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Abstract
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by amyloid-β (Aβ)
deposition in senile plaques colocalized with activated microglia and astrocytes. Recent studies
suggest that CXCL8 is involved in the AD pathogenesis. The objective of this study was to
determine the cellular sources of CXCL8 in the central nervous system during AD pathogenesis,
and investigate the effects of CXCL8 on neuronal survival and/or functions. Our results showed
significantly higher CXCL8 levels in AD brain tissue lysates as compared to those of age-matched
controls. Upon Aβ and/or pro-inflammatory cytokine stimulation, microglia, astrocytes and
neurons were all capable of CXCL8 production in vitro. Although CXCL8-alone did not alter
neuronal survival, it did inhibit Aβ-induced neuronal apoptosis and increased neuronal brain-
derived neurotrophic factor (BDNF) production. We conclude that microglia, astrocytes and
neurons, all contribute to the enhanced CXCL8 levels in the CNS upon Aβ and/or pro-
inflammatory cytokine stimulation. Further, CXCL8 protects neurons possibly by paracrine or
autocrine loop and regulates neuronal functions, therefore, may play a protective role in the AD
pathogenesis.
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Introduction
Alzheimer’s disease1 is a neurodegenerative disorder characterized by progressive memory
loss, cognitive decline and widespread loss of neurons and their synapses in the cerebral
cortex, entorhinal area, hippocampus, ventral striatum and basal forebrain [1]. An important
pathological feature of AD is deposition of Aβ; a 40–42 amino acid peptide, proteolytically
derived from amyloid precursor protein in senile plaques [1]. These depositions are reported
to be surrounded by activated microglia [2] and astrocytes [3]. Although the cause of
neuronal loss is still unclear, there are suggestions that Aβ can be directly toxic to neurons
[4]. Inflammatory cytokines produced by activated microglia and astrocytes are also
considered as significant factor in AD pathogenesis [1].

Growing evidences suggest that CXCL8, an inflammatory chemokine, and its receptors may
play a role in AD pathogenesis. Recently, increased expression of CXCL8 in CSF [5] and its
receptor, CXCR2, in senile plaques of AD brains has been reported [6]. In the periphery,
neutrophils, monocytes and endothelial cells secrete CXCL8, which recruits neutrophils and
monocytes to sites of inflammation [7]. In CNS, monocytes and microglia both have been
shown to upregulate CXCL8 after exposure to Aβ [8,9]. Though astrocytes, microglia and
neurons are all capable of producing CXCL8 [8,9], little is known about neuronal production
of CXCL8 upon Aβ-injury and its consequent biological effects on neuronal survival/
functions. CXCL8 may be neuroprotective rather than neurotoxic as no neurological deficits
observed in cerebral malaria patients who had prolonged elevated CXCL8 levels in CSF
[10].

We hypothesized that neurons also contribute to elevated CXCL8 levels during AD and may
affect neuronal survival and function. Our results demonstrate that CXCL8 levels are
significantly increased in AD brain tissues. Both Aβ and pro-inflammatory cytokines such as
IL-1β or TNF-α can lead to neuronal CXCL8 production in vitro. CXCL8 inhibits Aβ-
induced neuronal apoptosis and upregulates neuronal BDNF production. These findings
suggest that CXCL8 plays a neuroprotective role in the AD pathogenesis probably by
modulating neuronal functions.

Materials and Methods
Policy, ethics and conflict of interest

The work described in this article was carried out in accordance with The Code of Ethics of
the World Medical Association (Declaration of Helsinki) for experiments involving humans
and the Uniform Requirements for manuscripts submitted to biomedical journals. The
authors have no conflicts of interest to disclose that could have inappropriately influenced,
or be perceived to have influenced, their work.

Isolation and cultivation of primary human astrocytes, neurons and microglia
Human astrocytes and neurons were isolated from first and early second trimester human
fetal brain tissue from elective abortus specimens. These were obtained from the Laboratory
of Developmental Biology, University of Washington, Seattle, WA in full compliance with
the ethical guidelines of the NIH and the Universities of Nebraska and North Texas Health

1Abbreviations: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 4′,6-diamidino-2-phenylindole (DAPI),
Alzheimer’s disease (AD), amyloid-β (Aβ), brain-derived neurotrophic factor (BDNF), Center for Neurovirology and
Neurodegenerative Disorders (CNND), central nervous system (CNS), cerebrospinal fluid (CSF), double-stranded DNA fragmentation
(dsDNA), enzyme-linked immunosorbent assay (ELISA), glial fibrillary acidic protein (GFAP), microtubule-associated protein 2
(MAP-2), National Institutes of Health (NIH), National NeuroAIDS Tissue Consortium (NNTC), non-demented (ND), one-way
analysis of variance (ANOVA), scrambled Aβ (Aβscr), standard error of mean (SEM), staurosporine (STS), terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL), tumor necrosis factor (TNF).
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Science Center. Microglia, astrocytes and neurons were isolated and cultured separately as
described previously [11,12].

Experimental treatments and evaluation of neuronal viability
Aβ1-42 and Aβscr (rPeptide, Bogart, GA) were solubilized (1mg/ml) in sterile 5mM HCL and
sonicated for 1–5 min in water bath. The solution was then incubated overnight at 37°C to
aggregate the proteins and stored at −80°C in aliquots until use. Cells were incubated with
different concentrations of Aβ1-42 in triplicates for 24h either with TNF-α, CCL2 or CXCL8
with or without anti-CXCL8 monoclonal neutralizing antibodies (all from R&D systems,
Minneapolis, MN). The MTT assay for neuronal viability, dsDNA ELISA and TUNEL for
apoptosis were performed as previously described [11].

Preparation of human brain tissue extracts
Human brain specimens from the frontal cortex and temporal cortex were provided by the
NNTC and CNND Brain Bank [12]. All donors gave informed consent, which permits
research use of their tissues and informed them of possible conflicts of interest. Brain lysates
were prepared from specimens as previously described [13].

CXCL8 and BDNF measurements
CXCL8 and BDNF were measured in triplicates using commercially available ELISA kits
(R&D Systems) according to the manufacturer’s specifications.

Immunocytochemistry
Adherent monolayer of human neurons in a 48-well plate (1×105 cells/well) was fixed and
incubated with primary antibodies to human MAP-2 (1:100; Chemicon), CXCL8 (1:100;
Pierce), and DAPI (1:300; Invitrogen, Carlsbad, CA). Alexa Fluor® 594 (goat anti-mouse;
1:100) was used for MAP-2 detection and Alexa Fluor® 488 (donkey anti-rabbit; 1:100) for
CXCL8 (Invitrogen). Neuron culture purity was routinely >85% as assessed by GFAP
(1:1000; Covance Research Products, Berkeley, CA) staining for astroctyes.
Immunofluorescence micrographs were obtained on a Nikon Eclipse TE-300 microscope
(Tokyo, Japan), 200X.

Statistics
All experiments are expressed as mean±SEM of triplicates and are representative of three
different donors. All data was analyzed using GraphPad Prism 4.0 with ANOVA followed
by Newman-Keuls post-hoc test or two-way ANOVA followed by Bonferroni post-hoc test.
Mann-Whitney test and Pearson correlation coefficient were used for correlation analyses.
Differences were considered significant at p<0.05.

Results
Increased CXCL8 levels in brain tissue of AD patients

We first evaluated CXCL8 levels in brain tissue lysates from AD patients and age-matched
controls. Brain tissue specimens (22 men and 19 women) from 27 AD patients (65.8%) and
14 ND controls (34.2%) with a mean age of 77.6 (±1.3) years were obtained based on
clinical history, neuropathological diagnosis, gross and microscopic observations. AD and
ND groups did not differ significantly with respect to PMI (mean±SEM, 7.1±1.1 h for AD,
10.0±2.3 h for ND). A statistical significant effect of disease on CXCL8 levels was observed
in two-way ANOVA analysis, as the CXCL8 levels in AD patients were significantly higher
than in ND controls (8.73±0.63 versus 5.86±0.42, F1,37 =7.20, p=0.01, Fig. 1A). However,
no significant effect of gender was observed on disease (F1,37 =0.61, p=0.44) and brain
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CXCL8 levels (F1,37 =0.01, p=0.9205). Post hoc Bonferroni tests showed that the brain
CXCL8 levels in men with AD were significantly higher than those in ND men (p<0.05,
Fig. 1A). There was no difference in brain CXCL8 levels between the AD women and ND
women (p>0.05). No significant correlation between age and brain CXCL8 levels emerged
upon Pearson correlation coefficient analysis of the entire sample set (r=0.1576, p=0.3252,
Fig. 1B). Similarly, no significant correlation between age and brain CXCL8 levels was
found either in AD patients (r=−0.1029, p=0.6096, Fig. 1C) or in ND controls (r=−0.3166,
p=0.2701, Fig. 1D).

CXCL8 production in response to Aβ or pro-inflammatory stimuli
Human microglia, astrocytes and neurons were exposed to Aβ1-42 and/or pro-inflammatory
cytokines for 24h as described [8] and CXCL8 levels were measured. Aβ1-42 induced a
dose-dependent increase in microglial CXCL8 production (Fig. 2A). While 1 μg/ml Aβ1-42
showed no effect, 10 μg/ml Aβ1-42 significantly upregulated CXCL8 levels by 3.42-fold
(p<0.01), and 100 μg/ml Aβ1-42 by 4.48-fold (p<0.001). In astrocytes IL-1β-alone
predominantly upregulated CXCL8 production; Aβ1-42-alone (10 μg/ml) showed no effect
(Fig. 2B). However, a significant synergistic effect of Aβ1-42 and IL-1β cotreatment was
found (p<0.05). Interestingly, neuronal CXCL8 production was significantly incr eased by
42.1-fold as compared to the controls after exposure to Aβ1-42 (10μg/ml; p<0.05, Fig. 2C).
However, a linear dose response to Aβ1-42 was not observed in neuronal CXCL8 production
(data not shown). In addition, TNF-α induced a significant increase (26.3–36.6-fold) in
neuronal CXCL8 levels (p<0.001, Fig. 2D), while CCL2 did not (p>0.05, Fig. 2D).
Abundance of CXCL8 expression in neurons treated with Aβ1-42 (Fig. 2E4), TNF-α (Fig.
2E5), or Aβ1-42 with TNF-α (Fig. 2E6) as compared to control (Fig. 2E3) was also observed
by immunostaining. CXCL8 colocalization with MAP-2 was visualized by bright yellow
double staining (Arrows, Fig. 2E4–E6). In addition to MAP-2-bright cells, neuronal cell
bodies that were MAP-2-dull were also positive for CXCL8 (Arrows head, Fig. 2E4, E6).
Neuronal cultures were highly enriched in MAP-2-positive neurons and very few GFAP-
positive astrocytes were observed (Fig. 2E1).

CXCL8 inhibits Aβ-induced neuronal apoptosis
MTT and dsDNA ELISA showed that human neurons treated with CXCL8-alone have no
significant effect on viability or apoptosis, while the positive control, STS has (p<0.001,
Fig. 3A, B). Two separate assays, TUNEL staining and dsDNA ELISA were used to
quantify Aβ-induced neuronal cell death. It was observed by TUNEL staining that Aβ1-42-
alone significantly increased neuronal apoptosis (p<0.001, Fig. 3C, D) as compared to
control. Co-incubation of Aβ1-42 with CXCL8 significantly decreased the apoptosis levels
(p<0.001, Fig. 3C, D). Similar to above, CXCL8-alone did not show cytotoxicity as detected
by TUNEL staining (p>0.05, Fig. 3C, D). A ten-fold lower amount of CXCL8 was co-
incubated with Aβ1-42 to investigate its physiological importance in Aβ-induced
neurotoxicity. It was also observed by dsDNA ELISA that Aβ1-42 treatment led to a
significant increase in neuronal apoptosis (p<0.001, Fig. 4A) compared to control. Further,
as low as 5ng/ml of CXCL8 significantly decreased Aβ1-42-induced apoptosis (p<0.001). As
expected neuronal apoptosis in AβScr-treated neurons was not significantly different from
untreated controls (p>0.05).

CXCL8 protects neurons by self-protective loop and BDNF production
To further investigate CXCL8 self-protective mechanism, we neutralized exogenous
CXCL8 with anti-CXCL8 monoclonal neutralizing antibodies. Co-culture of neurons with
Aβ1-42 and anti-CXCL8 antibodies (0.2 μg/ml) significantly increased neuronal apoptosis
(p<0.001) compared to Aβ1-42, Aβ1-42 with pre-immune IgG antibodies and untreated
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control. Anti-CXCL8 antibodies-alone do not have any significant effect on neuronal
apoptosis (Fig. 4B).

We then studied whether CXCL8 was able to influence neuronal BDNF production. As
shown in Fig. 4C, treatment with CXCL8 induces a dose-dependent increase in neuronal
BDNF production. Although the increase was not significant at 10ng/ml, treatment with
both 50 and 100ng/ml CXCL8 significantly increased BDNF production as compared to
control (p<0.05 and p<0.001, respectively). As the primary neuronal cultures have minimal
astrocyte contamination (Fig. 2E1), we tested the astrocytes response to CXCL8 stimulation
at similar concentrations (0.1–100ng/ml) for 24 h. We observed that astrocytes do not
respond to CXCL8 (data not shown). These data suggest that increase in BDNF production
is primarily due to CXCL8 effects on neurons.

Discussion
The results from the current study demonstrated that CXCL8 levels were increased in brain
tissue lysates from AD patients as compared to age-matched controls. Aβ- or pro-
inflammatory cytokines such as IL-1β- or TNF-α induced CXCL8 production by microglia,
astrocytes and neurons in vitro. Although CXCL8 did not significantly influence neuron
survival, it inhibited Aβ-induced neurotoxicity and increased neuronal BDNF production,
indicating its protective role in AD pathogenesis.

CXCL8 is an inflammatory chemokine, which recently reported to be increased in CSF of
patients with mild cognitive impairment and AD [5]. However, few studies have examined
the CXCL8 levels in brain tissue lysates from AD patients. The in vitro neurotoxicity and
induction of CXCL8 production in human microglia or astrocytes by Aβ previously has been
reported [14,15]. However, little is known about whether neurons can produce chemokines
in response to Aβ stimulation. Our data demonstrate that CXCL8 levels are elevated in AD
brains. We confirm that microglial and astrocytes produce CXCL8 upon Aβ or inflammatory
cytokines stimulation. Importantly, for the first time we demonstrate that Aβ upregulates
neuronal production of CXCL8. Further, we did not observe significant changes in CXCL8
production by astrocytes in response to Aβ-alone until cotreated with IL-1β. Therefore,
neuronal response to Aβ by producing CXCL8 could be an important event in disease
pathogenesis.

In addition, TNF-α, a prototypical inflammatory cytokine associated with AD pathogenesis,
also led to significant enhancement in neuronal CXCL8. TNF-α was produced by microglia
upon Aβ-exposure, which led to neuronal cell death [16]. Our data demonstrate that TNF-α,
but not CCL2, is capable of inducing neuronal CXCL8 production in vitro. This is in parallel
with a previous report where TNF-α induced chemokine production in neural precursor cells
[17]. Taken together, our data indicate that during AD pathogenesis, human neurons can
produce inflammatory mediators such as CXCL8 upon stimulation induced either by
neurotoxins such as Aβ or pro-inflammatory cytokines such as TNF-α.

The direct effect of CXCL8 on neurons was unclear. CXCL8 was shown to increase
apoptosis in primary rat neurons [18]. However, a protective effect of CXCL8 was reported
in murine neonatal hippocampal neurons [19]. Further, no effects of CXCL8 on cell viability
were found in the human neuronal cell line NT2-N [20]. Because of differences in
sensitivities towards Aβ between human and mouse neurons (approximately 500-fold), there
is possibility of secondary necrosis while studying Aβ-induced neurotoxicity in mouse
neurons [21]. Therefore, we investigated these findings directly on human neurons. Our
results show that CXCL8-alone has neither cytotoxic nor proliferative effects on human
neurons in vitro. Interestingly, when human neurons were treated with CXCL8-neutralizing
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antibodies there was no significant increase in apoptosis. Thus, during normal conditions,
CXCL8 has no significant role in neuron viability, which also may explain their very low
level of CXCL8 production during normal conditions.

In this study, we also observe that CXCL8 partially inhibits Aβ-induced neuronal cell death
supporting Watson and Fan, 2005 [19]. However, in contrast to murine neonatal neurons,
human neurons were very sensitive to Aβ. In order to focus on the apoptotic effects of Aβ
without any significant contribution of necrosis, low concentrations of Aβ were used in all
experiments. Further, CXCL8 may be neuroprotective to Aβ-induced toxicity through a self-
protective loop since CXCL8-neutralization significantly increased apoptosis in neurons
cotreated with Aβ and anti-CXCL8 compared Aβ-alone. In vitro, it seems that the neuronal
CXCL8 response is quantitatively insufficient to overcome Aβ-mediated toxicity. While in
vivo this may depend on the tissue microenvironment and other factors. We also did not
observe a Aβ-dose dependent increase in neuronal CXCL8 production, which may be due to
need of chronic exposure of Aβ or a threshold necessary for Aβ activation along with other
mechanisms in vivo. Interestingly, it has been reported that only untreated, not Aβ-treated,
astrocytes are protective to Aβ-induced neuronal toxicity in rat hippocampal culture [22];
therefore, self-protection of neurons by CXCL8 production could be a very important
phenomenon.

We postulated that CXCL8 protects neurons through an autocrine mechanism and that it
induces the synthesis and/or release of neurotrophic factors. It has been reported that
CXCL8 protects murine neonatal hippocampal neurons through CXCR2 receptor [19],
possibility by induction of the synthesis or release of neurotrophic factors. However, it has
not been investigated in detail thus far. Therefore, we assayed for release of a neurotrophic
factor. BDNF, a member of the neurotrophin family of growth factors, has been shown to
improve the survival and function of neurons in the CNS, particularly in brain regions
susceptible to degeneration in AD [23,24]. Recently, the release of mature BDNF by
primary neurons has been demonstrated [25]. Therefore, the effect of CXCL8 on neuronal
BDNF production may contribute to its neuroprotective effects against Aβ-induced
neurotoxicity. Interestingly, CXCL8-alone did not alter neuronal survival, indicating that
other intracellular mechanisms are probably involved in the neuroprotective effects
observed. Indeed, expression of both CXCR1 and CXCR2 on neurons and CXCL8-induced
intracellular Ca2+ signaling in neurons were demonstrated [26]. Thus, CXCL8-induced
intracellular signaling may be one potential mechanism for its neuroprotective effects.
Taken together, our data suggest that CXCL8 is able to mediate neuroprotective effects via
influencing neuronal functions. In vivo, upon injury/stimulation mediated by Aβ or TNF-α,
neuronal CXCL8 production may serve as protective paracrine and autocrine loops against
Aβ- or TNF-α-induced neurotoxicity.

Traditionally, CXCL8 is viewed as an inflammatory chemokine. Our data provide new
evidence on the potential neuroprotective role of neuroinflammatory responses.
Furthermore, the evidence that neurons produce CXCL8 upon injury/stimulation indicates
that neurons are active players in neuroinflammatory responses, and may indeed work in a
self-protective loop. Data regarding the effects of CXCL8 on neurons was not clear thus far.
Observed discrepancies may be a result of differences in experimental design (in vivo versus
in vitro), neuronal cells selected (primary neurons versus neuronal cell lines), the presence
or absence of glial cells, treatment duration (acute versus chronic), dose of CXCL8 used
(from ng/ml to μg/ml), and biological indicators (morphological changes, cell viability, or
electrophysiological measurements). Therefore, the neuroprotective or detrimental effects of
cytokines and chemokines, including CXCL8 in the CNS are dependent upon dose,
treatment duration, conditioning, and presence of other cells or molecules. All of these
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factors need to be taken into account in further studies investigating the biological effects of
cytokines and chemokines on neuronal function and/or survival.

In conclusion, our data demonstrate that neurotoxins such as Aβ, as well as pro-
inflammatory cytokines such as TNF-α, induce CXCL8 production in neurons and Aβ and/
or IL-1β in glial cells or in vitro. Enhanced CXCL8 levels in brain tissue lysates from AD
patients were also found. Higher levels of CXCR2, the CXCL8 receptor, have been reported
in the senile plaques of AD brains [6]. We thus, propose that during the process of AD;
neurons, astrocytes, and microglia all contribute to the CXCL8 increase in the CNS. Glial
and neuronal CXCL8 production serve as paracrine or autocrine neuroprotective
mechanisms probably by regulating neuronal functions in the pathological process of AD.
Investigating the regulation of CXCL8-CXCR1/2 and intracellular signaling mediated
through these ligand-receptor interactions may provide better understanding of the
pathological process of AD and a potential target for disease therapy.
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Research highlights

• AD brain tissue has enhanced CXCL8 levels.

• Neurons also produce CXCL8 upon Aβ-injury or stimulation by TNF-α.

• CXCL8 protects neurons from Aβ-induced toxicity and enhances BDNF levels.

• Capacity of self-protection in neurons against Aβ has implications in AD.
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Fig. 1. CXCL8 levels in brain tissues of patients with AD and ND controls
Human brain tissue lysates from patients with AD (n=27) and ND controls (n=14) were
analyzed for both CXCL8 and total protein levels. Data were expressed as CXCL8 (ng/ml)/
total protein (mg/ml). Data demonstrate CXCL8 levels in brain tissue of patients with AD
and ND controls (A); correlation between brain CXCL8 levels and age for all donors (AD
+ND; B); for patients with AD (C) and for ND controls (D).
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Fig. 2. CXCL8 production from neural cells
Human microglia (A), astrocytes (B), or neurons (C, D) were treated with different
concentrations of Aβ1-42 (A), Aβ1-42 (10 μg/ml) and/or IL-1β (20ng/ml; B), Aβ1-42 (10 μg/
ml; C), or different concentrations of TNF-α or CCL2 (D) for 24 h. Supernatants were
collected and CXCL8 levels were measured by ELISA. Data are expressed as CXCL8 ng/
ml/million cells, presented as mean±SEM of triplicates and are representative of three
different donors. Human neurons treated with Aβ1-42 (10 μg/ml; E4), TNF-α (50ng/ml; E5),
or Aβ1-42 and TNF-α simultaneously (E6) for 24 h, immunostained with antibodies for
MAP-2 (red: neuronal marker; E1, E3–E6), GFAP (green: astrocyte marker; E1), and
CXCL8 (green; E3–E6). DAPI was used to stain nuclei (blue; E1, E2). Original
magnification ×200.
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Fig. 3. The effects of CXCL8 on Aβ-induced human neuronal apoptosis
Human neurons were treated with Aβ1-42 (1 μg/ml) and/or CXCL8 (5, 10, 50, 100ng/ml) for
24 h. Effect of CXCL8-alone on neuronal apoptosis/viability was determined by dsDNA
ELISA (A) and MTT assay (B). The base line metabolic activity in untreated, control
neurons was considered as 100%. Aβ-induced cell apoptosis and CXCL8-mediated
neuroprotection was determined by TUNEL and DAPI staining (C). Images are
representative of 30 random pictures (original magnification, 200X) taken from triplicate
wells (10 each) from each treatment condition. Dark black nuclei (apoptotic, arrows C) and
bright blue nuclei (healthy) were counted to determine the total number of cells in each
image. Percent TUNEL positive cells relative to total cells was calculated for each image
and graphed in panel D. STS (0.3μM) was used as a positive control. Data are presented as
mean±SEM of triplicates and are representative of three different donors.
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Fig. 4. The self-protective effect of CXCL8 on Aβ-induced human neuronal apoptosis and BDNF
production
Human neurons were treated with Aβ1-42 (1 μg/ml) and/or CXCL8 (5, 10, 50, 100ng/ml)
with or without anti-CXCL8 antibodies (0.2 μg/ml) and scrambled Aβ (AβScr) as a control.
Neurons apoptosis was determined by dsDNA ELISA after 24 h (A, B). Pre-immune IgG
antibodies were used as a control. Culture supernatants were analyzed for BDNF levels (C).
Data are presented as mean±SEM of triplicates and are representative of three different
donors.
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