocker of HCN currents, ZD7288 has
been widely used as a tool for studying the role of HCN
channels in neuronal functions. A growing body of research
has shown that ZD7288 can affect the function of other ion
channels and receptors of neurons. For example, ZD7288
inhibited Na* currents in DRG neurons and HEK293 cells
transfected with Na(v)1.4 plasmids, respectively [21]. In
addition, ZD7288 attenuated the amplitude of both AMPA
and NMDA receptor-mediated excitatory postsynaptic cur-
rents (EPSCs) [22, 23], and blocked high-frequency tetanic
stimulation induced long-term potentiation (LTP) at the
mossy fiber-CA3 synapses [22] and perforant path-CA3 syn-
apses [23, 24], which suggests that HCN channels may affect
glutamate receptor function and thus contribute to regulation
of plasticity in the hippocampus.

Some recent studies have shown that there is an interac-
tion between HCN channels and P2 purinoceptors. It was
reported that P2Y1 receptors activation lead to facilitation
of the current mediated by HCN channels (I;) in mesen-
cephalic trigeminal neurons [25]. But Khakh et al. found
that activation of P2X receptor channels caused an apparent
inhibition of I, in neurons of rat trigeminal mesencephalic
nucleus [26]. It is not clear whether there is an interaction
between HCN channels and P2X receptors in DRG neurons.
For this reason, in the current study, we examined whether
the expression and function of P2X2 and P2X3 receptors
were affected by HCN channel blocker ZD7288.

Methods
Animals

Sprague Dawley (SD) rats were used in this study. The pro-
tocol was prepared from SD rats in accordance with the
National Institutes of Health guide-lines in a manner that
minimized animal suffering and animal numbers. All experi-
ments were carried out in accordance with China animal
welfare legislation, and were approved by the Zunyi Medi-
cal University Committee on Ethics in the Care and Use
of Laboratory Animals. 2 to 3-week-old SD rats were used
in the electrophysiology study. Adult SD rats (6—8 weeks,
180-220 g) were used in behavioral experiments [27, 28].
The rats were housed in separated cages with free access to
water and food in a standard 12-h light/dark cycle [21, 29].

Implantation of Intrathecal Catheter

Lumbosacral intrathecal catheters were implanted as
described by Storkson et al. [30]. Under anesthesia with
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pentobarbital sodium (40 mg/kg, i.p.), rats were fixed and
2 cm longitudinal incision was made above vertebrae L5-L6.
A PE-10 polyethylene catheter was implanted intrathecally
at the level of the L5-L6 until a sudden movement of the tail
or the hind limb was observed [29], and then passed gently
2 cm upward to reach the level of the lumbar enlargement.
The tip of the catheter was immobilized onto the neck under
the skin. The correct intrathecal catheter position was con-
firmed through paralysis of bilateral hind limbs after injec-
tion of 2% lidocaine (10 pl). Rats exhibiting postoperative
neurologic deficits were excluded. The rats were housed
individually after implantation of an intrathecal catheter,
and allowed to recover 5 d before the chronic constriction
injury (CCI) operation [31].

Intrathecal administration of drug is via a microsyringe
connected to the intrathecal catheter. ZD7288 (Sigma) was
made with 0.9% sodium chloride. The drug was injected
once a day for 14 consecutive days after CCI [29].

The Chronic Constriction Injury of Sciatic Nerve (CCl)
Model

The rat CCI model was established with reference to the
method described by Bennett et al. [32]. All surgical proce-
dures were performed under strict sterile conditions. Under
anesthesia with pentobarbital sodium (40 mg/kg, i.p.), the
left sciatic nerve proximal to the sciatic trifurcation was
exposed by blunt dissection of the biceps femoris muscle.
Four loose ligatures were tied in the isolated sciatic nerve
with sterile 4.0 chromic guts, 1 mm apart. The intensity of
the ligation was determined by the slight twitch of the calf
muscle [32, 33]. Muscle and skin were closed in layers. The
sciatic nerve of sham operated rats was exposed without
ligation. Rats exhibiting neurologic impairments or infec-
tion were not included in this study. After CCI surgery, rats
were housed in separate cages to avoid scratching each other.

Measurement of Mechanical Allodynia

The paw mechanical withdrawal threshold (MWT) was
measured using an electronic von Frey plantar aesthesiom-
eter (IITC, Wood Dale, IL, USA) [31]. A rigid filament was
applied perpendicularly to the medial surface of the left hind
paw with increasing force until a paw withdrawal occurred.
The paw withdrawal was considered as a positive response
and the pressure value recorded by the device was MWT.
The test was repeated three times at 5-min intervals and the
average value was recorded as MWT for the rat [34-36].

Western Blot (WB)

The rats were terminally anesthetized with pentobarbital
sodium (40 mg/kg, i.p.). The ipsilateral L4-L.6 DRG of
CCI operation was rapidly dissected and rinsed in cold
phosphate-buffered saline, then homogenized in 1 ml
ice-cold radioimmunoprecipitation (RIPA) lysis buffer.
Protein concentration was determined via Bicinchoninic
Acid (BCA) methods [32]. Total proteins were diluted in
4 xloading buffer and incubated at 100 °C for 5 min for
denaturation. Samples (80 pg) were loaded onto a 10%
Tris—HCI SDS-PAGE gel (BioRad, Hercules, CA) for
electrophoresis separation and transferred onto polyvi-
nylidene fiuvoride (PVDF) membranes [19, 37]. The PVDF
membranes were blocked for 1 h at room temperature in
nonfat dried milk solution [10% in 0.1% Tween-Tris-buff-
ered saline (TTBS)] and then were incubated with goat
anti-P2X2 (1:500, ab229151, Abcam) [38], goat anti-
P2X3 (1:500, ab90905, Abcam) and goat anti-GAPDH
polyclonal antibody (1:5000, ab8245, Abcam, Cambridge,
UK) overnight at 4 °C [39]. The PVDF membranes were
washed three times with TBST and then incubated with
HRP-tagged secondary antibodies at room temperature
for 1 h [40]. The immunoreactive proteins were visual-
ized using enhanced chemiluminescence (ECL) reagent
Beyo ECL plus (Beyotime Institute of Biotechnol-ogy)
[19]. Images of the blots were captured using a Chemi-
Doc XRS system (Bio-Rad Laboratories, Inc.). The image
was scanned, and band intensity was semi-quantified using
Quantity One software v4.52 (Bio-Rad Laboratories, Inc.).

Cell Culture

DRG neurons were obtained from 2 to 3-week-old SD
rats. Briefly, rat was anesthetized and L4-L6 DRGs were
dissected surgically under sterile condition. The dis-
sected DRG were desheathed, cut and incubated in 4 ml
Dulbecco,s Modified Eagle,s Medium with F-12 sup-
plement (DMEM/F-12, GIBCO, USA) containing 0.3%
collagenase (Class I, Sigma, St Louis, MO, USA) for
60 min at 37 °C. After wash three times, the tissue was
then incubated in 4 ml DMEM/F-12 containing 0.125%
trypsin (Sigma) at 37 °C for 20 min. The action of trypsin
was stopped by DMEM/F12 containing 10% fetal bovine
serum. The tissue was then dissociated into single neu-
rons by gentle trituration using fire polished glass pipets.
The cells were collected by centrifugation at 1000 rpm for
5 min. The supernatant was discarded and the cells were
suspended in growth medium comprising of DMEM/F-12
supplemented with 10% bovine serum, 50 ng/ml nerve
growth factor, 200 IU/ml penicillin and 200 IU/ml strepto-
mycin. DRG cells were plated onto sterile glass coverslips
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pre-coated with 10 pg/ml poly-d-lysine (Sigma) followed
by 10 pg/ml Laminin-I (Sigma) and maintained in a 95%
air and 5% CO2 humidified incubator at 37 °C, and used
within 48 h.

Whole-Cell Clamp Recording

Recordings were performed at room temperature (22 ~25 °C)
[35, 41]. Cells were transferred to a submersion-type record-
ing chamber and perfused (1-2 ml/min) with extracellular
solution (in mM): 135 NaCl, 5 KCl, 2 KH2PO4, 1.5 CaCl,, 6
MgCl,, 10 glucose, and 10 HEPES, pH 7.2 [27, 41]. Record-
ing electrodes (resistance 5—10 MQ) were filled with inter-
nal solution, which contained (in mM): 145 K-gluconate, 2
MgCl2, 5 K2 ATP, 0.5 EGTA (ethylene glycol tetra acetic
acid), SHEPES, pH 7.2-7.4 [42]. Membrane currents were
recorded using an Axopatch 200B amplifier, digitized with
a Digidata 3200A interface (Axon Instruments, Foster City,
CA.), and acquired at a frequency of 2 kHz using pClamp
9 [43]. Under voltage-clamp conditions, the whole-cell
patch recording technique was used for current recordings.
Membrane potential was held at —50/—60 mV [27]. After
giga-ohm seal formation and patch rupture, series resist-
ance was compensated at 60—80% and continually moni-
tored throughout the experiment [35]. Neurons were given
at least 5 min to stabilize before data were collected [35].
ATP (100 pM) was applied rapidly for 2 s at 5-min intervals
through a manifold comprised of 8 capillaries, with 200 um
internal diameter [37].

ELISA

The level of cAMP in the DRG of rats was measured by
ELISA. The ipsilateral L4-L6 DRG of CCI operation was
rapidly separated, ground, and homogenized with an ultra-
sonic tissue homogenizer. Samples were centrifuged and the
supernatants were collected for cAMP analysis. The content
of cAMP was evaluated using ELISA kit (Hushang Bio-
logical Technology Co., Ltd., Shanghai, People’s Repub-
lic of China). The optical density (OD) value at 450 nm
was recorded using a microplate reader. The average level
of cAMP was calculated in term of the standard curve as
directed by manufacturer’s instructions for the kit.

Statistical Analysis

In vivo data were presented as the mean + standard deviation
(SD). SPSS18.0 (SPSS Inc., Chicago, IL, USA) was used
to analyze data. Normality of distribution of data for each
test index was verified using the Kolmogorov—Smirnov test.
Given the normal distribution of data, statistical analysis
was conducted with one-way analysis of variance (ANOVA)
followed by application of Dunnett’s multiple comparison
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test or Student’s t-test. P <0.05 was considered statistically
significant. In vitro data were presented as the mean =+ stand-
ard error (Sem). In this study, ATP-induced current was
compared before and after the administration of a drug
in the same cell. Statistical analysis was performed with
Paired sample t-test. P <0.05 was considered statistically
significant.

Results

Analgesic Effect of ZD7288 on Hyperalgesia in CCl
Rats

ZD7288 was used to determine the involvement of HCN
channels in CCI-induced neuropathic pain. Previous stud-
ies have reported that ZD7288 produced a concentration-
dependent reversal of mechanical nociceptive threshold,
with maximal reversal observed at 2 h after ZD7288 injec-
tion in spinal nerve ligation-induced neuropathic pain rats
and diabetic neuropathic pain rats [44]. In the present study,
three concentrations of ZD7288 (10 pg, 30 pg, 50 pg/10 ul)
were intrathecally administered. We found that applica-
tion of ZD7288 at 10 pg, 30 pg and 50 pg/10 ul all showed
increased MWT in comparison to CCI rats (P <0.05). The
analgesic effect of ZD7288 reached its peak 2 h after intrath-
ecal injection, and gradually decreased thereafter (Fig. 1A).
Among them, ZD7288 at 10 pg/10 ul showed slight but sta-
tistically significant analgesic effect only 2 h after injection
(17.33+1.86 vs. 13.96 +1.75 g. P<0.05; n=8; Fig. 1A),
while ZD7288 at concentrations of 30 and 50 ug/10 pl
had more significant analgesic effect (30.3 +3.39 and
31.38+3.79 g vs. 13.96 +1.75 g. P<0.01; n=8; Fig. 1A).
Some of the rats injected with 50 pg/10ul ZD7288 showed
sluggish in action, while the rats injected with 30 pg/10ul
7ZD7288 did not show this side effect. Then, ZD7288 at
concentration of 30 ug/10 ul was selected in the following
experiments.

On the other hand, we noticed that decreased MWT were
exhibited on 1 d after nerve injury compared to sham rats
(25.13+3.47 vs. 36.32+3.81 g. P<0.01; n=8; Fig. 1B).
The allodynia lasted until day 14 after CCI operation
(12.78+1.42 vs. 36.72+3.5 g. P<0.01; n=8; Fig. 1B). Rats
of the sham group failed to exhibit mechanical allodynia.
In addition, intrathecal injection of ZD7288 (30 pg/10 pl)
significantly reversed mechanical hyperalgesia, and had
analgesic effect 14 d after CCI operation (29.07 +2.89 vs.
12.78+1.42 g. P<0.01; n=8; Fig. 1B). These data con-
firmed that HCN channels are involved in the development
of CCI-induced neuralgia.
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Fig.1 Mechanical hypersensitivity in different groups was deter-
mined by measuring the mechanical withdrawal threshold (MWT).
All values represent mean+SD. A Effect of ZD7288 (10 pg, 30 pg
and 50 pg/10 pl) on the MWT in CCl rats at 1 h, 2 h, 4 hand 8 h
after the administration of ZD72888. Statistically significant dif-
ferences were observed at 1 h, 2 h, 4 h and 8 h after the adminis-
tration of ZD7288 (10 pg: “P<0.05; 30 pg and 50 pg: ““P<0.01,
+*+P<0.01). Intrathecal injection of 10 pg/10 pl ZD7288 had an

Blocking the Function of HCN Channels can Inhibit
the Expression of P2X2 and P2X3 Receptor in DRG
of CCl Rats

The P2X receptors in DRG have been found to greatly con-
tribute to pain transmission sensitization [13, 14]. In this
study, the protein expression of P2X2 and P2X3 receptor
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Fig.2 Effect of HCN channel blockers ZD7288 on the protein
expression of P2X2 and P2X3 receptor in DRG in CCI rats (n=4).
A Intrathecal administration of ZD7288 significantly decreased
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analgesic effect only 2 h after administration, and other detection
time was not statistically significant. Intrathecal injection of ZD7288
of 30 pg and 50 pg/10 pl had significant analgesic effect during the
detection period. B The MWT in CCI rats (at 1, 3, 5, 7, 10 and 14 d
after CCI operation) was significantly lower than in the sham group
(""P<0.01). The MWT in ZD7288-treated CCI rats were signifi-
cantly higher than CCI rats (**P <0.01)

in DRG significantly increased after nerve injury com-
pared to sham rats (P <0.05, Fig. 2). To explore whether
HCN channels regulate the expression of P2X receptor in
DRG, we detected the P2X2 and P2X3 receptors expres-
sion after the administration of ZD7288. Western blot
analysis demonstrated that intrathecal injection of ZD7288
significantly attenuated the increased expression of P2X2
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the P2X2 receptor expression in the DRG of CCI rats (P<0.05); B
Intrathecal administration of ZD7288 significantly decreased the
P2X3 receptor expression in the DRG of CCI rats (P <0.05)
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and P2X3 receptor in CCI rats (P <0.05, Fig. 2). These
data confirmed that HCN channels activation after CCI
operation can promote the expression of P2X2 and P2X3
receptors in DRG.

Blockage of HCN Channels can Reduce the Increase
of cAMP in DRG of CCl Rats

Previous studies have shown that enhanced cAMP signal-
ing promotes neuropathic and inflammatory pain [45-47].
The cAMP signaling is also involved in the activation of
HCN channels [48, 49]. In this experiment, the level of
cAMP in DRG significantly increased at 7d and 14d after
nerve injury (29.17 +1.88 and 36.57 + 1.27 pmol/mg vs.
21.55+1.25 pmol/mg. P <0.05; n=6; Fig. 3). Intrathe-
cal administration of HCN channels antagonist ZD7288
attenuated the increase of cCAMP in DRG caused by nerve
injury (7d: 24.54 +2.51 pmol/mg vs. 29.17 +1.88 pmol/
mg; 14d: 25.80 + 1.24 pmol/mg vs. 36.57 + 1.27 pmol/mg.
P <0.01; n=06; Fig. 3). These results suggest that the ele-
vation of cAMP level in DRG caused by nerve injury may
promote the activation of HCN channel, and then promote
the generation of neuropathic pain. The analgesic effect of
blocking HCN channels may be related to the decrease of
cAMP level in DRG of rats with nerve injury.
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Fig. 3 Intrathecal administration of HCN channel blockers ZD7288
inhibited the increase of cAMP content in DRG of CCI rats (n=6).
The content of cAMP was increased in DRG of CCI rats compared
with the control group (P <0.05). Intrathecal injection of ZD7288
attenuated the increase of cAMP content in DRG of CCI rats
(P<0.05)
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HCN Channel Blocker ZD7288 Inhibit ATP-Induced
Currents (IATP) in DRG Neurons

Currents Evoked by ATP in DRG Neurons

Whole-cell currents were recorded from small and medium-
sized (20- to 35-mm in diameter) DRG neurons using
whole-cell patch-clamp recording. ATP (100 puM, applied
for 2 s) elicited inward currents in 220 of 253 (87%) cells.
The responses of cells to ATP exhibited diverse kinetics and
could be subdivided into three types: fast, slow and mixed
kinetics responses. It is well known that the responsible
receptor is homomeric P2X3 (fast I 1p) and heteromeric
P2X2/3 (slow I,7p) subtypes, and the mixed current is attrib-
utable to the presence of homomeric P2X3 and heteromeric
P2X2/3 receptors in the same cell [50].

In our experiments, among the cultured DRG neurons
(n=253), approximately 26.5% cells (n=67) displayed fast
currents, 27.3% cells (n=69) displayed slow currents, and
33.2% cells (n=284) displayed mixed current. There are also
some cells (13.0%, n=133) that did not respond to ATP.

ZD7288 Inhibited ATP-Induced Currents in DRG
Neurons

To characterize the effects of HCN channels on P2X recep-
tor function, we recorded I,rp in DRG neurons pre-incu-
bated with ZD7288. We noticed that pre-incubation of
ZD7288 (100 pM, 10 min) caused a significant decrease in
the peak amplitude of three types of I,rp (rapid, slow and
mixed I,rp). In our experiments, ZD7288 inhibited rapid,
slow and mixed I p by 65.2% (n=23), 62.5% (n=32),
and 82.8% (n=232), respectively. The inhibitory effect of
ZD7288 on I rp in DRG neurons was dose-dependent.
As shown in Fig. 4, ZD7288 inhibited ATP-induced fast
currents to 82.4+3.8%, 41.8+1.6% and 21.3+1.9% of
control (2829.50 +158.26 pA, 1434.23 +66.81 pA and
731.88 +£54.65 pA vs. 3433.54+73.10 pA, respectively.
P <0.05; n=8; Fig. 4A and D) at 0.01 M, 0.1 M and
1 M, respectively. ZD7288 inhibited ATP-induced slow
currents to 86.0+2.0%, 60.1 +2.5% and 27.1+2.1% of
control (2898.66 +160.37 pA, 2026.1 +77.30 pA and
914.49 +46.15 pA vs. 3371.36 +109.12 pA, respectively.
P <0.05; n=8; Fig. 4B and E) at 0.01 M, 0.1 M and 1 M.
In addition, ZD7288 inhibited ATP-induced mixed cur-
rents. The inhibition of ZD7288 on the fast and slow com-
ponents of mixed I,rp were similar to that of ZD7288 on
rapid I,pp and slow I pp, respectively. ZD7288 inhibited the
fast component of mixed I p to 55.6+4.1%, 31.2+5.5%
and 9.8 +8.2% of control (880.8 +83.94 pA, 493.53 +85.07
PA and 154.87 +£16.42 pA vs. 1583.5+130.86 pA, respec-
tively. P<0.05; n=9; Fig. 4C and F) at 0.01 M, 0.1 M and
1 M. ZD7288 inhibited the slow component of mixed I,pp
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Fig.4 Concentration-
dependent inhibitory effects

of ZD7288 on the fast, slow
and mixed current evoked

by ATP (100 pM) in DRG
neurons. The inhibitory effect
of ZD7288 on ATP-evoked fast
currents in DRG neurons was
concentration-dependent, and
fast I,pp currents were inhibited
to 82.4+3.8%, 41.8+1.6%

and 21.3 +£1.9% of control

at 0.01 M, 0.1 Mand 1 M,
respectively (A and D). The
inhibitory effect of ZD7288

on ATP-evoked slow currents
in DRG neurons was concen-
tration-dependent, and slow
I,rp currents were inhibited

to 86.0+2.0%, 60.1 +2.5%

and 27.1 +£2.1% of control at
0.01M,0.1 Mand 1 M. (B
and E). The inhibitory effect
of ZD7288 on ATP-evoked
mixed currents in DRG neurons
was concentration-dependent.
In addition, the inhibition of
ZD7288 on the fast current and
slow current components of
mixed I,pp was similar to that
of ZD7288 on rapid I,rp and
slow I,p. ZD7288 inhibited the
fast component to 55.6 +4.1%,
31.2+5.5% and 9.8 £8.2% of
control at 0.01 M, 0.1 M, and

1 M, and inhibited the slow
component to 61.2 +8.9%,
31.8+12.5% and 11.0+11.2%
of control at 0.01 M, 0.1 M and
1 M, respectively (C, F and

G). The error bars represent
the difference of the amplitude
of ATP-induced currents (fast,
slow and mixed I,rp) in multi-
ple DRG neurons. Responses to
ATP in the presence of ZD7288
were normalized with respect
to the control current in the
same neuron. P <0.01, versus
control
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t0 61.2+8.9%, 31.8+12.5% and 11.0+11.2% of control
(483.97 +£48.23 pA, 251.48 £53.54 pA and 86.64 +11.08
PA vs. 790.21 +£86.27 pA, respectively. P <0.05; n=9;
Fig. 4C and G) at 0.01 M, 0.1 M and 1 M. The inhibi-
tory effect of ZD7288 on rapid, slow and mixed I,p was
reversible after 10 min washouts (Fig. 5). In conclusion,
HCN channels blocker ZD7288 can significantly inhibit
ATP-induced rapid, slow and mixed currents mediated by
homomeric P2X3 and heteromeric P2X2/3, which means
that HCN channels activation can enhance P2X2,3 receptor
function in DRG neurons.

Involvement of cAMP-PKA Signaling
in the Inhibitory Effect of ZD7288 on ATP-Activated
Currents

Previous research shows that the intracellular carboxyl ter-
minus of P2X receptor contains several consensus phos-
phorylation sites for cAMP-dependent PKA, suggesting
that the function of the P2X purinoceptor could be regu-
lated by cAMP-PKA signaling [51, 52]. The cAMP-PKA
signaling is also a significant modulator of HCN channels
activation. Cytoplasmic cAMP can facilitate the open-
ing of HCN channels by affecting the structure of the
C-linker and cyclic nucleotide-binding domain [48, 49].
In the present study, 8-Br-cAMP (a cell-permeable cAMP
analog), an activator of PKA, significantly increased the
amplitude of three types of I,rp (fast, slow and mixed
I,rp) in DRG neurons. 8-Br-cAMP enhanced the ampli-
tude of the fast currents evoked by ATP to 143.8 +5.4%
of control (3244.68 +416.13 pA vs.2257.13 +305.23 pA,
P <0.05; n=9; Fig. 6D), and enhanced the amplitude of
the slow currents evoked by ATP to 142.5 +8.9% of control
(3116.42+577.13 pA vs.2186.48 +410.18 pA, P <0.05;
n=9; Fig. 6E). Similarly, 8-Br-cAMP enhanced the fast
component of mixed currents to 155.3 +8.7% of control
(1657.69 +74.87 pA vs.1067.63 +£87.63 pA, P <0.05;
n=9; Fig. 6F), and enhanced the slow component of mixed
currents to 166.2 +7.0% of control (994.03 +70.91 pA
vs.598.2 +60.83 pA, P<0.05; n=9; Fig. 6G). In addi-
tion, HCN channels blocker ZD7288 significantly inhibited
the effect of 8-Br-cAMP on ATP-induced currents. In this
study, pre-incubation of ZD7288 (100 pM, 10 min) can
inhibit the effect of 8-Br-cAMP on ATP induced fast, slow
and mixed currents in DRG neurons. ZD7288 inhibited the
fast currents to 113.5+3.2% of control (2562.1 +338.17
PA vs.2257.13 +£305.23 pA, P<0.05; n=9; Fig. 6D),
and inhibited the slow currents to 116.2 +6.6% of control
(2541.49 +529.80 pA vs.2186.48 +410.18 pA, P<0.05;
n=9; Fig. 6E), respectively. Similarly, pre-incubation
of ZD7288 inhibited the effect of 8-Br-cAMP on the fast
component of mixed currents to 125.0 +6.8% of control
(1334.37+97.72 pA vs.1067.63 +87.63 pA, P<0.05; n=09;

@ Springer

Fig. 6F), and inhibited the effect of 8-Br-cAMP on the slow
component of mixed currents to 114.2+5.0% of control
(682.97+75.61 pA vs.598.2+60.83 pA, P<0.05; n=9;
Fig. 6G), respectively. These results suggest that cAMP-
PKA signaling is involved in the regulation of HCN channels
to P2X receptor function.

In addition, it should be noted that the difference in the
amplitude of the same type of ATP-induced currents in dif-
ferent figures was caused by recording in different cells.

Discussion

HCN channels are widely distributed in the sensory neurons
of the nervous system. There's a lot of evidence that HCN
channels in DRG participate in the development of inflam-
matory [53-56] and neuropathic pain [3, 57, 58]. In the pre-
sent study, intrathecal injection of ZD7288, a HCN chan-
nels specific inhibitor, produced a concentration-dependent
analgesic effect on CCI rats, which also suggest that the
hyperactivation of HCN channels in DRG promote CCI-
induced neuropathic pain. Previous studies have shown that
increased expression of HCN1 [4, 59] and HCN?2 [3-5, 60]
in DRG sensory neurons plays a key role in promoting the
occurrence and development of pathological pain.

Numerous studies show that P2X1-6 receptors are widely
expressed in DRG neurons [12]. Among them, P2X3 is the
predominant purinergic receptor subtype in small- and
medium-sized neurons (nociceptive C-fibers and Ad-fibers)
of DRG, and has been demonstrated to play an important
role in mediating nociceptive information transmission [61,
62]. It has been reported that the expression of P2X2 and
P2X3 receptors in DRG neurons increased in inflammatory,
neuropathic and cancer pain [63, 64]. A-317491 (antagonist
selective for P2X3 and P2X?2/3 subunit-containing channels)
can effectively relieve pathological pain [65-67]. In this
study, intrathecal injection of ZD7288 not only produced
analgesic effects, but also inhibited the expression of P2X2
and P2X3 receptors in DRG of CClI rats. These results sug-
gest that the activation of HCN channel can promote the
expression of P2X2 and P2X3 receptors, and further pro-
mote the occurrence of pathological pain after peripheral
nerve injury. On the other hand, these results imply that the
analgesic effect of ZD7288 is not only related to the blocking
of HCN channels, but also to the indirect inhibition of P2X
receptor expression in DRG.

In the present study, ATP-induced currents were recorded
from small and medium-sized DRG neurons, which transmit
peripheral nociceptive information to the spinal cord. Whole
cell patch clamp recording showed that the responses of cells
to ATP exhibited fast, slow and mixed kinetics responses.
It is well known that ATP-induced fast and slow currents
are mediated by homomeric P2X3 and heteromeric P2X2/3



Neurochemical Research (2022) 47:1083-1096 1091

Fig.5 Effects of 100 pM A
ZD7288 on the amplitude of

the currents evoked by ATP

(100 pM) in DRG neurons.
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Fig.6 The influence of ZD7288 A

on the effect of 8-Br-cAMP on ATP 8-Br-cAMP+ATP ZD7288+8-Br-cAMP+ATP
enhancing the currents evoked
by ATP (100 pM) in DRG neu-
rons. 8-Br-cAMP enhanced the
amplitude of the fast currents
evoked by ATP to 143.8+5.4%
of control. Pre-incubation of 1 "A|
ZD7288 inhibited the effect of 05
8-Br-cAMP on enhancing the

fast currents to 113.5+3.2% of

control (P<0.05; n=9, A and B ATP 8-Br-cAMP+ATP ZD7288+8-Br-cAMP+ATP
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receptors, respectively, and the mixed current is attribut-
able to the presence of homomeric P2X3 and heteromeric
P2X2/3 receptors in the same cell [50]. In our experiment,
pre-incubation of ZD7288 inhibited the fast, slow and mixed
currents induced by ATP in cultured DRG neurons. These
results show that activation of HCN channels can promote
the opening of homomeric P2X3 and heteromeric P2X2/3
receptors, and increase the excitability of primary sensory
neurons.

It is reported that overactivation of cAMP-PKA sign-
aling promotes the occurrence of pathological pain [68].
The cAMP-PKA signaling is also a significant modulator
of HCN channels activation. As a positive HCN channels
modulator, cAMP can facilitate the opening of HCN chan-
nels by affecting the structure of the C-linker and cyclic
nucleotide-binding domain. The response of HCN subtypes
to cAMP varies greatly (HCN4 >HCN2 >HCN3 >HCN1)
[69]. In addition, recent studies have shown that activation
of PKA can also promote the opening of HCN channels. For
example, Cheng et al. [70] found that PKA inhibitor KT5720
inhibited the current mediated by HCN channels (I;)) in DRG
neurons. On the other hand, recent studies have shown that
HCN channels can in turn affect cAMP content and PKA
activity. For example, Du et al. [41] found that local infu-
sion of HCN channels blocker ZD7288 attenuated CCI-
induced up-regulation of cAMP content in ventral-lateral
periaqueductal gray. In this experiment, we also observed
that intrathecal injection of ZD7288 reduced the elevation
of cAMP in DRG induced by CCI operation.

On the other hand, P2X receptors have been shown
to be regulated by both PKA and PKC activation, which
suggests that they might be substrates for phosphoryla-
tion [71]. Chow et al. [51] report that the intracellular
carboxyl terminus of P2X2 receptor contains several con-
sensus phosphorylation sites for cAMP-dependent PKA,
suggesting that the function of the P2X2 purinoceptor
could be regulated by the protein phosphorylation. In addi-
tion, Wang et al. [52] found that P2X3 receptor activation
induced [Ca®*]i elevation in DRG neurons was blocked
by protein kinase A inhibitor H-89. In this study, 8-Br-
cAMP (a cell-permeable cAMP analog), an activator of
PKA, enhanced both the fast current mediated by homo-
meric P2X3 receptor and the slow current mediated by
heteromeric P2X2/3 receptor, suggesting that the function
of P2X2 and P2X3 receptors in DRG neurons are regu-
lated by the cAMP-PKA signaling. That is, the increase
of cAMP-PKA activity can promote the opening of P2X2
and P2X3 receptors in DRG neurons. Moreover, pre-incu-
bation of ZD7288 significantly inhibited the enhancement
of ATP-induced current by 8-Br-cAMP, which means that
HCN channel is involved in the effect of 8-Br-cAMP. We
speculate that 8-Br-cAMP first promoted the activation
of HCN channel, which in turn promoted the opening of

P2X2 and P2X3 receptors in DRG neurons. Meanwhile, it
can be seen from Fig. 6 that incubation of ZD7288 did not
completely block the enhancement of ATP-induced current
by 8-Br-cAMP. We hypothesized that although blocking
HCN channel could reduce the level of cAMP in DRG
neurons, exogenous 8-Br-cAMP could directly activate the
P2X receptor through PKA, leading to its opening. These
results suggest that HCN channels can affect the activity
of cAMP-PKA, and then regulate the functions of P2X2
and P2X3 receptors in DRG neurons.

How does HCN channel affect the cAMP-PKA signaling?
Huang et al. [22] report that the opening of HCN channels
can increase [Ca**]i and further Ca**/calmodulin-dependent
activation of adenylate cyclase, leading to increased intra-
cellular cAMP concentration and PKA activity. As for the
reason that HCN channel activation leads to the increase
of [Ca®*]i, it may be mainly due to the depolarization of
the cell membrane caused by Na™ influx due to HCN chan-
nel opening. Then, membrane depolarization leads to the
opening of the voltage-dependent calcium channel and the
increase in [Ca®*1i [72]. For example, Felix et al. [73] found
that the HCN channel antagonist ZD7288 could block the
T-type Ca®* currents in mouse spermatogenic cells and
HEK-293 cells. On the other hand, in addition to being per-
meable to Na™ and K™, it is reported that HCN channels
are also weakly permeable to Ca>*. Therefore, HCN chan-
nels activation may lead to Ca** influx and the increase of
[Ca®*]i [74]. In this study, whether HCN channels affect
cAMP-PKA activity by altering [Ca®*]i and further Ca**/
calmodulin-dependent activation of adenylate cyclase in
DRG neurons remains to be further confirmed.

In summary, this study demonstrates that intrathecal
administration of HCN channel antagonist ZD7288 can
relieve CCI-induced neuropathic pain. In addition, ZD7288
significantly inhibits the increased expression of P2X2 and
P2X3 receptors in DRG in CCI rats, which strongly sug-
gest that HCN channels activation can promote the expres-
sion of P2X2 and P2X3 receptors in DRG after peripheral
nerve injury. Furthermore, whole cell patch clamp recording
shows that HCN channels antagonist ZD7288 can inhibit
ATP-induced fast, slow and mixed currents and the effect of
8-Br-cAMP on enhancing ATP-induced currents in cultured
DRG neurons. These results suggest that HCN channels
activation may enhance the functions of P2X2 and P2X3
receptors by the following possible mechanisms: HCN chan-
nels activation enhances the cAMP-PKA activity in DRG
neurons, which promotes the opening of purinergic P2X
receptor, thereby promoting peripheral sensitization and the
occurrence of neuropathic pain after peripheral nerve injury.
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