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A B S T R A C T

Chronic lead exposure frequently brings about increased blood pressure and other cardiovascular diseases as-
sociated with autonomic nervous dysfunction. Purinergic signaling is involved in the development of abnormal
sympathoexcitatory response due to myocardial ischemic injury. However, the potential implication of P2X7
receptor in altered sympathoexcitatory response caused by chronic lead exposure and the underlying mechan-
isms remain unclear. In this study, a rat model of chronic lead exposure was used to explore the changes in
sympathoexcitatory response and possible involvement of P2X7 receptor in the superior cervical ganglion (SCG).
Rats were divided into three groups called control, low lead and high lead groups according to daily lead
exposure levels, i.e. 0, 0.5 and 2 g/L respectively. One year later, changes in P2X7 receptor expression in SCG,
sympathetic nerve activity and myocardial function were measured for these rats. Our results showed that
increased blood pressure and heart rate, decreased heart rate variability, enhanced cervical sympathetic nerve
discharge, higher phosphorylation of ERK1/2, and up-regulated protein and mRNA levels of P2X7 expression in
SCG occurred after lead exposure. In addition, double-label immunofluorescence staining of P2X7 receptor and
glutamine synthetase (GS) revealed activation of the satellite glial cells of SCG by lead exposure. Moreover,
knockdown of P2X7 could effectively relief the effect of lead exposure on enhanced expression of P2X7 receptor
and GS. Thus our data suggest that the up-regulation of P2X7 receptor activity in satellite glial cells of SCG may
contribute to the raised sympathoexcitatory response due to chronic lead exposure.

1. Introduction

Lead is widely used in making many products such as leaded ga-
soline, lead-based paints, and cans containing foods or alcoholic bev-
erages (Vaziri, 2008). It is an environmentally persistent element and a
major global environmental hazard (Gillis et al., 2012). Several studies
have shown that lead can cause persistent and chronic impairments in
humans (Grandjean, 2010; Howarth, 2004; Kossowska et al., 2013). For
example, lead impaired the learning and memory functions (Nava-Ruiz
et al., 2012), and caused inflammation and cardiovascular diseases
(Vaziri, 2008). Lead may change the expression of genes related to the
synthesis of important proteins such as connexin 43 in nerve and glial
cells and affect the function of these cells (Baranowska-Bosiacka et al.,
2011; Song et al., 2016).

The P2X7 receptor belongs to an adenosine triphosphate (ATP)-
sensitive ionotropic P2X superfamily containing seven cloned subtypes

(P2X1–P2X7) (Zhang et al., 2005). ATP is the most important energy
source within all living cells. However, in addition to its metabolic
function, ATP also plays a role outside the cell as a potent signaling
molecule in the nervous and the immune systems (Baranowska-
Bosiacka et al., 2011). High ATP concentrations (> 100 μM) can acti-
vate the P2X7 receptor which forms a pore in the membrane of cells
(Cisneros-Mejorado et al., 2015; Del Puerto et al., 2015). The P2X7
receptor is found in astrocytes (Sadek et al., 2011; Zhang et al., 2005).
There is evidence for ATP release from neurons in the sympathetic
ganglia, apparently from preganglionic nerve terminals, and the sa-
tellite glial cell (SGC) is an obvious target for this neurotransmitter
(Hanani, 2010; Messlinger and Russo, 2018). There are two distinct
modes of ATP release in peripheral sensory neurons: an active process
of vesicular release and a passive release following cell lysis (Cook and
McCleskey, 2002; Hamilton and McMahon, 2000). ATP released from
cells after tissue damage may activate P2X7 receptor expressed on SGCs
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in dorsal root ganglia (McGaraughty et al., 2007) or on astrocytes in
brain (Baranowska-Bosiacka et al., 2011). Prolonged stimulation with a
high concentration of ATP leads to a release of inflammatory mediators
such as IL-1β and TNF-α, which induces cell death via the necrotic or
apoptotic pathways (McGaraughty et al., 2007). P2X7 receptor is re-
lated to numerous physiological functions and pathological processes,
but little is known about the potential relationship of its expression on
SGCs of the superior cervical ganglia (SCG) with chronic lead exposure.

SCG plays a crucial role in the regulation of cardiac function. SCG
receives efferent and afferent impulses and integrates them (Boehm and
Kubista, 2002). Myocardial injury activates cardiac sympathetic af-
ferent nerve endings, which is associated with an autonomic reflex
characterized by increased blood pressure and sympathetic nerve ac-
tivity (Zahner et al., 2003). On the other hand, SGCs in ganglia share
many properties with astrocytes, including expression of glutamine
synthetase (GS) and various neurotransmitter transporters (Hanani,
2005), and exhibit functions similar to astrocytes in the central nervous
system. For example, they release proinflammatory cytokines such as
IL-1β, interleukin-6 (IL-6) and monocyte chemoattractant protein-1
(MCP-1), and mediate the inflammatory response (Berta et al., 2012;
Hanani, 2010). A unique feature of SGCs, which distinguishes them
from astrocytes, is that they are fully surrounding individual sympa-
thetic neurons (Hanani, 2010). Glial cells are mutually coupled by gap
junctions in most regions of the nervous system (Rozental et al., 2001).
A study indicates that the coupling among SGCs via gap junctions is
significantly enhanced after peripheral inflammation or peripheral
nerve injury (Zhang et al., 2009). In addition, during nerve injury or
inflammation, SGCs demonstrate an altered phenotype similar to that
seen in activated astrocytes, including increased expression of glial fi-
brillary acidic protein (GFAP) and glutamine synthase (GS), and en-
hanced synthesis of cytokines (Warwick and Hanani, 2013). One study
has demonstrated that lead exposure may cause a considerable increase
in GFAP expression in mouse brain regions such as the hippocampus
and cortex, affecting the function of the nervous system (Kumar et al.,
2014).

The nervous system is a major target of lead, which has long been
regarded as an established fact. Recent evidence suggests that the ef-
fects of lead on the immune system are also related to its toxic effects on
the nervous system (Chibowska et al., 2016). Chronic lead exposure can
cause hypertension and cardiovascular diseases through increasing
sympathetic activity (Chang et al., 2005; Pal et al., 2015; Vaziri, 2008).
Activation of P2X7 receptor by extracellular ATP triggers secretion of
some inflammatory substances such as IL-1β, IL-18, TNF-α and nitric
oxide, and thus participates in inflammation (Alves et al., 2013). Our
previous work has shown that P2X7 receptor in SCG plays a role in the
sympathoexcitatory response (Kong et al., 2013; Liu et al., 2013a). Thus
all available evidence indicates that glial cells are significantly im-
plicated in the process of pathological changes in both the nervous
system and heart, but the effect of lead exposure on the peripheral
nerve system and underlying mechanism are currently unclear. Con-
sequently, the present study investigated the effects of chronic lead
exposure on the sympathoexcitatory response, focusing on the possible
involvement of P2X7 receptor in SGCs of SCG.

2. Materials and methods

2.1. Animals and treatment

Sexually mature female and male SPF Sprague-Dawley (SD) rats
(200–250 g) were obtained from the Sino-British Sippr/BK Lab Animal
Ltd. (Shanghai, China). The rats were housed separately in the la-
boratory animal facility at room temperature (20–25 °C) in 50–60%
humidity and with a 12 h light/dark cycle. The SD rats were provided
with a standard chow diet of 20 g/day per rat and could access to
distilled water ad libitum.

After an acclimatization period of three days, the female SD rats

were randomly assigned to the different exposure groups and drank
distilled water containing either 0 g/L (control), 0.5 g/L (low lead
group, LLG) or 2 g/L lead acetate (high lead group, HLG) (calculate by
lead) for 10 days prior to being bred with control SD male rats. The
mating of rats (1 male: 2 females) was conducted overnight in standard
polycarbonate cages. The mating success of the females was assessed by
a vaginal plug check, and each group was fed until weaning with the
above corresponding lead treatment. Ten male offspring from each
group were selected and continuously given corresponding lead acetate
through drinking water freely from weaning to 1 year old (Feng et al.,
2016; Yu et al., 2016).

On the day of lead exposure cessation, blood pressure, ECG and
other cardiac functions were measured; then after the rats were an-
aesthetized with 10% pentobarbital sodium (0.3mL/100 g, i.p.), elec-
trocardiogram (ECG) was recorded, and a whole blood sample was
collected from the femoral vein and placed into an ion-free tube treated
with 10% nitric acid for lead analysis. SCG were isolated for quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR),
Western blotting and immunofluorescence analyses. All experiments
were performed in accordance with the regulations of laboratory an-
imal management promulgated by the Ministry of Science and
Technology of the People's Republic of China [1988] No.134, which are
consistent with the internationally recognized NIH guidelines for the
care and use of laboratory animals.

2.2. Analysis of lead concentration in blood

The collected whole blood samples were digested with 10% HNO3

(1mL blood: 2.5mL HNO3) for 3 days in a clean room hood.
Afterwards, their supernatants were used for lead analysis by in-
ductively coupled plasma spectrometry (ICP-AES, Optima 5300 DV,
PerkinElmer, Fremont, CA, USA) (Fan et al., 2010). The lead calibration
standard solutions were provided by the National Research Center for
Certified Reference Materials (GSB 04-1766-2004, China). The recovery
rates of the samples ranged from 97.5 to 102.5%. The ICP conditions
were as follows: forward RE power, 1400W; plasma Ar flow rate,
15.0 L/min; auxiliary Ar flow rate, 0.2 L/min; nebulizer Ar flowrate,
0.85 L/min; sampling size, 1.5mL/min; observation height, 15 mm; and
integration time, 5–10 s. The metal ion content in the buffer solutions
was subtracted from measurements of the samples, and the results are
expressed as milligrams of metal ion per liter. To avoid possible con-
tamination, all containers (bottles, vials, etc.) were soaked in 10% nitric
acid overnight and rinsed with de-ionized water several times before
use (Zhu et al., 2013).

2.3. Measurements of blood pressure and heart rate variability

Blood pressure and heart rate were determined using the indirect rat
tail-cuff method (BP-98A, Softron Co., Japan). Heart rate variability
(HRV) was recorded and evaluated using subcutaneous needle elec-
trodes by the frequency-domain of electrocardiogram recordings
(RM6240, ChengYi, China). Five-min ECG recording was selected for
analysis. Power spectral analysis of HRV was conducted by computing
the power spectrum density of the very-low frequency (VLF,
0.003–0.04 Hz), low frequency (LF, 0.04–0.15 Hz) and high frequency
(HF, 0.15–0.40 Hz) components, as well as the LF/HF ratio. The power
of the RR-interval variations in the whole frequency range of the
spectrum, i.e. total power frequency (TP, 0–0.5 Hz), and in the ranges of
VLF, LF, and HF were calculated. The LF indicates the sympathetic
activity while the HF denotes the parasympathetic activity, and LF/HF
ratio was calculated to estimate the sympatho-vagal balance (Berntson
et al., 2008; Rajendra Acharya et al., 2006).

2.4. Measurements of sympathetic nerve activity

The postganglionic cervical sympathetic nerve discharge (SND) of
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SCG was recorded and analyzed using a RM6240 biological signal
analytical system (Chengdu Instrument Factory, Chengdu, China). In
brief, three groups of rats were anaesthetized with pentobarbital so-
dium (45mg/kg, i.p.). The left cervical sympathetic nerve was identi-
fied and immersed in warm paraffin. Silver electrodes connected to the
RM6240 system for recording SND were attached to the cervical sym-
pathetic nerve, and the reference electrode to a skin fold. The settings
for the SND patterns were: recording sensitivity (25–50 μV), scanning
speed (200ms/div), power gain (200 μV), time constant (0.001 s), and
frequency filtering (3 kHz). Cervical SND was integrated and quantified
as μvolts × seconds (μV·s). Integrated sympathetic activity was esti-
mated as the ratio between integrated sympathetic discharges in the
lead exposure groups versus the control group. Sympathetic discharges
measured after a 30-min steady state condition were considered as re-
levant events (Kenney et al., 2013; Lu et al., 2018).

2.5. qRT-PCR

Total messenger RNA (mRNA) was extracted from SCG using the
Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer's instructions. After homogenization of SCG tissue, lysate was
subject to the Reagent, generating an organic phase containing
chloroform and an aqueous phase. RNA was precipitated by using iso-
propanol from the aqueous phase. Total RNA was reverse transcribed
into cDNA using the RevertAid™ First Strand cDNA Synthesis Kit
(Fermentas, Glen Bernie, MD, USA) according to the manufacturer's
instructions. qRT-PCR was performed with SYBR-Green in the ABI 7500
PCR System. The sense and antisense primers were 5′-CTTCGGCGTGC
GTTTTG-3′, 5′-AGGACAGGGTGGATCCAATG-3′ for P2X7, and 5′-CAC
CCGCGAGTACAACCTTC-3′, 5′-CCCATACCCACCATCACACC-3′ for β-
actin. The thermal cycling parameters were 95 °C for 30 s, followed by
40 cycles of amplification at 95 °C for 5 s and 60 °C for 30 s. The
quantification of gene expression was calculated by the 2−ΔΔCt method
in comparison with respective levels of β-actin mRNA.

2.6. Knockdown of P2X7 by shRNA injection

Knockdown of P2X7 expression in SCG by injection of targeting
shNRA was carried out as described previously (Carnethon et al., 2002;
Guo et al., 2018). In brief, 10 μg P2X7 short hairpin RNA (P2X7 shRNA)
or 10 μg scramble shRNA negative control (NC) was injected into the
SCG of rats for one time (n= 10 in each group) by the Entranster™ - in
vivo transfection reagents according to the manufacturer's instructions.
A mixture of 10 μg P2X7 shRNA and 20 μl transfection reagent was
injected into SCG for the LLG+P2X7 shRNA or HLG+P2X7 shRNA
group. And for the Control+NC shRNA group, a mixture of 10 μg
scramble shRNA and 20 μl transfection reagent was injected into SCG.
The P2X7 shRNA and scramble shRNA were constructed by Novobio
Company of Shanghai, China. After one week, SCG were isolated from
various groups for determination of the expression levels of P2X7 and
glutamine synthetase by Western blotting.

2.7. Western blotting

Isolated SCG were washed with ice-cold phosphate-buffered saline
(PBS). The isolated tissues were homogenized by mechanical disruption
in lysis buffer (50mM Tris–Cl, pH 8.0, 150mM NaCl, 0.1% dodecyl
sodium sulfate, 1% Nonidet P-40, 0.5% sodium deoxycholate, 100 μg/
mL phenylmethylsulfonyl fluoride, and 1 μg/mL aprotinin), incubated
on ice for 40min and then centrifuged at 12,000×g for 10min at 4 °C.
The supernatants were collected, and protein concentrations were
quantified by the Lowry method. The supernatants were diluted with
loading buffer [100mM Tris–Cl, 200mM dithiothreitol, 4% sodium
dodecylsulfate (SDS), 0.2% bromophenol blue, and 20% glycerol] and
heated at 95 °C for 5min. Equal amounts of total protein (20 μg) were
loaded and separated by SDS-polyacrylamide gel (30% acrylamide,

1.5 M Tris-HCl, pH 8.8, 1.5M Tris-HCl, pH 6.8, 10% SDS, 10% ammo-
nium persulfate, and tetramethyl ethylene diamine) electrophoresis
using running buffer containing 0.125M Tris-Cl, 1.25M glycine, and
10% SDS. The separated proteins were transferred onto polyvinylidene
fluoride membranes (0.45 μm, Amersham Biosciences,
Buckinghamshire, UK). The membranes were blocked with 5% nonfat
dry milk in a solution of 25mM Tris buffered saline pH 7.2 plus 0.1%
Tween 20 (TBST) for 2 h at room temperature, followed by incubation
with the primary antibodies rabbit anti-P2X7 receptor (1:1000, Sigma-
Aldrich, St. Louis, MO, USA), mouse anti-glutamine synthetase (GS)
(1:1500, ab64613; Abcam, Cambridge, UK), rabbit polyclonal anti-
phospho-ERK1/2 (extracellular signal–regulated kinase, 1:1000, Cell
Signaling Technology, Danvers, MA, USA), rabbit polyclonal anti-
ERK1/2 (1:1000, Cell Signaling Technology), and mouse monoclonal
anti-β-actin (1:1000, Beijing Zhongshan Biotech Co., China) overnight
at 4 °C. Thereafter, membranes were incubated with the appropriate
HRP-conjugated second antibody (1:2000 dilution, Beijing Zhongshan
Biotech Co., China) for 1 h at room temperature. An enhanced ECL
chemiluminescence development kit (Thermo Scientific, Waltham, MA,
USA) and an imaging system (Bio-Rad, Hercules, CA, USA) were applied
to obtain the images of protein bands. The intensity of bands was
analyzed by Image-Pro Plus. The expression levels of the target proteins
were calculated by normalizing to the corresponding amount of β-actin
in order to avoid the interference from possible variation in loaded
protein amounts between samples.

2.8. Double-label immunofluorescence staining

SCG were dissected immediately after rats were anaesthetized,
washed in PBS, and fixed in 4% paraformaldehyde (PFA) for 24 h at
4 °C. The ganglia were then transferred to 20% sucrose in 4% PFA for
dehydration overnight at 4 °C. Tissues were sectioned at a thickness of
12 μm with a freezing microtome, placed onto glass slides coated with
poly-D-lysine, and stored at −20 °C until further processing. Co-ex-
pressions of P2X7 with glutamine synthetase (GS) or P2X7 with calci-
tonin gene-related peptide (CGRP) were assessed by double-label im-
munofluorescence. After three washes with PBS, the sections were
incubated with 10% goat serum (Beijing Zhongshan Biotech Co., China)
for 40min in a moisture chamber at 37 °C to block non-specific anti-
gens. The sections were then incubated with the mixture of either rabbit
anti-P2X7 antibody (1:200, Sigma Aldrich Company, USA) plus mouse
anti-GS antibody (1:200 dilution, Sigma Aldrich Company, USA) or
anti-P2X7 antibody (1:200) plus mouse anti-CGRP (1:150, ab81887;
Abcam, Cambridge, UK) diluted in PBS overnight at 4 °C. The sections
were then rinsed and incubated with a fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit antibody (1:200, Beijing Zhongshan
Biotech Co., China) and a tetraethyl rhodamine isothiocyanate (TRITC)-
conjugated goat anti-mouse antibody (1:200, Beijing Zhongshan
Biotech Co., China) for 1 h at room temperature in the dark. The sec-
tions were washed with PBS in the dark and mounted with an anti-fade
fluorescence-mounting medium. The images were captured by fluor-
escence microscopy (Olympus DP72, Japan) under the same exposure,
light, hue and contrast conditions. The yellow fluorescence density (co-
expression level) of each image was analyzed by Image-Pro Plus soft-
ware. Immunofluorescence intensity was measured in a square region
of interest (100×100 μm) after subtracting the background which is
defined as the signal measured in an area devoid of specific im-
munostaining. Data were collected from 5 discontinuous slices of each
rat with six rats in each group.

2.9. Statistical analysis

All data were analyzed by SPSS 17.0 software. The numerical values
are reported as the mean ± SE. The values of data from all tested
animals (control, LLG, HLG) on sympathetic nerve discharge and im-
munofluorescence density were normalized to the average value of the
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control group, as performed previously (Guo et al., 2018; Kenney et al.,
2013; Lu et al., 2018). Statistical significance was determined by one-
way analysis of variance (ANOVA) followed by the Fisher post hoc test
for multiple comparisons. A value of p < 0.05 was considered statis-
tically significant.

3. Results

3.1. Effects of lead exposure on blood pressure and heart rate variability

After lead exposure for 1 year, the systolic blood pressure (SBP) in
LLG group and diastolic blood pressure (DBP) in HLG group were
higher than those in the control group (p < 0.05); more significant
increase of SBP was observed in HLG group compared with the control
group (p < 0.01) (Table 1). In addition, both the SBP and DBP were
significantly higher in the HLG than in the LLG (p < 0.05). There was
no significant difference in the DBP between the control group and LLG.
These results suggested that SBP was increasing upon exposure to the
increased lead concentrations. Moreover, the heart rate (HR) in lead
exposure rats was faster than that in the control group, an effect also
dependent on lead dosages (Table 1).

A frequency-domain analysis showed that TP, VLF, LF and HF were
decreased in both the LLG and HLG compared with the control group
(Table 1), suggesting that both the sympathetic and parasympathetic
activities were reduced in the LLG and HLG rats. However, compared
with the control group, the LF/HF ratio was significantly increased in
the LLG (p < 0.05) and HLG (p < 0.01), pointing to the uneven da-
mage that reduced the parasympathetic activity more than the sym-
pathetic activity. The extent of decrease in TP, VLF, LF and HF was
greater in the HLG rats in comparison to those in the LLG rats. HLG rats
also exhibited higher LF/HF ratio than the LLG rats (p < 0.01), sug-
gesting that the imbalance between the sympathetic tone and para-
sympathetic tone was larger in the HLG than the LLG, and in other
word, the sympathetic nerve was relatively more excited in the former
rats (Table 1).

3.2. Effect of lead exposure on sympathetic nerve activity

The postganglionic cervical SND of SCG in the LLG and HLG was
significantly enhanced compared with that in the control group
(p < 0.01, Fig. 1), and the increase occurred in a lead dose-dependent
manner. Thus the increased sympathetic nerve activity in the lead ex-
posure rats is in line with the raised excitability in cardiac sympathetic
nerve.

3.3. Impact of chronic lead intake on lead concentration in blood

The lead concentration in blood in lead exposure groups was higher
than that in the control group (p < 0.01, Table 2). In addition, HLG

rats displayed a significantly higher lead concentration in blood than
LLG rats (p < 0.01).

3.4. Effect of lead exposure on P2X7 expression at mRNA and protein levels
in SCG

The total RNA isolated from SCG of rats exposed to lead for 1 year
was subject to qRT-PCR analysis to quantify the mRNA levels of P2X7
receptor. The transcript levels of P2X7 receptor in both the LLG and
HLG were remarkably increased compared with that in the control
group (p < 0.01, Fig. 2A). Furthermore, expression of P2X7 at the
mRNA level in the HLG was significantly higher than that in the LLG
(p < 0.01).

Expression of P2X7 receptor at the protein level was further ana-
lyzed by Western blotting. By quantification of the band intensity, the
stain values (integrated optical density, IOD) of P2X7 receptor protein
(normalized to individual β-actin internal control) in the LLG and HLG
were significantly higher than that in the control group (Fig. 2B, C). In
addition, P2X7 protein content in the HLG was also higher than that in
the LLG (p < 0.01).

3.5. Effect of lead exposure on double-label immunofluorescence staining of
P2X7 with GS or CGRP in SCG

The main glial cell type in most sympathetic ganglion tissues is the
SGC. SGCs usually form envelopes around individual neurons. The
presence of GS is the typical feature of SGCs. An increase of GS in SCG
indicates activation of SGCs upon nervous injury (Zou et al., 2012). The
co-expression of GS and P2X7 was determined by double-label im-
munofluorescence staining. Co-localization of P2X7 receptor and GS
was found mainly in the SGCs of SCG in all groups of rats (Fig. 3A). The
staining of GS and P2X7 in the lead-exposed groups was more intense
than that in the control group (p < 0.01; Fig. 3B). In addition, double-
label immunofluorescence staining was also performed for P2X7 and
CGRP; the latter is expressed in the neurons of SCG (Zaidi and
Matthews, 2013). The results confirmed that CGRP was expressed in
neurons whereas P2X7 was surrounded rather than co-localized with
the neuron (Fig. 3D), indicating that P2X7 receptor was expressed in
SGCs rather than neurons. Moreover, Western blotting also revealed
that the expression of GS in SCG at the protein level in the LLG and HLG
was higher than that in the control group (p < 0.01; Fig. 3C), under
similar experimental conditions where the same pattern of changes
were seen for both GS and P2X7 (see Fig. 2B). These data indicated that
P2X7 receptor was expressed in SGCs of SCG and furthermore, up-
regulated co-expression of GS and P2X7 receptor occurred in SGCs due
to lead exposure, likely resulting from activation of SGCs by ATP sti-
mulation of increased P2X7 receptors.

Table 1
Effects of lead exposure on cardiovascular parameters.

Control (n=10) LLG (n=10) HLG (n=10)

SBP (mmHg) 108.23 ± 5.17 116.39 ± 8.56⁎ 124.26 ± 9.46⁎⁎,#

DBP (mmHg) 83.88 ± 5.95 84.03 ± 6.58 87.89 ± 9.85⁎,#

Heart rate (bpm) 367.76 ± 14.90 389.72 ± 15.21⁎ 419.15 ± 18.52⁎⁎,##

TP (ms2) 587.52 ± 112.23 468.79 ± 117.05⁎⁎ 427.47 ± 100.17⁎⁎,#

VLF (ms2) 305.96 ± 74.35 253.38 ± 87.29⁎ 198.82 ± 46.38⁎⁎,#

LF (ms2) 73.57 ± 17.95 64.48 ± 19.56⁎ 59.98 ± 19.67⁎⁎

HF (ms2) 153.52 ± 47.36 110.16 ± 48.56⁎ 78.37 ± 25.58⁎⁎,#

LF/HF 0.49 ± 0.08 0.59 ± 0.09⁎ 0.79 ± 0.11⁎⁎,##

The vales are mean ± SE.
⁎ p < 0.05.
⁎⁎ p < 0.01 vs the control group.
# p < 0.05.
## p < 0.01 vs the LLG group.
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3.6. Effect of P2X7 shRNA on the expression of P2X7 and GS in SCG

To determine whether P2X7 regulated activation of SGCs due to
lead exposure, the expression levels of P2X7 and GS in SCG were de-
tected by Western blotting after knockdown by shRNA injection
(Fig. 4A). The IOD ratio of P2X7 to β-actin was significantly higher in
the LLG and HLG groups than the control group (p < 0.01, Fig. 4B), as
similarly observed above. However, injection of P2X7 shRNA re-
markably counteracted the upregulated expression of P2X7 in both the
LLG and HLG groups (p < 0.01). In addition, exposure to lead also
significantly increased the IOD ratio of GS to β-actin in a dose-depen-
dent manner (p < 0.01, Fig. 4C). Likewise, the upregulated expression
levels of GS in the LLG and HLG groups were also effectively inhibited
by the treatment of P2X7 shRNA (p < 0.01). Treatment with scramble
shRNA did not alter the expression of P2X7 and GS in control group
(p > 0.05).

3.7. Effect of lead exposure on phosphorylation of ERK1/2 in SCG

The expression levels of ERK1/2 and its active p-ERK1/2 were de-
tected by Western blotting (Fig. 5A). The IOD ratio of ERK1/2 to β-actin
was not significantly different among the three groups (F(2,6) = 2.98,
p=0.12, Fig. 5B). However, the phosphorylation levels of ERK1/2
(IOD ratio of p-ERK1/2 to ERK1/2) in the LLG and HLG were re-
markably higher than that in the control group (p < 0.01, Fig. 5C).
Furthermore, such effect on the IOD ratio of p-ERK1/2 to ERK1/2 was
larger in the HLG than the LLG (p < 0.05).

4. Discussion

Lead exposure produces sustained and chronic harm to human
health (Gillis et al., 2012). Data from animal experiments and popula-
tion investigations prove that lead exposure results in elevated blood
pressure and cardiovascular injury (Tsao et al., 2000), but the under-
lying mechanisms remain to be fully elucidated. In order to explore the
effect of long-term lead exposure on sympathoexcitatory response, a
one-year treatment was chosen for this study, in view of the fact that
chronic lead exposure to human being occurs in most real environment.
The effects of lead exposure for 1 year on neurotoxicity in rats have also
been reported (Feng et al., 2016). Of course, it cannot be ruled out that
shorter lead exposure may also affect nervous and cardiovascular

functions. Our results showed that SBP, DBP and HR in rats exposure to
lead for 1 year were increased, and the effects were dose-dependent on
the lead concentration. This implied that lead exposure could raise
sympathetic nerve activity. Our data also indicated that lead exposure
decreased the HRV, including both the LF and HF, but increased the LF/
HF ratio. Reduced HRV can increase the risk for developing human
atherosclerosis, coronary heart disease and other cardiovascular

Fig. 1. Effects of lead exposure on cervical sympathetic nerve activity. (A) Representative recordings of the postganglionic cervical sympathetic nerve discharge
(SND) of SCG. (B) Integrated cervical SND in all groups. Values are mean ± SE (n=10). **p < 0.01 vs Ctrl; ##p < 0.01 vs the LLG group.

Table 2
The lead concentration in blood of rats.

Control
(n= 10)

LLG (n=10) HLG (n= 10)

Lead concentration (mg/
L)

0 0.27 ± 0.02⁎⁎ 0.54 ± 0.05⁎⁎,##

The values are mean ± SE.
⁎⁎ p < 0.01 vs control group.
## p < 0.01 vs LLG group.

Fig. 2. Lead exposure increased P2X7 expression in SCG of rats. (A) The mRNA
level of P2X7 was quantified by qRT-PCR using β-actin as the internal control.
Results were expressed as mean ± SE of the fold changes from three in-
dependent experiments. (B) Detection of P2X7 protein by Western blotting in
SCG of lead-exposed rats. (C) The bar histograms show the IOD ratio of P2X7
protein contents relative to β-actin in each group. Values are mean ± SE from
three independent experiments. *p < 0.05, **p < 0.01 vs the control group;
## p < 0.01 vs the LLG group.

G. Zhu, et al. Autonomic Neuroscience: Basic and Clinical 219 (2019) 33–41

37



diseases, and also raise the mortality of cardiovascular diseases
(Carnethon et al., 2002). Neurons in SCG receive efferent and afferent
impulses and integrate a variety of information, playing an important

role in the regulation of cardiac function (Armour, 1999). Our work
revealed that both the sympathetic and parasympathetic activity were
impaired after lead exposure, but with parasympathetic tone more

(caption on next page)
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severely reduced. Therefore, an imbalance between the sympathetic
and parasympathetic nerve ensued, resulting in a relatively more ex-
cited sympathetic system eventually. The cervical sympathetic ganglion
neurons participate in regulating the function of heart and blood vessels

(Tu et al., 2013). In our study, lead exposure also enhanced the cervical
SND, confirming the increased excitability of the cardiac sympathetic
nerve, which would result in the up-regulation of the blood pressure
and heart rate.

Lead exposure can cause neurotoxicity including nerve injury (Liu
et al., 2013b; Zhang et al., 2014), and some studies have shown that
ATP is released from injured tissues (Burnstock, 2016; Davalos et al.,
2005). ATP is present in the millimolar range in cytosol, while

Fig. 3. Double-label immunofluorescence staining and the expression of GS protein in SCG. (A) GS and P2X7 receptor were co-expressed in SCG. The red color
(TRITC) indicates GS staining; the green color (FITC) indicates P2X7 staining; and the merge image represents double-staining of P2X7 and GS. Arrows indicate the
immuno-stained SGCs. Images are the representative from 10 rats in each group. Scale bar: 50 μm (B) Quantification of P2X7 receptor and GS co-immunostaining
(yellow) fluorescence, with the fluorescence density in control group as 100% (n=6 in each group). **p < 0.01 vs Ctrl. (C) The bar histograms show the IOD ratio
of GS protein level relative to β-actin in each group, as assessed by Western blotting. Values are mean ± SE from three independent experiments. ** p < 0.01 vs
Ctrl; # p < 0.05 vs LLG. (D) The double-label immunofluorescence staining of P2X7 and CGRP in SCG. The green signal represents P2X7 staining with FITC, and the
red signal indicates CGRP staining with TRITC. The merged image represents the double staining of P2X7 and CGRP. Scale bar, 50 μm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. P2X7 shRNA counteracted the enhanced expression of P2X7 and GS in
SCG due to lead exposure. (A) The expression levels of P2X7 and GS in SCG was
detected by Western blotting. (B) The bar histogram shows the IOD ratio of
P2X7 protein level relative to β-actin in each group. (C) The bar histogram
shows the IOD ratio of GS protein level relative to β-actin in each group. Values
are mean ± SE from three independent experiments. * p < 0.05 and **
p < 0.01 vs the control group; ## p < 0.01 vs the LLG group; ΔΔ p < 0.01 vs
the HLG group.

Fig. 5. Lead exposure increased phosphorylation of ERK1/2 in SCG. (A) The
expression of ERK1/2 and p-ERK1/2 was detected by Western blotting. (B) The
bar histograms show the IOD ratio of ERK1/2 protein level relative to β-actin in
each group. (C) The bar histograms showed the IOD ratio of p-ERK1/2 to ERK1/
2 in each group. The values are mean ± SE from three independent experi-
ments. ** p < 0.01 vs control group; # p < 0.05 vs the LLG group.
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extracellular ATP may activate P2X receptors at the micromolar level
(Cook and McCleskey, 2002). Extracellular ATP evokes various phy-
siological responses in different tissues via P2 receptors which are
classified into ligand-gated ion channel P2X receptors and metabotropic
G protein-coupled P2Y receptors (Burnstock, 2004). The P2X7 receptor
is an ATP-sensitive ligand-gated nonselective cation channel (Zhang
et al., 2005). In central nervous system, P2X7 receptor is expressed in
both glial cells such as microglial cells, Schwann cells and astrocytes
(Fields and Burnstock, 2006; Sim et al., 2004; Vaziri and Gonick, 2008)
and in neurons of different regions including cerebellum, hippocampus,
cerebral cortex, medulla oblongata and spinal cord (Sanchez-Nogueiro
et al., 2014; Sim et al., 2004). By contrast, in the peripheral ganglia of
rats, P2X7 receptor is also expressed in the glial cells of SCG (Kong
et al., 2013; Zhang et al., 2005), but apparently not in the neurons since
our current double-label immunofluorescence studies revealed that
P2X7 receptor was co-expressed with the maker of glial cells (GS) rather
than with the marker of neurons (CGRP). This suggested that P2X7
receptor was mainly expressed in the SGCs of SCG. The nervous system
is the main target of lead exposure and the developing brain is espe-
cially sensitive to lead (Li et al., 2015). Neurons communicate each
other and also with glial cells through release of transmitters such as
ATP. Chronic lead exposure frequently hurts the neurons (Baranowska-
Bosiacka et al., 2011). The injured sympathetic ganglion neurons and
preganglionic fibers evoke increased release of ATP (Gu et al., 2010).
The extra extracellular ATP would bind to the P2X7 receptor expressed
on SGCs of SCG and activate them. Consequently, the activated glial
cells may release more pro-inflammatory factors and ATP, which ag-
gravates neuronal impairments (Hanani, 2010; Verkhratsky et al.,
2011).

Lead exposure may alter the expression of important genes in ner-
vous cells and glial cells, affecting the functions of these cells. Our re-
sults displayed that the expression of P2X7 receptor at both mRNA and
protein levels in SCG was up-regulated after lead exposure. Double-la-
beling immunofluorescence staining showed that co-expression of P2X7
receptor and GS in SGCs was up-regulated. Since GS was considered as
the indicator of glial cell activation, the increased expression of GS in
SGCs due to lead exposure suggested that their activation might be
mediated by raised activity of P2X7 receptor subsequent of stronger
ATP stimulation. This notion was supported by the results from the
experiments using shRNA injection into SCG, where knockdown of
P2X7 receptor could effectively counteracted the enhanced expression
of GS due to lead exposure. The available evidence from our previous
and other studies strongly suggests a close connection of P2X7 activity
of SCG to sympathoexcitatory response for cardiovascular regulation
(Kong et al., 2013; Liu et al., 2013a; Tu et al., 2013; Zaidi and
Matthews, 2013), which may contribute to the abnormal cardiovascular
parameters such as higher SBP, DBP and HR in rats after lead exposure.
In addition, the activated SGCs may release more proinflammatory
cytokines (Berta et al., 2012; Hanani, 2010; Lei et al., 2016; Liang et al.,
2010), promoting sympathetic nerve activity (Fan et al., 2018).

ERK1/2 is a key player in the signaling pathways mediated by mi-
togen-activated serine/threonine protein kinases and may direct cel-
lular responses to a diverse array of stimuli such as heat shock and
proinflammatory cytokines. Activation of P2X7 receptor involves the
initiation of ERK1/2-mediated signal transduction (Barbieri et al.,
2008; Okumura et al., 2008; Sperlagh et al., 2006). The P2X7 agonist,
BzATP, induces ERK1/2 phosphorylation, whereas the P2X7 antagonist,
BBG, inhibits the BzATP-induced ERK activation (Okumura et al., 2008;
Sperlagh et al., 2006). Our results showed that the phosphorylation
levels of ERK1/2 (IOD ratios of p-ERK1/2 to ERK1/2) in the lead ex-
posure groups were remarkably higher than that in the control group,
suggesting that the ERK1/2-mediated signaling pathway might parti-
cipate in the raised sympathoexcitatory response secondary to the
elevated P2X7 receptor activity in chronic lead-exposed rats.

5. Summary

Chronic lead exposure caused imbalanced injury to the sympathetic
and parasympathetic nerve functions especially the latter in a dose-
dependent manner, resulting in the enhanced sympathoexcitatory re-
sponse in cardiovascular system. The underlying molecular mechanism
for these abnormalities was probably related to the up-regulated ex-
pression of P2X7 receptor, activation of SGC, and stimulation of ERK1/
2-mediated signaling pathway in SCG.
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