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Objectives and Aims: Vascular smooth muscle cells (VSMCs) are key constituents

of both normal arteries and atherosclerotic plaques. They have an ability to adapt to

changes in the local environment by undergoing phenotypic modulation. An improved

understanding of the mechanisms that regulate VSMC phenotypic changes may provide

insights that suggest new therapeutic targets in treatment of cardiovascular disease

(CVD). The amino-acid glutamate has been associated with CVD risk and VSMCs

metabolism in experimental models, and glutamate receptors regulate VSMC biology

and promote pulmonary vascular remodeling. However, glutamate-signaling in human

atherosclerosis has not been explored.

Methods and Results: We identified glutamate receptors and glutamate

metabolism-related enzymes in VSMCs from human atherosclerotic lesions,

as determined by single cell RNA sequencing and microarray analysis.

Expression of the receptor subunits glutamate receptor, ionotropic,

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA)-type subunit 1 (GRIA1)

and 2 (GRIA2) was restricted to cells of mesenchymal origin, primarily VSMCs, as

confirmed by immunostaining. In a rat model of arterial injury and repair, changes of

GRIA1 and GRIA2 mRNA level were most pronounced at time points associated with

VSMC proliferation, migration, and phenotypic modulation. In vitro, human carotid

artery SMCs expressed GRIA1, and selective AMPA-type receptor blocking inhibited

expression of typical contractile markers and promoted pathways associated with

VSMC phenotypic modulation. In our biobank of human carotid endarterectomies, low

expression of AMPA-type receptor subunits was associated with higher content of

inflammatory cells and a higher frequency of adverse clinical events such as stroke.
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FIGURE 1 | AMPA-type glutamate receptors are expressed in human atherosclerotic plaques. (A) Schematic representation of cell-to-cell glutamatergic

communication mechanisms mediated by glutamate ionotropic receptor receptors (Gln, Glutamine; Glu, glutamate; GLS, glutaminase; GLUL, glutamine synthetase).

(Continued)
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FIGURE 1 | (B) Volcano plot visualization of differentially expressed genes between non-atherosclerotic reference arteries vs. carotid atherosclerotic plaques in the

BiKE cohort. Fold change is expressed as “log2 (mean expression in carotid atherosclerotic plaques/mean expression in non-atherosclerotic reference arteries).”

Differences between groups were analyzed using unpaired Student’s t-test. Glutamate metabolism-related genes are shown in blue, glutamate ionotropic receptors

subunits are shown in red when statistically differently expressed, in black when not statistically significantly expressed. GLS, Glutaminase; GLUL,

Glutamate-ammonia ligase; GRIA1-4, Glutamate receptor, ionotropic, AMPA 1-4; GRID1-2, Glutamate receptor, ionotropic, delta 1-2; GRIK1-5, Glutamate receptor,

ionotropic, kainate 1-5; GRIN1, 2A–D, 3A, Glutamate receptor, ionotropic, N-methyl D-aspartate 1, 2A-D, 3A. Missing genes from these families correspond to

missing probes in the microarray dataset. (C) Dot plot showing mRNA levels of glutamate turnover-related genes and glutamate ionotropic receptors subunits,

described in (B), in atherosclerotic carotid plaques (n = 127, red) and non-atherosclerotic control arteries (n = 10, blue) from the BiKE cohort microarray data. Dots

represent log2 mRNA levels. Middle bar indicates the median mRNA expression and error bars represent SD. (D) Section from a human carotid plaque from the BiKE

cohort stained with Hematoxylin QS. L, lumen; FC, Fibrous cap. The black square indicates the region of interest for immune-fluorescent staining shown in the

following panels. (E) Consecutive histological sections of the human carotid plaque shown in (D) were stained with antibodies against GRIA1, GRIA2, von Willebrand

factor (VWF), smooth muscle actin (SMA), and CD68. Fibrous cap regions are shown. Nuclei visualized with DAPI (blue). (F) Higher magnification of consecutive

histological sections of a representative human carotid plaque shown in (E) stained with antibodies against GRIA1, SMA, and GRIA2. White arrows indicate

co-localization of SMA (green) with GRIA1 or GRIA2 (red).

expression of key elements associated with glutamate signaling
in a model of rat arterial injury and repair over a period of 12
weeks (24). This model is well-established for studies of intimal
hyperplasia and VSMC phenotypic modulation, and three
distinct phases of arterial repair and VSMC switch are observed
in this model at 0–2 h (early), 20 h−5 days (intermediate) and
2–12 weeks (late) (24). Transcripts associated with modulated
VSMC were elevated during the intermediate phase (24). In
this model, measurements in the injured carotid artery are
compared with the contralateral, uninjured carotid artery at
each time point. Biopsies from animals that underwent sham
surgery were obtained from both carotid arteries and designated
“intact arteries.” Gls and Glul, were expressed throughout the
12-week period in biopsies from intact, injured, and uninjured
arteries (Figures 3A,B). From 2 days until 6 weeks after
injury, Gria1 mRNA levels were significantly higher in injured
arteries compared with both contralateral uninjured arteries and
“intact artery” biopsies (Figure 3C). Gria1 mRNA levels were
significantly negatively correlated with the established VSMC
markers myocardin (Myocd), calponin 1 (Cnn1), smoothelin
(Smtn), smooth muscle myosin heavy chain 11 (Myh11), and
transgelin (Tagln) (Figure 3D). In contrast to Gria1, Gria2
mRNA was significantly decreased in the injured arteries as
compared with the contralateral uninjured arteries and intact
arteries (Figure 3E). There was a significant positive correlation
between mRNA levels of Gria2 and Cnn1, Smtn, Myh11, and
Tagln (Figure 3F). Gria2 were significantly lower than Gria1
mRNA levels throughout the injury and repair process (average
Log2 difference = 0.45; Student’s t-test p < 0.0001). We
were unable to visualize AMPA-type receptor proteins in the
rat samples.

AMPA Receptors Regulate a Gene Set
Associated With VSMC Phenotypic
Modulation in vitro
There is a scarcity of information on AMPA receptor function
in VSMCs. To address this, we cultured human carotid
vascular SMCs (hcSMCs) in the presence or absence of
the AMPA receptor antagonist 2,3-Dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxalin-7-sulfonamide disodium salt

(NBQX) (26). We found that hcSMCs cultured in serum free
media expressGRIA1 andGRIA2 in vitro. mRNA levels ofGRIA1
were∼100-fold higher than GRIA2 (Figure 4A) and AMPA-type
glutamate receptor protein was detected by immunofluorescence
in hcSMCs (Figures 4B,C). We next exposed hcSMCs to
NBQX. BrdU incorporation assay showed lower proliferation
in cultures exposed to the AMPA receptor antagonist NBQX
as compared with vehicle (Supplementary Figure 3A). This
exposure did not significantly affect apoptosis as measured by
TUNEL staining (Supplementary Figure 3B). RNA sequencing
(RNAseq) showed significant differences in transcript levels
of 464 genes between cultures exposed to NBQX or vehicle,
respectively (Figure 4D, Supplementary Table 3). Levels of
the 464 significantly differentially expressed transcripts were
analyzed by unsupervised hierarchical clustering and the
two experimental groups clustered separately (Figure 4E).
mRNA levels of the VSMC markers for contractile VSMCs
(ACTA2, CNN1, SRF, SMTN) (4, 7, 19, 24) were lower in
cultures exposed to NBQX compared with vehicle exposure,
except the major transcription factor of the VSMC lineage
MYOCD, levels of which were higher (Figures 4D,F). Of
note, Interleukin 6 (IL-6) mRNA levels were significantly
higher in hcSMCs exposed to NBQX (TPM = 160 ± 8.5)
compared to hcSMCs exposed to vehicle (TPM = 107 ± 4.0)
(Supplementary Figure 4A, Supplementary Table 3) and the
difference in mRNA levels was reflected in culture supernatant
IL-6 protein levels as measured by ELISA (1,500 pg/mL ± 21
vs. 2,280 pg/mL ± 101) (Supplementary Figure 4B). Moreover,
IL-6 plasma levels in BiKE cohort patients correlated negatively
with GRIA1 plaque expression (rP = −0.23; p = 0.015)
(Supplementary Figure 4C). Gene ontology classification of the
differently expressed genes revealed overrepresentation of genes
involved in extracellular matrix organization, cell adhesion,
and wound healing (Figure 4G, Supplementary Figure 5,
Supplementary Table 4), suggesting that AMPA-type receptors
regulate expression of a gene set involved in phenotypic
modulation in hcSMCs. In addition, GO and KEGG pathway
analysis showed that transcripts associated with MAPK and ERK
signaling pathways were enriched in samples exposed to NBQX
(Supplementary Table 5, Supplementary Figure 6).
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FIGURE 2 | VSMCs express AMPA-type glutamate receptors in atherosclerotic plaques. (A) tSNE visualization of single cell transcriptomic analysis of plaques (n = 5)

derived from the right coronary artery of human patients (n = 4), colored according to broad cell clustering as indicated in the figure. Numbers denote unidentified

clusters. NK, natural killer; SMC, smooth muscle cell. (B) tSNE visualization of single cell transcriptomic analysis of GLS (red) and GLUL (blue) expression overlaid on

the cell clusters from (A). Color legend (right) indicating relative expression levels for GLS1 on x-axis and GLUL on y-axis. (C) tSNE visualization of single cell

transcriptomic analysis of GRIA1 (red) and GRIA2 (blue) expression overlaid on the cell clusters from (A). Color legend (right) indicating relative expression levels for

GRIA1 on x-axis and GRIA2 on y-axis. (D) Dot plot visualization of the percentage of cells positive for GLS (red) and GLUL (blue) expression within the identified cell

clusters. Error bars indicate SD, n = 4 patients. (E) Dot plot visualization of the percentage of cells positive for GRIA1 (red) and GRIA2 (blue) expression within the

identified cell clusters. Error bars indicate SD, n = 4 patients.
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FIGURE 3 | AMPA-type receptors Gria1 and Gria2 associate with SMC phenotypic switch in arterial repair. (A,B) Dot plots showing mRNA levels of Gls (A) and Glul

(B) during the course of carotid artery injury and healing in injured (red) and uninjured (blue) rat carotid arteries (n = 6–7 per time point) over the course of 12 weeks.

(C) mRNA levels of Gria1 during the course of rat carotid artery injury and healing response described in (A,B). (D) mRNA levels of Gria1 plotted versus typical

markers of smooth muscle cells in injured arteries from all time points (n = 64) (rP = Pearson r). (E) mRNA levels of Gria2 during the course of rat carotid artery injury

and healing response described in (A,B). (F) mRNA levels of Gria2 plotted versus typical markers of smooth muscle cells in injured arteries from all time points (n =

64) (rP = Pearson r). mRNA levels were measured by microarray assay. Dots represent log2 mRNA levels. Middle bar indicates the median mRNA level and error bars

represent SD. *p < 0.05, **p < 0.01, calculated using Kruskal-Wallis ANOVA test followed by Bonferroni-Dunn correction for multiple comparisons. Myosin heavy

chain 11 (Myh11, green), Myocardin (Myocd, red), Calponin 1 (Cnn1, blue), Smoothelin (Smtn, yellow), and Transgelin (Tagln, purple).

Low AMPA-Type Receptor Expression in
Carotid Plaques Associated With Adverse
Clinical Events
Based on the in vitro findings of AMPA-type glutamate
receptors involvement in VSMC phenotypic modulation, we
next investigated whether higher levels of AMPA-type receptor

mRNA correlated to increased VSMC content in biopsies from
human carotid atherosclerotic plaques. To estimate the cellular
composition of carotid plaque biopsies in the BiKE cohort,
we performed in silico deconvolution of the available whole
genome expression data as previously described (23) and based
the definitions of cell types on the data from five coronary
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FIGURE 4 | AMPA receptors regulate a gene set associated with VSMC phenotypic modulation in vitro. (A) Dot plot indicating the relative expression of GRIA1, and

GRIA2 in human carotid smooth muscle cells (hcSMCs) maintained for 24 h in serum free media (n = 4). mRNA levels were quantified using qPCR and are shown

(Continued)
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FIGURE 4 | as relative levels to the average of GRIA1 mRNA. Middle lines indicate mean with error bars indicating SEM. ****p < 0.0001 (unpaired Student’s t-test).

(B,C) hcSMCs maintained in serum free media for 24 h were stained using anti-pan-AMPA receptor (pan-AMPAR) antibody (green), phalloidin (red), and DAPI (blue),

and fluorescence visualized using a Nikon confocal microscope. White square indicate the magnified area shown in (C). (D) Volcano plot visualization of gene

expression fold changes and p-values from RNAseq data. mRNA was isolated from hcSMCs grown in serum-free media in the presence (n = 3) or absence (n = 3) of

the AMPA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline disodium salt (NBQX) for 24 h. SMC markers are shown in red when their

expression is statistically significantly different between conditions, otherwise markers are represented in black. Actin alpha 2 (ACTA2), Kruppel-like factor 4 (KLF4),

Myosin heavy chain 11 (MYH11), Myocardin (MYOCD), Calponin 1 (CNN1), Smoothelin (SMTN), Serum response factor (SRF ), and Transgelin (TAGLN). (E)

Hierarchical clustering analysis and heatmap visualization of the transcript per million (TPM) counts > 2 of the significantly differently expressed genes from (D). (F) Dot

plots showing gene expression of significant differently expressed SMC markers from (B) in hcSMCs grown in serum free media in the presence (n = 3; blue) or

absence (n = 3; red) of the AMPA receptor antagonist NBQX. Dots represent TPM. The middle bar indicates the median gene expression and error bars represent

SEM. (G) Distribution of the significantly regulated genes in the top 10 enriched Gene ontology (GO) pathways. The genes are color coded according to their log2 fold

change value: blue—reduced, red—increased in NBQX-treated hcSMCs.

artery biopsies included in the scRNAseq (22) (Figures 2, 5A).
The analysis yielded an estimate of the relative cell population
size for the defined cell types in each analyzed plaque (n =

127). The relationship between GRIA1 and GRIA2 expression,
respectively, and the relative abundance of cell populations
was analyzed using Pearson correlation (Supplementary Table 6,
Figures 5B,C). GRIA1 and GRIA2 mRNA levels correlated
positively with the inferred relative abundance of VSMCs
(Figure 5B) and negatively with the inferred abundance of T cells
and macrophages in plaques (Figure 5C), further supporting an
association between AMPA-type glutamate receptors and VSMCs
in atherosclerosis. Pathway analysis showed that GRIA1 and
GRIA2 levels in the BiKE plaque microarray data correlated
with levels of transcripts associated with VSMC phenotype shift
(Supplementary Figure 7).

Next, we investigated whether GRIA1 and GRIA2 mRNA
levels were associated with severity of adverse clinical events.
Patients were stratified in three groups based on the severity
of clinical presentation at the time of surgical removal of the
carotid lesion, and levels of GRIA1, GRIA2, GLS, and GLUL
compared among the three patient groups. Levels of GRIA1,
GRIA2, and GLS were significantly lower, while GLUL was
significantly higher, in the group with the most severe symptoms
(Figures 5D–G).

Analysis of Nervous System-Associated
Transcripts in Carotid Atherosclerosis
Segregates Glutaminase,
Glutamate-Ammonia Ligase, and
AMPA-Type Receptors
Despite reports of neurotransmitter receptor involvement in
the pathophysiology of arterial remodeling and atherosclerosis
(33, 34), a comprehensive investigation of nervous system-
associated transcripts in human atherosclerosis has been lacking.
We compiled a list of 217 nervous system-associated components
from the literature (35–38) (Supplementary Table 1). The
included transcripts were classified by function or cell type
association (Figure 6A). Analysis of Affymetrix gene array data
from atherosclerotic plaques (n = 127) and reference arteries (n
= 10) in the BiKE cohort were adjusted for multiple comparisons
using the Bonferroni-Dunn method and showed significantly
different expression of 77 genes between atherosclerotic plaques
and reference arteries (Supplementary Table 1). Comparison of
mRNA levels of nervous system-associated transcripts between

atherosclerotic plaques derived from asymptomatic (n = 41)
and symptomatic (n = 86) patients identified 20 transcripts
with significantly different mRNA levels, most prominently
transcripts associated with glutamine signaling. In particular,
GLUL was the most upregulated gene in symptomatic patients,
while GRIA1 and GRIA2 were significantly downregulated in
this group, as compared with the asymptomatic patients group
(Figure 6B).

DISCUSSION

Here we show that AMPA-type glutamate receptors are present
in atherosclerotic plaques and associated with phenotypic
modulation of VSMCs. Human and mouse atherosclerotic
lesion VSMCs express AMPA-type glutamate receptors
and pharmacological blocking of these receptors in vitro
reduced expression of transcripts associated with VSMC
phenotypic shift. Atherosclerotic lesions from patients
suffering adverse clinical events have significantly lower
expression of GRIA1 and GRIA2 AMPA-type receptor
subunits, compared to those from asymptomatic patients. This
suggests that glutamate-signaling might promote contractile
VSMC features.

The ubiquitous expression of the glutamate synthesis-
and turnover-related enzymes GLS and GLUL in human
atherosclerotic lesions observed here and the reported
widespread availability of glutamate (9) supports the notion
that the ligand glutamate is available for signaling in human
atherosclerotic lesions. The findings suggest that glutamate
synthesis may be reduced in atherosclerotic plaques, decreasing
the availability of AMPA-receptor ligands, although this was
not specifically investigated here. The simultaneous expression
of AMPA-type glutamate receptor subunits implies that
glutamatergic signaling occurs inside atherosclerotic lesions.
Both GLS and GLUL as well as the glutamate receptor subunits
GRIA1 and GRIA2 were also among the most differentially
expressed genes in carotid atherosclerotic lesions of symptomatic
as compared to asymptomatic patients in the BiKE cohort. In
light of these observations, it is interesting to consider whether
glutamate signaling may be an active component that regulates
pathophysiology of atherosclerotic lesions. Considering that
lower receptor levels were found in patients with more severe
symptoms, it will be important to study whether increased
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FIGURE 5 | Low AMPA-type Receptor Expression in Carotid Plaques Associated with Adverse Clinical Events. Atheoscelerotic plaque cellular composition in the BiKE

cohort was estimated based on microarray data analysis using predefined cellular signatures in atherosclerotic plaques from scRNAseq data. (A) Schematic

representation of the microarray data analysis process. (B) Correlation between GRIA1 (left) and GRIA2 (right) mRNA levels and fraction of differentiated (blue) or

modulated (red) SMC subtypes in carotid atherosclerotic plaques (rP = Pearson r). (C) Correlation between GRIA1 (left) and GRIA2 (right) mRNA levels and fraction of

T cells (blue) and macrophages (red) in carotid atherosclerotic plaques. (rP = Pearson r). (D–G) Dot plots comparing GRIA1 (D), GRIA2 (E), GLS (F), and GLUL (G)

mRNA levels between asymptomatic (AS) (n = 40), amaurosis fugax (AF) (n = 18), and transient ischemic attack + minor stroke (TIA + MS) (n = 59) patients. Dots

represent the mRNA level for individual patients. The middle bars indicate mean expression and error bars show SD. Differences between groups were analyzed using

Kruskal-Wallis ANOVA followed by Dunn’s test. *p < 0.05, **p < 0.01.

AMPA-receptor activation by glutamate has a protective effect
in atherosclerosis.

Glutamate receptors GRIA1 and GRIA2 were essentially
restricted to plaque VSMCs both in the coronary artery
and in carotid artery atherosclerotic lesions. The published
observations that phenotypic modulation is associated with
glutamate signaling in VSMC (2) supports the hypothesis that

AMPA-type glutamate receptor levels are linked with VSMC
phenotype. In line with this, we observed a significant induction
of Gria1 expression in carotid arteries undergoing vascular
remodeling in vivo, particularly at times after injury when VSMC
activation toward intimal invasion is known to be pronounced
(24). After arterial injury, contractile VSMCs respond with a
phenotypic switch, turning into modulated VSMCs, which are
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FIGURE 6 | A Comprehensive Analysis of nervous system-associated Transcripts in Carotid Atherosclerosis Segregates Glutaminase, Glutamate-Ammonia Ligase,

and AMPA-type Receptors. (A) Pie chart showing classification of the compiled 217 neuronal-associated genes investigated by expression analysis in BiKE plaques.

(B) Volcano plot visualization of differentially expressed genes between symptomatic (n = 87) and asymptomatic (n = 40) patient groups. Glutamate-related genes are

shown in red when their expression is statistically significantly different between conditions, otherwise glutamate-related markers are represented in black. GRIA1,

Glutamate Ionotropic Receptor AMPA-type Subunit 1; GRIA2, Glutamate Ionotropic Receptor AMPA-type Subunit 2; GLS, Glutaminase; GLUL, Glutamate-ammonia

ligase. Fold change is expressed as “log2 (mean expression level symptomatic/asymptomatic).” Differences between groups were analyzed using unpaired Student’s

t-test.

characterized by high proliferative and migratory activity (2).
In this experimental model, modulated VSMCs increasingly
populate the intimal surface between days 2 and 5 (24). These
observations on the glutamate signaling machinery in arterial
repair are noteworthy and may have consequences also in
atheroprogression given the important role of VSMCs in the
vessel wall, promoting plaque stability and encapsulating plaque
inflammation through formation of the fibrous cap, likely
promoting an atheroprotective phenotype (2, 3, 8).

In addition to its role as a ligand for glutamate receptors,
glutamate is a vital metabolite that links carbon and nitrogen
metabolism (39) and is also an important constituent of growth
media for VSMCs. It is therefore reasonable to assume that
ligand availability is plentiful for glutamate receptors expressed
by VSMCs both in vivo and in vitro, and functional studies should
thus be preferably performed using selective glutamate receptor
blockers. The limitation of using NBQX is that it is a selective
AMPA-type receptor antagonist with antagonist effects also on
Kainate-type receptors. However, NBQX is a well-characterized
and reportedly a non-toxic antagonist which has been abundantly
used in in vivo studies for its capacity of preventing glutamate-
dependent CNS damage (26). In the hcSMC studied here, NBQX
did not significantly affect apoptosis. As could be expected from
the in vivo and in vitro observations by Dumas et al. (14),
abrogating glutamate signaling by NBQX reduced proliferation
also in hcSMCs. Our observations that blocking AMPA-type
glutamate receptors such as GRIA1 in cultures of hcSMCs
triggered significant regulation of a set of genes associated
with extracellular matrix organization, cell adhesion, wound
healing and regulation of protein binding, indicate that activity
of glutamate receptors in VSMCs is involved in processes that
are drivers of VSMC activity and phenotype. Several markers
associated with differentiated VSMCs, including SRF (a key
transcription factor in VSMC biology), were significantly lower
in the presence of NBQX. Interestingly, a known early key

transcription factor in differentiation toward the VSMC lineage,
MYOCD, was significantly higher in samples exposed to NBQX.
While these observations make it tempting to speculate on
glutamate signaling involvement in VSMC differentiation, it is
difficult to draw firm conclusions based on these data, not least
since blocking of AMPA-receptor changed SRF and MYOCD
mRNA levels in opposite directions. Additionally, numerous
transcripts that were regulated by pharmacological blocking
of AMPA-type glutamate receptors in hcSMC in vitro have
been previously linked to plaque stability. For example, it has
been reported that retinoic acid (RA) reduces plaque formation
in an atherosclerosis prone mouse model (40), and here, we
observed an upregulation of RA receptors (RARB) and two RA
receptor responsive genes (DHRS3 and RARRES1) (41) following
abrogation of AMPA receptor signaling. Another example is
hyaluronic acid (HA), which is a component of the extracellular
matrix synthetized by HAS2. HA plays diverse roles, depending
on the concentration and on the molecular size (42), in plaque
formation. We observed that HAS2 is downregulated in the
presence of an AMPA receptor antagonist. In light of these
observations, regulation of these genes and perhaps VSMC
phenotype itself (2) in a beneficial direction in atherosclerosis
might be worth evaluating further using drugs that promote
glutamatergic signaling.

In patients with more severe ischemic clinical events, grouped
as a transient ischemic attack (TIA) and minor stroke (MS),
the mean expression level of AMPA-type glutamate receptors
GRIA1 and GRIA2 was lower than in individuals with less severe
adverse vascular symptoms (amaurosis fugax, AF) or without
reported symptoms. There was also a significant correlation
between plaque GRIA1 mRNA levels and plasma IL-6, a pro-
atherogenic cytokine (43). Selective pharmacological blocking of
AMPA-type glutamate receptors in hcSMCs in vitro promoted a
significant increase of IL-6 mRNA levels and secretion of IL-6
to the extracellular space. Although we were unable to measure
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plaque IL-6 protein levels and perform selective blocking of
AMPA-type glutamate receptors in vivo, our observations suggest
that plaque glutamate receptors may reduce inflammation and
further mechanistic investigation would be of interest.

Carotid VSMCs and several neuronal cell types share
a common embryonic origin, the neural crest (44). It is
conceivable that glutamate signaling may not be the only
neurotransmitter involved in VSMC differentiation and,
by extension, the pathophysiology of atherosclerosis. The
neurotransmitter receptor cholinergic alpha 7 nicotinic
acetylcholine receptor subunit (α7nAChR) is expressed in
human atherosclerotic plaques and experimental observations
support that receptor activation by the neurotransmitter
acetylcholine (ACh) attenuates atherosclerosis progression
(34, 45). Furthermore, arteries are innervated by adrenergic
nerves, and efferent neural signals can regulate vascular
contraction (46). It has been suggested that innervation of
the vascular adventitia can be involved in neuro-immune
crosstalk between layers of the vascular wall (47). Despite
the reports on neurotransmitter signaling in vascular biology
and atherosclerosis, a comprehensive map of nervous system-
associated signaling components expressed in atherosclerotic
plaques has been lacking. The analysis of nervous system-
associated transcripts in human atherosclerosis presented here
revealed significant differences in transcript levels both between
reference arteries and atherosclerotic plaques and between
patients classified as symptomatic and asymptomatic in the
BiKE cohort. Neurotransmitter signaling is hitherto rather
unexplored in atherosclerosis, and mapping of neural control
of inflammation in other conditions with chronic inflammation
has opened for new therapeutic opportunities and clinical
trials of anti-inflammatory effects of specific nerve activation
(48–51). Although some observations suggest that peripheral
nerve activity regulate atherosclerosis inflammation (52),
atherosclerotic lesions are not known to be directly innervated
and the potential function of neural regulation of inflammation
in atherosclerotic lesions remains to be mechanistically explored.
The analysis of nervous system-associated transcripts in
human atherosclerotic lesions described here may provide a
starting point for further exploration and discovery of key
nervous-system related signaling in atherosclerosis.

In conclusion, our results from transcriptomic microarray
analysis and single cell RNA sequencing show that AMPA-
type glutamate receptors are expressed by VSMCs both
in arterial repair and in atherosclerotic plaques, and at
lower levels in plaques from patients that suffered adverse
clinical events. Blocking AMPA-type glutamate receptors in
human carotid artery VSMCs promoted expression of gene
sets associated with VSMC phenotypic modulation, providing
evidence of functional glutamate signaling in human VSMCs.
Moreover, components of the glutamate signaling axis were
identified as the most differentially expressed nervous system-
associated genes in plaques from asymptomatic compared with
symptomatic patients. These observations support the notion
that neurotransmitter signaling may play yet unexplored roles
in vascular biology and further mechanistic studies of neural
regulation of atherosclerosis pathogenesis are warranted.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: European nucleotide
archive, accession numbers PRJEB43287, ERP127239.

ETHICS STATEMENT

The BIKE study was approved by the Ethical Committee of
Stockholm and was performed in agreement with institutional
guidelines and the principles of the Declaration of Helsinki. The
following ethical permits apply: BiKE EPN DNr 95-276/277;
01-199; 02-146; 02-147; 04-225/4; 04-97 5T; 2005/83-31;
2007/281-31/4; 2009/4:2; 2009/9-31/4; 2009/295- 31/2;
2009/512-31/2; 2009/2000-32; 2010/1022-31/1; 2010/730-
31/2; 2011/196-31/1; 2011/629-32; 2011/950-32; 2012/619-32;
2012/916-31/4;2012/1096-31/2; 2012/1279-32; 2013/615-31/4;
2012/2188-31-5; 2013/2048-32; 2013/2137-32; 2015/1338-
32; 2015/2108-31/5; 2017/508-32; and 2018/954-32. Studies
involving human coronary arteries were approved by the
Stanford University Institutional Review Board. Informed
consent was provided for all enrolled by themselves or their legal
guardian. Animal studies were approved by the Administrative
Panel on Laboratory Animal Care at Stanford University and
the Ethical Board of North Stockholm, Dnr N181/16; N137/14,
respectively, and conform to Institutional Guidelines.

AUTHOR CONTRIBUTIONS

AGa, PO, and LM conceived the study, planned experiments,
analyzed, and interpreted data. AGa, LT, AC, PO, and LM wrote
the manuscript. AGa, UR, RW, AC, SM, VS, MY, GK, ML, and
AR performed experiments and analyzed data. AGi, GP-B, TQ,
SM, and VS edited the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

The work was funded by grants to PO from the Knut and Alice
Wallenberg Foundation (20140212), Swedish Research Council
(VR, 2017-03366), and Heart-Lung Foundation (HLF, 20170708,
20170880), NovoNordisk, and MedTechLabs (Program 3).
LM was the recipient of fellowships and awards from the
Swedish Research Council (VR, 2019-02027), Swedish Heart-
Lung Foundation (HLF, 20180244, 201602877, 20180247),
Swedish Society for Medical Research (SSMF, P13-0171)
and acknowledges funding from Sven and Ebba-Christina
Hagberg, Tore Nilsson’s, Magnus Bergvall’s and Karolinska
Institute research (KI Fonder), and doctoral education
(KID) foundations.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.655869/full#supplementary-material

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 April 2021 | Volume 8 | Article 655869

https://www.frontiersin.org/articles/10.3389/fcvm.2021.655869/full#supplementary-material
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Gallina et al. AMPA-Type Glutamate Receptors in Atherosclerosis

REFERENCES

1. Timmis A, Townsend N, Gale C, Grobbee R, Maniadakis N, Flather M, et al.
European Society of Cardiology: Cardiovascular Disease Statistics 2017. Eur
Heart J. (2018) 39:508–79. doi: 10.1093/eurheartj/ehx628

2. Bennett MR, Sinha S, Owens GK. Vascular smooth muscle
cells in atherosclerosis. Circ Res. (2016) 118:692–702.
doi: 10.1161/CIRCRESAHA.115.306361

3. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J,
Bittencourt MS, et al. Atherosclerosis. Nat Rev Dis Prim. (2019) 5:56.
doi: 10.1038/s41572-019-0106-z

4. Gomez D, Owens GK. Smooth muscle cell phenotypic switching in
atherosclerosis. Cardiovasc Res. (2012) 95:156–64. doi: 10.1093/cvr/cvs115

5. Gisterå A, Hansson GK. The immunology of atherosclerosis.Nat Rev Nephrol.
(2017) 13:368–80. doi: 10.1038/nrneph.2017.51

6. Gomez D, Owens GK. Reconciling smooth muscle cell oligoclonality
and proliferative capacity in experimental atherosclerosis. Circ Res. (2016)
119:1262–4. doi: 10.1161/CIRCRESAHA.116.310104

7. Liu M, Gomez D. Smooth muscle cell phenotypic diversity. Arterioscler
Thromb Vasc Biol. (2019) 39:1715–23. doi: 10.1161/ATVBAHA.119.312131

8. Allahverdian S, Chaabane C, Boukais K, Francis GA, Bochaton-Piallat M-
L. Smooth muscle cell fate and plasticity in atherosclerosis. Cardiovasc Res.
(2018) 114:540–50. doi: 10.1093/cvr/cvy022

9. Curi R. Glutamine, gene expression, cell function. Front Biosci. (2007) 12:344.
doi: 10.2741/2068

10. Yelamanchi SD, Jayaram S, Thomas JK, Gundimeda S, Khan AA, Singhal A,
et al. A pathway map of glutamate metabolism. J Cell Commun Signal. (2016)
10:69–75. doi: 10.1007/s12079-015-0315-5

11. Niciu MJ, Kelmendi B, Sanacora G. Overview of glutamatergic
neurotransmission in the nervous system. Pharmacol Biochem Behav.
(2012) 100:656–64. doi: 10.1016/j.pbb.2011.08.008

12. Skerry TM, Genever PG. Glutamate signalling in non-neuronal tissues. Trends
Pharmacol Sci. (2001) 22:174–81. doi: 10.1016/S0165-6147(00)01642-4

13. Gill SS, Pulido OM, Mueller RW, McGuire PF. Molecular and
immunochemical characterization of the ionotropic glutamate
receptors in the rat heart. Brain Res Bull. (1998) 46:429–34.
doi: 10.1016/S0361-9230(98)00012-4

14. Dumas SJ, Bru-Mercier G, Courboulin A, Quatredeniers M, Rücker-Martin
C, Antigny F, et al. NMDA-Type glutamate receptor activation promotes
vascular remodeling and pulmonary arterial hypertension. Circulation. (2018)
137:2371–89. doi: 10.1161/CIRCULATIONAHA.117.029930

15. Qi L, Qi Q, Prudente S, Mendonca C, Andreozzi F, di Pietro N, et al.
Association between a genetic variant related to glutamic acid metabolism
and coronary heart disease in individuals with type 2 diabetes. JAMA. (2013)
310:821. doi: 10.1001/jama.2013.276305

16. Zheng Y, Hu FB, Ruiz-Canela M, Clish CB, Dennis C, Salas–Salvado J,
et al. Metabolites of glutamate metabolism are associated with incident
cardiovascular events in the PREDIMED PREvención con DIeta
MEDiterránea (PREDIMED) Trial. J Am Heart Assoc. (2016) 5:3755.
doi: 10.1161/JAHA.116.003755

17. Naylor AR, Rothwell PM, Bell PRF. Overview of the principal results and
secondary analyses from the European andNorth American randomised trials
of endarterectomy for symptomatic carotid stenosis. Eur J Vasc Endovasc Surg.
(2003) 26:115–29. doi: 10.1053/ejvs.2002.1946

18. Halliday A, HarrisonM, Hayter E, Kong X,Mansfield A,Marro J, et al. 10-year
stroke prevention after successful carotid endarterectomy for asymptomatic
stenosis (ACST-1): a multicentre randomised trial. Lancet. (2010) 376:1074–
84. doi: 10.1016/S0140-6736(10)61197-X

19. Perisic L, Aldi S, Sun Y, Folkersen L, Razuvaev A, Roy J, et al. Gene expression
signatures, pathways and networks in carotid atherosclerosis. J Intern Med.

(2016) 279:293–308. doi: 10.1111/joim.12448
20. Olofsson PS, Söderström LÅ, Wågsäter D, Sheikine Y, Ocaya P, Lang F, et

al. CD137 is expressed in human atherosclerosis and promotes development
of plaque inflammation in hypercholesterolemic mice. Circulation. (2008)
117:1292–301. doi: 10.1161/CIRCULATIONAHA.107.699173

21. Karadimou G, Folkersen L, Berg M, Perisic L, Discacciati A, Roy J, et al.
Low TLR7 gene expression in atherosclerotic plaques is associated with major

adverse cardio- and cerebrovascular events. Cardiovasc Res. (2017) 113:30–9.
doi: 10.1093/cvr/cvw231

22. Wirka RC, Wagh D, Paik DT, Pjanic M, Nguyen T, Miller CL, et al.
Atheroprotective roles of smooth muscle cell phenotypic modulation and
the TCF21 disease gene as revealed by single-cell analysis. Nat Med. (2019)
25:1280–9. doi: 10.1038/s41591-019-0512-5

23. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods.
(2015) 12:453–7. doi: 10.1038/nmeth.3337

24. Röhl S, Rykaczewska U, Seime T, Suur BE, Diez MG, Gådin JR, et
al. Transcriptomic profiling of experimental arterial injury reveals new
mechanisms and temporal dynamics in vascular healing response. JVS Vasc

Sci. (2020) 1:13–27. doi: 10.1016/j.jvssci.2020.01.001
25. Perisic Matic L, Rykaczewska U, Razuvaev A, Sabater-Lleal M, Lengquist

M, Miller CL, et al. Phenotypic modulation of smooth muscle cells in
atherosclerosis is associated with downregulation of LMOD1, SYNPO2,
PDLIM7, PLN, and SYNM. Arterioscler ThrombVasc Biol. (2016) 36:1947–61.
doi: 10.1161/ATVBAHA.116.307893

26. Sheardown M, Nielsen E, Hansen A, Jacobsen P, Honore T. 2,3-Dihydroxy-
6-nitro-7-sulfamoyl-benzo(F)quinoxaline: a neuroprotectant for cerebral
ischemia. Science. (1990) 247:571–4. doi: 10.1126/science.2154034

27. Durinck S, Moreau Y, Kasprzyk A, Davis S, De Moor B, Brazma A,
et al. BioMart and Bioconductor: a powerful link between biological
databases and microarray data analysis. Bioinformatics. (2005) 21:3439–
40. doi: 10.1093/bioinformatics/bti525

28. Durinck S, Spellman PT, Birney E, Huber W. Mapping identifiers for the
integration of genomic datasets with the R/Bioconductor package biomaRt.
Nat Protoc. (2009) 4:1184–91. doi: 10.1038/nprot.2009.97

29. Alexa, A; Rahnenfuhrer J. topGO: Enrichment Analysis for Gene Ontology. R

Package Version 2.37.0. Rahnenfuhrer (2019).
30. Tenembaum D. KEGGREST: Client-Side REST Access to KEGG. R Package

Version 1.28.0. (2020).
31. Luo W, Brouwer C. Pathview: an R/Bioconductor package for pathway-

based data integration and visualization. Bioinformatics. (2013) 29:1830–1.
doi: 10.1093/bioinformatics/btt285

32. Kolde R. pheatmap?: Pretty Heatmaps. R Package Version 1.0.8. (2015).
33. Chen L, Xin X, Eckhart AD, Yang N, Faber JE. Regulation of vascular smooth

muscle growth by α1-adrenoreceptor subtypes in vitro and in situ. J Biol
Chem. (1995) 270:30980–8. doi: 10.1074/jbc.270.52.30980

34. Johansson ME, Ulleryd MA, Bernardi A, Lundberg AM, Andersson A,
Folkersen L, et al. α7 nicotinic acetylcholine receptor is expressed in human
atherosclerosis and inhibits disease in mice-brief report. Arterioscler Thromb

Vasc Biol. (2014) 34:2632–6. doi: 10.1161/ATVBAHA.114.303892
35. von Bohlen und Halbach O. Immunohistological markers for staging

neurogenesis in adult hippocampus. Cell Tissue Res. (2007) 329:409–20.
doi: 10.1007/s00441-007-0432-4

36. Redwine JM, Evans CF. Markers of central nervous system glia and
neurons in vivo during normal and pathological conditions. In:
Current Topics in Microbiology and Immunology. (2002). p. 119–40.
doi: 10.1007/978-3-662-09525-6_6

37. McKenzie AT, Wang M, Hauberg ME, Fullard JF, Kozlenkov A, Keenan A,
et al. Brain cell type specific gene expression and co-expression network
architectures. Sci Rep. (2018) 8:8868. doi: 10.1038/s41598-018-27293-5

38. Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, Christopherson KS, et
al. A transcriptome database for astrocytes, neurons, and oligodendrocytes: a
new resource for understanding brain development and function. J Neurosci.
(2008) 28:264–78. doi: 10.1523/JNEUROSCI.4178-07.2008

39. Shen J. Glutamate. In: Magnetic Resonance Spectroscopy. Elsevier (2014). p.
111–21. doi: 10.1016/B978-0-12-401688-0.00009-4

40. Zhou W, Lin J, Chen H, Wang J, Liu Y, Xia M. Retinoic acid induces
macrophage cholesterol efflux and inhibits atherosclerotic plaque
formation in apoE-deficient mice. Br J Nutr. (2015) 114:509–18.
doi: 10.1017/S0007114515002159

41. Adams MK, Belyaeva OV, Wu L, Kedishvili NY. The retinaldehyde reductase
activity of DHRS3 is reciprocally activated by retinol dehydrogenase
10 to control retinoid homeostasis. J Biol Chem. (2014) 289:14868–80.
doi: 10.1074/jbc.M114.552257

Frontiers in Cardiovascular Medicine | www.frontiersin.org 16 April 2021 | Volume 8 | Article 655869

https://doi.org/10.1093/eurheartj/ehx628
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1093/cvr/cvs115
https://doi.org/10.1038/nrneph.2017.51
https://doi.org/10.1161/CIRCRESAHA.116.310104
https://doi.org/10.1161/ATVBAHA.119.312131
https://doi.org/10.1093/cvr/cvy022
https://doi.org/10.2741/2068
https://doi.org/10.1007/s12079-015-0315-5
https://doi.org/10.1016/j.pbb.2011.08.008
https://doi.org/10.1016/S0165-6147(00)01642-4
https://doi.org/10.1016/S0361-9230(98)00012-4
https://doi.org/10.1161/CIRCULATIONAHA.117.029930
https://doi.org/10.1001/jama.2013.276305
https://doi.org/10.1161/JAHA.116.003755
https://doi.org/10.1053/ejvs.2002.1946
https://doi.org/10.1016/S0140-6736(10)61197-X
https://doi.org/10.1111/joim.12448
https://doi.org/10.1161/CIRCULATIONAHA.107.699173
https://doi.org/10.1093/cvr/cvw231
https://doi.org/10.1038/s41591-019-0512-5
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/j.jvssci.2020.01.001
https://doi.org/10.1161/ATVBAHA.116.307893
https://doi.org/10.1126/science.2154034
https://doi.org/10.1093/bioinformatics/bti525
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1093/bioinformatics/btt285
https://doi.org/10.1074/jbc.270.52.30980
https://doi.org/10.1161/ATVBAHA.114.303892
https://doi.org/10.1007/s00441-007-0432-4
https://doi.org/10.1007/978-3-662-09525-6_6
https://doi.org/10.1038/s41598-018-27293-5
https://doi.org/10.1523/JNEUROSCI.4178-07.2008
https://doi.org/10.1016/B978-0-12-401688-0.00009-4
https://doi.org/10.1017/S0007114515002159
https://doi.org/10.1074/jbc.M114.552257
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Gallina et al. AMPA-Type Glutamate Receptors in Atherosclerosis

42. Sadowitz B, Seymour K, Gahtan V, Maier KG. The role of hyaluronic acid
in atherosclerosis and intimal hyperplasia. J Surg Res. (2012) 173:e63–72.
doi: 10.1016/j.jss.2011.09.025

43. Schuett H, Oestreich R, Waetzig GH, Annema W, Luchtefeld M,
Hillmer A, et al. Transsignaling of interleukin-6 crucially contributes to
atherosclerosis in mice. Arterioscler Thromb Vasc Biol. (2012) 32:281–90.
doi: 10.1161/ATVBAHA.111.229435

44. Majesky MW. Developmental basis of vascular smooth muscle
diversity. Arterioscler Thromb Vasc Biol. (2007) 27:1248–58.
doi: 10.1161/ATVBAHA.107.141069

45. Inanaga K, Ichiki T, Miyazaki R, Takeda K, Hashimoto T, Matsuura
H, et al. Acetylcholinesterase inhibitors attenuate atherogenesis in
apolipoprotein E-knockout mice. Atherosclerosis. (2010) 213:52–8.
doi: 10.1016/j.atherosclerosis.2010.07.027

46. Sheng Y, Zhu L. The crosstalk between autonomic nervous system and
blood vessels. Int J Physiol Pathophysiol Pharmacol. (2018) 10:17–28. Available
online at: http://www.ncbi.nlm.nih.gov/pubmed/29593847

47. Caravaca AS, Centa M, Gallina AL, Tarnawski L, Olofsson PS. Neural
reflex control of vascular inflammation. Bioelectron Med. (2020) 6:3.
doi: 10.1186/s42234-020-0038-7

48. Eberhardson M, Tarnawski L, Centa M, Olofsson PS. Neural control
of inflammation: bioelectronic medicine in treatment of chronic
inflammatory disease. Cold Spring Harb Perspect Med. (2020) 10:a034181.
doi: 10.1101/cshperspect.a034181

49. Olofsson PS, Bouton C. Bioelectronic medicine: an unexpected path to new
therapies. J Intern Med. (2019) 286:237–9. doi: 10.1111/joim.12967

50. Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S, Schuurman PR,
et al. Vagus nerve stimulation inhibits cytokine production and attenuates
disease severity in rheumatoid arthritis. Proc Natl Acad Sci USA. (2016)
113:8284–9. doi: 10.1073/pnas.1605635113

51. Bonaz B, Sinniger V, Hoffmann D, Clarençon D, Mathieu N, Dantzer C, et al.
Chronic vagus nerve stimulation in Crohn’s disease: a 6-month follow-up pilot
study. Neurogastroenterol Motil. (2016) 28:948–53. doi: 10.1111/nmo.12792

52. Dutta P, Courties G, Wei Y, Leuschner F, Gorbatov R, Robbins CS, et al.
Myocardial infarction accelerates atherosclerosis. Nature. (2012) 487:325–9.
doi: 10.1038/nature11260

Conflict of Interest: PO is a co-founder of and shareholder in ChAT Therapeutics
and Emune AB.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Gallina, Rykaczewska, Wirka, Caravaca, Shavva, Youness,

Karadimou, Lengquist, Razuvaev, Paulsson-Berne, Quertermous, Gisterå, Malin,

Tarnawski, Matic and Olofsson. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 17 April 2021 | Volume 8 | Article 655869

https://doi.org/10.1016/j.jss.2011.09.025
https://doi.org/10.1161/ATVBAHA.111.229435
https://doi.org/10.1161/ATVBAHA.107.141069
https://doi.org/10.1016/j.atherosclerosis.2010.07.027
http://www.ncbi.nlm.nih.gov/pubmed/29593847
https://doi.org/10.1186/s42234-020-0038-7
https://doi.org/10.1101/cshperspect.a034181
https://doi.org/10.1111/joim.12967
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1111/nmo.12792
https://doi.org/10.1038/nature11260
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

