
Biomedicine & Pharmacotherapy 146 (2022) 112557

0753-3322/© 2021 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

The α2-adrenergic receptor pathway modulating depression influences the 
risk of arterial thrombosis associated with BDNFVal66Met polymorphism 

Leonardo Sandrini a, Patrizia Amadio a, Alessandro Ieraci b, Alessandro Malara c,d, 
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A B S T R A C T   

Depression is associated with thrombotic risk and arterial events, its proper management is strongly recom-
mended in coronary artery disease (CAD) patients. We have previously shown that the Brain-Derived Neuro-
trophic Factor (BDNF)Val66Met polymorphism, related to depression, is associated with arterial thrombosis in 
mice, and with an increased risk of acute myocardial infarction in humans. Herein, expanding the previous 
findings on BDNFVal66Met polymorphism, we show that desipramine, a norepinephrine reuptake-inhibitor, 
rescues behavioral impairments, reduces the arterial thrombosis risk, abolishes pathological coagulation and 
platelet hyper-reactivity, normalizes leukocyte, platelet, and bone marrow megakaryocyte number and restores 
physiological norepinephrine levels in homozygous knock-in BDNF Val66Met (BDNFMet/Met) mice. The in vitro 
data confirm the enhanced procoagulant activity and the alpha2A-adrenergic receptor (α2A-ADR) overexpression 
found in BDNFMet/Met mice and we provide evidence that, in presence of Met variant, norepinephrine is crucial to 
up-regulate procoagulant activity and to enhance platelet generation. The α2-ADR antagonist rauwolscine res-
cues the prothrombotic phenotype in BDNFMet/Met mice and reduces procoagulant activity and platelet gener-
ation in cells transfected with BDNFMet plasmid or exposed to pro-BDNFMet peptide. Finally, we show that 
homozygous BDNFMet/Met CAD patients have hyper-reactive platelets overexpressing abundant α2A-ADR. The 
great proplatelet release from their megakaryocytes well reflects their higher circulating platelet number 
compared to BDNFVal/Val patients. These data reveal an unprecedented described role of Met allele in the dys-
regulation of norepinephrine/α2A-ADR pathway that may explain the predisposition to arterial thrombosis. 
Overall, the development of α2A-ADR inhibitors might represent a pharmacological treatment for depression- 
associated thrombotic conditions in this specific subgroup of CAD patients.   

1. Introduction 

Depression in patients with coronary artery disease (CAD) is 

associated with increased trombotic risk and arterial events [1,2]. In 
addition to the indicated treatment for cardiovascular disease, the 
management of depression represents an additional approach to 
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improve the clinical outcome of these patients [2,3]. In this context, the 
cardiovascular benefit of antidepressant drug treatment in patients with 
cardiovascular disease is being assessed, as well as which specific sub-
group of patients may benefit most from antidepressant therapy [3,4]. 
Several factors, like efficacy, tolerability, and safety aspects need to be 
considered to assess the optimal treatment for CAD patients with 
depression comorbidity [2]. 

Thus, understanding the pathophysiological mechanisms underlying 
the comorbidity of depression and CAD is essential to develop an 
appropriate treatment. Reputated mechanisms to explain this interplay 
include endothelial dysfunction, platelet hyperreactivity, enhanced 
coagulation, hypofibrinolysis and increased inflammation [2,5–7]. 

We have recently shown that Brain-Derived Neurotrophic Factor 
(BDNF) Val66Met (rs6265) polymorphism, previously related to mood 
disorders, stress vulnerability [8], and to CAD-related depression 
[9–11], is associated with the increased risk of acute myocardial 
infarction (AMI), predicts major cardiovascular events post-MI in 
humans, and predisposes to arterial thrombosis in a knock-in mouse 
model [12–14]. In particular, we have shown that homozygous 
BDNFMet/Met mice display a hypercoagulable and hypofibrinolytic state, 
platelet hyper-reactivity as suggested by their enhanced aggregation, 
GPIIbIIIa and P-selectin expression, platelet-fibrinogen binding, plate-
let/leukocyte aggregates, and higher levels of tissue factor (TF) along 
with the well-known depressive/anxious-like phenotype [12,15], sug-
gesting a complex interaction among genetic modifications, depression 
and CAD. Interestingly, desipramine, a tricyclic antidepressant that 
selectively blocks reuptake of norepinephrine, has antidepressant effects 
and rescued behavioral impairments in mutant BDNF Met mice [11,15]. 
Accordingly, individuals with depression carrying the BDNFVal66Met 
polymorphism show a better clinical response to long-term seroto-
nin/norepinephrine reuptake inhibitors and TCA compared to selective 
serotonin reuptake inhibitor (SSRI) treatment [16–18]. All these find-
ings suggest that a specific class of antidepressants may be an effective 
treatment option for depression in humans with this BDNF genetic 
variant. 

Although the ability of antidepressant drugs to prevent thrombosis in 
vivo and to reduce platelet activation in vitro is well known [19–23] their 
antithrombotic effect in patients with depression and CAD comorbidity 
is not clearly established, as yet. In particular, whether norepinephrine 
reuptake inhibitors may attenuate depressive symptoms and concomi-
tantly prevent cardiovascular events, at least in a specific subgroup of 
CAD patients, is still completely unknown. 

In this study, we evaluated the potential involvement of norepi-
nephrine/adrenergic receptor pathway in the regulation of coagulation, 
megakaryopoiesis and platelet function in homozygous BDNFVal66Met 
mouse and in homozygous BDNFVal66Met CAD patients. In particular, 
exploiting the mouse model, we investigated whether inhibition of 
norepinephrine reuptake rescues not only the behavioral impairment 
but also the arterial thrombosis predisposition. 

2. Materials and methods 

2.1. Ethics statement 

Animal studies: All procedures were performed in wild type control 
(BDNFVal/Val) or BDNFMet/Met mice [15], and approved by the National 
Ministry of Health-University of Milan Committee and Cogentech S.r.l. 
Committee. All procedures were performed in 10–12-weeks old male 
BDNFVal/Val or BDNFMet/Met mice. 

Human studies: homozygous BDNFVal/Val and BDNFMet/Met, age 50–80 
years at the time of enrolment, were identified within a large set of male 
patients with a clinical history of stable angina or acute coronary syn-
drome followed by coronary artery bypass graft surgery, [12]. All the 
patients had taken part or were still taking part in a secondary preven-
tion program run in the Centro Cardiologico Monzino by specialists in 
internal medicine and nutritionists. Each homozygous BDNFMet/Met 

patient (uncommon allele) was matched for age (+/- 2 years), clinical 
history of stable, unstable angina or acute myocardial infarction, and 
pharmacological treatments with one homozygous BDNFVal/Val patients. 
Selected candidates were contacted and asked to take part in the study 
and to carry out a preliminary assessment of eligibility. They were then 
invited to a single study visit. After providing complete verbal and 
written information about the objectives and procedures of the study, 
signed consent was obtained. A detailed anamnesis and physical ex-
amination were then carried out to identify any of the following 
exclusion criteria: 1) recent acute cardiovascular event (throughout the 
last 6 months), 2) acute or chronic infections, 3) autoimmune diseases, 
4) severe heart failure (NYHA class III/IV), 5) severe renal insufficiency 
(creatinine clearance <30 mL/min), 6) any form of cancer in the last 5 
years (except skin basalioma), 7) major trauma or major surgical in-
terventions in the last 6 months, and 8) current use of 
anti-inflammatory, immunosuppressive or antidepressive drugs. 

Venous blood, obtained at fasting from an antecubital vein, was 
collected from eligible patients for study assays. 

The study complies with the Declaration of Helsinki and was 
approved by the Ethical Committee of Centro Cardiologico Monzino 
IRCCS. All participants provided written informed consent. Clinical and 
demographical features of CAD patients are described in Supplementary 
Table S1. As the patients enrolled in this study were affected by coronary 
artery disease, they were almost all on treatment with drugs for sec-
ondary prevention of cardiovascular diseases according to the current 
evidence-based guidelines, including antiplatelets, statins and beta 
blockers, as shown in Supplementary Table S1. None of the participants 
in this study, including 4 patients that had referred a past history of 
anxiety or depression, was on a regular treatment with ansiolitic or anti- 
depressant drugs. 

Human umbilical cord blood was collected following normal preg-
nancies and deliveries upon informed parental consent in accordance 
with the Ethical Committee of the IRCCS San Matteo Foundation and 
with the principles of the Declaration of Helsinki. 

2.2. Experimental design 

The effect of desipramine or rauwolscine in BDNFVa/Val and 
BDNFMet/Met mice was studied separately in different set of mice. Spe-
cifically, desipramine (10 mg/Kg, Sigma-Aldrich) or saline (2 mL/kg) 
was administrated in drinking water for 3 weeks, an adequate period to 
appreciate the antidepressant effect, (N = 22 mice/group) [11,15]. 
Rauwolscine (200 µg/Kg, Cayman) or vehicle (DMSO) was intraperito-
neally injected every day for 1 week to specifically discriminate between 
central and peripheral effect (N = 22 mice/group) [24], then mice were 
analysed. 

2.3. Novelty suppressed feeding 

Novelty suppressed-feeding was performed as described by Ieraci 
et al.[25]. Briefly, the testing apparatus consists of a large rectangular 
arena (60×40×15 cm) with the floor covered with wooden bedding. A 
regular chow pellet was placed on a white paper platform placed in the 
center of the arena. A single 24 h′ food-deprived mouse was positioned 
in a corner and the latency to eat the pellet was recorded. Immediately 
after the first bite, mice were transferred to their home cage and the 
amount of food consumed during 5 min was measured (home cage food 
consumption). 

2.4. Arterial thrombosis model 

FeCl3 injury of the carotid artery was performed as described by 
Amadio et al.[12]. Anesthetized Male mice (75 mg/kg; ketamine chlo-
rhydrate -Intervet- and 1 mg/kg medetomidine –Virbac). Carotid blood 
flow was monitored, after dissection free of the left carotid artery, 
employing a Doppler flow probe (model 0.7 V, Transonic System, 
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Transonic, Ithaca, USA) connected to a transonic flow meter (Transonic 
T106). Initial blood flow between the mouse genotypes was similar. 
When baseline blood flow was constant for 7 min at least 0.8 mL/sec, a 1 
× 1 mm strip of filter paper (Whatman N◦1) soaked with FeCl3 (5% or 
10% solution as indicated; Sigma-Aldrich, St. Louis, MO, USA) was 
placed over the carotid artery. After 3 min the filter paper was removed, 
the carotid artery was washed with phosphate-buffered saline (PBS), 
and the flow was recorded until 30 min. We considered a total and stable 
occlusion when the blood flow was reduced by > 90% of baseline within 
and during 5 min and, during those 5 min, it did not further increase by 
more than 1%. 

2.5. Blood collection and biochemical analysis 

Peripheral blood sample was collected from patients into vacutainer 
tubes containing EDTA (ethylenediaminetetraacetic acid) disodium salt 
(9.3 mM; Vacutainer System, Becton Dickinson, Franklin Lakes, NJ, 
USA) or into vacutainer tubes containing Sodium Citrate (0.105 M; 
Vacutainer System, Becton Dickinson, Franklin Lakes, NJ, USA). For 
animal experiments, blood was collected by heart venipuncture into 
3.8% sodium citrate (1:10 vol:vol) or 0.1 M EDTA from anesthetized 
mice. For plasma preparation, citrated/EDTA blood was centrifuged 
within 30 min at 3000 rpm for 20 min, which was immediately stored at 
− 80 ◦C until further analysis. 

ELISA kit was used to measure norepinephrine (Cloude-Clone Corp.) 
and epinephrine (Cusabio) in EDTA-plasma or bone-marrow lysates 
according to the manufacturer’s instructions. 

For the bone-marrow isolation, both the end of each femur were cut 
and the tissue was flushed using a 23-gauge needle and a 5 mL syringe 
filled with ice-cold HBSS. Epinephrine was stabilized with the addition 
of Na-metabisulfite and all the subsequent passages were performed in 
the dark to avoid photodestabilization. Bone-marrow was disrupted by 
passing the tissue five times through an insulin syringe with a 28-gauge 
needle. Samples were centrifuged for 20 min at 10000 g and the su-
pernatants were collected and immediately stored at − 80 ◦C for further 
analysis. 

The concentration of fibrinogen [26] in plasma was measured by 
Clauss methods [12]. 

2.6. Platelet and leukocyte count 

Blood from mice was collected by orbital sinus bleeding into Unop-
ette pipettes and immediately diluted in Unopette®-System reservoirs 
(Becton Dickinson) containing 1% ammonium oxalate. After thorough 
mixing, platelets and leukocytes were counted optically, using the 
Brecher-Cronkite method, by an operator blinded to the experimental 
groups. 

Human platelet and leukocyte count were performed by Sysmex 
automated haematology analyzer XS-1000i/XS-800i (Sysmex 
Corporation). 

2.7. Aortae ex vivo experiment 

Aortae from BDNFVal/Val and BDNFMet/Met mice were isolated and cut 
into approx. 2 × 2 mm and incubated in DMEM with desipramine (DES: 
1 µM, Sigma-Aldrich) for one hour and then for four hours with 
norepinephrine (1 µM, Cayman). Tissue was then washed with PBS and 
frozen for further analysis. 

2.8. Mouse Fetal liver derived-megakaryocytes preparation 

Mouse fetal liver derived-megakaryocytes were prepared as 
described by Barbieri et al. [27]. Mouse embryonic fetal livers were 
isolated 14.5 days postcoitus from BDNFVal/Val and BDNFMet/Met female 
mice and homogenized in DMEM (Gibco) containing 10% fetal bovine 
serum (FBS; Gibco), 1% penicillin/streptomycin (Gibco), and 10 ng/mL 

of recombinant mouse TPO (Peprotech). Cells were cultured at 37 ◦C and 
5% CO2 for 4 days.4 Mature megakaryocytes were enriched using a BSA 
density gradient on day 4. Collected megakaryocytes were used in 
biochemical assay and flow cytometry or incubated for an additional 24 
h to induce proplatelet formation and released platelets were then 
quantified by flow cytometry. 

Megakaryocytes differentiated from BDNFVal/Val and BDNFMet/Met 

fetal liver cells were collected, fixed with 4% PFA, permeabilized with 
BD Citofix/CitopermTM fixation and permeabilization solution (BD 
Biosciences) and stained with CD41-PE and anti-α2A adrenoreceptor 
primary antibody (1:200) in 5% normal goat serum in PBS for 2 h at 
room temperature. Cells were centrifuged, resuspended in PBS and 
stained with Alexa488-conjugated secondary antibody (1:2000, Invi-
trogen) for one hour at room temperature. After three wash with PBS, 
cells were analysed. A minimum of 10000 events was collected in the 
CD41+ gate. For ploidy analysis, bone marrow cells from BDNFVal/Val 

and BDNFMet/Met mice were flushed with PBS; and erythrocytes were 
lysed with 0.15 M ammonium chloride, 10 mM potassium bicarbonate, 
and 0.1 mM disodium EDTA, pH 7.4. BM cells were fixed in 70% 
ethanol, washed twice, and resuspended in washing buffer. Cells were 
incubated with FITC rat anti-CD41 antibody (clone MWReg30, Bio-
legend). After washing twice, cells were incubated with 0.5 mg/mL of 
RNase (Sigma-Aldrich), incubated with 50 µg/mL of propidium iodide, 
and analysed. Platelets produced in vitro were analysed using the same 
forward and side scatter pattern as human and mouse peripheral blood 
platelets. Platelets were identified as CD41+, and their number was 
calculated using a TruCount bead standard by flow cytometry (BD 
Bioscience). All the samples were acquired with a Beckman Coulter 
FacsDiva flow cytometer (Beckman Coulter Inc). Non-stained samples 
and relative isotype controls were used to set the correct analytical 
gating. Off-line data analysis was performed using Beckman Coulter 
Kaluza® version software package. Mature megakaryocytes were ana-
lysed or incubated for 24 h to induce proplatelet formation. 

2.9. Human megakaryocyte cultures 

Human megakaryocytes were differentiated from cord blood CD34- 
or peripheral blood CD45-positive cells as described by Balduini et al. 
[28,29]. Specifically, CD34- or CD45-positive cells were separated from 
the blood of healthy subjects by immunomagnetic beads selection 
(Miltenyi Biotec) and cultured for two weeks in Stem Span medium 
(Stem Cell Technologies) supplemented with 1% L-glutamine, 100 
U/mL penicillin, 100 ng/mL streptomycin, 10 ng/mL of recombinant 
human thrombopoietin and Interleukin-11 (PeproTech EC Ltd). In this 
set of experiments, cells were cultured in the presence of pro-BDNFVal e 
pro-BDNFMet propeptides (10 ng/mL, Alomone) for 13 days or norepi-
nephrine (1 µM, Cayman) starting from day 10. At the end of cultures, 
CD34-derived megakaryocytes were seeded in the presence of propep-
tides (10 ng/mL, Alomone) for an additional 24 h to allow platelet 
release. CD45-derived megakaryocytes were enriched with a 3–4% BSA 
gradient and re-seeded for 24 h in the presence of pro-BDNFVal e 
pro-BDNFMet propeptides. For experiments on CAD patients 
(BDNFVal/Val and BDNFMet/Met), CD45+ cells were purified from pe-
ripheral blood by immunomagnetic beads selection and cultured as 
above described. At day 13, BSA enriched megakaryocytes were seeded 
onto 12 mm glass coverslips coated with 100 µg/mL fibrinogen (Sigma) 
for additional 24 h in the presence of propeptides or Rawoulscine and 
assessed for proplatelet formation. To analyse proplatelet formation, 
cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% 
Triton X-100, and stained with a primary antibody against β1–tubulin (a 
kind gift of Prof. Joseph Italiano, Brigham and Women’s Hospital, 
Boston, MA, USA). Proplatelet formation was calculated as the per-
centage of megakaryocytes-extending proplatelets over the total mega-
karyocyte population adhering to the substrate. Analysis was performed 
at least on 20 different fields for each sample. The cell count was per-
formed in a double-blind manner by two independent investigators. 
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2.10. Cell culture and aortae ex vivo treatments 

Human malignant epithelial cells (HeLa) were cultured in sterile 
flasks and maintained in DMEM medium (Lonza) supplemented with 
HEPES (1 mM, Invitrogen), 100 U/mL penicillin (Gibco), 100 µg/mL 
streptomycin (Gibco) and 10% FBS, at 37 ◦C in 5% CO2/95% air at-
mosphere. Almost every 3 days they were detached with trypsin/EDTA 
(Gibco) and transferred in new flasks after 1:4 dilution. HeLa cells were 
transfected for 24 h with BDNFVal or BDNFMet plasmids (4 µg/µL per 
well) containing a C-terminal HA epitope and a C-terminal FLAG epitope 
tag, using JETprime transfection reagent (Polyplus-Euroclone)[12] 
Occurred transfection of plasmids was verified with western blot anal-
ysis or immunofluorescence against HA (Abcam) and Flag (Sigma-Al-
drich) epitope tags. After reaching the confluence of 90–95% cells were 
starved overnight in DMEM medium supplemented with HEPES (1 mM, 
Invitrogen), 100 U/mL penicillin (Gibco), 100 µg/mL streptomycin 
(Gibco) and 5% FBS. The day of the experiment Hela cells were incu-
bated in DMEM medium supplemented with HEPES (1 mM, Invitrogen), 
100 U/mL penicillin (Gibco), 100 µg/mL streptomycin (Gibco) and 
without FBS. 

For propeptide treatment, cells were starved overnight with DMEM 
medium supplemented with HEPES (1 mM, Invitrogen), 100 U/mL 
penicillin (Gibco), 100 µg/mL streptomycin (Gibco) and 5% FBS. The 
day of the experiment HeLa cells were incubated in DMEM medium 
supplemented with HEPES (1 mM, Invitrogen), 100 U/mL penicillin 
(Gibco), 100 µg/mL streptomycin (Gibco) and without FBS. pro- 
BDNFVal e pro-BDNFMet propeptides (10 ng/mL, Alomone) were 
added for 4 h. 

Desipramine (1 µM, Sigma-Aldrich), rauwolscine (10 µM, Cayman) 
or Prazosin (10 µM, Sigma-Aldrich) were added. After one hour, 
norepinephrine (1 µM, Cayman) was added and after 4 h, wells were 
washed with ice-cold PBS and stored at − 20 ◦C for further analysis. 

2.11. Platelet studies 

Washed mouse platelets were obtained from PRP as described by 
Amadio et al. [12] with serial centrifugation and addition of 0.2 µM PGI2 
and 0.01 mg/L apyrase. Platelet pellets were resuspended in HEPES--
Tyrode’s buffer (137 mmol/L NaCl, 2.8 mmol/L KCl, 1 mmol/L MgCl2, 
12 mmol/L NaHCO3, 0.4 mmol/L Na2HPO4, 0.35% bovine serum al-
bumin, 10 mmol/L HEPES, and 5.5 mmol/L glucose), pH 7.4. 

Platelet activation was assessed by flow cytometry analyses. Washed 
mouse platelets diluted with HEPES-Tyrode’s buffer to obtain 2 × 105 

platelet/µL and incubated with PE-conjugated JON/A (Emfret Ana-
lytics) antibody, raised against the activated form of GPIIbIIIa (αIIbβ3 
integrin), and with anti-CD62P, FITC-conjugated antibody (P-selectin; 
BD Biosciences). Platelets in human whole blood were analysed using 
anti-CD62P antibody (eBioscience) and anti-PAC-1 antibody (BD Bio-
sciences). Samples were stimulated for 15 min, if not otherwise indi-
cated, at room temperature with ADP or thrombin without stirring. The 
reaction was stopped by 400 µL ice-cold PBS, and samples were analysed 
within 30 min. Platelets were identified by forward and side scatter 
distribution, and by anti-CD61 positivity. 

For platelet-leukocyte aggregates, undiluted mouse and human whole 
blood was stimulated with ADP for 5 min and red blood cells were lysed 

by FACS Lysing solution (BD Biosciences) and the sample centrifuged 
and stained with anti-CD45 (BD Biosciences) and anti-CD61 (BD Bio-
sciences). Samples were acquired with Novocyte 3000 (ACEA Bio-
sciences) and analysed with Novoexpress software. A minimum of 
10000 events were collected in the CD45+ gate by flow cytometry. 

Reticulated platelets were identified by the thiazole orange method as 
described by Amadio et al.[12]. Briefly, 10 µL of PRP were incubated 
with 390 µL of thiazole orange (Retic-Count; BD Biosciences) or PBS as 
control, and anti-CD41 at room temperature for 10 min, in the dark. 
Immediately after incubation, samples were analysed by flow cytometry 
collecting 10000 CD41-positive events, the percentage of reticulated 
platelets was recorded, and the absolute number of reticulated platelets 
was calculated by multiplying by the platelet count. 

2.12. Procoagulant activity 

Before assay, samples were lysed with 15 mM n-Octyl-β-D-gluco-
pyranoside lysis buffer at 37 ◦C for 10 min, sonicated at 20 kHz for 20 s 
and diluted with 25 mM HEPES saline. The total protein concentrations 
of aortae, carotid artery or HeLa cells homogenates were determined 
using the Bradford method. For aorta and carotid artery, 40 µL of ho-
mogenate (0.031 mg/mL) or vehicle were mixed with 40 µL citrated 
pooled wild-type mouse plasma and 40 µL CaCl2 (final concentration 15 
mM), and procoagulant activity was quantified by a one-stage plasma 
recalcification time assay. 

For HeLa cells, 60 µL of homogenate (0.07 mg/mL) or vehicle were 
mixed with 60 µL citrated pooled wild-type mouse plasma and 60 µL 
CaCl2 (final concentration 25 mM), and procoagulant activity was 
quantified by a one-stage plasma recalcification time assay. 

Clotting times were expressed in relative Unit/µg protein based on a 
standard curve of serially diluted human thromboplastin preparation 
[12]. To assess the TF dependence of procoagulant activity, for mouse 
experiments: after preincubation (30 min at room temperature) of the 
samples with anti-mouse TF antibody (AF3178 from R&D); for human 
cells: HeLa cells were performed with plasma deficient of Factor VIIa 
and/or after preincubation (30 min at room temperature) of the samples 
with a specific TF-neutralizing antibody (American Diagnostica GmbH, 
SEKISUI). 

2.13. Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total cellular RNA was isolated from cells or aorta tissue with TRIzol 
Reagent according to the manufacturer’s instructions. 1 µg of RNA was 
reverse transcribed using SuperScriptTM II RNase H (Invitrogen). qRT- 
PCR was then carried out to assay murine Tf, Sirt1 and Adra2a [α2A- 
Adr (m)] transcripts and human ADRA2A [α2A-ADR (h)]. Gapdh and 18 
S were used for normalization in mouse and human samples respec-
tively. The primers used were listed in Table 1. Samples of cDNA (2.5 µL) 
were incubated in 25 µL IQ Supermix containing Tf, Sirt1, or Gapdh 
primers and fluorescent dye SYBR Green (Bio-Rad Laboratories). qRT- 
PCR was carried out in triplicate for each sample on the CFX Connect 
real-time System (Bio-Rad Laboratories). 

Table 1 
List of primer used in the study.  

Gene Forward primer (5′ − 3′) Revers primer (5′ − 3′) 

Tf (m) CGGGTGCAGGCATTCCAGAG CTCCGTGGGACAGAGAGGAC 
Sirt1 (m) AGCAGGTTGCAGGAATCCAA CACGAACAGCTTCACAATCAACTT 
α2A-Adr (m) TCGTCATCATCGCCGTGTTC TGGAAGAGTGGGAGTTGCTGTTG 
Gapdh (m) CGTGCCGCCTGGAGAAACC TGGAAGAGTGGGAGTTGCTGTTG 
α2A-ADR (h) TCGTCATCATCGCCGTGTTC AAGCCTTGCCGAAGTACCAG 
18 S (h) CGGCTACCACATCCAAGGAA CCTGTATTGTTATTTTTCGTCACTACCT  
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2.14. Protein preparation and immunoblotting 

Bone marrow, HeLa cells and fetal liver-derived megakaryocytes 
were lysed in cold RIPA buffer (62.5 mM TRIS HCl, 100 mM NaCl, EDTA 
2.5 mM, 1% Tween 100, 0.1% SDS, 1 mM Na3VO4, 1 mM PMSF, 10 mM 
Na-pyrophosphate, 10 mM NaF pH 8.0 and protease inhibitor cocktail). 
After sonication to remove cell debris, the protein yield was quantified 
using the BCA protein assay kit (Pierce) [30]. Thirty µg of sample was 
prepared with the Laemmli method, and equivalent amounts of protein 
were separated on 7 or 10% SDS-PAGE gels, transferred to nitrocellulose 
membrane and bands of interest detected using anti-alpha2A-adrenergic 
receptor (α2A-ADR) antibody (1:500, Sigma-Aldrich) or Tissue factor 
(1:1000, Abcam- ab189483). GAPDH (1:5000, Santa Cruz), CD41 
(1:5000, Abcam) and Vinculin (1:5000, Sigma-Aldrich) served as 
loading controls. Subsequently, membranes were incubated with 
peroxidase-conjugated secondary antibody for 1 h at room temperature. 
Immunoreactive bands were visualized by enhanced chem-
iluminescence (Pierce). 

2.15. Immunofluorescence 

Cells were fixed with 4% PFA, permeabilised with 0.5% Tween20 in 
PBS for ten minutes, blocked with 5% normal goat serum and 0.1% 
Tween20 in PBS for two hours and incubated overnight at 4 ◦C with anti- 
α2A-ADR primary antibody (1:1000) in 5% normal goat serum and 0.1% 
Tween 20 in PBS. Subsequently, coverslips were incubated with Alexa-
fluor 555-conjugated secondary antibody (1:250, Life-Technologies) for 
1 h in PBS at room temperature, nuclei were stained with DAPI, and 
were mounted with fluorescent mounting medium (Dako). Images were 
acquired with a Zeiss LSM-510 laser confocal microscope producing 
image stacks and analysed with Zeiss ZEN blue software [31]. 

Femurs from BDNFVal/Val and BDNFMet/Met mice were embedded in 
OCT cryo-sectioning medium, and snap-frozen in a chilling bath. 5 µm- 
tissue sections were taken by using a Microm Microtome HM 250 (Bio 
Optica S.p.A). Frozen sections were fixed for 20 min in 4% PFA, washed 

with PBS, and blocked with 2% Bovine Serum Albumin (BSA) (Sigma- 
Aldrich) in PBS for 30 min. Unspecific binding sites were saturated with 
5% goat serum, 2% BSA and 0.1% glycine in PBS for 1 h. FITC- 
conjugated anti CD41 (Clone MwReg 30, Biolegend) was diluted 1:100 
and incubated overnight at 4 ◦C in washing buffer (0.2% BSA, 0.1% 
Tween 20 in PBS). Nuclei were counterstained using Hoechst 33258 
(100 ng/mL in PBS) at room temperature. Sections were then mounted 
with micro-cover glasses using Fluoro-mount (Bio-optica). Images were 
acquired using the Olympus BX51 fluorescence microscopy (Olympus 
Deutschland GmbH) and a 20X/0.75 Olympus UplanF1 objectives. 

2.16. Statistical analysis 

Statistical analyses were performed with GraphPad Prism7.0 and 
SAS v. 9.4 software (SAS Institute, Cary, NC, USA). Data were analyzed 
by the Mann-Whitney test, or one or two way-ANOVA with or without 
repeated measures, followed by a Dunn’s Multiple Comparison test or 
Bonferroni post hoc analysis as appropriate. The Spearman coefficient (r) 
was calculated to quantify the correlation between variables. Linear 
regression analysis was performed. Values of p < 0.05 were considered 
statistically significant. All human performed analyses were adjusted for 
age, drug treatments and depression state. The sample size calculation 
was based on a preliminary study and statistical program. 

3. Results 

3.1. Desipramine treatment prevents the prothrombotic phenotype and 
reduces the latency in the novelty-suppressed feeding in BDNFMet/Met mice 

We tested whether 3 weeks of desipramine treatment [11,15], a 
norepinephrine reuptake inhibitor antidepressant already known for its 
positive effect on behavioral impairment in BDNFMet/Met mice, reverts 
also the propensity to arterial thrombosis associated with this BDNF 
polymorphism. 

Desipramine significantly reduced latency time in novelty- 

Fig. 1. Effect of desipramine treatment on behavioral impairment and prothrombotic phenotype in BDNFMet/Met compared to BDNFVal/Val mice. Mice were treated 
with desipramine (DES; 10 mg/Kg) or with vehicle (CTR) for 3 weeks. (A) Latency time measured during the novelty-suppressed-feeding test (n = 13–15 mice/ 
group), and (B) analysis of BDNF hippocampal levels measured by ELISA assay (n = 6 mice/group). Kinetic of blood flow in mouse carotid arteries expressed relative 
to the value before the injury induced by 5% FeCl3 (panel C), and time to occlusion during 30 min of observation (panel D) (n = 7–9 mice/group). Detection of (E) 
fibrinogen by Clauss assay in plasma and (F) procoagulant activity (PCA) in aorta tissues (n = 8–11 mice/group). (G) Quantization of western blot analyses of TF 
protein (representative western blot shown in Supplementary Fig. S2B) (n = 6 mice/group). mRNA expression of (H) Tf (n = 12–13/mice group), and (I) Sirt1 (n = 6 
mice/group) measured in aorta tissues. Data are shown as mean ± SEM. *p < 0.05, * *p < 0.01, * **p < 0.005 and * ** *p < 0.001. 
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suppressed-feeding test (NSF) and increased hippocampal BDNF protein 
in both BDNFVal/Val and BDNFMet/Met mice (Fig. 1A-B), as well as pro-
tected BDNFMet/Met mice against FeCl3-induced carotid artery throm-
bosis (Fig. 1C-D). In particular, desipramine counteracted injury- 
dependent blood flow reduction, with almost 90% of treated BDNFMet/ 

Met mice not developing a stable thrombus during the 30 min of 
recording. Interestingly, desipramine administration did not affect 
arterial thrombosis in BDNFVal/Val mice (Fig. 1C-D and Supplementary 
Fig. S1). 

The reversal of the prothrombotic phenotype in treated BDNFMet/Met 

mice was accompanied by a decrease in fibrinogen in plasma (Fig. 1E) 
and in procoagulant activity in both aorta and carotid tissues to levels 
comparable with BDNFVal/Val mice (Fig. 1F and Supplementary 
Fig. S2A). Desipramine treatment did not significantly influence protein 
(Fig. 1 G and . Supplementary Fig. S2B) and mRNA expression level of Tf 
as well as of its modulator, Sirt1 in aortae (Fig.s 1 G-I). 

In BDNFMet/Met mice, desipramine restored the physiological number 
of circulating blood cells, reducing leukocytes and platelets, and the 
amount of immature platelets (Fig. 2A-C), and abolished platelet hyper- 
activation ADP and/or thrombin mediated (Fig. 2D-F). In particular, 
desipramine-treated BDNFMet/Met mice showed a reduction in the per-
centage of ADP stimulated platelet/leukocyte aggregates in whole blood 
(Fig. 2D), as well as a lower percentage of GPIIbIIIa and P-selectin 
positive cells in washed platelets exposed to either ADP or thrombin 
(Fig. 2E-F). 

BDNFVal66Met polymorphism affected also megakaryopoiesis. 
Indeed, BDNFMet/Met mice have a significant increase in bone marrow 
megakaryocytes when compared to BDNFVal/Val mice and desipramine 
administration restored their normal number (Fig. 3A-B). Megakaryo-
cyte maturation profile was similar in BDNFVal/Val and BDNFMet/Met mice 
and was not influenced by desipramine treatment with no differences 

detected by ex vivo megakaryocyte ploidy analysis (Supplementary 
Fig. S3). Overall, desipramine administration did not affect the hae-
mostatic, thrombopoietic and megakariopoietic profile in BDNFVal/Val 

mice (Fig. 2 and Fig. 3). Moreover, BDNFMet/Met mice have significantly 
higher levels norepinephrine in bone marrow compared to BDNFVal/Val, 
whereas similar norepinephrine levels in plasma were found between 
the two groups of mice (Fig. 3C-D). Desipramine reduced norepineph-
rine levels in both bone marrow and plasma of BDNFMet/Met without 
affecting those of BDNFVal/Val mice (Fig. 3C-D). Epinephrine levels 
showed no changes in all experimental conditions (Supplementary 
Fig. S4). 

Together, these data show a critical effect of the norepinephrine 
-reuptake inhibitor desipramine to revert behavioral impairment and to 
prevent arterial thrombosis in BDNFMet/Met mice, suggesting a critical 
role of norepinephrine pathway. 

3.2. BDNF Val66Met polymorphism affects procoagulant activity via the 
norepinephrine/ alpha2-adrenergic receptor pathway 

To investigate the potential contribution of norepinephrine on the 
activation of arterial procoagulant activity, we performed ex-vivo ex-
periments on isolated aortae from both mouse groups. As previously 
shown, the basal procoagulant activity was greater in the aorta of 
BDNFMet/Met than in BDNFVal/Val [12], and the incubation of aortae with 
norepinephrine increased the procoagulant activity in both groups. 
However, norepinephrine effect was more pronounced in BDNFMet/Met 

aorta, with an almost threefold increase in procoagulant activity in 
BDNFMet/Met aortae and twofold in BDNFVal/Val. Pre-incubation of aortae 
with desipramine, decreased norepinephrine -induced procoagulant 
activity only in aortae isolated from BDNFMet/Met mice (Fig. 4 A). 

To shed light on the mechanisms underlying procoagulant activation 

Fig. 2. Effect of desipramine treatment on platelet reactivity and percentage of immature platelets in BDNFMet/Met compared to BDNFVal/Val mice. Desipramine (DES; 
10 mg/Kg) or vehicle (CTR) were administered for 3 weeks to BDNFVal/Val and BDNFMet/Met mice. Number of (A) leukocytes and (B) platelets in whole blood 
(n = 13–15 mice/group). (C) Percentage of reticulated platelets (n = 6 mice/group) detected by flow cytometry in platelet-rich plasma of BDNFVal/Val and BDNFMet/ 

Met mice. (D) Percentage of platelet/leukocyte aggregates in the whole blood in resting condition and after stimulation with ADP (n = 10 mice/group), (E) activation 
of GPIIbIIIa by JON/A-PE antibody and (F) expression of P-selectin (n = 6 mice/group) in washed platelets in resting condition and after stimulation with ADP 
(10 µM) or thombin (THR, 0.1 U/mL) detected by flow cytometry. Data are shown as mean ± SEM. * *p < 0.01, * **p < 0.005 and * ** *p < 0.001. 
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induced by norepinephrine, HeLa cells, transfected with BDNFVal 

(HeLaVal) or BDNFMet (HeLaMet) plasmids, were treated with various 
adrenergic receptors (ADR) antagonists before norepinephrine 
exposure. 

Consistently with experiments on mouse aortic tissue, HeLaMet cells 
showed significantly higher basal procoagulant activity compared to 
HeLaVal cells and this difference was maintained after norepinephrine 
stimulation. Desipramine completely prevented procoagulant activity in 
both groups of norepinephrine -treated cells. Only the alpha2-adrenergic 
receptor (α2-ADR) antagonist rauwolscine (RAW) counteracted the ef-
fect of norepinephrine, whereas the α1-ADR antagonist prazosin had no 
effect (Fig. 4B). In addition, α2A-ADR protein (Fig. 4 C) and mRNA levels 
(Supplementary Fig. S5A; CTR: 1.002 ± 0.0282; HeLaVal: 
1.138 ± 0.0754; HeLaMet: 2.638 ± 0.248; p < 0.01) were significantly 
more expressed in HeLaMet than in HeLaVal cells as well as in aortae of 
BDNFMet/Met mice than in BDNFVal/Val (Fig. 4D). 

Then we assessed whether modified BDNF precursor protein (pro- 
BDNFMet) mimics the effects induced by the Met mutation per se. The 
addition of cleavable pro-BDNFMet peptide to HeLa cells induced a 50% 
raise of α2A-ADR protein level (Fig. 4E-F) and of its mRNA expression 
(CTR: 1.010 ± 0.075; proVal: 0.936 ± 0.085; proMet: 1.974 ± 0.097; 
p < 0.01; Supplementary Fig. S5B). In addition, the cleavable pro- 
BDNFMet peptide was able to increase the procoagulant activity 
(Fig. 4 G). Finally, both desipramine and rauwolscine treatment pre-
vented procoagulant activity induced by norepinephrine in wild type 

HeLa cells exposed to pro-BDNFVal or pro-BDNFMet, whereas prazosin 
failed to do it (Fig. 4 G). 

Overall, these data show that the Met allele affects procoagulant 
activity through the modulation of norepinephrine /α-ADR receptor 
pathway. 

3.3. Rauwolscine treatment prevents the prothrombotic phenotype of 
BDNFMet/Met mice 

Consistent with both in vivo and/or in vitro results obtained with 
desipramine treatment, one-week of in vivo rauwolscine administration, 
decreased fibrinogen in plasma and procoagulant activity in the aorta 
and carotid tissue (Fig. 5A-B, and Supplementary Fig. S6), without 
affecting the mRNA expression levels of both Tf and Sirt1 in the aorta of 
BDNFMet/Met mice (Fig. 5C-D). Rauwolscine diminished leukocyte and 
platelet number, and the percentage of ADP-induced aggregates 
(Fig. 5E-G), and it prevented arterial thrombosis in BDNFMet/Met mice 
(Fig. 5H-I), but did not affect BDNF protein expression in the hippo-
campus (Fig. 5J). Similarly, to what observed after desipramine treat-
ment, thrombus formation in BDNFVal/Val mice was not modified by 
rauwolscine treatment (Supplementary Fig. S7). 

Interestingly, rauwolscine significantly affected megakaryopoiesis in 
vivo reducing the number of bone marrow megakariocytes (Fig. 6 A), 
and in vitro study showed that differentiated megakariocytes from 
BDNFMet/Met mouse fetal livers displayed a significantly higher 

Fig. 3. Desipramine treatment affects megakaryocyte 
number and norepinephrine levels in BDNFMet/Met mice 
compared to BDNFVal/Val mice. Desipramine (DES; 10 mg/ 
Kg) or vehicle (CTR) were administered for 3 weeks to 
BDNFVal/Val and BDNFMet/Met mice. (A) Immunofluores-
cence of bone marrow megakariocytes (scale bar 100 µm, 
20 x magnification) and (B) quantification of the immu-
nofluorescence panel expressed as megakariocytes (MKs) 
per field (n = 6 mice/group, 3 images for mouse). Levels of 
norepinephrine detected by ELISA kit in (C) bone marrow 
and (D) plasma of BDNFVal/Val and BDNFMet/Met mice 
(n = 6–10 mice/group). Data are shown as mean ± SEM. 
*p < 0.05, * *p < 0.01, * **p < 0.005 and 
* ** *p < 0.001.   
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expression of α2A-ADR than those obtained from BDNFVal/Val mice 
(Fig. 6B-C). 

According to in vitro data, these findings show that inhibition of 
norepinephrine /α-ADR receptor pathway reduces procoagulant activity 
and prevents arterial thrombosis in BDNFMet/Met mice, affecting 
furthermore platelet function. 

3.4. Characterization of homozygous BDNFVal66Met patients with 
coronary artery disease 

In a retrospective analysis of 971 patients with CAD, we recently 
showed that the BDNFMet homozygosis (AA) was associated with an 
increased risk to develop myocardial infarction.[12] Here, we explored, 
in a subset from the same patient cohort, the association between Met 
allele and platelet generation and reactivity in relation to α2-ADR re-
ceptor expression. 

Thus, we verified whether the above-described effects of BDNF 
Val66Met polymorphism on coagulation, platelet activation, and 
thrombopoiesis through the activation of norepinephrine /α-ADR 
pathway could be translated to human. 

BDNFMet/Met patients have a greater number of circulating platelets 
and leukocytes, a higher expression of P-selectin and activation of 
GPIIb/IIIa complex in platelets, as well as an increased percentage of 
platelet/leukocyte aggregates than GG patients (BDNFVal/Val) (Fig. 7A- 

E). In addition, α2A-ADR expression was higher in platelets isolated from 
AA than from GG patients (Fig. 7F). The percentage of megakariocytes 
differentiated from CD45+ cells was comparable between the two 
groups of patients (Fig. 7G), but the percentage of proplatelets released 
from megakariocyte from AA patients was almost two-fold higher than 
in GG-bearing subjects (Fig. 7H). A positive correlation between the in 
vitro proplatelet formation rate and peripheral blood platelet count was 
found (r = 0.562; p = 0.0485; Supplementary Fig. S8), further con-
firming the key role of BDNF Val66Met polymorphism on 
megakariocyte-platelet behavior. 

To dissect the impact of BDNFMet allele on megakario- 
thrombopoiesis, we differentiated human megakariocytes from periph-
eral blood CD34+ and CD45+ cells of healthy subjects in the presence of 
pro-BDNFVal or pro-BDNFMet peptides. 

The expression of α2A-ADR, according to what shown in bone 
marrow megakariocytes of BDNFMet/Met mice (Fig. 6B-C), was signifi-
cantly higher in CD34+-derived human megakariocytes exposed to pro- 
BDNFMet (Fig. 7I). However, pro-BDNFMet per se was not able to increase 
the rate of platelet released by CD34+-derived megakariocytes, while an 
enhanced platelet release was detected when the differentiation was 
induced in the presence of pro-BDNFMet plus norepinephrine (Fig. 7J-K). 
Of note, the number of platelets released from CD45+-derived mega-
kariocytes differentiated in the presence of the pro-BDNFMet peptide 
alone was greater compared to the treatment with pro-BDNFVal (Fig. 7L). 

Fig. 4. Impact of Met allele on norepinephrine/α-adrenergic receptor pathway and procoagulant activity. Procoagulant activity (PCA) of (A) aorta tissue isolated 
from BDNFVal/Val and BDNFMet/Met mice (n = 8–10 aorta/group), and of (B) HeLa cells transfected with Val (HeLaVal) or Met (HeLaMet) sequence pre-incubated for 1 h 
with vehicle (CTR), desipramine (DES; 1 µM), rauwolscine (RAW; 10 µM), or prazosin (PRAZ; 10 µM) and then stimulated with 1 µM norepinephrine for 4 h (n = 5–6 
independent experiments, each sample is in triplicate). (C) Representative western blot images and relative densitometric bar graphs of α2A-ADR in HeLa cells 
transfected with Val (HeLaVal) or Met (HeLaMet) sequence. GAPDH was used as protein loading control (n = 5 independent experiments). (D) α 2A-Adr mRNA levels in 
aortae of BDNFVal/Val and BDNFMet/Met mice, Gapdh was used as mRNA loading control. (7–10 mice/group). (E-G) HeLa cells were treated with pro-BDNFVal or pro- 
BDNFMet synthetic peptides for 6 h and then incubated with vehicle (CTR), desipramine (DES; 1 µM), rauwolscine (RAW; 10 µM), or prazosin (PRAZ; 10 µM) before 
stimulation with 1 µM norepinephrine for 4 h as indicated. Representative image and quantization of (E) western blotting of α2A-ADR, GAPDH was used as protein 
loading control, and of (F) immunofluorescence of cells stained with α2A-ADR antibody (red) (Nuclei were counterstained using Hoechst 33258 (blue); scale bar 
20 µm, magnification 63X). (G) Procoagulant activity (PCA) evaluated by recalcification clotting time assay. (n = 4/6 independent experiments). Data are shown as 
mean ± SEM. *p < 0.05; * *p < 0.01, * **p < 0.005 and * ** *p < 0.001. 
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Consistently, rauwolscine treatment prevented platelet release sustained 
by pro-BDNFMet (Fig. 7L). 

Overall, these results showed that pro-BDNFMet peptide increases 
platelet production synergistic with norepinephrine through the up- 
regulation of α2A-ADR expression. 

4. Discussion 

In the present study we report that homozygous knock-in BDNFMet/ 

Met mouse well recapitulates the human phenotype, sharing not only 
depressive and anxious phenotypes, but also the high number and the 

hyper-reactivity of circulating platelets, as well as the greater expression 
of α2A-ADR. We can hypothesize that the pathway here identified might 
help to reduce the risk of depression-associated thrombosis and car-
diovascular events. In particular, we show that BDNFMet/Met patients 
display an abnormal thrombopoietic profile, which may predispose to 
arterial thrombosis, and that BDNFVal66Met polymorphism is associ-
ated with enhanced activation of the norepinephrine/α2A-ADR pathway, 
leading to increased thrombopoiesis and procoagulant activity. Finally, 
we provide evidence that desipramine administration reverts the 
depressive/anxious-like behavior and concomitantly the prothrombotic 
phenotype in BDNFMet/Met mice. Altogether, these data suggest a new 

Fig. 5. Effect of rauwolscine treatment on prothrombotic phenotype in BDNFMet/Met compared to BDNFVal/Val mice. Rauwolscine (RAW; 200 µg/Kg) or vehicle (CTR) 
have been administered for 1 week to BDNFVal/Val and BDNFMet/Met mice. (A and B) Detection of (A) fibrinogen by Clauss assay in plasma (n = 6–10 mice/group) and 
(B) procoagulant activity (PCA) in aorta tissues (n = 6 mice/group). Expression of (C) Tf and (D) Sirt1 mRNA in aorta tissue, Gapdh was used as mRNA loading 
control. (n = 7–9/group). Number of circulating (E) leukocytes and (F) platelets in whole blood (n = 10–14 mice/group). (G) Percentage of platelet/leukocyte 
aggregates in the whole blood in resting condition and after stimulation with ADP (C: vehicle and R: rauwolscine) (n = 7/8 mice/group). Kinetic of blood flow in 
mouse carotid arteries expressed relative to the value before the injury induced by 5% FeCl3 (panel H) and time to occlusion during 30 min of observation (panel I) 
(n = 8 mice/group). (J) Hippocampal BDNF levels (n = 8–9 mice/group). Data are shown as mean ± SEM. *p < 0.05 and * *p < 0.01, * **p < 0.005 
and * ** *p < 0.001. 

Fig. 6. Effect of rauwolscine treatment on megakariopoiesis in BDNFMet/Met compared to BDNFVal/Val mice. Rauwolscine (RAW; 200 µg/Kg) or vehicle (CTR) have 
been administered for 1 week to BDNFVal/Val and BDNFMet/Met mice. (A) Number of bone marrow megakariocytes (MKs) per high power field (n = 3–5 mice/group, 3 
images for mouse). (B and C) Expression of (B) α2A-adrenergic receptor (α2A-ADR) in megakariocytes differentiated from hematopoietic progenitors of fetal livers of 
BDNFVal/Val and BDNFMet/Met mice. (B) Representative western blot images and relative densitometric bar graphs of α2A-ADR. Vinculin was used as protein loading 
control. (n = 3 independent preparation/group), and (C) Graphical rappresentation of mean fluorescence intensity (MFI) of α2A-ADR (n = 5–6 independent prep-
aration/group). Data are shown as mean ± SEM. *p < 0.05, * *p < 0.01 and * **p < 0.005. 
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mechanism explaining the platelet hyper-reactivity and the predisposi-
tion to arterial thrombosis observed in BDNFMet/Met subjects. 

The BDNFMet phenotypic profile well summarizes the dysregulation 
in the norepinephrine/α2A-ADR pathway reported in depressive disor-
ders and subjects under stressful conditions with associated cardiovas-
cular vulnerability. Dysregulation of the sympathetic nervous system is 
one of the pathways underlying the relationship among depression, 
anxiety, and CAD. Elevated levels of norepinephrine in plasma and urine 
have been related to depressive symptoms [32], measured in CAD 

patients with depression [33], and associated with cardiovascular events 
and poor outcomes in cardiovascular patients [5,34]. Catecholamines 
potentiate the effect of other agonists enhancing platelet response and 
generation. In particular, norepinephrine administration promotes 
thrombopoiesis [35] and induces blood coagulation and platelet acti-
vation [34,36]. 

In addition to changes in catecholamine availability, a dysfunction of 
α2-ADR density and activity has been shown in depressive disorders. An 
up-regulation in both absolute expression and super-sensitivity of α2- 

Fig. 7. Characterization of homozygous BDNFVal66Met patients with CAD, and effect of BDNFVal66Met polymorphism on thrombopoiesis. Number of (A) platelets 
and (B) leukocytes, (C) percentage of P-selectin+ (CD62P+), (D) PAC-1+ platelets, and (E) platelet/leukocyte aggregates after ADP stimulation in whole blood in 
BDNFVal/Val (GG) and BDNFMet/Met (AA) CAD patients. (F) Representative western blot images and relative densitometric bar graphs of α2A-ADR in human platelets. 
CD41 was used as protein loading control. (n = 13–14 patient/group). (G) Percentage of megakaryocyte (MK) differentiated from peripheral blood CD45+ cells, and 
(H) platelet formation from megakariocytes derived from CD45+ cells isolated from CAD patients (n = 6 patients/group). (I) Representative western blot images and 
relative densitometric bar graphs of α2A-ADR of megakariocytes differentiated from CD34+ cells isolated from human cord-blood. Vinculin was used as protein 
loading control. (n = 3 undependent experiments). (J and K) Released platelets were quantified by flow cytometry using anti-CD41 antibody and counting beads in 
megakariocytes (MKs) differentiated from CD34+ cells isolated from cord blood, with or without pro-BDNFVal or pro-BDNFMet synthetic peptides (J), and 
concomitantly stimulated with norepinephrine as indicated (K) (n = 3 independent experiments). (L) Platelet generation from megakariocytes (MKs) differentiated 
from whole blood CD45+ cells with or without pro-BDNFVal or pro-BDNFMet synthetic peptides in the presence or absence of rauwolscine (RAW; 10 µM) as indicated 
(n = 3 independent experiments). Data are shown as mean ± SEM. *p < 0.05 and * *p < 0.01. 
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ADRs has been found in the brain tissue of depressed patients who 
committed suicide, as well as in platelets of subjects with depression [5, 
37]. Interestingly, chronic antidepressant therapies downregulate 
α2-ADR density and high-affinity conformational state in both brain and 
platelets [37,38]. Desipramine has a higher selectivity for inhibition of 
norepinephrine reuptake than serotonin and modulates expression 
levels and activity of α2A-ADR, which is the ADR subtype upregulated in 
depressive conditions [39,40]. 

Here, we show that the BDNFMet/Met homozygosity increases the 
norepinephrine levels in the bone marrow and the α2A-ADR expression 
in platelets, megakaryocytes, aorta tissue and HeLa cells and that this 
effect is related to pro-BDNFMet function. Modifications in the α2A-ADR 
play a key role in thrombosis. The higher abundance of α2-ADR in bigger 
platelets than in smaller ones may explain the increased α2-ADR binding 
capacity detected under pathological conditions, including myocardial 
infarction, where platelet turnover is increased and larger platelets enter 
into the circulation [41]. α2-ADR activation sustains platelet aggrega-
tion and increases residual platelet reactivity in CAD patients on dual 
antiplatelet therapy [42]. α2A-ADR polymorphism has been associated 
with enhanced platelet reactivity, whereas the deletion of this receptor 
was related to low platelet activation and reduced thrombus stability 
[43–45]. Interestingly, inhibition of α2-ADRs prevented platelet aggre-
gation and platelet formation induced by norepinephrine in vitro [35], 
whereas antagonists of α1-ADRs determined an increase of circulating 
platelets [46], suggesting a critical role for the α2-ADRs blockade in the 
inhibition of thrombopoiesis. 

In line with this evidence, the BDNFVal66Met polymorphism, as well 
as pro-BDNFMet per se, failed to modulate in vitro platelet generation 
from megakariocytes. The concomitant presence of norepinephrine, 
exogenously added to the culture medium of CD34+ cells or stored in 
platelets [41] isolated with CD45+ cells, was necessary to boost this 
process, emphasizing the importance of norepinephrine/α2-ADR 
pathway activation in this regulation. Consistently, BDNFMet/Met mice 
have an elevated number of circulating and reticulated platelets, asso-
ciated with a greater number of megakariocytes and higher bone 
marrow levels of norepinephrine, compared to BDNFVal/Val mice. 

The association between the elevated number of leukocytes and of 
platelets and the risk of CAD reported in several large prospective 
studies [47,48], especially in CAD and depression co-morbidity [6], 
underlies the clinical importance of increased blood counts detected in 
BDNFMet/Met subjects. BDNFMet carriers are less resilient to stressful 
events, depression and anxiety [11,49,50]. Interestingly, the higher 
levels of norepinephrine measured in bone marrow of BDNFMet/Met 

mouse, potentlyally related to its anxious and depressive phenotype, 
may explain the higher number of leukocytes and platelets here 
measured, as well as its predisposition to cardiovascular complications 
[12,35,51]. 

In addition, the abundance of immature reticulated platelets might 
contribute in predisposing BDNFMet/Met subjects to cardiovascular 
complications. Indeed, reticulated platelets are a highly active pro-
thrombotic platelet subpopulation, and have a greater propensity to 
participate in the early stages of thrombus formation. Reticulated 
platelets are newly-released platelets, they are larger and contain more 
dense granule than older platelets. They express abundant GPIIbIIIa and 
P-selectin and aggregate more robustly upon stimulation with several 
platelet agonists compared to non-reticulated ones [52,53]. All these 
findings support the hypothesis that alterations in platelet phenotype 
may be an important link between depression and arterial thrombosis 
[5,6]. 

The arterial thrombosis model used here allow to study both the role 
of the platelets in thrombogenesis and the contribution of TF expression 
in leukocytes, extracellular vesicles or derived from the arterial wall. 
Indeed, after FeCl3 application, TF-positive vesicles and red blood cells 
adhere to the intact endothelial surface, and contribute to the thrombus 
growth promoting platelet recruitment and supporting thrombin gen-
eration [54,55]. 

Interestingly, we show that pro-BDNFMet treatment is sufficient per se 
to increase procoagulant activity which is enhanced by the norepi-
nephrine. Both desipramine and rauwolscine normalized procoagunat 
activity induced by norepinephrine without modifying TF expression as 
well as its modulator, Sirt1. BDNFVal66Met polymorphism may then 
increase activity enhancing the TF expression through the up-regulation 
of SIRT1, as previuolsy shown [12,56], or with a post-trascriptional 
mechanism through the α2-ADR over-expression. 

We can also hypothesize that desipramine may modulate procoa-
gulant activity affecting TF decryption in BDNFMet/Met mice. Indeed, 
desipramine prevented the disruption of membrane rafts in a mouse 
model of endotoxemia by inducing rapid degradation of mature acid 
sphingomyelinase [57], thus blocking both procoagulant TF and 
thrombin generation [58]. However, no effect was observed in untreated 
control mice [58]. Since treatment with desipramine in vivo was unable 
to prevent the arterial thrombosis in BDNFVal/Val mice, we assume that 
FeCl3 damage is not sufficient itself to trigger the TF decryption, and that 
inflammation may be an important modulator of this pathway. Of note, 
BDNFMet/Met mice not only are less resilient and more prone to develop 
deressive-and anxious-like phenotypes, but they also have an enahnched 
proinflammatory phenotype [12,14,59] that might explain the effect of 
desipramine on procoagulant activity observed here. 

In addition, desipramine treatment, through a ceramide dependent 
mechanism, might promote the internalization and the down-regulation 
of α2-ADRs [40,60]. This double effect of desipramine, reduction in 
procoagulant activity and α2-ADR expression, might also explain the 
marked improvement in the prothrombotic phenotype herein observed 
in vivo. On the other hand, changes in susceptibility to arterial throm-
bosis, procoagulant activity, platelet reactivity, and thrombo- and 
megakaryopoiesis induced by short term rauwolscine treatment in 
BDNFMet/Met mice, associated to unchanged BDNF brain levels, strongly 
suggest a relationship with a direct peripheral cellular inactivation of 
the α2-ADR-pathway. 

We are aware of the limitations of our study. The sample size of 
patients is very small for an adequate statistical analysis to appreciate 
difference in body mass index, and depression incidence. However, ev-
idence supporting an influence of the BDNFMet/Met genotype on the co-
morbid incidence of depression and CAD, as well as protective effects of 
norepinephrine/α2A-ADR pathway inhibitor drugs against thrombosis is 
still lacking in humans. Our data need to be confirmed in a bigger cohort 
of patients carrying the BDNFVal66Met polymorphism and in a clinical 
study using α2-ADR inhibitors, for instance, mirtazapine that is a rela-
tively safe and effective medication for patients suffering from both 
depression and CAD [41]. 

5. Conclusion 

Taking advantage of a mouse model that allows studying the path-
ophysiological relationship between brain and heart, we have shed light 
on some of the intricate mechanisms by which depression may predis-
pose to thrombosis, showing an unprecedented role of BDNFMet/Met in 
the activation of α2-ADR pathway in both mice and in patients with 
cardiovascular disease. The α2-ADR pathway might represent a potential 
pharmacological target to concomitantly treat depression and/or reduce 
platelet hyperactivation and thrombosis in this specific subgroup of CAD 
patients. 

Author contributions 

SSB conceived the study; SSB, LS, AI designed all experiments; LS, 
PA, AI, AM, PMS, MZ performed experiment, and LS, AI, AM, AB, SSB 
analyzed the data. JPW and GIC recruited patients, AB and FV per-
formed statistical analysis. LS, AI, and SSB wrote the first version of the 
manuscript. All authors discussed the results and edited the manuscript. 

L. Sandrini et al.                                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 146 (2022) 112557

12

CRediT authorship contribution statement 

SSB conceived the study; SSB, LS, AI designed all experiments; LS, 
PA, AI, AM, PMS, MZ performed experiment, and LS, AI, AM, AB, SSB 
analyzed the data. JPW and GIC recruited patients, Ab and FV performed 
statistical analysis. LS, AI, and SSB wrote the first version of the 
manuscript. All authors discussed the results and edited the manuscript. 

Funding 

This work was supported by funding from the Italian Ministry of 
Health, Rome, Italy (Ricerca Corrente RC 2019 MPP 2B ID 2755316, RC 
2020 MPP 2B ID 2757640 and 5×1000 2015–2016–2018) and from 
Fondazione Cariplo (Rif. 2018-0525) to S.S.B. L.S. was partially sup-
ported by Fondazione Umberto Veronesi. 

Acknowledgements 

We thank Dr. N. Simonelli for collecting human biological samples. 

Conflict of interest statement 

The authors declare no competing financial interests. 

Data Availability 

All the data that support the conclusions are presented in the main 
manuscript and supplementary data. They also can be requested by 
contacting the corresponding author. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.biopha.2021.112557. 

References 

[1] J.H. Lichtman, E.S. Froelicher, J.A. Blumenthal, R.M. Carney, L.V. Doering, 
N. Frasure-Smith, K.E. Freedland, A.S. Jaffe, E.C. Leifheit-Limson, D.S. Sheps, 
V. Vaccarino, L. Wulsin, American Heart Association Statistics Committee of the 
Council on Epidemiology and Prevention and the Council on Cardiovascular and 
Stroke Nursing, Depression as a risk factor for poor prognosis among patients with 
acute coronary syndrome: systematic review and recommendations: a scientific 
statement from the American Heart Association, Circulation 129 (12) (2014) 
1350–1369, https://doi.org/10.1161/CIR.0000000000000019. 

[2] V. Vaccarino, L. Badimon, J.D. Bremner, E. Cenko, J. Cubedo, M. Dorobantu, D. 
J. Duncker, A. Koller, O. Manfrini, D. Milicic, T. Padro, A.R. Pries, A.A. Quyyumi, 
D. Tousoulis, D. Trifunovic, Z. Vasiljevic, C. de Wit, R. Bugiardini, ESC Scientific 
Document Group Reviewers, Depression and coronary heart disease: 2018 position 
paper of the ESC working group on coronary pathophysiology and 
microcirculation, Eur. Heart J. 41 (17) (2020) 9, https://doi.org/10.1093/ 
eurheartj/ehy913. 

[3] M.K. Jha, A. Qamar, M. Vaduganathan, D.S. Charney, J.W. Murrough, Screening 
and management of depression in patients with cardiovascular disease: JACC state- 
of-the-art review, J. Am. Coll. Cardiol. 73 (14) (2019) 1827–1845, https://doi.org/ 
10.1016/j.jacc.2019.01.041. 

[4] I.L. Pina, K.E. Di Palo, H.O. Ventura, Psychopharmacology and cardiovascular 
disease, J. Am. Coll. Cardiol. 71 (20) (2018) 2346–2359, https://doi.org/10.1016/ 
j.jacc.2018.03.458. 

[5] P. Amadio, M. Zara, L. Sandrini, A. Ieraci, S.S. Barbieri, Depression and 
cardiovascular disease: the viewpoint of platelets, Int J. Mol. Sci. 21 (20) (2020), 
https://doi.org/10.3390/ijms21207560. 

[6] B. Izzi, A. Tirozzi, C. Cerletti, M.B. Donati, G. de Gaetano, M.F. Hoylaerts, 
L. Iacoviello, A. Gialluisi, Beyond haemostasis and thrombosis: platelets in 
depression and its co-morbidities, Int. J. Mol. Sci. 21 (22) (2020), https://doi.org/ 
10.3390/ijms21228817. 

[7] S. Hoirisch-Clapauch, Mechanisms affecting brain remodeling in depression: do all 
roads lead to impaired fibrinolysis? Mol. Psychiatry (2021) https://doi.org/ 
10.1038/s41380-021-01264-1. 

[8] E.S. Epel, Psychological and metabolic stress: a recipe for accelerated cellular 
aging? Hormones 8 (1) (2009) 7–22, https://doi.org/10.14310/horm.2002.1217. 

[9] S. Bozzini, P. Gambelli, C. Boiocchi, S. Schirinzi, R. Falcone, P. Buzzi, C. Storti, 
C. Falcone, Coronary artery disease and depression: possible role of brain-derived 
neurotrophic factor and serotonin transporter gene polymorphisms, Int J. Mol. Med 
24 (6) (2009) 813–818, https://doi.org/10.3892/ijmm_00000297. 

[10] Y.Q. Liu, G.B. Su, C.H. Duan, J.H. Wang, H.M. Liu, N. Feng, Q.X. Wang, X.E. Liu, 
J. Zhang, Brain-derived neurotrophic factor gene polymorphisms are associated 
with coronary artery disease-related depression and antidepressant response, Mol. 
Med. Rep. 10 (6) (2014) 3247–3253, https://doi.org/10.3892/mmr.2014.2638. 

[11] H. Yu, D.D. Wang, Y. Wang, T. Liu, F.S. Lee, Z.Y. Chen, Variant brain-derived 
neurotrophic factor Val66Met polymorphism alters vulnerability to stress and 
response to antidepressants, J. Neurosci. 32 (12) (2012) 4092–4101, https://doi. 
org/10.1523/JNEUROSCI.5048-11.2012. 

[12] P. Amadio, G.I. Colombo, E. Tarantino, S. Gianellini, A. Ieraci, M. Brioschi, 
C. Banfi, J.P. Werba, A. Parolari, F.S. Lee, E. Tremoli, S.S. Barbieri, BDNFVal66met 
polymorphism: a potential bridge between depression and thrombosis, Eur. Heart 
J. 38 (18) (2017) 1426–1435, https://doi.org/10.1093/eurheartj/ehv655. 

[13] P. Olga, K. Mykola, B. Alexander, Brain-derived neurotrophic factor gene 
polymorphism in post-ST-elevation myocardial infarction patients undergoing 
primary percutaneous intervention, Biomed. Res. Ther. 7 (8) (2020) 11. 

[14] L. Sandrini, L. Castiglioni, P. Amadio, J.P. Werba, S. Eligini, S. Fiorelli, M. Zara, 
S. Castiglioni, S. Bellosta, F.S. Lee, L. Sironi, E. Tremoli, S.S. Barbieri, Impact of 
BDNF Val66Met polymorphism on myocardial infarction: exploring the 
macrophage phenotype, Cells 9 (5) (2020), https://doi.org/10.3390/cells9051084. 

[15] Z.Y. Chen, D. Jing, K.G. Bath, A. Ieraci, T. Khan, C.J. Siao, D.G. Herrera, M. Toth, 
C. Yang, B.S. McEwen, B.L. Hempstead, F.S. Lee, Genetic variant BDNF (Val66Met) 
polymorphism alters anxiety-related behavior, Science 314 (5796) (2006) 
140–143, https://doi.org/10.1126/science.1129663. 

[16] L. Bocchio-Chiavetto, C. Miniussi, R. Zanardini, A. Gazzoli, S. Bignotti, C. Specchia, 
M. Gennarelli, 5-HTTLPR and BDNF Val66Met polymorphisms and response to 
rTMS treatment in drug resistant depression, Neurosci. Lett. 437 (2) (2008) 
130–134, https://doi.org/10.1016/j.neulet.2008.04.005. 

[17] R. Colle, F. Gressier, C. Verstuyft, E. Deflesselle, J.P. Lepine, F. Ferreri, P. Hardy, J. 
P. Guilloux, A.C. Petit, B. Feve, B. Falissard, L. Becquemont, E. Corruble, Brain- 
derived neurotrophic factor Val66Met polymorphism and 6-month antidepressant 
remission in depressed Caucasian patients, J. Affect Disord. 175 (2015) 233–240, 
https://doi.org/10.1016/j.jad.2015.01.013. 

[18] K.L. Lanctot, M.J. Rapoport, F. Chan, R.D. Rajaram, J. Strauss, T. Sicard, 
S. McCullagh, A. Feinstein, A. Kiss, J.L. Kennedy, A.S. Bassett, N. Herrmann, 
Genetic predictors of response to treatment with citalopram in depression 
secondary to traumatic brain injury, Brain Inj. 24 (7–8) (2010) 959–969, https:// 
doi.org/10.3109/02699051003789229. 

[19] S. Geue, B. Walker-Allgaier, D. Eissler, R. Tegtmeyer, M. Schaub, F. Lang, 
M. Gawaz, O. Borst, P. Munzer, Doxepin inhibits GPVI-dependent platelet Ca(2+) 
signaling and collagen-dependent thrombus formation, Am. J. Physiol. Cell 
Physiol. 312 (6) (2017) C765–C774, https://doi.org/10.1152/ajpcell.00262.2016. 

[20] M. Podsiedlik, M. Markowicz-Piasecka, E. Mikiciuk-Olasik, J. Sikora, The 
associations between central nervous system diseases and haemostatic disorders, 
CNS Neurol. Disord. Drug Targets 18 (4) (2019) 307–316, https://doi.org/ 
10.2174/1871527318666190314101946. 

[21] H.G. Roweth, A.A. Cook, M. Moroi, A.M. Bonna, S.M. Jung, W. Bergmeier, S. 
O. Sage, G.E. Jarvis, Two novel, putative mechanisms of action for citalopram- 
induced platelet inhibition, Sci. Rep. 8 (1) (2018) 16677, https://doi.org/10.1038/ 
s41598-018-34389-5. 

[22] H.G. Roweth, R. Yan, N.H. Bedwani, A. Chauhan, N. Fowler, A.H. Watson, J. 
D. Malcor, S.O. Sage, G.E. Jarvis, Citalopram inhibits platelet function 
independently of SERT-mediated 5-HT transport, Sci. Rep. 8 (1) (2018) 3494, 
https://doi.org/10.1038/s41598-018-21348-3. 

[23] Y.L. Tseng, M.L. Chiang, H.Y. Lane, K.P. Su, Y.C. Lai, Selective serotonin reuptake 
inhibitors reduce P2Y12 receptor-mediated amplification of platelet aggregation, 
Thromb. Res 131 (4) (2013) 325–332, https://doi.org/10.1016/j. 
thromres.2013.02.007. 

[24] M.F. Callahan, M. Beales, G.A. Oltmans, Yohimbine and rauwolscine reduce food 
intake of genetically obese (obob) and lean mice, Pharm. Biochem. Behav. 20 (4) 
(1984) 591–599, https://doi.org/10.1016/0091-3057(84)90309-5. 

[25] A. Ieraci, A.I. Madaio, A. Mallei, F.S. Lee, M. Popoli, Brain-derived neurotrophic 
factor Val66Met human polymorphism impairs the beneficial exercise-induced 
neurobiological changes in mice, Neuropsychopharmacology 41 (13) (2016) 
3070–3079, https://doi.org/10.1038/npp.2016.120. 

[26] L.J. Stang, L.G. Mitchell, Fibrinogen, Methods Mol. Biol. 992 (2013) 181–192, 
https://doi.org/10.1007/978-1-62703-339-8_14. 

[27] S.S. Barbieri, G. Petrucci, E. Tarantino, P. Amadio, B. Rocca, M. Pesce, K. 
R. Machlus, F.O. Ranelletti, S. Gianellini, B. Weksler, J.E. Italiano Jr., E. Tremoli, 
Abnormal megakaryopoiesis and platelet function in cyclooxygenase-2-deficient 
mice, Thromb. Haemost. 114 (6) (2015) 1218–1229, https://doi.org/10.1160/ 
TH14-10-0872. 

[28] A. Balduini, A. Malara, A. Pecci, S. Badalucco, V. Bozzi, I. Pallotta, P. Noris, 
M. Torti, C.L. Balduini, Proplatelet formation in heterozygous Bernard-Soulier 
syndrome type Bolzano, J. Thromb. Haemost. 7 (3) (2009) 478–484, https://doi. 
org/10.1111/j.1538-7836.2008.03255.x. 

[29] A. Malara, C. Fresia, C.A. Di Buduo, P.M. Soprano, F. Moccia, C. Balduini, 
E. Zocchi, A. De Flora, A. Balduini, The plant hormone abscisic acid is a prosurvival 
factor in human and murine megakaryocytes, J. Biol. Chem. 292 (8) (2017) 
3239–3251, https://doi.org/10.1074/jbc.M116.751693. 

[30] S.S. Barbieri, P. Amadio, S. Gianellini, E. Zacchi, B.B. Weksler, E. Tremoli, Tobacco 
smoke regulates the expression and activity of microsomal prostaglandin E 
synthase-1: role of prostacyclin and NADPH-oxidase, FASEB J. 25 (10) (2011) 
3731–3740, https://doi.org/10.1096/fj.11-181776. 

[31] P. Amadio, D. Baldassarre, E. Tarantino, E. Zacchi, S. Gianellini, I. Squellerio, 
M. Amato, B.B. Weksler, E. Tremoli, S.S. Barbieri, Production of prostaglandin E2 
induced by cigarette smoke modulates tissue factor expression and activity in 

L. Sandrini et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.biopha.2021.112557
https://doi.org/10.1161/CIR.0000000000000019
https://doi.org/10.1093/eurheartj/ehy913
https://doi.org/10.1093/eurheartj/ehy913
https://doi.org/10.1016/j.jacc.2019.01.041
https://doi.org/10.1016/j.jacc.2019.01.041
https://doi.org/10.1016/j.jacc.2018.03.458
https://doi.org/10.1016/j.jacc.2018.03.458
https://doi.org/10.3390/ijms21207560
https://doi.org/10.3390/ijms21228817
https://doi.org/10.3390/ijms21228817
https://doi.org/10.1038/s41380-021-01264-1
https://doi.org/10.1038/s41380-021-01264-1
https://doi.org/10.14310/horm.2002.1217
https://doi.org/10.3892/ijmm_00000297
https://doi.org/10.3892/mmr.2014.2638
https://doi.org/10.1523/JNEUROSCI.5048-11.2012
https://doi.org/10.1523/JNEUROSCI.5048-11.2012
https://doi.org/10.1093/eurheartj/ehv655
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref13
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref13
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref13
https://doi.org/10.3390/cells9051084
https://doi.org/10.1126/science.1129663
https://doi.org/10.1016/j.neulet.2008.04.005
https://doi.org/10.1016/j.jad.2015.01.013
https://doi.org/10.3109/02699051003789229
https://doi.org/10.3109/02699051003789229
https://doi.org/10.1152/ajpcell.00262.2016
https://doi.org/10.2174/1871527318666190314101946
https://doi.org/10.2174/1871527318666190314101946
https://doi.org/10.1038/s41598-018-34389-5
https://doi.org/10.1038/s41598-018-34389-5
https://doi.org/10.1038/s41598-018-21348-3
https://doi.org/10.1016/j.thromres.2013.02.007
https://doi.org/10.1016/j.thromres.2013.02.007
https://doi.org/10.1016/0091-3057(84)90309-5
https://doi.org/10.1038/npp.2016.120
https://doi.org/10.1007/978-1-62703-339-8_14
https://doi.org/10.1160/TH14-10-0872
https://doi.org/10.1160/TH14-10-0872
https://doi.org/10.1111/j.1538-7836.2008.03255.x
https://doi.org/10.1111/j.1538-7836.2008.03255.x
https://doi.org/10.1074/jbc.M116.751693
https://doi.org/10.1096/fj.11-181776


Biomedicine & Pharmacotherapy 146 (2022) 112557

13

endothelial cells, FASEB J. 29 (9) (2015) 4001–4010, https://doi.org/10.1096/ 
fj.14-268383. 

[32] W.Z. Potter, H.K. Manji, Catecholamines in depression: an update, Clin. Chem. 40 
(2) (1994) 279–287. 

[33] C. Otte, T.C. Neylan, S.S. Pipkin, W.S. Browner, M.A. Whooley, Depressive 
symptoms and 24-hour urinary norepinephrine excretion levels in patients with 
coronary disease: findings from the Heart and Soul Study, Am. J. Psychiatry 162 
(11) (2005) 2139–2145, https://doi.org/10.1176/appi.ajp.162.11.2139. 

[34] L. Sandrini, A. Ieraci, P. Amadio, M. Zara, S.S. Barbieri, Impact of acute and 
chronic stress on thrombosis in healthy individuals and cardiovascular disease 
patients, Int. J. Mol. Sci. 21 (21) (2020), https://doi.org/10.3390/ijms21217818. 

[35] S. Chen, C. Du, M. Shen, G. Zhao, Y. Xu, K. Yang, X. Wang, F. Li, D. Zeng, F. Chen, 
S. Wang, M. Chen, C. Wang, T. He, F. Wang, A. Wang, T. Cheng, Y. Su, J. Zhao, 
J. Wang, Sympathetic stimulation facilitates thrombopoiesis by promoting 
megakaryocyte adhesion, migration, and proplatelet formation, Blood 127 (8) 
(2016) 1024–1035, https://doi.org/10.1182/blood-2015-07-660746. 

[36] R. von Kanel, N. Heimgartner, M. Stutz, C. Zuccarella-Hackl, A. Hansel, U. Ehlert, 
P.H. Wirtz, Prothrombotic response to norepinephrine infusion, mimicking 
norepinephrine stress-reactivity effects, is partly mediated by alpha-adrenergic 
mechanisms, Psychoneuroendocrinology 105 (2019) 44–50, https://doi.org/ 
10.1016/j.psyneuen.2018.09.018. 

[37] C. Cottingham, Q. Wang, alpha2 adrenergic receptor dysregulation in depressive 
disorders: implications for the neurobiology of depression and antidepressant 
therapy, Neurosci. Biobehav Rev. 36 (10) (2012) 2214–2225, https://doi.org/ 
10.1016/j.neubiorev.2012.07.011. 

[38] F. De Paermentier, J.M. Mauger, S. Lowther, M.R. Crompton, C.L. Katona, R. 
W. Horton, Brain alpha-adrenoceptors in depressed suicides, Brain Res. 757 (1) 
(1997) 60–68, https://doi.org/10.1016/s0006-8993(97)00138-8. 

[39] L.F. Callado, J.J. Meana, B. Grijalba, A. Pazos, M. Sastre, J.A. Garcia-Sevilla, 
Selective increase of alpha2A-adrenoceptor agonist binding sites in brains of 
depressed suicide victims, J. Neurochem 70 (3) (1998) 1114–1123, https://doi. 
org/10.1046/j.1471-4159.1998.70031114.x. 

[40] C. Cottingham, Y. Chen, K. Jiao, Q. Wang, The antidepressant desipramine is an 
arrestin-biased ligand at the alpha(2A)-adrenergic receptor driving receptor down- 
regulation in vitro and in vivo, J. Biol. Chem. 286 (41) (2011) 36063–36075, 
https://doi.org/10.1074/jbc.M111.261578. 

[41] G. Anfossi, M. Trovati, Role of catecholamines in platelet function: 
pathophysiological and clinical significance, Eur. J. Clin. Invest 26 (5) (1996) 
353–370, https://doi.org/10.1046/j.1365-2362.1996.150293.x. 

[42] B.J. Beres, E. Toth-Zsamboki, K. Vargova, A. Laszlo, T. Masszi, G. Kerecsen, 
I. Preda, R.G. Kiss, Analysis of platelet alpha2-adrenergic receptor activity in stable 
coronary artery disease patients on dual antiplatelet therapy, Thromb. Haemost. 
100 (5) (2008) 829–838. 

[43] A.J. Peace, F. Mangiacapra, E. Bailleul, L. Delrue, K. Dierickx, M. Conte, 
E. Puymirat, A.L. Fraeymans, P. Meeus, J. Bartunek, M. Volpe, E. Barbato, alpha2A- 
Adrenergic receptor polymorphism potentiates platelet reactivity in patients with 
stable coronary artery disease carrying the cytochrome P450 2C19*2 genetic 
variant, Arterioscler. Thromb. Vasc. Biol. 34 (6) (2014) 1314–1319, https://doi. 
org/10.1161/ATVBAHA.114.303275. 

[44] M. Pozgajova, U.J. Sachs, L. Hein, B. Nieswandt, Reduced thrombus stability in 
mice lacking the alpha2A-adrenergic receptor, Blood 108 (2) (2006) 510–514, 
https://doi.org/10.1182/blood-2005-12-4835. 

[45] R. von Kanel, J.E. Dimsdale, Effects of sympathetic activation by adrenergic 
infusions on hemostasis in vivo, Eur. J. Haematol. 65 (6) (2000) 357–369, https:// 
doi.org/10.1034/j.1600-0609.2000.065006357.x. 

[46] W. Fu, G. Meng, X. Yang, L. Yu, H. Jiang, Bone marrow sympathetic activation 
regulates post-myocardial infarction megakaryocyte expansion but not platelet 

production, Biochem Biophys. Res Commun. 513 (1) (2019) 99–104, https://doi. 
org/10.1016/j.bbrc.2019.03.160. 

[47] C. Lassale, A. Curtis, I. Abete, Y.T. van der Schouw, W.M.M. Verschuren, Y. Lu, H.B. 
A. Bueno-de-Mesquita, Elements of the complete blood count associated with 
cardiovascular disease incidence: findings from the EPIC-NL cohort study, Sci. Rep. 
8 (1) (2018) 3290, https://doi.org/10.1038/s41598-018-21661-x. 

[48] C. Welsh, P. Welsh, P.B. Mark, C.A. Celis-Morales, J. Lewsey, S.R. Gray, D.M. Lyall, 
S. Iliodromiti, J.M.R. Gill, J. Pell, P.S. Jhund, N. Sattar, Association of total and 
differential leukocyte counts with cardiovascular disease and mortality in the UK 
biobank, Arterioscler. Thromb. Vasc. Biol. 38 (6) (2018) 1415–1423, https://doi. 
org/10.1161/ATVBAHA.118.310945. 

[49] M. Notaras, M. van den Buuse, Neurobiology of BDNF in fear memory, sensitivity 
to stress, and stress-related disorders, Mol. Psychiatry 25 (10) (2020) 2251–2274, 
https://doi.org/10.1038/s41380-019-0639-2. 

[50] M. Zhao, L. Chen, J. Yang, D. Han, D. Fang, X. Qiu, X. Yang, Z. Qiao, J. Ma, 
L. Wang, S. Jiang, X. Song, J. Zhou, J. Zhang, M. Chen, D. Qi, Y. Yang, H. Pan, 
BDNF Val66Met polymorphism, life stress and depression: a meta-analysis of gene- 
environment interaction, J. Affect Disord. 227 (2018) 226–235, https://doi.org/ 
10.1016/j.jad.2017.10.024. 

[51] R.N. Hanna, C.C. Hedrick, Stressing out stem cells: linking stress and hematopoiesis 
in cardiovascular disease, Nat. Med 20 (7) (2014) 707–708, https://doi.org/ 
10.1038/nm.3631. 

[52] L. Hille, M. Lenz, A. Vlachos, B. Gruning, L. Hein, F.J. Neumann, T.G. Nuhrenberg, 
D. Trenk, Ultrastructural, transcriptional, and functional differences between 
human reticulated and non-reticulated platelets, J. Thromb. Haemost. 18 (8) 
(2020) 2034–2046, https://doi.org/10.1111/jth.14895. 

[53] R.D. McBane 2nd, C. Gonzalez, D.O. Hodge, W.E. Wysokinski, Propensity for young 
reticulated platelet recruitment into arterial thrombi, J. Thromb. Thrombolysis 37 
(2) (2014) 148–154, https://doi.org/10.1007/s11239-013-0932-x. 

[54] J.D. Barr, A.K. Chauhan, G.V. Schaeffer, J.K. Hansen, D.G. Motto, Red blood cells 
mediate the onset of thrombosis in the ferric chloride murine model, Blood 121 
(18) (2013) 3733–3741, https://doi.org/10.1182/blood-2012-11-468983. 

[55] A. Eckly, B. Hechler, M. Freund, M. Zerr, J.P. Cazenave, F. Lanza, P.H. Mangin, 
C. Gachet, Mechanisms underlying FeCl3-induced arterial thrombosis, J. Thromb. 
Haemost. 9 (4) (2011) 779–789, https://doi.org/10.1111/j.1538- 
7836.2011.04218.x. 

[56] A. Breitenstein, S. Stein, E.W. Holy, G.G. Camici, C. Lohmann, A. Akhmedov, 
R. Spescha, P.J. Elliott, C.H. Westphal, C.M. Matter, T.F. Luscher, F.C. Tanner, Sirt1 
inhibition promotes in vivo arterial thrombosis and tissue factor expression in 
stimulated cells, Cardiovasc Res 89 (2) (2011) 464–472, https://doi.org/10.1093/ 
cvr/cvq339. 

[57] R. Hurwitz, K. Ferlinz, K. Sandhoff, The tricyclic antidepressant desipramine causes 
proteolytic degradation of lysosomal sphingomyelinase in human fibroblasts, Biol. 
Chem. Hoppe Seyler 375 (7) (1994) 447–450, https://doi.org/10.1515/ 
bchm3.1994.375.7.447. 

[58] Y. Wang, L. Wang, X. Ai, J. Zhao, X. Hao, Y. Lu, Z. Qiao, Nicotine could augment 
adhesion molecule expression in human endothelial cells through macrophages 
secreting TNF-alpha, IL-1beta, Int Immunopharmacol. 4 (13) (2004) 1675–1686, 
https://doi.org/10.1016/j.intimp.2004.07.028. 

[59] A. Ieraci, S. Beggiato, L. Ferraro, S.S. Barbieri, M. Popoli, Kynurenine pathway is 
altered in BDNF Val66Met knock-in mice: Effect of physical exercise, Brain Behav. 
Immun. 89 (2020) 440–450, https://doi.org/10.1016/j.bbi.2020.07.031. 

[60] E. Dontigny, C. Patenaude, M. Cyr, G. Massicotte, Sphingomyelinase selectively 
reduces M1 muscarinic receptors in rat hippocampal membranes, Hippocampus 22 
(7) (2012) 1589–1596, https://doi.org/10.1002/hipo.21001. 

L. Sandrini et al.                                                                                                                                                                                                                                

https://doi.org/10.1096/fj.14-268383
https://doi.org/10.1096/fj.14-268383
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref32
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref32
https://doi.org/10.1176/appi.ajp.162.11.2139
https://doi.org/10.3390/ijms21217818
https://doi.org/10.1182/blood-2015-07-660746
https://doi.org/10.1016/j.psyneuen.2018.09.018
https://doi.org/10.1016/j.psyneuen.2018.09.018
https://doi.org/10.1016/j.neubiorev.2012.07.011
https://doi.org/10.1016/j.neubiorev.2012.07.011
https://doi.org/10.1016/s0006-8993(97)00138-8
https://doi.org/10.1046/j.1471-4159.1998.70031114.x
https://doi.org/10.1046/j.1471-4159.1998.70031114.x
https://doi.org/10.1074/jbc.M111.261578
https://doi.org/10.1046/j.1365-2362.1996.150293.x
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref42
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref42
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref42
http://refhub.elsevier.com/S0753-3322(21)01344-5/sbref42
https://doi.org/10.1161/ATVBAHA.114.303275
https://doi.org/10.1161/ATVBAHA.114.303275
https://doi.org/10.1182/blood-2005-12-4835
https://doi.org/10.1034/j.1600-0609.2000.065006357.x
https://doi.org/10.1034/j.1600-0609.2000.065006357.x
https://doi.org/10.1016/j.bbrc.2019.03.160
https://doi.org/10.1016/j.bbrc.2019.03.160
https://doi.org/10.1038/s41598-018-21661-x
https://doi.org/10.1161/ATVBAHA.118.310945
https://doi.org/10.1161/ATVBAHA.118.310945
https://doi.org/10.1038/s41380-019-0639-2
https://doi.org/10.1016/j.jad.2017.10.024
https://doi.org/10.1016/j.jad.2017.10.024
https://doi.org/10.1038/nm.3631
https://doi.org/10.1038/nm.3631
https://doi.org/10.1111/jth.14895
https://doi.org/10.1007/s11239-013-0932-x
https://doi.org/10.1182/blood-2012-11-468983
https://doi.org/10.1111/j.1538-7836.2011.04218.x
https://doi.org/10.1111/j.1538-7836.2011.04218.x
https://doi.org/10.1093/cvr/cvq339
https://doi.org/10.1093/cvr/cvq339
https://doi.org/10.1515/bchm3.1994.375.7.447
https://doi.org/10.1515/bchm3.1994.375.7.447
https://doi.org/10.1016/j.intimp.2004.07.028
https://doi.org/10.1016/j.bbi.2020.07.031
https://doi.org/10.1002/hipo.21001

	The α2-adrenergic receptor pathway modulating depression influences the risk of arterial thrombosis associated with BDNFVal ...
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Experimental design
	2.3 Novelty suppressed feeding
	2.4 Arterial thrombosis model
	2.5 Blood collection and biochemical analysis
	2.6 Platelet and leukocyte count
	2.7 Aortae ex vivo experiment
	2.8 Mouse Fetal liver derived-megakaryocytes preparation
	2.9 Human megakaryocyte cultures
	2.10 Cell culture and aortae ex vivo treatments
	2.11 Platelet studies
	2.12 Procoagulant activity
	2.13 Quantitative real-time polymerase chain reaction (qRT-PCR)
	2.14 Protein preparation and immunoblotting
	2.15 Immunofluorescence
	2.16 Statistical analysis

	3 Results
	3.1 Desipramine treatment prevents the prothrombotic phenotype and reduces the latency in the novelty-suppressed feeding in ...
	3.2 BDNF Val66Met polymorphism affects procoagulant activity via the norepinephrine/ alpha2-adrenergic receptor pathway
	3.3 Rauwolscine treatment prevents the prothrombotic phenotype of BDNFMet/Met mice
	3.4 Characterization of homozygous BDNFVal66Met patients with coronary artery disease

	4 Discussion
	5 Conclusion
	Author contributions
	CRediT authorship contribution statement
	Funding
	Acknowledgements
	Conflict of interest statement
	Data Availability
	Appendix A Supporting information
	References


