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Abstract: Background: Chemokine receptor type 4 (CXCR4) plays a role in neuronal survival/cell
repair and also contributes to the progression of cancer and neurodegenerative diseases.
Chemokine ligand 12 (CXCL12) binds to CXCR4. In this study, we have investigated whether CXCR4
blockade by AMD3100 (a CXCR4 antagonist, member of bicyclam family) may affect neuronal
survival in the absence of insult. Thus, we have measured the mitochondrial membrane potential
(MMP), Bax and Bcl-2 protein translocation, and cytochrome c release in AMD3100-treated brain
cortical neurons at 7 DIV (days in vitro). Methods: For this aim, AMD3100 (200 nM) was added
to cortical neurons for 24 h, and several biomarkers like cell viability, reactive oxygen species
(ROS) generation, lactate dehydrogenase (LDH) release, caspase-3/9 activity, proteins Bax and Bcl-2
translocation, and cytochrome c release were analyzed by immunoblot. Results: CXCR4 blockade
by AMD3100 (200 nM, 24 h) induces mitochondrial hyperpolarization and increases caspase-3/9
hyperpolarization without affecting LDH release as compared to untreated controls. AMD3100 also
increases cytochrome c release and promotes Bax translocation to the mitochondria, whereas it raises
cytosolic Bcl-2 levels in brain cortical neurons. Conclusion: CXCR4 blockade induces cellular death
via intrinsic apoptosis in rat brain cortical neurons in absence of insult.

Keywords: AMD3100; CXCR4 chemokine receptor; cortical neurons in vitro; caspase-3/9; apoptosis;
cytochrome c/Bcl-2/Bax; mitochondria; cytosol; neuroprotection

1. Introduction

Chemokine receptor type 4 (CXCR4) is a seven-transmembrane G-α-chemokine-coupled receptor
(GPCR) [1] specific for stromal-derived-factor-1 (SDF-1α), also called CXCL12 (chemokine ligand 12,
its ligand). The CXCR4/SDF-1α axis contributes to inflammation, angiogenesis, tumorigenesis,
neurodevelopment, and central nervous system (CNS) repair, among other processes [2–5].
CXCR4 function can be blocked by its antagonist, AMD3100 (bicyclam or plerixafor), a small molecule
that contains two 1,4,8,11-tetraazacy-clotetradecane moieties [1].

Neurons express a variety of chemokine receptors, including CXCR4, that regulate neuronal
signaling and survival [6]. Chemokines were recognized originally for their ability to dictate
the migration and activation of leukocytes. CXCR4 receptors are present in newly generated
neurons during embryogenesis and in mature neurons; they play a role in neurogenesis,
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neuronal guidance, and connectivity [6–9]. The levels of the receptors usually decrease as neurons
mature. CXCR4-mutant mice have aberrant neuronal distribution in brain [10]. These findings highlight
the diverse role of chemokines and their receptors (including CXCR4) in normal brain physiology
(in the absent of insults).

The available data that report the effect of neuronal CXCR4 activation by SDF-1α on viability
and function of neurons subjected to various insults are contradictory. For example, it was shown
that in hippocampal or cerebellar granule neurons and in cell lines, the functional loss of cell cycle
retinoblastoma protein (Rb) is associated with apoptosis. Exposure to SDF-1α rescues these cells from
apoptosis and induces a time-dependent increase of total Rb expression [6]. Increased expression
of SDF-1α/CXCR4 in the hippocampus may be associated with enhanced neurogenesis induced
by environmental enrichment [11]. AMD3100 reversed the neurogenesis and behavioral recovery
promoted by forced limb-use in rats subjected to stroke [12]. These data are examples of the effects of
CXCR4 activation that increase nerve cell viability and neurogenesis. However, there are data that show
quite the opposite. For example, it was shown that AMD3100 greatly improved neurological scores in
mice subjected to brain focal ischemia and reduced inflammatory response, suggesting that CXCR4
activation has an unfavorable effect [13]. Chronic administration of AMD3100 increased survival
and alleviated pathology in a superoxide dismutase (SOD1; G93A) mouse model of amyotrophic
lateral sclerosis [14]. It was also reported that CXCR4 chemokine receptor signaling mediated pain
in diabetic neuropathy [15]. Upregulation of CXCR4 in the dorsal root ganglia and spinal cord
contributes to the development and maintenance of neuropathic pain following nerve injury in rats [16].
Systemic inflammation induces anxiety disorder through the CXCR4/SDF-1α pathway [17]. These data
show that CXCR4 receptor activation by SDF-1α may increase neuropathic pain, while CXCR4 receptor
blockade in brain may have a protective effect on neurons.

On the other hand, neuronal apoptosis—mediated by caspase-3—and oxidative stress contribute
to the progression of neurodegenerative diseases [18]. Besides, it is known that Bcl-2 family proteins
or specific caspase blockers can inhibit apoptosis [19]. Although antiapoptotic drugs have shown
promising results, their use is still limited to preclinical phases, and the efficacy is low due to its
inducing drug resistance [18]. Nowadays, the effect(s) of CXCR4 blockade by AMD3100 under
normal conditions (in the absence of insults) has not been studied in brain cortical neurons for 7 days
in vitro (DIV).

Bcl-2 is an antiapoptotic protein involved in many pathways of programmed cell death,
since it regulates the balance between prosurvival Bcl-2-like proteins and proapoptotic Bax-like
members [20–23]. The Bax protein can translocate from cytosol to mitochondria, where it oligomerizes and
permeabilizes the mitochondrial outer membrane in order to promote apoptosis. Bax retrotranslocation
depends on prosurvival Bcl-2 family proteins, and inhibition of retrotranslocation correlates with Bax
accumulation in the mitochondria [24]. Moreover, the upregulation of key apoptotic proteins in human
SH-SY5Y neuroblastoma cell line (i.e., Bax, caspase-3/8, and caspase-3/9) contributes to apoptosis by
increasing cytochrome c release [25–31]. A recent study has demonstrated that Bcl-2 antagonist ABT-199
triggers apoptosis and augments ibrutinib-mediated cytotoxicity in CXCR4 wild type and CXCR4
WHIM mutated Waldenstrom macroglobulinemia cells [26]. However, the effect of CXCR4 blockade in
brain cortical neurons in the absence of insults is unknown. Since SDF-1α regulates axonal length [32],
we have studied, in rat brain cortical neurons in absence of insults, whether CXCR4 blockade by
AMD3100 (CXCR4 antagonist) could affect some physiological parameters related to cell viability and
mitochondrial function. Thus, several markers like neuronal viability, lactate dehydrogenase (LDH)
release, mitochondrial membrane potential (MMP), reactive oxygen species (ROS) production, Bax and
Bcl-2 translocation, and cytochrome c release were measured in AMD3100 (200 nM, 24 h)-treated
brain cortical neurons and compared to controls (without AMD3100 treatment). We found that,
in the absence of insult, CXCR4 blockade induces apoptosis and thus diminishes cell viability of brain
cortical neurons without inducing their necrosis.
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2. Results

2.1. Effect of AMD3100 on Cell Viability in Brain Cortical Neurons at 7 DIV (Days in Vitro)

Cell Treatment

Rat brain cortical neurons at 7 DIV were treated for 24 h with 200 nM AMD3100. Neurons were
washed with phosphate-buffered saline (PBS) and used to test several biochemical parameters
described here.

AMD3100 led to a loss of neuronal viability in AMD3100-treated brain cortical neurons as
compared to untreated controls (p < 0.05, Figure 1A). This could mean that CXCR4 blockade by
AMD3100 may induce cellular death or a loss of cellular respiratory capacity.
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Figure 1. Effect of AMD3100 on (A) cell viability and (B) mitochondrial membrane potential (MMP).
Results are expressed as means ± SEM (standard error of the mean) of two experiments from different
cultures, each one performed by triplicate with different batches of cells. The statistical significance was
evaluated by t-Student test using Sigma Plot 11 software. Differences were considered significant at
p < 0.05. The asterisks indicate statistical significance as compared to control. * p < 0.05 and *** p < 0.001.
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2.2. AMD3100 Altered Mitochondrial Membrane Potential by Hyperpolarization in Rat Brain
Cortical Neurons

AMD3100 treatment significantly reduced mitochondrial membrane potential (Figure 1B),
suggesting that CXCR4 blockade may induce membrane hyperpolarization, possibly because of
some mitochondrial dysfunction.

2.3. Effect of AMD3100 on Lactate Dehydrogenase (LDH) Release in Rat Brain Cortical Neurons

Figure 2A shows that AMD3100 treatment does not significantly affect LDH release,
which suggests that CXCR4 blockade does not lead to cellular death by necrosis.
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2.4. Effect of AMD3100 on Reactive Oxygen Species (ROS) Production in Brain Cortical Neurons at 7 DIV

The decrease in cellular viability may mean cellular death or alteration of cellular respiratory
capacity subsequent to ROS generation. Therefore, we have evaluated whether CXCR4 blockade by
AMD3100 (200 nM) could affect ROS production in cortical neurons as compare to untreated neurons.
Figure 2B displays absence of significant changes regarding ROS production in AMD3100-treated cells
as compared to controls (p > 0.05, no significant effect (ns)).

2.5. Effect of AMD3100 on Caspase-9 Activity in Rat Brain Cortical Neurons

Mitochondrial membrane dysfunction may induce release of apoptogenic proteins (from
mitochondria to cytosol) to initiate the intrinsic apoptotic pathway. In the cytosol, cytochrome c
initiates the caspase-dependent apoptotic pathway, forming the apoptosome and activating caspase-9.
Once activated, caspase-9 cleaves and activates caspase-3, which attacks many protein substrates,
causing cell death by apoptosis. We have investigated the pattern of cytochrome c localization as well
as caspase-9 and caspase-3 enzymatic activities in AMD3100-treated neurons, as compared to controls,
by immunoblot.

Since AMD3100 mediated cell death without inducing LDH release, we suggest that cell death
occurred by apoptosis. The Figure 3A indicates that 200 nM of AMD3100 treatment increased caspase-9
activity as compare to controls (p < 0.05).
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2.6. Effect of AMD3100 on Caspase-3 Activity in Rat Cortical Neurons

Figure 3B show that AMD3100 significantly increased caspase-3 activity. Once we detected that
CXCR4 blockade induces apoptosis in AMD3100-treated neurons, we analyzed whether AMD3100
could affect other apoptotic markers like Bax/Bcl-2 protein inducing cytochrome c release.

2.7. Effect of AMD3100 on Cytochrome C Release in Rat Brain Cortical Neurons

In order to confirm whether AMD3100 could induce apoptosis through the activation of the
intrinsic pathway, we measured cytosolic cytochrome c release. The cytosolic levels of cytochrome
c were significantly higher in AMD3100-treated cortical neurons than in the untreated controls
(Figure 4A,B).

2.8. Effect of AMD3100 on Cytosolic and Mitochondrial Bax Protein Translocation in Rat Brain
Cortical Neurons

Bax is a proapoptotic member of the Bcl-2 family of proteins that, under normal conditions,
resides in the cytosol, and it is translocated to the outer mitochondrial membrane during
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apoptosis. Once associated with mitochondria, Bax causes the release of apoptogenic factors
from the mitochondria into the cytosol, consequently inducing or propagating the apoptotic
cascade. As shown in Figure 5A,B, Bax protein significantly increased in both the cytosolic and
mitochondrial fractions in AMD3100-treated neurons as compared to controls. When we evaluated
the mitochondria/cytosol Bax ratio, we observed that Bax protein increased within the mitochondrial
fraction as compared to its cytosolic levels (Figure 5C). This feature suggests that Bax could have been
translocated to the mitochondria.
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2.9. Effect of AMD3100 on the Mitochondrial Bcl-2 Protein Levels in Rat Brain Cortical Neurons

The antiapoptotic Bcl-2 members can inhibit programmed cell death and are associated with
cell survival. Under normal conditions, Bcl-2 is in the mitochondria, inducing mitochondrial
stability, and providing protection against mitochondrial pore opening. The mechanism involved
in this action is not well known. In our study, cytosolic Bcl-2 levels were increased by AMD3100
(200 nM) treatment while mitochondrial Bcl-2 levels decreased (Figure 6A,B). Therefore, the reduced
mitochondrial/cytosolic Bcl-2 protein ratio suggests that AMD3100 increases the cytosolic Bcl-2 protein
levels (Figure 6A,B).
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Figure 7. Effects of AMD3100 on rat brain cortical neurons 7 days in vitro (DIV). Chemokine receptor
type 4 (CXCR4) blockade induced mitochondrial membrane hyperpolarization and as consequence
mitochondrial membrane dysfunction, which led to Bax protein translocation from the cytosol to
mitochondria, while Bcl-2 was translocated from the mitochondria to cytosol, increasing the cytosolic
Bcl-2 levels. Both events contributed to the opening of mitochondrial pore, leading to cytochrome c
release to the cytosol. Finally, this cytochrome c release activated caspase-9, which promoted caspase-3
activation and consequently protein degradation and cell death.
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3. Discussion

The main aim of the present study was to study whether CXCR4 blockade by AMD3100 could
induce cell death in rat brain cortical neurons in the absence of insults. AMD3100 is a known specific
antagonist for CXCR4 that does not interact with other chemokine receptors [33]. Our findings have
shown that AMD3100 reduced neuronal survival in brain cortical neurons, supporting the notion
that the blockade of CXCR4 induces neuronal cell death. In our study, AMD3100 treatment induced
a significant mitochondrial membrane hyperpolarization, supporting that CXCR4 blockade could
affect mitochondrial integrity. The lack of mitochondrial membrane integrity may be the result of ROS
generation. However, this is not the case, since CXCR4 blockade by AMD3100 did not induce ROS
formation. The cell death induced by CXCR4 blockade could be mediated by necrosis or apoptosis.
Our findings suggest that AMD3100 treatment did not involve LDH release in rat brain cortical
neurons. However, AMD3100 induced apoptosis via intrinsic pathway in rat brain cortical neurons
since: (1) caspase-3,-9 were activated; (2) Bcl-2 and Bax were translocated (Bax migrated from cytosol
to mitochondria, and Bcl-2 migrated from mitochondria to cytosol, conditions which seem necessary to
open the mitochondrial pore and to allow the release of cytochrome c); and (3) there was cytochrome c
release from mitochondria to cytosol in AMD3100-treated cortical neurons.

Collectively, our findings suggest that CXCR4 blockade in rat brain cortical neurons may lead to
the loss of survival, inducing cellular death through intrinsic apoptotic mechanism. However, available
data about the CXCR4 receptor behavior are contradictory. Whereas some authors, using different
models, have demonstrated that CXCR4 activation may promote reversion of cellular damage induced
by several insults [6,11,34], other authors have reported the opposite [15–17]. In fact, the activation of
CXCR4 chemokine receptor led to detrimental effects in these recent studies [14–17].

Our findings showing apoptosis in AMD3100-treated brain cortical neurons agree with studies
reporting unfavorable effects on neuronal function by blocking CXCR4 chemokine receptor [12,34].
Conversely, other authors have demonstrated beneficial effects on neuronal function by blocking
CXCR4 with AMD3100 [13,16,17].

To the best of our knowledge, this is the first study showing that CXCR4 receptor blockade affects
neuronal viability of rat brain cortical neurons, as well as several metabolic parameters in the absence
of insult.

4. Material and Methods

4.1. Ethics Statement

Pregnant rats were obtained from Universidad Complutense of Madrid (UCM, Laboratory Animal,
License number #ES280790000086). The work was approved by the University Animal Care Committee
(CEAE = Committee of Experimental Research and Ethics; form number RD # 53/2013 UCM following
Guidelines for the Care and Use of Laboratory; European Council Directive 86/609/EEC). All efforts
were made to minimize suffering of animals.

4.2. Materials

AMD-3100, tetramethylrhodamine methyl ester (TMRM) and 2,7-dichlorodihydrofluorescein
diacetate (2,7 DCF-DA) were purchased from Sigma (Madrid, Spain). Minimum Essential Eagle’s
Medium (EMEM, Bio-Whittaker, Walkersville, MA, USA), 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxaniline (XTT) test was supplied by (Sigma, Madrid, Spain) and Fetal Calf
Serum (FCS) were purchased from Invitrogen, and other chemicals were reactive-grade products from
Merck (Darmstadt, Germany).
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4.3. Methods

4.3.1. Cell Isolation and Culture

Brains from fetal (E19) rats of 19 days gestation were used in the present study. Neurons were
grown according to Segal method [35] with minor modifications. The culture cell medium contains
EMEM plus 10% FCS, 0.3 g/L glutamine, 3 g/L glucose, 100 U/mL penicillin, and 100 µg/mL
streptomycin. Cells were growth at 106 cells/cm well and fixed with 10 µg/mL of poly-D-lysine.
Cells were then incubated in a humidified incubator with 5% CO2/95% air at 37 ◦C. After 72 h of
incubation, the medium was replaced by fresh medium containing 10 µM of cytosine arabinoside to
prevent glial overgrowth. AMD3100 was added at 200 nM concentration (during 24 h) at seven days
in vitro (7 DIV). Cell purity was confirmed by cresyl violet staining for neurons while anti-GFAP (glial
fibrillary acidic protein) antibody was used to identify astrocytes. Glial contamination was evaluated
according to Figueroa et al. [36]. Under these experimental conditions, the glial cells represented
9% ± 3% of the total cell population.

4.3.2. Assessment of Cell Viability by XTT Assay

This assay measures the ability of live metabolically active cells to reduce yellow tetrazolium salt
(XTT) to form an orange formazan dye. Thus, this conversion can only occur in living cells. The newly
formed formazan dye was directly quantified using a scanning multiwell spectrophotometer at 492 nm
of wavelength (reference wavelength 690 nm). The amount of orange formazan formed, as monitored
by the absorbance, directly correlates with the number of living cells. Cells were washed with PBS
washing buffer. Control and AMD3100-treated (200 nM, 24 h) neurons were incubated with XTT
solution (final concentration 0.3 mg/mL) following Kit specifications. After this incubation period,
orange dye solution was quantified by spectrophotometry and all results were expressed as percentages
and compared with control cells, which is considered as 100%.

4.3.3. Measurement of ROS Formation

To assay ROS formation, 2,7-dichlorodihydrofluorescein diacetate (H2DCF-DA), a nonfluorescent
lipophilic reagent, was used in AMD3100-treated cortical neurons and controls (without AMD3100
treatment). H2DCF-DA enters the cells, where it is transformed into 2,7-dichlorodihydrofluorescein
(H2DCF) by intracellular stearases. H2DCF is oxidized to fluorescent DCF by hydrogen peroxide.
H2DCF-DA (5 µM) was added to the cells. After each treatment, the incubation medium was removed
and all cells were twice washed with PBS. Finally, fluorescence has been measured in a FL600-BioTek
spectrofluorometer (Winooski, VT, USA) with filters of 485/20 nm excitation and 530/25 nm emission.
Results are expressed as arbitrary fluorescence units (AFU).

4.3.4. Cellular Death (LDH Assay)

Intracellular enzyme lactate dehydrogenase (LDH) assay is released to the cell culture medium
under cell death. Thus, LDH activity detects primary necrotic cell death but could identify “secondary
necrosis” due to LDH release from apoptotic bodies (in the absence of phagocytosis) [37]. This activity
was determined by spectrophotometric assay following López et al.’s procedure [38]. Briefly, this assay
measures the rate of decrement, at 340 nM of absorbance, resulting from the oxidation of NADH:

Pyruvate + NADH→ Lactate + NAD+

Cortical neurons (6 × 105 cells/well in 24-well plates) were AMD3100-treated (200 nM, 24 h,
at 37 ◦C). Culture medium from all samples were collected. The cells were homogenized by adding
0.1 M KH2PO4/K2HPO4 (pH 7.4) and 0.1% of Triton X-100. Homogenates were centrifuged at
13,000× g for 10 min. LDH activity was measured in all supernatant as well as in the culture
medium. LDH activity release is expressed as percentage as compared to total LDH content (LDH in
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the supernatant + LDH inside the cells) following this equation: % LDH release = (LDH activity in
the medium × 100)/total LDH activity (LDH medium + LDH release).

4.3.5. Mitochondrial Membrane Potential Measurement (MMP)

Changes in the mitochondrial membrane potential were monitored by fluorescent dye
tetramethylrhodamine methyl ester (TMRM) assay, according to Tenneti et al.’s 1998 procedure [39].
AMD3100-treated neurons and untreated controls were washed and incubated for 30 min with 500 nM
TMRM. After this exposure time, the TMRM was removed and neurons were washed with PBS.
Fluorescence was monitored with a FL600-BioTek spectrofluorometer at 530/25 nm excitation and
590/20 nm emission. Fluorescence intensity was expressed as arbitrary fluorescence units (AFU).

4.3.6. Caspase-3 Activity Measurement

AMD3100-treated cortical neurons and controls (without AMD3100 treatment) were washed with
PBS and lysed by adding lysis buffer (10 mM Tris-HCl, 10 mM NaH2PO4/Na2HPO4, pH 7.5, 130 mM
NaCl, 0.5% Triton X-100, 10 mM Na4P2O7, and 2 mM dithiothreitol (DTT)). Lysates were centrifuged
at 13,000× g for 10 min. Caspase-3 activity was measured in all supernatants. These supernatants were
incubated at 37 ◦C for 2–6 h in caspase-3 assay buffer (20 mM HEPES, pH 7.5, 10% glycerol, 2 mM DTT
containing 20 µM Ac). N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (AcDEVD-AMC).
The fluorogenic 7-amino-methylcoumarin (AMC) released from Ac-DEVD-AMC was monitored
using a spectrofluorometer BioTek FL 600 (Winooski, VT, USA), at excitation wavelength of 360/20 nm
and an emission wavelength 460/20. Enzymatic activity is expressed as arbitrary fluorescence unit after
1 h per µg protein (AFU/h/µg protein). The protein concentrations of cell extracts were determined
by the Bradford [40] method using bovine serum albumin as standard.

4.3.7. Caspase-9 Activity

Caspase-9 activity was measured following the same described procedure for caspase-3 but using
selective substrates (Ac-LEHD-AFC-(Leu-Glu-His-Asp-(7-amino-4-trifluoromethyl-coumarin), AFC)).

4.4. Preparation of Cell Lysates (Subcellular Fractionation)

Cortical neurons were harvested by scraping into hypotonic buffer (10 mM Tris-HCl; pH 7.4),
1% SDS, 1 mM sodium vanadate, and 0.01% protease inhibitor cocktail (all from Sigma Aldrich, Madrid,
Spain) and incubated on ice. The lysates were centrifuged at 800× g for 5 min at 4 ◦C to remove
the nuclei and cellular debris (Centrifuge 5804R, Eppendorf, Hamburg, Germany). The resulting
supernatants were further centrifuged at 15,000× g for 15 min at 4 ◦C to obtain the supernatant fraction
(cytosol) and a pellet containing mitochondria, which was resuspended in lysis buffer (50 mM Tris,
150 mM NaCl, 10 mM EDTA, 1% Triton X-100). Both cytosolic and mitochondrial fractions were
aliquoted and stored at −80 ◦C for further biochemical analysis. The protein concentration was
determined by the DC Protein Assay Kit (Bio-Rad; Madrid, Spain). Bovine serum albumin was used in
a concentration range of 0–2 µg/µL as standard.

4.5. Protein Evaluation of Apoptotic Markers by Western Blot

The protein cytochrome c, Bcl-2 and Bax were assessed in the cytosolic and/or mitochondrial
fractions of cortical neurons extracts in the presence/absence of AMD3100 treatment (200 nM,
24 h). Equal amounts of protein in a volume of 30 µL were separated on a 15% polyacrylamide
gel (SDS-PAGE). These gels were transferred to a polyvinylidene fluoride (PVDF) membrane (GE
Healthcare, Madrid, Spain). All membranes were blocked by adding 5% nonfat dry milk for 1 h at
room temperature. The membranes were incubated overnight at 4 ◦C with the appropriate primary
antibodies: goat polyclonal anti-cytochrome c for immunodetection (1/500) (sc-7159, Santa Cruz
Biotechnology, Quimigen, Madrid, Spain), rabbit polyclonal anti-Bax (1/250) (sc-493), and anti-Bcl-2
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(1/250) (sc-492) (Santa Cruz Biotechnology, Quimigen, Madrid, Spain) followed by incubation with
peroxide-conjugated secondary antibodies for 1 h at room temperature (Santa Cruz Biotechnology,
Quimigen, Madrid, Spain). Blots were developed by enhanced chemiluminescence (ECL select;
GE Healthcare, Madrid, Spain) following manufacturer’s instructions. Anti β-actin (sc-47778) and
anti-Tom-20 (sc-11415) antibodies (Santa Cruz Biotechnology, Quimigen, Madrid, Spain) were used as
loading control for cytosolic and mitochondrial extracts, respectively.

4.6. Statistical Analysis

Data are presented as means± SEM of three independent experiments using different cell cultures,
each one performed by triplicate. Data were analyzed by t-Student test using Sigma Plot 11 software.
Differences were considered significant at p < 0.05.

5. Conclusions

1. Under normal conditions, CXCR4 blockade by AMD3100 decreased cellular viability
independently of neuronal necrosis or ROS formation in rat brain cortical neurons at 7 DIV.

2. AMD3100 altered membrane mitochondrial potential by inducing hyperpolarization and
promoted apoptotic events through intrinsic pathway of apoptosis by activating caspase-9/-3.

3. The CXCR4 blockade in cortical neurons induced apoptosis through cytochrome c release
not only by increasing cytosolic Bcl-2 protein levels, but also promoting Bax translocation to
the mitochondria in AMD3100-treated neurons.

Acknowledgments: This research was supported by a Grant from “Ramon and Cajal Research program” (MCYT,
Madrid, Spain) to José Joaquín Merino (Principal Researcher). “Role of Neural Cell Adhesion Molecules,
Chemokines and Erythropoietin against HIV-1 neuropathogenesis”. José Joaquín Merino thanks the support of
Science and Innovation Agency (RyC Program, Madrid, Spain). Payment fee supported by CIROM (Centro de
Implantología y Rehabilitación Oral Multidisciplinaria; Murcia. Spain; clinicacirom.com).

Author Contributions: José Joaquín Merino and María Pilar González conceived and designed the experiments;
Alba Garcimartín, María Elvira López-Oliva and Juana Benedí performed the experiments: María Pilar González
and José Joaquín Merino Analyzed the data; Juana Benedí and María Elvira López-Oliva contributed
reagents/materials/analysis tools; José Joaquín Merino wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Donzella, G.A.; Schols, D.; Lin, S.W.; Esté, J.A.; Nagashima, K.A.; Maddon, P.J.; Allaway, G.P.; Sakmar, T.P.;
Henson, G.; de Clercq, E.; et al. AMD3100, a small molecule inhibitor of HIV-1 entry via the CXCR4
co-receptor. Nat. Med. 1998, 4, 72–77. [CrossRef] [PubMed]

2. Liesveld, J.L.; Bechelli, J.; Rosell, K.; Lu, C.; Bridger, G.; Phillips, G., II; Abboud, C.N. Effects of AMD3100 on
transmigration and survival of acute myelogenous leukemia cells. Leuk. Res. 2007, 31, 1553–1563. [CrossRef]
[PubMed]

3. Burger, J.A.; Kipps, T.J. CXCR4: A key receptor in the crosstalk between tumour cells and their
microenvironment. Blood 2006, 107, 1761–1767. [CrossRef] [PubMed]

4. Miller, J.T.; Bartley, J.H.; Wimborne, H.J.; Walker, A.L.; Hess, D.C.; Hill, W.D.; Carroll, J.E. The neuroblast and
angioblast chemotaxic factor SDF-1 (CXCL12) expression is briefly up regulated by reactive astrocytes in
brain following neonatal hypoxic-ischemic injury. BMC Neurosci. 2005, 6, 63. [CrossRef] [PubMed]

5. Merino, J.J.; Bellver-Landete, V.; Oset-Gasque, M.J.; Cubelos, B. CXCR4/CXCR7 molecular involvement in
neuronal and neural progenitor migration: Focus in CNS repair. J. Cell. Physiol. 2015, 230, 27–42. [CrossRef]
[PubMed]

6. Khan, M.Z.; Brandimarti, R.; Shimizu, S.; Nicolai, J.; Crowe, E.; Meucci, O. The chemokine CXCL12 promotes
survival of postmitotic neurons by regulating Rb protein. Cell Death Differ. 2008, 15, 1663–1672. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/nm0198-072
http://www.ncbi.nlm.nih.gov/pubmed/9427609
http://dx.doi.org/10.1016/j.leukres.2007.02.017
http://www.ncbi.nlm.nih.gov/pubmed/17403536
http://dx.doi.org/10.1182/blood-2005-08-3182
http://www.ncbi.nlm.nih.gov/pubmed/16269611
http://dx.doi.org/10.1186/1471-2202-6-63
http://www.ncbi.nlm.nih.gov/pubmed/16259636
http://dx.doi.org/10.1002/jcp.24695
http://www.ncbi.nlm.nih.gov/pubmed/24913264
http://dx.doi.org/10.1038/cdd.2008.95
http://www.ncbi.nlm.nih.gov/pubmed/18583990


Int. J. Mol. Sci. 2016, 17, 2005 11 of 12

7. Lazarini, F.; Tham, T.N.; Casanova, P.; Arenzana-Seisdedos, F.; Dubois-Dalcq, M. Role of the α-chemokine
stromal cell-derived factor (SDF-1) in the developing and mature central nervous system. Glia 2003, 42,
139–148. [CrossRef] [PubMed]

8. Reaux-Le Goazigo, A.; van Steenwinckel, J.; Rostene, W.; Melik Parsadaniantz, S. Current status of
chemokines in the adult CNS. Prog. Neurobiol. 2013, 104, 67–92. [CrossRef] [PubMed]

9. Pujol, F.; Kitabi, P.; Boudin, H. The chemokine SDF-1α differntiatelly regulates axonal elongation and
branching in hippocampal neurons. J. Cell Sci. 2004, 118, 1071–1080. [CrossRef] [PubMed]

10. Lu, M.; Grove, E.A.; Miller, R.J. Abnormal development of the hippocampal dentate gyrus in mice lacking
the CXCR4 chemokine receptor. Proc. Natl. Acad. Sci. USA 2002, 99, 7090–7095. [CrossRef] [PubMed]

11. Zhang, X.Q.; Mu, J.W.; Wang, H.B.; Jolkkonen, J.; Liu, T.T.; Xiao, T.; Zhao, M.; Zhang, C.D.; Zhao, C.S.
Increased protein expression levels of pCREB, BDNF and SDF-1/CXCR4 in the hippocampus may be
associated with enhanced neurogenesis induced by environmental enrichment. Mol. Med. Rep. 2016, 14,
2231–2237. [CrossRef] [PubMed]

12. Zhao, S.; Qu, H.; Zhao, Y.; Xiao, T.; Zhao, M.; Li, Y.; Jolkkonen, J.; Cao, Y.; Zhao, C. CXCR4 antagonist
AMD3100 reverses the neurogenesis and behavioral recovery promoted by forced limb-use in stroke rats.
Restor. Neurol. Neurosci. 2015, 33, 809–821. [CrossRef] [PubMed]

13. Huang, J.; Li, Y.; Tang, Y.; Tang, G.; Yang, G.Y.; Wang, Y. CXCR4 antagonist AMD3100 protects blood-brain
barrier integrity and reduces inflammatory response after focal ischemia in mice. Stroke 2013, 44, 190–197.
[CrossRef] [PubMed]

14. Rabinovich-Nikitin, I.; Ezra, A.; Barbiro, B.; Rabinovich-Toidman, P.; Solomon, B. Chronic administration
of AMD3100 increases survival and alleviates pathology in SOD1G93A mice model of ALS. J. Neuroinflamm.
2016, 13, 123. [CrossRef] [PubMed]

15. Menichella, D.M.; Abdelhak, B.; Ren, D.; Shum, A.; Frietag, C.; Miller, R.J. CXCR4 chemokine receptor
signaling mediates pain in diabetic neuropathy. Mol. Pain 2014, 25, 10–42. [CrossRef] [PubMed]

16. Bai, L.; Wang, X.; Li, Z.; Kong, C.; Zhao, Y.; Qian, J.L.; Kan, Q.; Zhang, W.; Xu, J.T. Upregulation of Chemokine
CXCL12 in the Dorsal Root Ganglia and Spinal Cord Contributes to the Development and Maintenance
of Neuropathic Pain Following Spared Nerve Injury in Rats. Neurosci. Bull. 2016, 32, 27–40. [CrossRef]
[PubMed]

17. Yang, L.; Wang, M.; Guo, Y.Y.; Sun, T.; Li, Y.J.; Yang, Q.; Zhang, K.; Liu, S.B.; Zhao, M.G.; Wu, Y.M.
Systemic inflammation induces anxiety disorder through CXCL12/CXCR4 pathway. Brain Behav. Immun.
2016, 56, 352–362. [CrossRef] [PubMed]

18. Friedlander, R.M. Apoptosis and caspases in neurodegenerative diseases. N. Eng. J. Med. 2003, 348,
1365–1375. [CrossRef] [PubMed]

19. Reed, J.C. Apoptosis-based therapies. Nat. Rev. Drug Discov. 2002, 1, 111–121. [CrossRef] [PubMed]
20. Chipuk, J.E.; Green, D.R. How do BCL-2 proteins induce mitochondrial outer membrane permeabilization?

Trends Cell Biol. 2008, 18, 157–164. [CrossRef] [PubMed]
21. Chipuk, D.R.; Green, J.E. Apoptosis: Stabbed in the Bax. Nature 2008, 455, 195–200.
22. Cory, S.; Adams, J.M. The Bcl-2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002,

2, 647–656. [CrossRef] [PubMed]
23. Youle, R.J.; Strasser, A. The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol.

Cell Biol. 2008, 9, 47–59. [CrossRef] [PubMed]
24. Edlich, F.; Banerjee, S.; Suzuki, M.; Cleland, M.M.; Arnoult, D.; Wang, C.; Neutzner, A.; Tjandra, N.; Youle, R.J.

Bcl-xL retrotranslocates Bax from the mitochondria into the cytosol. Cell 2011, 145, 104–116. [CrossRef]
[PubMed]

25. Saeed, S.; Quintin, J.; Kerstens, H.H.; Rao, N.A.; Aghajanirefah, A.; Matarese, F.; Cheng, S.C.; Ratter, J.;
Berentsen, K.; van der Ent, M.A.; et al. Epigenetic programming of monocyte-to-macrophage differentiation
and trained innate immunity. Science 2014, 345, 1251086. [CrossRef] [PubMed]

26. Cao, Y.; Yang, G.; Hunter, Z.R.; Liu, X.; Xu, L.; Chen, J.; Tsakmaklis, N.; Hatjiharissi, E.; Kanan, S.;
Davids, M.S.; et al. The BCL-2 antagonist ABT-199 triggers apoptosis, and augments ibrutinib and idelalisib
mediated cytotoxicity in CXCR4Wild-type and CXCR4WHIM mutated Waldenstrom macroglobulinaemia cells.
Br. J. Haematol. 2015, 170, 134–138. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/glia.10139
http://www.ncbi.nlm.nih.gov/pubmed/12655598
http://dx.doi.org/10.1016/j.pneurobio.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23454481
http://dx.doi.org/10.1242/jcs.01694
http://www.ncbi.nlm.nih.gov/pubmed/15731012
http://dx.doi.org/10.1073/pnas.092013799
http://www.ncbi.nlm.nih.gov/pubmed/11983855
http://dx.doi.org/10.3892/mmr.2016.5470
http://www.ncbi.nlm.nih.gov/pubmed/27432087
http://dx.doi.org/10.3233/RNN-150515
http://www.ncbi.nlm.nih.gov/pubmed/26444377
http://dx.doi.org/10.1161/STROKEAHA.112.670299
http://www.ncbi.nlm.nih.gov/pubmed/23168453
http://dx.doi.org/10.1186/s12974-016-0587-6
http://www.ncbi.nlm.nih.gov/pubmed/27230771
http://dx.doi.org/10.1186/1744-8069-10-42
http://www.ncbi.nlm.nih.gov/pubmed/24961298
http://dx.doi.org/10.1007/s12264-015-0007-4
http://www.ncbi.nlm.nih.gov/pubmed/26781879
http://dx.doi.org/10.1016/j.bbi.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26952745
http://dx.doi.org/10.1056/NEJMra022366
http://www.ncbi.nlm.nih.gov/pubmed/12672865
http://dx.doi.org/10.1038/nrd726
http://www.ncbi.nlm.nih.gov/pubmed/12120092
http://dx.doi.org/10.1016/j.tcb.2008.01.007
http://www.ncbi.nlm.nih.gov/pubmed/18314333
http://dx.doi.org/10.1038/nrc883
http://www.ncbi.nlm.nih.gov/pubmed/12209154
http://dx.doi.org/10.1038/nrm2308
http://www.ncbi.nlm.nih.gov/pubmed/18097445
http://dx.doi.org/10.1016/j.cell.2011.02.034
http://www.ncbi.nlm.nih.gov/pubmed/21458670
http://dx.doi.org/10.1126/science.1251086
http://www.ncbi.nlm.nih.gov/pubmed/25258085
http://dx.doi.org/10.1111/bjh.13278
http://www.ncbi.nlm.nih.gov/pubmed/25582069


Int. J. Mol. Sci. 2016, 17, 2005 12 of 12

27. Garcimartín, A.; José, J.; Merino, J.J.; González, M.P.; Sánchez-Reus, M.I.; Sánchez-Muniz, F.J.; Bastida, S.;
Benedí, J. Organic silicon protects human neuroblastoma SH-SY5Y cells against hydrogen peroxide effects.
BMC Complement. Altern. Med. 2014, 14, 384. [CrossRef] [PubMed]

28. Garcimartin, A.; Merino, J.J.; Santos-López, J.A.; López-Oliva, M.E.; González, M.P.; Sánchez-Muñiz, F.J.;
Benedí, J. Silicon as neuroprotector or neurotoxic in the human neuroblastoma SH-SY5Y cell line. Chemosphere
2015, 135, 217–224. [CrossRef] [PubMed]

29. Xie, H.R.; Hu, L.S.; Li, G.Y. SH-SY5Y human neuroblastoma cell line: In vitro cell model of dopaminergic
neurons in Parkinson’s disease. Chin. Med. J. 2010, 123, 1086–1092. [PubMed]

30. Barbosa, F.J.; Queirós, O.; Moreira, R.; Carvalho, F.; Dinis-Oliveira, R.J. Comparative study of
the neurotoxicological effects of tramadol and tapentadol in SH-SY5Y cells. Toxicology 2016, 359, 1–10.

31. Zuang, H.; Li, Y.; Chi, Y. Role of p38 MAPK activation and mitochondrial cytochrome-c release in
allicin-induced apoptosis in SK-N-SH cells. Anticancer Drugs 2014, 27, 312–317. [CrossRef] [PubMed]

32. Baoudouin, S.J.; Pujol, F.; Nicot, A.; Kitabgi, P.; Boudin, H. Dendrite-selective redistribution of thechemokine
receptor CXCR4 following agonist stimulation. Mol. Cell. Neurosci. 2006, 33, 160–169. [CrossRef] [PubMed]

33. Fricker, S.P.; Anastassov, V.; Cox, J.; Darkes, M.C.; Grujic, O.; Idzan, S.R.; Labrecque, J.; Lau, G.; Mosi, R.M.;
Nelson, K.L.; et al. Characterization of the molecular pharmacology of AMD3100: A specific antagonist of
the G-protein coupled chemokine receptor, CXCR4 using CCRF-CEM T-cell line. Biochem. Pharmacol. 2006,
72, 588–596. [CrossRef] [PubMed]

34. Mao, W.; Yi, X.; Qin, J.; Tian, M.; Jin, G. CXCL12 inhibits cortical neuron apoptosis by increasing the ratio of
Bcl-2/Bax after traumatic brain injury. Int. J. Neurosci. 2014, 124, 281–290. [CrossRef] [PubMed]

35. Segal, M. Rat hippocampus neurons in culture: Responses to electrical and chemical stimuli. J. Neurophysiol.
1983, 50, 1249–1264. [PubMed]

36. Figueroa, S.; Oset-Gasque, M.J.; Arce, C.; Martínez-Honduvilla, C.; González, M.P. Mitochondrial
involvement in nitric oxide-induced cellular death in cortical neurons in culture. J. Neurosci. Res. 2006, 83,
441–449. [CrossRef] [PubMed]

37. Papassotiropoulos, A.; Ludwig, M.; Naib-Majani, W.; Rao, G.S. Induction of apoptosis and secondary necrosis
in rat dorsal root ganglionar cell cultures by oxidized low density lipoprotein. Neurosci. Lett. 1996, 3, 33–36.
[CrossRef]

38. López, E.; Figueroa, S.; Oset-Gasque, M.J.; González, M.P. Apoptosis and necrosis: Two distinct events
induced by cadmium in cortical neurons in culture. Br. J. Pharmacol. 2003, 138, 901–911. [CrossRef] [PubMed]

39. Tenneti, L.; Mc D’Emilia, D.; Troy, C.M.; Liption, S.A. Role of caspase in N-methyl-D-aspartate-Induced
apoptosis in cerebrocortical neurons. J. Neurochem. 1998, 71, 946–959. [CrossRef] [PubMed]

40. Bradford, M.M. Rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1472-6882-14-384
http://www.ncbi.nlm.nih.gov/pubmed/25293674
http://dx.doi.org/10.1016/j.chemosphere.2015.04.060
http://www.ncbi.nlm.nih.gov/pubmed/25957141
http://www.ncbi.nlm.nih.gov/pubmed/20497720
http://dx.doi.org/10.1097/CAD.0000000000000340
http://www.ncbi.nlm.nih.gov/pubmed/26771864
http://dx.doi.org/10.1016/j.mcn.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16952464
http://dx.doi.org/10.1016/j.bcp.2006.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16815309
http://dx.doi.org/10.3109/00207454.2013.838236
http://www.ncbi.nlm.nih.gov/pubmed/23984821
http://www.ncbi.nlm.nih.gov/pubmed/6663325
http://dx.doi.org/10.1002/jnr.20739
http://www.ncbi.nlm.nih.gov/pubmed/16397899
http://dx.doi.org/10.1016/0304-3940(96)12595-7
http://dx.doi.org/10.1038/sj.bjp.0705111
http://www.ncbi.nlm.nih.gov/pubmed/12642392
http://dx.doi.org/10.1046/j.1471-4159.1998.71030946.x
http://www.ncbi.nlm.nih.gov/pubmed/9721720
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of AMD3100 on Cell Viability in Brain Cortical Neurons at 7 DIV (Days in Vitro) 
	AMD3100 Altered Mitochondrial Membrane Potential by Hyperpolarization in Rat Brain Cortical Neurons 
	Effect of AMD3100 on Lactate Dehydrogenase (LDH) Release in Rat Brain Cortical Neurons 
	Effect of AMD3100 on Reactive Oxygen Species (ROS) Production in Brain Cortical Neurons at 7 DIV 
	Effect of AMD3100 on Caspase-9 Activity in Rat Brain Cortical Neurons 
	Effect of AMD3100 on Caspase-3 Activity in Rat Cortical Neurons 
	Effect of AMD3100 on Cytochrome C Release in Rat Brain Cortical Neurons 
	Effect of AMD3100 on Cytosolic and Mitochondrial Bax Protein Translocation in Rat Brain Cortical Neurons 
	Effect of AMD3100 on the Mitochondrial Bcl-2 Protein Levels in Rat Brain Cortical Neurons 

	Discussion 
	Material and Methods 
	Ethics Statement 
	Materials 
	Methods 
	Cell Isolation and Culture 
	Assessment of Cell Viability by XTT Assay 
	Measurement of ROS Formation 
	Cellular Death (LDH Assay) 
	Mitochondrial Membrane Potential Measurement (MMP) 
	Caspase-3 Activity Measurement 
	Caspase-9 Activity 

	Preparation of Cell Lysates (Subcellular Fractionation) 
	Protein Evaluation of Apoptotic Markers by Western Blot 
	Statistical Analysis 

	Conclusions 

