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Functional glutamate transporters are
expressed in the carotid chemoreceptor
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Abstract

Background: The carotid body (CB) plays a critical role in cyclic intermittent hypoxia (CIH)-induced
chemosensitivity; however, the underlying mechanism remains uncertain. We have demonstrated the presence of
multiple inotropic glutamate receptors (iGluRs) in CB, and that CIH exposure alters the level of some iGluRs in CB.
This result implicates glutamatergic signaling in the CB response to hypoxia. The glutamatergic neurotransmission is
not only dependent on glutamate and glutamate receptors, but is also dependent on glutamate transporters,
including vesicular glutamate transporters (VGluTs) and excitatory amino acid transporters (EAATs). Here, we have
further assessed the expression and distribution of VGluTs and EAATs in human and rat CB and the effect of CIH
exposure on glutamate transporters expression.

Methods: The mRNA of VGluTs and EAATs in the human CB were detected by RT-PCR. The protein expression of
VGluTs and EAATs in the human and rat CB were detected by Western blot. The distribution of VGluT3, EAAT2 and
EAAT3 were observed by immunohistochemistry staining and immunofluorescence staining. Male Sprague-Dawley
(SD) rats were exposed to CIH (FIO2 10–21%, 3 min/3 min for 8 h per day) for 2 weeks. The unpaired Student's t-test
was performed.

Results: Here, we report on the presence of mRNAs for VGluT1–3 and EAAT1–3 in human CB, which is consistent
with our previous results in rat CB. The proteins of VGluT1 and 3, EAAT2 and 3, but not VGluT2 and EAAT1, were
detected with diverse levels in human and rat CB. Immunostaining showed that VGluT3, the major type of VGluTs
in CB, was co-localized with tyrosine hydroxylase (TH) in type I cells. EAAT2 and EAAT3 were distributed not only in
type I cells, but also in glial fibrillary acidic protein (GFAP) positive type II cells. Moreover, we found that exposure of
SD rats to CIH enhanced the protein level of EAAT3 as well as TH, but attenuated the levels of VGluT3 and EAAT2 in
CB.

Conclusions: Our study suggests that glutamate transporters are expressed in the CB, and that glutamate
transporters may contribute to glutamatergic signaling-dependent carotid chemoreflex to CIH.

Keywords: Carotid body, Glutamate, Vesicular glutamate transporter, Excitatory amino acid transporter, Cyclic
intermittent hypoxia
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Background
Patients with obstructive sleep apnea (OSA) experience
repetitive nocturnal upper airway obstructions, each ac-
companied by oscillations in oxygen saturation, causing
cyclic intermittent hypoxia (CIH). One consequence of
OSA is daytime hypertension, as increased arterial pres-
sure persists after oxygen saturation has returned to nor-
mal. Three epidemiologic investigations have established
a link between OSA and hypertension [1–3], but have
not revealed the mechanisms by which nocturnal upper
airway obstruction leads to elevated arterial pressure.
Animal models have, however, linked CIH, such as is ex-
perienced during sleep by OSA patients, to altered
hemodynamics during normoxia. Fletcher et al. [4] ex-
posed rats to intermittent hypoxia for 7 h each day for 5
weeks, resulting in significant increase in arterial pres-
sure. Notably, in this model the sympathetic nervous
system was necessary for increased pressure, as ablation
of the renal nerve prior to the exposure to CIH pre-
vented the rise in arterial pressure. Further study showed
that denervation of the peripheral chemoreceptor carotid
body (CB) prevented increased arterial pressure after
CIH exposure [5, 6].
The CB is a small cluster of peripheral chemoreceptor

located bilaterally near the bifurcation of the common
carotid artery, and is made up of two major cells: the
glomus cells (type I cells), and sustentacular cells (type II
cells). Glomus cells derived from the neural crest are
mainly oxygen sensitive cells, and contain a variety of
neurotransmitters and neuromodulators. These neuro-
transmitters and neuromodulators include acetylcholine
[7], ATP [8], dopamine [9, 10], endothelin-1 [11] and
angiotensin II [12, 13]. The carotid chemoreceptor medi-
ates the body’s integrated responses to hypoxia. Reduc-
tions in inspired oxygen are translated nearly instantly
into afferent nerve signals. These signals are trafficked to
the nucleus tractus solitarius, and then relayed to other
centers in the brain, resulting in increased respiration
and a coordinated cardiovascular response that attempts
to preserve oxygen delivery. This response requires the
oxygen sensitive cells (type I cells) in carotid chemorecep-
tor to detect the changes of oxygen levels, resulting in af-
ferent activation of the carotid sinus nerve. Repetitive
hypoxia results in plasticity of the chemoreceptor re-
sponse [14, 15], so that afferent nerve traffic is increased
under intermittent hypoxia environment. Considerable ev-
idences suggest that exposure to CIH has lasting effects
on the CB, inducing a specific form of carotid chemoreflex
plasticity termed hypoxic acclimatization [14, 16]. Among
the mechanisms that have been proposed to underlie che-
moreflex plasticity are: alterations in the properties of the
oxygen-sensitive K+ channels [17]; changes in expression
of redox-sensitive proteins in glomus cells [18]; altered ex-
pression in the CB of neuromodulators such as endothelin

I [19] or angiotensin II [13, 20]; and altered expression in
CB of neurotransmitters, such as dopamine [21, 22]. More
recently, we have found that multiple ionotropic glutam-
ate receptors exist in the rat CB, and that exposing
Sprague-Dawley (SD) rats to CIH for 8 h/day for 3 weeks
significantly enhanced the expression level of N-methyl-
D-aspartate Receptor 1 (NMDAR1) and alpha-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptor 1
(AMPAR1) [23, 24], two subtypes of inotropic glutamate
receptor in rat CB. These findings suggest glutamatergic
transmission from glomus cells may underlie some forms
of chemoreflex plasticity in response to CIH.
Glutamate is a major excitatory neurotransmitter in

the brain and is specifically accumulated into synaptic
vesicles by a family of proteins known as vesicular glu-
tamate transporters (VGluTs) [25]. Thus, VGluTs are so
far the most specific biomarkers for neurons and other
cells using glutamate as a neurotransmitter. Following
presynaptic depolarization, which results in cytosolic
Ca2+ increases, glutamate is released from VGluT-
containing synaptic vesicles by exocytotic membrane fu-
sion into the synaptic cleft. Upon release in the synaptic
cleft, glutamate plays an essential role in glutamatergic
signaling transmission by binding to its receptors on the
postsynaptic membrane. To keep synaptic concentration
of glutamate below excitotoxic level and to maintain
temporal specificity of glutamate mediated signaling,
glutamate excitatory amino acid transporters (EAATs)
take up glutamate from the synaptic cleft into adjacent
glial cells or pre-synaptic cells [26]. There are three sub-
types of VGluTs: VGluT1, VGluT2, VGluT3. Addition-
ally there are five subtypes of EAATs: EAAT1, EAAT2,
EAAT3, EAAT4 and EAAT5. Evidence suggests that ei-
ther VGluTs or EAATs are involved in the regulation of
glutamatergic transduction by controlling glutamate dy-
namic levels in synaptic cleft [27].
We previously demonstrated that multiple mRNAs of

VGluTs and EAATs were expressed in the rat CB, indi-
cating that glutamate might be stored as a neurotrans-
mitter, then released and taken up in the CB. Here, we
have further assessed the mRNA expression of VGluTs
and EAATs in human CB and the protein expression of
VGluTs and EAATs in the rat and human CB. More-
over, we have investigated the distribution of VGluTs
and EAATs in the rat CB and the effect of CIH exposure
on the expression level of glutamate transporters.

Methods
Reagents and antibodies
RNAlater and HotStarTaq® Master Mix Kit were pur-
chased from Qiagen (Valencia, CA, USA). TRizol Re-
agent was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). 5 X All-In-One RT MasterMix
(with AccuRT Genomic DNA Removal Kit) was
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purchased from Applied Biological Materials Inc. (Rich-
mond, BC, Canada). RIPA buffer, BCA Protein Assay kit,
Chemiluminescent Substrate Detection kit and HRP-
linked goat anti mouse IgG were purchased from Boster
(Wuhan, China). Protease inhibitor cocktail and phosphat-
ase inhibitors were purchased from Roche (Basel City,
Switzerland). Rabbit antibodies against VGluT1, EAAT2,
tyrosine hydroxylase (TH), glial fibrillary acidic protein
(GFAP), and mouse antibody against VGluT3 were all
purchased from Abcam (Cambridge, UK). Rabbit anti-
bodies against VGluT2, EAAT1, EAAT3, β-actin and
mouse antibody against GFAP, Alexa Fluor 488 goat anti-
rabbit IgG and Alexa Fluor 555 goat anti-mouse IgG were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Diaminobenzidine, isoflurane and mouse anti-TH
antibody were ordered from Sigma (St Louis, MO, USA).
Polink-2 plus® Polymer HRP Detection System was ob-
tained from ZSGB-BIO (Beijing, China).

Animals and cyclic intermittent hypoxia exposure
Male SD rats were obtained from Beijing Vital River La-
boratory Animal Technology Co, Ltd. (Beijing, China),
aged 8 weeks and weighed 240–250 g at entry into the
protocol. Rats were housed under room temperature
and standard humidity (50 ± 5%) with a 12 h day/night
circle with laboratory chow and water ad libitum. All
procedures performed in this study were in accordance
with national animal research regulations, and all animal
experimental protocols were approved by the Institu-
tional Animal Ethics Committee at the First Afflicted
Hospital of Xinxiang Medical University.
CIH exposure and control procedures were similar

with previously report procedures [23]. In brief, rats in
their home cages were placed inside the Oxycycler
Model A84XOV (Biospherix, Redfield, NY, USA) hyp-
oxia system and exposed to CIH or room air. O2 fraction
(FIO2) in each chamber was monitored and regulated by
two timer-controlled valves. The chamber was flushed
with 100% N2 to inspired FIO2 nadir of 10% for 3 min.
The FIO2 gradually returned to 21% over the remainder
of each cycle. The exposure cyclic was repeated every 6
min for 8 h/day from 8:30 to 16:30 for 14 consecutive
days during rat sleeping hours. For the control group,
the control rats underwent the same exposure, but the
chamber was flushed with compressed air. After comple-
tion of CIH exposure, all animals were assigned to the
following studies.

Human carotid body
Human surgical specimens were obtained from The First Af-
filiated Hospital of Xinxiang Medical University with consent
from patients (granting approval number: 2016008). Human
CB specimen was obtained from a patient with left CB para-
ganglioma and human cerebral cortex tissue was obtained

from a patient with craniocerebral trauma. The protocol re-
lated to human subjects was conducted in accordance with
the declaration of Helsinki, and approved by the Ethics Com-
mittee of The First Affiliated Hospital of Xinxiang Medical
University.

Rat carotid body harvest
After anesthesia was achieved by inhalation of 2% iso-
flurane, the rat was decapitated and the carotid bifurca-
tions were rapidly removed and placed in 95% O2–5%
CO2 statured ice-cold PBS. The CBs were dissected and
then immediately soaked in RNAlater and stored at −
80 °C until analyzed. The approximate time from eu-
thanasia to removal of the CB to placement in RNAlater
was about 4 min.

RNA extraction and RT-PCR
Total RNA was extracted from human CB specimen
using Trizol-reagent. For the reverse transcription (RT),
500 ng of total RNA reversely transcribed into cDNA
after gDNA removal using 5 X All-In-One RT Master-
Mix (with AccuRT Genomic DNA Removal Kit), in ac-
cordance to the manufacturer’s protocol. Instead of RT
MasterMix, DEPC-H2O was used in reverse transcrip-
tion reaction to obtain a negative cDNA control. The
mRNA expression level was detected by PCR in a Veriti®
96-well Thermal cycler (Applied Biosystems, Foster City,
CA, USA) using HotStarTaq® Master Mix Kit. According
to the manufacturer’s protocol, 10 μl of HotStarTaq
Master Mix, 1 μl of gene-specific primer pairs and 2 μl
of cDNA were mixed together to produce a final volume
of 20 μl. The PCR reactive conditions were 95 °C for 10
min, followed by 40 cycles at 94 °C for 50 s, then anneal-
ing temperature for 50 s and 72 °C for 1 min, then end-
ing at 72 °C for 10 min. An equal volume of the negative
cDNA control was used in the PCR as negative PCR
control. The PCR product was loaded into 1.2% agarose
gel. A total of 3 technical replicates were conducted. All
primers were exon spanning and designed using Primer-
BLAST (https://www.ncbi.nlm.nih.gov/). Details of all
primers are listed in Table 1.

Protein extraction and western blot analysis
Protein was extracted from 16 CBs pooled from eight
Control or eight CIH rats and human CB specimen. Tis-
sues were homogenized with RIPA buffer containing
phosphatase inhibitors and protease inhibitor cocktail.
The supernatant was collected after centrifugation at 12,
000 g/min for 10 min at 4 °C and protein concentration
was detected by BCA protein assay kit. 35 μg of protein
was loaded into 8% SDS-PAGE gel, and then transferred
to PVDF membrane (Millipore, Darmstadt, HE,
Germany) at 200 mA for 2 h. After blocking with 5%
skim milk, the membrane was probed with primary
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antibodies including: rabbit anti-VGluT1 (1:1000), anti-
VGluT2 (1:1000), anti-EAAT1 (1:1000), anti-EAAT2 (1:
1000), anti-EAAT3 (1:1000), β-actin (1:1000) and mouse
anti-VGluT3 (1:1000) antibodies. The membrane was
then washed with TBS-T and incubated with second
HRP-linked goat anti rabbit IgG (1:8000) or HRP-linked
goat anti mouse IgG (1:5000) antibodies at room
temperature for 1 h. After incubation, the membranes
were washed three times with TBS-T and immersed in
Chemiluminescent Substrate Detection kit and detected
by AmershamTM Imager 600 system (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA), in accordance to the
manufacturer’s instruction. A total of 3 technical repli-
cates were conducted.

Immunohistochemistry staining
Rats were fixed with 4% neutral buffered formalin and the
CBs were removed. The paraffin-embedded CB sections
prepared by Shandon™ Finesse™ 325 Microtomes (Thermo
Fisher Scientific, Waltham, USA) at 3 μm thickness were
used. The sections were deparaffinized by being heated at
65 °C for 1 h and cleared through xylene solution, then
rehydrated through washes in decreasing grades of ethanol
(100, 95, 80, and 60%) for 3min each. After washing with
PBS, the slides were incubated in citrate buffer (pH 6.0)
for 15min at 100 °C to retrieve antigen. Then, sections
were immersed to 3% H2O2 to block endogenous peroxid-
ase activity. After being blocked with 10% goat serum, sec-
tions were incubated overnight at 4 °C with following
primary antibodies including: rabbit anti-EAAT2 (1:200),
rabbit anti-EAAT3 (1:50) and mouse anti-VGluT3 (1:100).
After washing three times in PBS containing 0.2% Triton
X-100, sections were incubated with Polink-2 plus®

Polymer HRP Detection System, in accordance with the
manufacturer’s instruction. Finally, sections were washed,
and the antibody-antigen complex was visualized by incu-
bating the sections with 0.01% H2O2 and 0.05% diamino-
benzidine to yield a reddish-brown crystalline product.
Negative staining control was prepared by omitting the
primary antibody. The staining was examined through the
Nikon H600L microscope and photographed with Nikon
digital camera DS-Fi1c (Nikon, Tokyo, Japan).

Double immunofluorescence staining
CB paraffin sections prepared as above were exposed to
a mixture of two primary antibodies as follows: rabbit
anti-EAAT2 (1:50) with mouse anti-GFAP (1:200); rabbit
anti-EAAT2 (1:50) with mouse anti-TH (1:2000); rabbit
anti-EAAT3 (1:50) with mouse anti-TH (1:2000); rabbit
anti-EAAT3 (1:50) with mouse anti-GFAP (1:200);
mouse anti-VGluT3 (1:100) with rabbit anti-TH (1:100);
mouse anti-VGluT3 (1:100) with rabbit anti-GFAP (1:
100). After washing, the slides were incubated with a
mixture of Alexa Fluro 488 goat anti-rabbit IgG (1:400)
and Alexa Fluro 555 goat anti-mouse IgG (1:400). Nega-
tive staining control was prepared by omitting the pri-
mary antibody. The staining was examined with the
Axio Observer A1 microscope and photographed with
the AxioCam MRc5 camera (Carl Zeiss, Gottingen,
Germany).

Statistical analysis
The data were presented as means ± S.D. Statistical
evaluation was conducted by unpaired Student’s t-test.
P < 0.05 was considered significant.

Table 1 Sequence of human primers used in RT-PCR experiment. VGluT: vesicular glutamate transporter, EAAT: excitatory amino
acid transporter, Tm: temperature, F: forward primer, R: reverse primer.

Gene Accession Primer PCR Cycle no. Annealing Tm (0C)

VGluT1 NM_020309.4 F: 5’-TGCCTCTCAGGGGTAGTGAA-3’ 45 53.5

R: 5’-ATCAATCCCTGGAATGGCGG-3’

VGluT2 NM_020346.2 F: 5’-GGGAGACAATCGAGCTGACG-3’ 45 56.5

R: 5’-TGCAGCGGATACCGAAGGA-3’

VGluT3 NM_139319.3 F: 5’-CTCAGAGGTGCCCCTCATTC-3’ 45 53.5

R: 5’-TGCATAAACCGGCAAAGATGTG-3’

EAAT1 NM_004172.5 F: 5’- AGCAGGGAGTCCGTAAACG-3’ 35 51.8

R: 5’-AGCATTCCGAAACAGGTAACTTT-3’

EAAT2 NM_004171.4 F: 5’-CCTGACGGTGTTTGGTGTCAT-3’ 35 54.4

R: 5’-CAAGCGGCCACTAGCCTTAG-3’

EAAT3 NM_004170.5 F: 5’-TTTCTGTACCACTCTCATTGCTG-3’ 35 51.8

R: 5’-TCCACCGTACTGACTTCAGGG-3’

GAPDH NM_002046.7 F: 5’-GCAGGGGGGAGCCAAAAGGGT-3’ 40 53

R: 5’-TGGGTGGCAGTGATGGCATGG-3’

Li et al. Respiratory Research          (2020) 21:208 Page 4 of 11



Results
mRNAs of glutamate transporters in human CB and
protein expression of glutamate transporters in the CB
We previously found that mRNAs of VGluT1–3 and
EAAT1-3 were expressed in the rat CB. Here, we have
extended the study to further determine whether these
glutamate transporter mRNAs are expressed in human
CB. RT-PCR was performed and the results are shown
in Fig. 1. All PCR-amplified transcripts of VGluT1–3
and EAAT1–3 were detected in human CB as well as
brain cerebral cortex, the latter was used as positive con-
trol, indicating that human CB expresses mRNAs of
VGluT1–3 and EAAT1–3. These results are consistent
with our previous findings in the rat CB. In an effort to
further identify whether these glutamate transporter
mRNAs are translated into the proteins accordingly in
the CB, we conducted the western blot to examine the
protein expression of these glutamate transporters in rat
and human CB tissue lysates. As shown in Fig. 2, the
proteins of VGluT1–3 and EAAT1–3, which were all de-
tected in both human and rat brain samples, served as
positive controls; however, not all of these protein bands
were visible in human and rat CB. VGluT1, VGluT3,
EAAT2 and EAAT3, rather than VGluT2, EAAT1 were
detected at different levels in human and rat CB. Com-
pared to individual brain control, the expression levels
of VGluT3, EAAT2 and EAAT3 were relatively high in
human and rat CB, whereas VGluT1 was expressed at a
much lower level in human and rat CB.

Distribution of VGluT3, EAAT2 and EAAT3 in the rat CB
To elucidate the distribution of VGluT3, EAAT2 and
EAAT3, which were all detected by western blots, in the
CB, immunohistochemistry was performed. Representa-
tive photomicrographs in Fig. 3 showed positive immuno-
staining of VGluT3, EAAT2 and EAAT3 in rat CB. The
immunoreactivity of VGluT3 (Fig. 3A1-A2), EAAT2
(Fig. 3B1-B2) and EAAT3 (Fig. 3C1-C2) was ubiquitously
distributed in the clustering glomeruli in rat CB. The rep-
resentative negative control in which the primary antibody
was replaced by PBS containing 3% normal goat serum
did not yield specific staining in rat CB (Fig. 3D1-D2).

Cellular localization of VGLUT3, EAAT2 and EAAT3 in the
rat CB
To further ascertain the cellular localization of VGluT3,
EAAT2 and EAAT3 in the CB, double immunofluores-
cence was performed. TH was used as a glomus cell
marker and GFAP was used as a type II cell marker.
Double immunofluorescence of VGluT3 with TH in con-
secutive sections, as shown in Fig. 4A, revealed that
VGluT3 immunoreactive signal was clearly observed in
TH-positive glomus type I cells. Double staining of
VGluT3 and GFAP (Fig. 4B) showed that VGluT3

immunoreactive signal was not obviously detectable in
GFAP-positive type II cells, indicating that VGluT3 may
be mainly distributed in type I cells of rat CB. Double
staining of EAAT2 with TH (Fig. 4C) or GFAP (Fig. 4D)
showed that some immunoreactive signals of EAAT2 were
detected in TH positive type I cells and in GFAP positive
type II cells, indicating that EAAT2 distributes both Type
I and Type II cells in rat CB. Double staining of EAAT3
with TH (Fig. 4E) or GFAP (Fig. 4F) showed that immu-
noreactive signals of EAAT3 were merged with TH and
GFAP, suggesting that EAAT3 is distributed both in type I
and type II cells in rat CB.

Effect of CIH exposure on VGLUT3, EAAT2 and EAAT3
expression in the rat CB
Glutamatergic signaling is involved in chemoreflex plas-
ticity of CB in reaction to CIH [23, 24]. Therefore, to
further examine the effect of CIH exposure on VGluT3,
EAAT2 and EAAT3 protein expression levels, western
blots were performed with the lysates of the CBs har-
vested from Control (Con) and CIH-exposed rats. As
shown in Fig. 5, CIH reduced protein expression levels

Fig. 1 Expression of VGluTs and EAATs mRNAs in human CB. RT-PCR
showed expression of mRNAs of VGluTs and EAATs in human CB
(CB, left lane). RNA extracted from human brain cerebral cortex was
used as positive control (Brain, middle lane). The DEPC-H2O, instead
of RNA, was used in RT reaction to obtain a negative cDNA control.
An equal volume of the negative cDNA control was used in the PCR
as PCR negative control (NC, right lane). VGluT: vesicular glutamate
transporter; EAAT: excitatory amino acid transporter
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of VGluT3 about 0.27 fold (CIH vs Con, P < 0.05) and
EAAT2 about 0.36 fold (CIH vs Con, P < 0.05), when
compared with the control level. EAAT3 was augmented
about 1.07 fold (CIH vs Con, P < 0.01) after CIH expos-
ure, when compared with the control level. TH was used
a positive control to show the CB response to hypoxia.
These data indicate that CB chemoreflex plasticity to
hypoxia might be modulated by alteration of glutamate
transporter level.

Discussion
We previously found that rat CB expresses mRNAs of
VGluT1–3 and EAAT1–3 [24]. In this study, we demon-
strated that mRNAs of all these glutamate transporters are
also expressed in human CB. We further found that among
the glutamate transporters, the proteins of VGluT1 and 3,
EAAT2 and 3, rather than VGluT1 and EAAT1 were de-
tectable with diverse levels in human and rat CB. The ex-
pression of VGluT3, EAAT2 and 3 was enriched in human
and rat CB. In contrast, VGluT1 was expressed at quite a
low level in the CB when compared with the brain. More-
over, we determined that VGluT3 is mainly localized in
type I cells, while EAAT2 and EAAT3 are distributed in
type I cells and type II cells of the CB. Furthermore, we
found that CIH exposure elevated the protein level of

EAAT3 as well as TH, but attenuated the levels of VGluT3
and EAAT2 in the CB. Taken together, these results
coupled with our previous studies indicate that glutamate
secretion and uptake systems may occur in the CB, and glu-
tamate transporters may contribute to glutamatergic
signaling-dependent carotid chemoreflex to CIH.
The CB is an important peripheral chemoreceptor that

senses the changes of oxygen, carbon dioxide and pH
levels in the arterial blood. It is reported that intermit-
tent hypoxia leads to CB chemoreceptor plasticity [14],
however, the molecular mechanism of this plasticity re-
mains uncertain. In the CB, there are wide spread synap-
tic contacts not only between afferent nerve endings and
type I cells, but also between neighboring type I cells
[28]. Thus, the changes in the weight or strength of
these synapses, which exist at multiple sites in the CB,
are implicated in the plasticity of CB response to hyp-
oxia. Studies have shown that CB contains a number of
neurotransmitters and neuromodulators [29], such as
dopamine, acetylcholine, ATP, nitric oxide, angiotensin,
5-HT. ATP and acetylcholine play an excitatory role by
acting on the P2X2/3 receptors or nicotine acetylcholine
receptors, whereas dopamine plays an inhibitory role by
stimulating postsynaptic dopamine D2 receptor. Inter-
estingly, glutamate, as a major excitatory neurotransmit-
ter in the central nervous system, has not been
significantly studied in the CB. As early as 1990, Tor-
realba [30] first found that there was a large amount of
glutamate present in cat CB type I cells by immunohis-
tochemistry staining, and they [31] speculated that glu-
tamate in cat CB might be acting as a metabolite rather
than a neurotransmitter.
Glutamate is the most abundant amino acid in the cen-

tral nervous system, which is involved in a variety of
physiological synaptic transduction, and induces the
changes in synaptic morphology and function. The essen-
tial factors for glutamatergic neurotransmitters to play a
role include glutamate, glutamate receptors and down-
stream signal molecules, VGluTs and EAATs. In our pre-
vious study [23, 24] we found that NMDA and AMPA
receptors might be involved in the response of CB to CIH.
Our RT-PCR results from this study, together with our
previous report, revealed the presence of all VGluT1–3
and EAAT1–3 transcripts in human CB (Fig. 1) and rat
CB. Among these glutamate transporters, the proteins for
VGluT1, VGluT3, EAAT2 and EAAT3 were detected in
human and rat CB (Fig. 2). Of note, we demonstrated an
inability to detect protein for VGluT2 and EAAT1 in hu-
man and rat CB, even though both proteins were detected
in brain of positive control; therefore, indicating that
mRNA transcripts of VGluT2 and EAAT1 might not be
translated to the proteins in human and rat CB.
In the nervous system, the basic condition for the re-

lease of glutamate as a neurotransmitter is that

Fig. 2 Expression of VGluTs and EAATs proteins in human and rat
CB. Western blot showed expression of proteins of VGluTs and of
EAATs in rat and human CB (CB, left lane). Protein extracted from
human and rat brain cerebral cortex was used as positive control
(Brain, right lane). VGluT: vesicular glutamate transporter; EAAT:
excitatory amino acid transporter
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glutamate is transported into the transmitter vesicles
through the VGluTs [25]. There are three subtypes of
VGluTs. VGluT1 and VGluT2 are mainly distributed in
glutamatergic neurons, while VGluT3 is not only distrib-
uted in glutamatergic neurons, but also in non-glutamic
neurons, such as cholinergic neurons, GABA neurons
and so on. Based on the results of western blotting in
the present study, VGluT3 is the major type of vesicular
glutamate transporter in the CB. Immunostaining
showed that VGluT3 was mainly expressed in CB type I
cells (Fig. 4A and B). Thus, we speculate that glutamate
may be released from CB type I cells to synaptic space
as a neurotransmitter to influence the electrical signal
transmission of chemoreceptors. However, further study
is needed to clarify whether glutamate acts as a neuro-
transmitter in the CB.
EAATs are located on presynaptic membrane, synaptic

vesicle and glial cell membrane. They are important for
the recycling of excitatory amino acids, the termination
of excitatory signals and the protection of nerve cells
from excitotoxic damage. In order to maintain the
physiological effect, glutamate, which is released into the
synaptic gap, needs to be reuptake through EAATs lo-
cated in the nerve terminals or glial cells to avoid glu-
tamate excitotoxicity. In the central nervous system,
about 80% of glutamate is removed by reuptake into
nerve endings and 20% into glial cells. There are five

subtypes of EAATs family [25], in which EAAT1-3 are
mainly distributed in the central nervous system, while
EAAT4 is limited to the cerebellum [32]. EAAT5 is
mainly distributed in the retina [33]. EAAT1 and EAAT2 are
mainly expressed in the cell membrane of astrocytes, and re-
move the glutamate. While, EAAT3, EAAT4 and EAAT5
are mainly expressed in neurons, and some researchers even
think that EAAT3 is neuron-specific. In the present study,
we found that both human and rat CBs express mRNAs of
all EAATs, as well as proteins of EAAT2 and EAAT3.
EAAT2 was distributed in both type I and type II cells in the
CB (Fig. 4C and D). However, EAAT3 was mainly expressed
in type I cells (Fig. 4E and f), and EAAT2 seemed to have no
cell heterogeneity. In any case, the expression of EAATs in
CB may play an important role in synaptic physiological sig-
nal transmission between type I cells and nerve endings, or
between type I cells.
It was found that hypoxia could promote glutamate se-

cretion, increase extracellular glutamate concentration
and glutamate excitatory toxicity [34]. In this study, we
also found that CIH decreased the expression levels of
VGluT3 and EAAT2, but increased the expression level of
EAAT3 (Fig. 5). Accumulated evidences demonstrate that
astrocytes can release glutamate [35–37], and glutamate
reuptake induced by EAATs depends on the Na+ influx of
Na+-K+ ATP enzyme. Under hypoxia, ATP synthesis was
decreased, which leads to the reverse transport of EAATs,

Fig. 3 Immunohistochemical staining of VGluT3, EAAT2 and EAAT3 in the rat CB. Immunohistochemical staining showing the location of VGluT3 (A1–2),
EAAT2 (B1–2) and EAAT3 (C1–2) in rat CB. D1-D2 are negative staining control obtained by omitting the primary antibody. A2-D2 are higher magnifications
images of rectangle areas in A1-D1, respectively. The brown staining represents the glutamate transporter, while the blue staining represents hematoxylin-
stained cell nuclei. VGluT: vesicular glutamate transporter; EAAT: excitatory amino acid transporter. Scale Bar = 50 μm for all images
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Fig. 4 Cellular distribution of VGluT3, EAAT2 and EAAT3 in the rat CB. A Double immunofluorescence staining of VGluT3 (red) and tyrosine
hydroxylase (TH, green) in rat CB (a-c1). B Double immunofluorescence staining of VGluT3 (red) and glial fibrillary acidic protein (GFAP, green) in
rat CB (d-f1). C Double immunofluorescence staining of EAAT2 (green) and TH (red) in rat CB (g-i1). D Double immunofluorescence staining of
EAAT2 (green) and GFAP (red) in rat CB (j-l1). E Double immunofluorescence staining of EAAT3 (green) and TH (red) in rat CB (m-o1). F Double
immunofluorescence staining of EAAT3 (green) and GFAP (red) in rat CB (p-r1). a1-r1 are higher magnifications images of rectangle areas in a-c,
respectively. TH: the CB type I cells marker; GFAP: the CB type II cells marker; VGluT: vesicular glutamate transporter; EAAT: excitatory amino acid
transporter. Scale bar = 25 μm for all images
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resulting in the release of glutamate from astrocytes to the
synaptic space [36]. It was also found that GABA pre-
synaptic neurons could reuptake glutamate into cells
through EAAT3, providing glutamate for GABA synthesis
[38]. Based on our findings, we speculate that hypoxia
damages the integrity of the cell membrane after CIH
treatment for 2 weeks, and a large amount of glutamate is
released from type I cells into the synaptic space (Fig. 6).
Similarly, hypoxia reverses the ability of EAAT2 to re-
uptake glutamate, resulting in the release of glutamate
from type II glial cells. In order to prevent this toxicity,
the expression levels of VGluT3 and EAAT2 are de-
creased as compensation. However, the expression of
EAAT3 is increased compensatively, and subsequently
causes reuptake of glutamate into type I cells. On the one
hand, these changes protect type I cells from hypoxia in-
jury by reducing release of glutamate and increasing re-
uptake of glutamate. On the other hand, reuptake of
glutamate provides essential amino acids for synthesis of
GABA, which as an important inhibitory neurotransmit-
ter. GABA can reduce the excitatory neurotoxicity caused
by excessive glutamate and protect cells from death.
Previous reporters demonstrated the differences of cel-

lular responses to chronic sustained hypoxia (CSH) and
CIH [39, 40], which might be due to the inhibition of
mitochondrial function reversing the hypoxia-induced
signal pathway [39, 41]. Under chronic continuous hyp-
oxia, mitochondria consume almost all the oxygen,
resulting stabilization of HIF-1α (hypoxia-inducible
factor-1α) and transcription of target genes. While dur-
ing intermittent hypoxia, due to mitochondrial stress,
superoxide anions are not to stabilize HIF-1α, but acti-
vate the inflammatory pathway. Peng et al. [14] also

found that CIH (5% O2 68–75 s and 21% O2 70–85 s for
8 h/day, 10 days) rather than CSH (5% O2 for 4 h/day,
10 days) elicited CB chemoreceptor plasticity. Thus, the
regulatory effects and underlying mechanisms of CIH
and CSH on VGluTs and EAATs in the rat CB may be
different. Further works remain to be completed to fur-
ther specify these differences.
Although this study defined the expression of VGluTs

and EAATs in the CB and the influence of CIH on the
levels of these proteins, two major limitations deserve
comment. First, we did not characterize the functional
significances and associated mechanisms of VGluTs and
EAATs in CB response or carotid chemoreflex plasticity
following CIH exposure. There is definite evidence that
VGluTs or EAATs are involved in glutamate-mediated
synaptic plasticity [27, 42–44]. Future studies involving
carotid sinus nerve electrophysiological recording along
with the manipulating the level of glutamate transporters
in the CB will hopefully clarify the actions of glutamate
transporters on chemoreceptor response to CIH, CSH as
well as acute hypoxia. A second limitation of current
study is that we did not examine the level of glutamate
transporter proteins in the CB from OSA patients. Al-
though CIH rat model has been widely used to study the
role of CB in OSA-induced hypertension [4–6], and
current study also shows the similar expression features
of glutamate transporters in rat and human CB, there is
considerable evidence that some characteristics of glo-
mus cells are species specific [45–47]. Thus, this study
could not conclusively ensure that the response of hu-
man CB to CIH is qualitatively the same as that ob-
served for the rat CB. Future work involving the study of
human CB specimens from OSA patients will clinically

Fig. 5 CIH treatment increases the EAAT3 protein level and decreases the VGluT3 and EAAT2 protein level in the rat CB. a Western blot showed
protein expression level of VGluT3, EAAT2 and EAAT3 in the rat CB of Con and CIH group rats. b Statistical analysis of VGluT3, EAAT2 and EAAT3
protein level in the rat CB after CIH treatment. The data were presented as means ± S.D. The standard deviation bars represent the standard
deviation from 3 technical replicates. n = 8 in each group, *P < 0.05, **P < 0.01
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elucidate the pathophysiological aspect of glutamate
transporter proteins in human CB exposed to CIH.

Conclusions
In summary, our study found that the multiple VGluTs
and EAATs are expressed in human and rat CBs, which
indirectly demonstrates that glutamate exists as a neuro-
transmitter in the CB. Our data also indicate that VGluT3,
EAAT2 and EAAT3 are functionally expressed in the CB,
and may be involved in the response of the CB to hypoxia.
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