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Abstract

Background: Astrocytes have critical roles in the human CNS in health and disease. They provide trophic support to
neurons and are innate-immune cells with keys roles during states-of-inflammation. In addition, they have integral
functions associated with maintaining the integrity of the blood-brain barrier.
Methods: We have used cytometric bead arrays and xCELLigence technology to monitor the to monitor the
inflammatory response profiles and astrocyte compromise in real-time under various inflammatory conditions.
Responses were compared to a variety of inflammatory cytokines known to be released in the CNS during
neuroinflammation. Astrocyte compromise measured by xCELLigence was confirmed using ATP measurements,
cleaved caspase 3 expression, assessment of nuclear morphology and cell death.
Results: Inflammatory activation (IL-1β or TNFα) of astrocytes results in the transient production of key inflammatory
mediators including IL-6, cell surface adhesion molecules, and various leukocyte chemoattractants. Following this
phase, the NT2-astrocytes progressively become compromised, which is indicated by a loss of adhesion,
appearance of apoptotic nuclei and reduction in ATP levels, followed by DEATH.

The earliest signs of astrocyte compromise were observed between 24-48h post cytokine treatment. However,
significant cell loss was not observed until at least 72h, where there was also an increase in the expression of
cleaved-caspase 3. By 96 hours approximately 50% of the astrocytes were dead, with many of the remaining
showing signs of compromise too. Numerous other inflammatory factors were tested, however these effects were
only observed with IL-1β or TNFα treatment.
Conclusions: Here we reveal direct sensitivity to mediators of the inflammatory milieu. We highlight the power of
xCELLigence technology for revealing the early progressive compromise of the astrocytes, which occurs 24-48 hours
prior to substantive cell loss. Death induced by IL-1β or TNFα is relevant clinically as these two cytokines are
produced by various peripheral tissues and by resident brain cells.
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Introduction

Astrocytes comprise a heterogeneous population of cells
within the central nervous system (CNS) [1]. They are integral
to maintaining a functional blood-brain barrier (BBB), providing
trophic support to neuronal cells, are involved in
neurotransmission events, and have a well-recognised role in
innate immune surveillance throughout the CNS [2,3]. All brain
regions contain astrocytes and, along with microglia and the
frequently understated endothelial cells, make up an important
complementary trio, which orchestrate local inflammatory

responses to acute insults (such as death of resident brain
cells or vascular damage).

In addition, the astrocytes that are part of the BBB are
amongst the first cells to encounter blood-derived leukocytes
entering the brain during certain types of neuroinflammatory
insult [3]. Increased leukocyte diapedesis occurs in
neurological conditions such as stroke or multiple sclerosis. As
such, astrocytes are strategically located to influence direct
interactions with leukocytes or interaction with endothelial cells
of the BBB [3].
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Astrocytes are an important source of cytokines, both
neurotrophic and inflammatory, and have the capacity to
respond to a variety of cytokines themselves [4]. In their resting
state, astrocytes express a repertoire of receptors for
inflammatory cytokines (IL-1β and TNFα), chemokines and
danger signals (including TLR ligands)[5], with numerous other
receptors and inflammatory mediators being induced following
the appropriate activation signals [6] from other resident brain
cells, infiltrating leukocytes or invading pathogens [2]. Overall,
the CNS is now widely recognised as an immunosuppressed
environment, with very low numbers of surveying leukocytes
being present in healthy states [2]. These are largely restricted
to T lymphocytes, which reside within the cerebrospinal fluid
[2]. Leukocytes are actively excluded from the healthy brain by
the blood-brain barrier and blood-cerebrospinal fluid barriers, of
which astrocytes are an integral part [7].

With these roles in mind, it is easy to envisage that astrocyte
health is a critically important factor for long-term brain health.
Previously we used cytometric bead array technology to screen
the secretory output from astrocytes following inflammatory
activation [8]. We found that astrocytes produced numerous
monocyte and neutrophil chemoattractants at biologically
relevant concentrations, as well as potent pro-inflammatory
mediators like IL-6 and TNFα, and the anti-inflammatory
mediator IL-13 [8]. During the previous study, we noted
evidence of astrocyte death following IL-1β and TNFα
treatment. However, this was only apparent after at least 48
hours post cytokine addition. It was the aim of this study to
investigate the time-line of astrocyte compromise relative to
cytokine-mediated stimulation and to prove whether astrocyte
death consistently occurred following inflammatory activation.

Methods

Differentiation of NT2 astrocytes
All media, serum and antibiotics were purchased from

Invitrogen. The Ntera2/D1 cell line was purchased from ATCC.
NT2-astrocytes were produced using a 10-11 week
differentiation protocol described in detail previously [9-11]. A
critical step required to improve astrocyte purity is the double-
harvesting of the differentiated neurons at week 6 to 7 [12].
This ensures a final yield of NT2-astrocytes with few
contaminating neuronal cells. NT2-astrocytes were cultured in
DF10 media (DMEM/F12 supplemented with 10% FBS and
50U/mL penicillin and 50μg/mL streptomycin). The NT2
astrocytes were cryopreserved following differentiation using
45% FBS, 10% DMSO and 45% DMEM/F12.

Culture and Stimulation of NT2-Astrocytes
Astrocyte cultures were grown in T75 maintenance flasks

(Nunc) for up to one week prior to use. Cells were trypsinised,
counted and seeded into 96 well plates (Nunc plates provide
better adhesion). 6500 cells were seeded in 100 µl DF10 and
allowed to recover at 37°C for 24 hour prior to drug treatments,
as determined previously [11]. Typically, drugs were prepared
as 2x and the cells were stimulated for the indicated period.
Cytokines used for stimulating the NT2-astrocytes were
purchased from PeproTech (New Jersey, US).

Intracellular staining in NT2-astrocytes
NT2-astrocytes were seeded and stimulated as described

above and fixed with 4% paraformaldehyde. After
permeabilisation with PBS containing 0.1% triton X-100, cells
were incubated with primary antibodies overnight at 4°C in
immunobuffer (PBS containing 1% goat serum). The primary
antibodies were for vimentin (Abcam ab15248; rabbit
polyclonal 1:1000 dilution); glial fibrillary acidic protein (GFAP
from DAKO Z0334, rabbit polyclonal; 1:1,000); Cleaved-
caspase 3 (Cell Signalling Technologies #9661; rabbit
polyclonal 1:1000 dilution) and IP-10 (Abcam; rabbit polyclonal;
1:1000). Secondary antibodies were purchased from Molecular
Probes. For immunofluorescence, species-specific Alexa488
conjugated antibodies were used at 1:400 dilution for 2 hours
at ambient. For bright-field imaging, biotinylated secondary
antibodies were used at 1:400 for 2 hours at room temperature.
The tertiary step was conducted using ExtrAvidin-HRP (Sigma)
and DAB to form a brown colour precipitate. This latter method
was favoured over fluorescence to provide a better
visualisation of the astrocyte processes and cytoplasm. Nuclei
were counter-stained using Hoechst 33258. Imaging was
conducted using a Leica DMR microscope mounted with a
DFC425-C camera and images acquired using Leica LASCore
software.

Phenotypic analysis of differentiated astrocytes
Harvested astrocytes were routinely stained for MAP 2,

GFAP and vimentin (see table 1). The differentiated NT2
astrocytes are vimentin and GFAP positive, but negative for
MAP 2, which is expressed specifically by neuronal cells. In our
experience, the cryopreservation of the astrocytes kills the few
neuronal cells that make it to the final stages of differentiation.
Astrocyte cultures were used that were >95% GFAP+/vimentin+

and lacked MAP 2.

Measurement of secreted cytokines using cytometric
bead arrays

Cells were seeded into 96 well plates at 6500 astrocytes per
well and allowed to recover overnight. The following day
cytokines were prepared as 1x (5ng/mL). The media was fully
aspirated (gently) from each well and then fresh media with or
without the cytokine was added for the designated period-of-
time. At the end of the experiment, the conditioned media was
gently aspirated and transferred to a new 96 well plate and
centrifuged to remove any cellular debris (350 xg for 5
minutes). Then single-use aliquots (40 µl) were prepared and
stored at -20°C until required. Of importance, aliquots were
only ever thawed once. The concentration of specific
inflammatory cytokines present in astrocyte-conditioned media
was measured using cytometric bead array (CBA; BD
Biosciences, USA) as described previously [8]. This assay is
multiplexed and measures the concentration of each cytokine
simultaneously. CBAs were analysed using an Accuri C6 flow-
cytometer fitted with the appropriate FL3 selectable laser
module. The FCS data files were exported and analysed using
FCAP-array software (version 3.1; BD Biosciences), which
converts the raw fluorescent intensity values into concentration
using a standard curve for each cytokine measured. Graphs
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were plotted using GraphPad Prism. Details of the flex sets are
listed in table 1.

ATP measurements
Cell viability was measured using the ATPlite assay (Perkin

Elmer) [13]. For all experiments a new standard curve was
generated using cells serially diluted 2-fold from 20,000 to 0
(20, 000, 10,000, 5000, 2500, 1250, 625, 312, 156, 78, 39, 20,
10, 0). The manufacturer’s protocol was followed precisely and
the luminescence levels were measured with a VICTOR X
Light (Perkin Elmer) plate reader. GraphPad Prism was used to
calculate the gradient co-efficient for calculation of cell
numbers for all samples. In all experiments, the R2 value for the
standard curve was greater than 0.98.

xCELLigence technology and application protocol
Technology.  Two xCELLigence systems (ACEA

Biosciences) were used throughout this study. The SP E96 well
plate system and the DP 3x E16 well plate system [11]. See
ACEA website for complete system specifications. The plates
comprise a high-density gold electrode array covering
approximately 80% of the surface area of the well. The
electrode array directly measures changes in electrical
impedance as a function of cell adhesion across the array.
Each well operates and records its data independently.

Cell-Index.  Changes in electrical impedance are detected
by the array and converted by the software (version 1.2) to Cell
Index. In the simplest terms the higher the Cell Index value the
greater the extent of cell adhesion. It is extremely important to
note that xCELLigence only measures changes in adhesion of
living adherent cells. Non-adherent or suspension cells do not

Table 1. Summary of antibodies and CBA flex sets used
throughout this study.

Antibody Cat # Host Usage
Vimentin Abcam #15248 Rabbit 1:1000
GFAP DAKO #Z0334 Rabbit 1:1000
IP-10 Abcam #9807 Rabbit 1:1000
Cleaved caspase -3 Cell Signaling Tech # 9661 Rabbit 1:1000
MAP 2 Sigma #M4403 Mouse IgG1 1:1000
Anti-rabbit IgG Alex488 Molecular Probes Goat 1:400
Anti-rabbit IgG biotinylated Sigma B7389 Goat 1:400
ExtrAvidin HRP Sigma E2886 NA 1:250

CBA flex set BD Cat # Bead position  
IL-6 558276 A7  
IL-8 558277 A9  
sCD54/ICAM-1 560269 A4  
sCD106/VCAM 560427 D6  
IP-10 558280 B5  
MCP-1 558287 D8  
RANTES 558324 D4  
MIP1α 558325 B9  

The antibody source, product code, host species and working dilution are detailed.
For the CBAs, the relative bead position and product code are detailed.
doi: 10.1371/journal.pone.0084269.t001

influence the electrical impedance until adhesion begins. In
principal, any cellular behaviour that acutely or substantially
affects cell adhesion can be investigated using xCELLigence
technology. We have successfully pioneered the use of
xCELLigence technology to investigate the cytotoxic effect of
human NK cells on astrocytes previously [11]. In the current
study, we utilise the real-time dimension of the Cell-Index
adhesion curves to monitor the differential astrocyte
responsiveness to various pro-inflammatory cytokines.

Protocol.  In preliminary experiments, NT2-astrocytes were
seeded at various sub-confluent cell densities to ascertain
whether the cytokine response was influenced by the cell
density.

Cell density did not appear to have any influence on the
observations (data not shown). NT2-astrocytes were seeded
into E16 or E96 plates (Roche) at 6500 cells per well. Initially,
50 µl DF10 was placed into every well, ensuring the entire
surface area is covered. Then the E16 or E96 plates were
equilibrated to 37°C and then placed into the xCELLigence
system to ascertain that all wells were recording within
tolerances. Then cells were seeded in 50 µl of DF10 and
allowed to settle for 10 minutes prior to starting recording. NT2-
astrocytes are very adherent and do not require any matrix
coatings, and will begin to adhere to plates within 2 minutes.

Quantification of nuclei
Following cytokine experiments the fixed astrocytes were

stained with Hoechst and then images were acquired using a
Leica DMR microscope mounted with a DFC425-C camera and
Leica LASCore software. For each experiment at least 6 fields
of view from at least 3 wells per treatment were acquired.
Images were analysed using ImageJ software to automatically
count the number of stained nuclei. In brief, images were
converted to 8-bit and threshold levels set to reveal nuclei. The
“analyse particles” function was used to count nuclei following
optimisation of the Size and Circularity dimensions.

Statistical analysis
Statistical analysis was conducted by one-way ANOVA

followed by Dunnett’s comparison (using GraphPad Prism)
where the treatment group was compared directly to the control
(vehicle). Statistical significance was achieved when P < 0.05.

Results

GFAP expression in differentiated NT2 astrocyte
cultures

The astrocytes used throughout this study were obtained by
differentiation of the NT2 precursor cell line, which yields well
characterised neuronal cells [14-17] and astrocytes [8,18]. The
differentiation of the astrocytes takes 10-11 weeks, after which
the harvested cells were routinely assessed for the expression
of GFAP, vimentin and MAP 2. Freshly differentiated astrocyte
cultures occasionally contain a few MAP 2 positive neuronal
cells; however, these do not survive cryopreservation. The
differentiated astrocytes are GFAP and vimentin positive (see
Figure 1). Expression of GFAP shows considerably more
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variation in location and expression levels than vimentin. In
addition, GFAP was poor at revealing the distal regions of the
astrocytic cytoplasm. This is apparent in the right-hand panel of
Figure 1a. The finer vimentin filaments reveal more of the
astrocytic cytoplasm than GFAP. The expression of GFAP and
vimentin by the NT2-astrocyte cultures reveals the highly
variable and complex morphology of these cells, consistent
with previous observations [19] and primary astrocytes [20,21].

Time-Course of Inflammatory Cytokine Secretion of
NT2 Astrocytes by TNFα and IL-1Β

In our previous study, we assess secretion of a large panel
of inflammatory mediators from the differentiated NT2
astrocytes [8]. This was extended here to better understand the
time-course of inflammatory activity and identify dynamic
differences in response by the astrocytes.

Analysis of the cytokine production was conducted using a
combination of cytometric bead array (Figure 2) and
intracellular staining for specific chemokines that were
produced at high levels by the astrocytes (Figure 3). A panel of
key pro-inflammatory cytokines encompassing danger signals
(IL-6, IL-8), potent chemokines (IL-8, MCP-1, IP-10, RANTES,
and MIP1α) and leukocyte adhesion molecules (ICAM-1 and
VCAM; leukocyte trafficking) were investigated. Samples were

Figure 1.  Expression of GFAP by NT2-astrocyte
cultures.  GFAP and vimentin expression in NT2 astrocytes.
Images show the varied morphology of the (a) GFAP and (b)
vimentin stained NT2 astrocytes. Most are strongly positive for
GFAP staining, with some having highly pronounced
intermediate-filament structures radiating from around centre of
the cell body. Note that GFAP filaments are not present
throughout the entirety of the astrocyte cytoplasm. The
vimentin filaments are typically much finer are present
throughout the astrocytic volume. Scale bars represents 20 µm.
doi: 10.1371/journal.pone.0084269.g001

collected across a time-course of 96 hours to detect early and
late responses and cytokine concentrations were measured in
conditioned media using multiplexed cytometric bead array.
This technology enables simultaneous measurement of each
cytokine and has a lower detection limit of 1-10pg/mL. The only
cytokine detected under basal culture conditions was MCP-1,
which was secreted in a constitutive manner (Figure 2).
Secretion of each cytokine was elevated in response to TNFα
or IL-1β, with most elevated within 24 hours. The secretion of
several of the chemokines (IP-10, MCP-1 and RANTES)
peaked by 48 hours. This demonstrated that most of the
inflammatory response occurred within the initial 48-hour
period. The secretion profile in response to TNFα or IL-1β was
similar for some of the cytokines measured, however, there
were notable difference in the secretion of IL-6 (general danger
signal) and sVCAM-1 (soluble VCAM; liberated from cell
surface). The profile of IL-6 secretion induced by IL-1β was
bimodal, with a large elevation within 24h. However, by 48
hours the IL-6 present at 24 hours had been cleared by the
astrocytes. This was followed by a second substantial wave of
IL-6 secretion, which only occurred with IL-1β treatment. Closer
inspection of the IL-8 and MIP1α secretion reveals a similar
profile to that of IL-6 (Figure 2). The detection of soluble
ICAM-1 and VCAM in conditioned media represents liberation
(shedding) of these membrane proteins by the astrocytes.
There is a clear distinction in the amount of VCAM present in
the condition media, which surprisingly declines after 48 hours
following IL-1β treatment. This suggests that the cells have
actively assimilated or cleared the soluble VCAM that had been
released by the cells. These temporal data show that that
although IL-1β and TNFα both potently activate the NT2
astrocytes, the inflammatory activity is temporally and
dynamically quite different.

Intracellular staining for several cytokines was conducted,
including MCP-1 (data not shown) and IP-10 (Figure 3). 24h
after treatment >95% of the NT2 astrocytes were positive for
IP-10. The intracellular localisation of IP-10 progressively
diminishes from 48h onwards. In addition, there were notable
numbers of compromised astrocytes 48h after stimulation. The
compromised astrocytes had abnormal nuclei (see Figure S1),
lacked chemokine staining and often had a swollen
appearance. This was even more evident 72 hours after
treatment with TNFα or IL-1β (IL-1β data not shown), where
there was also a noticeable loss of cells (Figure 3 and Figure
4). The white arrows point out good examples of compromised
astrocytes. Figure 4, shows the morphological changes (DAB
stained images) and nuclear disintegration following TNFα
activation (data for IL1β was similar; not shown). Nuclear
compromise was evident as early as 24 hours. The white
boxed regions highlight good examples of highly compromised
astrocytes, which were not observed in the vehicle treated
cells. The white arrows point to the same cell for comparison of
the vimentin staining and nuclear compromise. Inspection of
the vimentin staining reveals that the highlighted cell is highly
compromised and lacks the normal morphology of the control
treated astrocytes.

The astrocytes remaining at 96 hours post-stimulation have a
greatly altered morphology (see Figure 4 and Figure S2). Often
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Figure 2.  Time-course of astrocyte inflammatory response to IL-1β and TNFα (cytokine secretion).  The time-course of
cytokine secretion following IL-1β and TNFα treatment shows pronounced inflammatory activation within the initial 48 hour period. In
addition, the time-course reveals differential secretion of IL-6, MIP1α, IL-8 and VCAM liberation. The concentration of cytokine was
measured using multiplex cytometric bead array. The temporal nature of the data is very powerful especially for IL-6 and VCAM-1,
which both show pronounced time-dependent dynamic reductions in concentration, which would not have been identified with a
single time-point analysis. All concentrations are represented as pg/mL. Data show the mean +- SE (N=4).
doi: 10.1371/journal.pone.0084269.g002
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the cytoplasm is greatly shrunken or highly branched as shown
in Figure 4. The most striking observation is the substantial cell
loss at 96 hours post cytokine treatment. Collectively, these
data show that the NT2 astrocytes are dynamically responsive
to TNFα and IL-1β, which results in the pronounced

Figure 3.  Analysis of intracellular expression of IP-10
following astrocyte activation.  Induction of IP-10 and
intracellular localisation following treatment with IL-1β or TNFα
reveals a subpopulation of NT2-astrocyte which fail to produce
IP-10 and have severely compromised nuclei. Cells were
stimulated with either IL-1β (data not shown) or TNFα (5 ng/
mL), or control media (vehicle) for 24 hours to 96 hours. IP-10
was absent in vehicle treated cells. Intracellular staining for
IP-10 (green) shows elevated IP-10 levels 24 hours after
cytokine addition in the majority of NT2-astrocytes (>95%). 48
hours after cytokine addition, there is a marked increase in the
number of astrocytes with compromised nuclei (severely
disintegrated or multi-lobed; abnormal). Detailed inspection
reveals that these astrocytes have little or no IP-10 staining. In
contrast, astrocytes with healthy looking nuclei typically have
an abundance of chemokine present (especially at 24-48hrs).
Note the smaller condensed nuclei and multi-lobed nuclei
(highlighted by white arrows) present in the cytokine treated
astrocytes. The response to IL-1β was very similar (data not
shown). Scale bars are 40 µm.
doi: 10.1371/journal.pone.0084269.g003

inflammatory activation of the astrocytes prior to progressive
compromise and death.

Abnormal apoptotic nuclei are present as early as 24 hours
in vimentin positive (Figure 3) and GFAP positive astrocytes
(Figure S1). These astrocytes are clearly unhealthy and usually
have very shrunken cell bodies.

Figure 4.  TNFα and IL-1β activation of astrocytes induces
nuclear disintegration and cell compromise.  Analysis of
nuclear and cellular morphology further corroborates the earlier
observation that activation with TNFα or IL-1β induces
astrocyte compromise. Cells were stained with Hoechst and
vimentin to reveal integrity of the nucleus and cytoplasm,
respectively. The white arrow points to the same compromised
cells for comparison between the vimentin and nuclear
staining. The enlarged region of interest within the white box
shows an example of a highly compromised astrocyte with a
severely disintegrated nucleus. Data are shown for TNFα
treatment. Note also the loss of following cytokine treatment of
the astrocytes with time (72 and 96 hours).
doi: 10.1371/journal.pone.0084269.g004
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Astrocyte adhesion is compromised by chronic
treatment with TNFα and IL-1β, but not by other pro-
inflammatory mediators

The time-course of astrocyte responses to the inflammatory
cytokines TNFα and IL-1β was further investigated using
xCELLigence biosensor technology (Figure 5), which measures
net cellular adhesion (see methods section for full description
of this technology) in real-time. The xCELLigence data clearly
reveals that TNFα and IL-1β treatment results in substantial
time-dependent loss of astrocyte adhesion (Figure 5a). Loss of
adhesion occurred progressively over a 3 to 5 day period after
addition of cytokine. This progressive loss in adhesion was
greater than 60% in all experiments. Progressive and
permanent loss of adhesion was observed in all experiments.
This is consistent with compromise and death of cells reported
in other xCELLigence studies [22,23].

The effects of IL-1β and TNFα were also tested on the NT2
precursor cells (undifferentiated) and pure neurons (see Figure
S3). However, neither of these cell types responded and the
Cell Index curves were very different for both cell types in
comparison to the astrocyte curves (Figure S3). Along with the
GFAP expression (Figure 1), this further validated that the
cytokine responses were from the astrocytes.

IL-1β and TNFα are often released in the CNS during
neuroinflammation [3,24,25]. However, numerous other
inflammatory factors have been detected in the CNS during
neuroinflammation. We therefore assessed a range of
cytokines (interferon, interleukins and chemokines) with known
importance to CNS inflammation [26-28] to see if they induced
similar effect to IL-1β and TNFα. The pro-inflammatory
mediator IFNγ did not affect astrocyte adhesion, nor did IL-2,
IL-4 or GMCSF, which were used as negative controls (Figure
5a). We also assessed responses to several chemokines, the
receptors of which, have been shown by others to be
expressed by human astrocytes [4,6]. This included SDF-1
(CXCL12; ligand of CXCR4), IL-8 (CXCL8; ligand for CXCR1
and 2) and IP10 (CXCL10; ligand for CXCR3); none of these
CXCL chemokines affected astrocyte adhesion or survival. We
also investigated the effects of several CCL chemokines, each
reported to be associated with CNS inflammation [29-31]. This
included MCP-1 (CCL2), MIP1α (CCL3), MIP1β (CCL4) and
RANTES (CCL5); however, none had any effect on astrocyte
compromise (Figure 5a). In addition, the synthetic agonists of
PKC (PMA) and adenyl cyclase (forskolin) were tested across
a variety of concentrations. Although PMA increased secretion
of a number of inflammatory cytokines similar to IL-1β and
TNFα [8], PMA did not induce astrocyte compromise and death
(Figure 5b). PMA induced a transient reduction in astrocyte
adhesion, but did not have any long-term detrimental effects on
adhesion. No morphological changes (blebbing, lysis or cell
loss) were evident in astrocyte phenotype following PMA
treatment (data not shown). Forskolin had no effect (data not
shown), consistent with the lack of effect on cytokine
production [8]. This demonstrated that loss of adhesion and
compromise induce by IL-1β and TNFα, was not reproduce by
a range of other inflammatory mediators found in the CNS.

Figure 5.  Astrocyte adhesion is compromised by
treatment with TNFα and IL-1β, but not by other pro-
inflammatory mediators.  NT2-astrocytes were treated with a
range of pro-inflammatory mediators including IL-1β and TNFα
(5 ng/mL) 24 hours after seeding into E96 xCELLigence
biosensor plates (indicated by black arrow). The xCELLigence
biosensor measures net adhesion (Cell Index) of living cells.
(a) The individual profiles for IL-1β (green) and TNFα (dark
green) reveal that total adhesion levels decline progressively
with time. On set of loss usually occurs within the first 24-48
hours after stimulation with IL-1β or TNFα. This does not occur
in cells treated with the following chemokines (all used at 50ng
mL); SDF-1 (red), IL-8 (aqua), IP-10 (brown), MCP-1 (tan),
MIP1α (blue), MIP1β (pink), RANTES (orange) or control
media (purple). Furthermore, the cytokines IFNγ, IL-2 and IL-4
had no effect on astrocyte survival (curves not shown). The
lower panel (b) shows the response to PMA (5nM and 50nM),
where there is an immediate transient reduction in adhesion
(Cell Index). This transient reduction rebounds back to the
vehicle Cell Index values, indicating that the response is acute,
but is not cytotoxic. The plotted data shows the mean +- SD
(n=6 wells from a representative experiment). The progressive
loss of adhesion following IL-1β and TNFα has been observed
in more than 20 independent xCELLigence experiments.
doi: 10.1371/journal.pone.0084269.g005
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Compromise of astrocyte adhesion induced by TNFα
and IL-1β occurs in a concentration-dependent manner

The sensitivity of the NT2 astrocytes to TNFα and IL-1β was
investigated across a concentration range of 50 ng/mL to 5
pg/mL. Typically, the astrocytes were responsive to TNFα and
IL-1β at concentrations above 50 pg/mL. Following addition of
IL-1β (Figure 6(a)) or TNFα (Figure 6(b), (50 ng/mL to 5pg/mL))
there is a pronounced transient increase in total adhesion (Cell
Index increase) in the subsequent 24-48 hour period. This
transient increase was only observed in some experiment. We
hypothesis this is related to increased inflammatory activation
of the astrocytes (e.g. increased adhesion molecule expression
or increased astrocyte volume). After this period of activation,
where we know that production of numerous inflammatory
cytokines increases [8] (see Figure 2), there is a progressive
decline in Cell Index. The permanent loss of adhesion occurred
in all experiments. This reduction in adhesion occurs relatively
slowly (progressive rather than rapid), requiring at least 72
hours to reach the minimum Cell Index levels attained (figure 5
and 6). Even at the highest concentration used (50 ng/mL) the
Cell Index values do not reach zero. This indicates that not all
of the NT2 astrocytes are sensitive to the same extent.

Progressive loss of adhesion correlates with astrocyte
compromise

Next, the loss of adhesion was investigated to ascertain
when this response translated into a significant difference in
cellular ATP levels, which was used as a measure of cell
viability (mitochondrial function). Astrocytes were set up in 96-
well plates (ATP assay) and xCELLigence plates in parallel for
precisely pinpointing the initial loss of adhesion. Figure 7a
shows the xCELLigence data highlighting the time-points when
the endpoint ATP assays were conducted. The shape of the
Cell Index curves revealed that loss-of-adhesion had
commenced at the first time-point (T1), which was ~24 hours
post-cytokine addition. However, at the first time-point the
reduction in ATP levels were not significantly different
statistically. Cell adhesion continues to decline with time and
the ATP levels measured 48 hours after cytokine treatment
(T2) are significantly lower than the vehicle treated astrocytes
(P < 0.05). From 48 hours onwards, the loss of adhesion and
reduction in intracellular ATP levels (Figure 7b), suggest that
the early loss-of-adhesion measured by xCELLigence is a
function of astrocyte compromise.

IL-1β and TNFα induce nuclear condensation, cleaved
caspase-3 expression and death of NT2-astrocytes

The xCELLigence real-time readout is powerful for
investigating specific events in real-time. This parameter was
utilised here to compare loss of adhesion (compromise) with
expression of cleaved caspase-3 (dying) and loss of cells
(death).

The quantification of cell-loss was conducted by counting the
number of remaining nuclei. Our software could not
differentiate between healthy and compromised nuclei (see
figures 3 and 4). Therefore, the data shows how many cells are
remaining however, it should be noted that at each time point
that compromised nuclei are present, therefore the actual

number of healthy cells at each time-point following cytokine
treatment is lower. From 48 hours onwards, astrocyte numbers
were reduced, but this reduction did not reach significance
statistically at 48 hours. The quantification of cell counts was
comparable to the quantification of cellular ATP (Figure 7).

Both IL-1β and TNFα induced expression of cleaved
caspase-3 at all time-points investigated (24 hours to 96 hours
after cytokine addition). Even though there was no significant
cell loss 24 hours after cytokine treatment (Figure 8), there was
expression of cleaved caspase-3 within 24 hours of IL-1β and
TNFα treatment (Figure 9) and this correlated with
compromised nuclei (Figure 9). This was consistent with the
expression of cleaved caspase-3 and apoptotic nuclei induced

Figure 6.  Compromise of astrocyte adhesion induced by
TNFα and IL-1β occurs in a concentration-dependent
manner.  NT2-astrocytes were stimulated with a range of
concentrations of IL-1β and TNFα (50 ng/mL to 5pg/mL) 24
hours after seeding into E96 plates (indicated by black arrow).
The individual pharmacological profiles for (a) IL-1β and (b)
TNFα reveal that the on-set of compromise (decline in
adhesion levels, Cell Index) is concentration dependent. The
cytokine concentrations are colour-coded to highlight the subtle
difference in the responsiveness to IL-1β or TNFα.
xCELLigence revealed that the responses were similar but not
identical. The black arrow signifies addition of cytokines and
the purple arrow labels the control treated cells for reference
(purple curve). Each curve is the mean of 6 treatments. The SD
bars have been omitted for simplification of the figure.
doi: 10.1371/journal.pone.0084269.g006
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by the positive controls (see Figure 9 and Figure S4). In all of
the cleaved caspase-3 positive astrocytes, the nuclei were
severely disintegrated, often present in numerous condensed
vesicles-like structures (see Figure 9). In other cleaved
caspase 3 positive astrocytes, the nuclear DNA stained very
weakly with Hoechst (which requires double stranded DNA),
thus giving the appearance of the cell not actually having a
nucleus. For these two reasons, quantification of cleaved
caspase-3 positive cells proved too unreliable. None-the-less,
cleaved caspase 3 expression was present from 24 hours
onwards after cytokine treatment, with the majority of

astrocytes present beyond 96 hours expressing cleaved
caspase 3. In contrast, cleaved caspase 3 was never detected
in vehicle treated cells.

This demonstrates that the early loss of adhesion is an early
marker of the nuclear compromise and apoptosis events that
follow. The expression of cleaved caspase-3 and disintegrated
nuclei within 24 hours demonstrates that some astrocytes were
already committed to an apoptotic fate within this time-frame.

Figure 7.  Progressive loss of adhesion correlates with astrocyte compromise.  NT2 astrocytes were prepared in parallel for
quantification of ATP levels (mitochondrial function) and measurement of loss-of-adhesion with xCELLigence. The response to IL-1β
and TNFα (5 ng/mL) was monitored in real-time to identify the time-points for conducting the ATP assays, which were conducted
using parallel plates. Cytokines were added at T0. The time point 1 (T1) represents the early loss of adhesion, T2 represents
significant reduction in Cell Index (i.e. reduction in astrocyte adhesion), T3 represents major sustained reduction in Cell Index. (b)
quantification of astrocytes ATP levels using parallel plates terminated at the indicated time-points (T1 to T3). Significance level is P
< 0.05. Data are from a single experiment, which is representative of 4 independent experiments.
doi: 10.1371/journal.pone.0084269.g007
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Discussion

Astrocytes play an essential role in the central nervous
system in both health and disease [32]. It is now very clear that
astrocytes represent a complex heterogeneous and functionally
diverse population of cells [1]. Exemplars of this are the
astrocytes that surround neuronal synapses [33] (e.g.
glutamatergic synapses) in the human hippocampus and
astrocytes that are associated with the blood brain barrier
(BBB) [20,34]. Not all astrocytes express the same proteins or
cell surface receptors, or respond to the same growth factors or
inflammatory cytokines [1]. In the context of neuroinflammation,
especially where there is activation or damage to the BBB,
astrocytes associated with the neurovascular unit are believed
to have key functions involved with maintaining BBB integrity.
These astrocytes are a source of the parenchymal basement
membrane, and produce a variety of growth factors to maintain
the unit (for an eloquent review see; [2]). It is relatively easy to
envisage how dysfunction of cells integral to the BBB could
cause or exacerbate brain injury.

We are particularly interested in the role astrocytes play
during brain injury in states of neuroinflammation. They
represent a target to protect, in a number of different
neurological conditions. This includes conditions where
astrocyte compromise exacerbates brain injury or where
astrocyte loss may reduce tissue integrity (BBB) or neuronal
support. This can occur during the inflammatory response
where the inflammatory milieu is cytotoxic to surrounding viable
cells (e.g. resulting in death of neurons) or indirectly as a
consequence of glial cell loss, which will impact on the
reparative mechanisms and also on neuronal homeostasis.
Here we have investigated the longer-term effects of various
inflammatory cytokines including IL-1β, and TNFα, which are

Figure 8.  IL-1β and TNFα induced astrocyte
death.  Astrocytes were stimulated across a 96-hour time
course to assess the extent of cell loss following IL-1β and
TNFα treatment. Cell numbers were quantified by counting
Hoechst stained nuclei. However, healthy and compromised
nuclei were not discriminated by the automated software used.
Data are from a single experiment quantified from 6 fields of
view. Data are representative of three independent
experiments. Significance where P < 0.05* .
doi: 10.1371/journal.pone.0084269.g008

widely implicated in the immunological regulation of astrocyte
biology and CNS immunology [4,32,35].

Previously we found that NT2-astrocytes secrete a number
of neutrophil and monocyte chemokines in response to TNFα

Figure 9.  Induction of cleaved caspase-3 and nuclear
disintegration following IL-1β and TNFα
treatment.  Expression of cleaved caspase 3 was investigated
to assess whether it was present during the early stages of
cytokine-induced compromise. Panels show cleaved caspase 3
expression in green and nuclei in blue. The white boxes
highlight cleaved caspase 3 positive astrocytes, with the
enlarged panel showing the severe disintegration of the
nucleus. In many cases, the nucleus was visible only as a
small (<5 µm) intense vesicle or series of vesicle like
structures, consistent with apoptotic nuclei. Cleaved caspase 3
was not detected in vehicle treated cells. Ethanol (1%) and
Brefeldin A (BFA 10 µM) were used as positive controls
[46,47]. The scale bar represents 20 µm for reference. Data
representative of 4 independent experiments.
doi: 10.1371/journal.pone.0084269.g009
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and IL-1β [8]. We have advanced our earlier study by
investigating the temporal inflammatory astrocytic response
using cytometric bead array and intracellular chemokine
staining. An important finding of the temporal analysis of
cytokine/chemokine secretion is that it reveals that the
inflammatory output in response to following TNFα is different
to the response to IL-1β treatment. This is consistent with the
gene array studies showing cytokine specific responses by
human primary astrocyte [6]. This is further validation of the
usefulness of the NT2-astrocytes, especially in the absence of
human brain cultures enriched for astrocytes. As primary
astrocytes are phenotypically heterogeneous, we also
investigated the intracellular chemokine (IP-10 and MCP-1)
expression to assess the heterogeneity of the NT2-astrocyte
response. The vast majority of NT2-astrocytes increased
intracellular chemokine levels, indicative of a homogeneous
response to TNFα and IL-1β. However, on close inspection
there were a few astrocytes that completely lacked any
chemokine staining. These astrocytes had abnormal appearing
nuclei, which were a mixture of multi-lobed (disintegrated) or
highly condensed nuclei. The abnormal nuclear morphology
combined with the lack of chemokine staining suggested that
the cytokines, IL-1β and TNFα, induced astrocyte compromise,
thus impairing production of the inflammatory chemokines.
Importantly, this compromise was evident as early as 24 hours
following cytokine treatment.

Although xCELLigence technology is relatively new, there
are over 150 publications to date validating its use for the
measurement of numerous cellular responses. One of the best
applications for xCELLigence is the measurement of cell
compromise and subsequent cell death [13,22,36-38].
xCELLigence measures cell adhesion (represented as Cell-
Index) and loss of adhesion occurs early during membrane
compromise and cell death. The permanent loss of adhesion
(as measured by xCELLigence) signifies irreparable
compromise. The xCELLigence data clearly shows that the
loss of adhesion was progressive (gradual), typically across
24-96 hours (and longer in some experiments) after cytokine
treatment. One of the advantages of xCELLigence is that the
data output is in real-time. This therefore was used to
temporally compare loss of adhesion with cellular compromise
(APT levels/nuclear disintegration), expression of cleaved
caspase-3 and finally cell loss. Overall, as demonstrated
between figure 3-9, this comparison revealed that loss of
adhesion occurred prior to actual cell loss but coincided with
expression of cleaved caspase-3 and nuclear disintegration.
Thus, the xCELLigence biosensor was valuable at revealing
the early stages of astrocyte compromise, which was followed
by cell death (apoptosis) in a time-dependent manner.

Contrary to the cytotoxic effects of IL-1β and TNFα, various
other mediators of CNS inflammation were not cytotoxic to
astrocytes. This included the CXCL chemokines SDF-1, IL-8
and IP-10 and the CCL chemokines MCP-1, MIP1α, MIP1β
and RANTES. Furthermore, the cytokines IFNγ, IL-2 and IL-4
had no effect on astrocyte survival. For these cytokines and
chemokines, there was neither an increase nor decrease in
astrocyte adhesion levels, which suggested that any effects on
the NT2-astrocytes adhesion characteristics were minimal. In

addition, the synthetic agonist of PKC signalling, PMA, which
activates astrocytes and increases production of a variety of
inflammatory pathways and chemokines, did not have any
cytotoxic effects we could detect using xCELLigence
technology. This was an interesting observation as PMA
increased production of most of the cytokines induced by IL-1β
and TNFα, but without the secondary cytotoxic effect [8].

We have revealed that cleaved caspase-3 is induced in NT2-
astrocytes by TNFα and IL-1β. Importantly, this pro-apoptotic
factor is detectable within 24 hours of cytokine treatment (TNFα
and IL-1β), but was not observed in vehicle treated cells.
However, we also observed compromised astrocytes with
severely disintegrated multi-lobed nuclei that lacked cleaved
strong caspase-3 expression (examples are present in Figure
9). Based on the morphology of these cells its highly unlikely
they were viable, but we can not conclude the involvement of
cleaved caspase 3 in their demise. In addition, cleaved
caspase-3 positive astrocytes were present, where the nucleus
was almost invisible. This suggested that the nuclear
disintegration was very advanced and that the remnants were
likely dead.

Numerous inflammatory cytokines are elevated in the CNS
following injury [39-41]. In various neurological conditions
elevated serum or CSF levels of specific cytokines correlate
with poor neurological outcomes [42-44]. These include TNFα
and IL-1β, which have been shown to impair blood-brain barrier
function [39,45]. We show that secondary to inflammatory
activation of astrocytes by TNFα and IL-1β [8], that the longer-
term effect of these cytokines is detrimental to the survival of
astrocytes. This reveals a new potential cellular target, which
may help explain some of the adverse tissue damaging effects
of these cytokines that occur during neuroinflammation.

Supporting Information

Figure S1.  Nuclear compromise evident in GFAP positive
astrocytes 24 hours treatment with IL-1β and TNFα. GFAP
expression is indicated by the brown (DAB) precipitate, where
as nuclei are stained with Hoechst (blue). The white arrows
point to highly compromised astrocytes, with severely shrunken
cell bodies and apoptotic nuclei. Scale bar is 25 µm.
(TIF)

Figure S2.  Nuclear compromise and loss of astrocyte
morphology following chronic treatment with IL-1β and
TNFα. 4 to 5 days after exposure to the inflammatory cytokines
(IL-1β and TNFα; 5 ng/mL), the vimentin intermediate filament
staining (brown DAB signal) reveals an altered astrocytic
morphology. Most of the living astrocytes are considerably
shrunken, consistent with the reduction in adhesion
(xCELLigence data) and there are remnants of several cells
highlighted by the arrows that have fragmented nuclei (process
referred to as karyorrhexis) severely degraded nuclei or lack
vimentin staining. The bright field images reveal that these cells
are dead. We also observed astrocytes with an active fibrous
morphology, which we have observed phagocytosing dead
cells (debris) using time lapse microscopy (data not show). The
astrocyte in the 120hr TNFα panel is in contact with the
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remnant of a dead astrocyte, possibly in the process of
engulfing the debris. The treatment and duration are detailed in
the panel. Scale bars are 50 µm.
(TIF)

Figure S3.  Analysis of NT2 precursor and neuronal
adhesion with xCELLigence. Treatment of the (a) NT2
precursor cells or the (b) differentiated neuronal cells with
either TNFα or IL-1β does not result in any loss in adhesion (no
change in Cell Index), which is in contrast to the response from
the astrocytes. The profile of the precursors is consistent with
proliferating cells, whereas the neuronal cells produce a very
low Cell Index adhesion level. These Cell Index curves are
substantially different to the astrocyte curves and show no
response to cytokine treatment. The arrows shows when
cytokine treatments were added.
(TIF)

Figure S4.  Induction of cleaved caspase 3 by ethanol and
Brefeldin A. Ethanol (1%) and Brefeldin A (BFA; 10 µM) were
used as positive controls to induce cleaved caspase 3

expression in the astrocytes. The white boxed area has been
enlarged to highlight the destruction of the nucleus, which has
been reduced to numerous small vesicle like structures. This
pattern of nuclear damage and cleaved caspase 3 was
identical to that induced by IL1β and TNFα. Scale bar is 50 µm.
(TIF)

Acknowledgements

Thanks to Dr Henry Waldvogel (Centre for Brain Research) for
the helpful discussions.

Author Contributions

Conceived and designed the experiments: SG CA CvK.
Performed the experiments: CvK JC SG CA DTK. Analyzed the
data: CvK JC CA DTK SG. Contributed reagents/materials/
analysis tools: CA DTK SG. Wrote the manuscript: CvK JC CA
DTK SG. Obtained funding: CA SG. Provided lab space: SG.
Overall supervision of project and funding: SG.

References

1. Oberheim NA, Goldman SA, Nedergaard M (2012) Heterogeneity of
astrocytic form and function. Methods Mol Biol 814: 23-45. doi:
10.1007/978-1-61779-452-0_3. PubMed: 22144298.

2. Ransohoff RM, Engelhardt B (2012) The anatomical and cellular basis
of immune surveillance in the central nervous system. Nat Rev
Immunol 12: 623-635. doi:10.1038/nri3265. PubMed: 22903150.

3. Ransohoff RM, Brown MA (2012) Innate immunity in the central
nervous system. J Clin Invest 122: 1164-1171. doi:10.1172/JCI58644.
PubMed: 22466658.

4. Cartier L, Hartley O, Dubois-Dauphin M, Krause KH (2005) Chemokine
receptors in the central nervous system: role in brain inflammation and
neurodegenerative diseases. Brain research Brain research reviews
48: 16-42.

5. Krasowska-Zoladek A, Banaszewska M, Kraszpulski M, Konat GW
(2007) Kinetics of inflammatory response of astrocytes induced by TLR
3 and TLR4 ligation. J Neurosci Res 85: 205-212. doi:10.1002/jnr.
21088. PubMed: 17061254.

6. Meeuwsen S, Persoon-Deen C, Bsibsi M, Ravid R, van Noort JM
(2003) Cytokine, chemokine and growth factor gene profiling of cultured
human astrocytes after exposure to proinflammatory stimuli. Glia 43:
243-253. doi:10.1002/glia.10259. PubMed: 12898703.

7. Engelhardt B, Ransohoff RM (2012) Capture, crawl, cross: the T cell
code to breach the blood-brain barriers. Trends Immunol 33: 579-589.
doi:10.1016/j.it.2012.07.004. PubMed: 22926201.

8. Burkert K, Moodley K, Angel CE, Brooks A, Graham ES (2012)
Detailed analysis of inflammatory and neuromodulatory cytokine
secretion from human NT2 astrocytes using multiplex bead array.
Neurochem Int, 60: 573–80. PubMed: 21939706.

9. Lim JH, Gibbons HM, O'Carroll SJ, Narayan PJ, Faull RL et al. (2007)
Extracellular signal-regulated kinase involvement in human astrocyte
migration. Brain Res 1164: 1-13. doi:10.1016/j.brainres.2007.06.020.
PubMed: 17644078.

10. Unsworth CP, Holloway H, Delivopoulos E, Murray AF, Simpson MC et
al. (2011) Patterning and detailed study of human hNT astrocytes on
parylene-C/silicon dioxide substrates to the single cell level.
Biomaterials, 32: 6541–50. PubMed: 21641029.

11. Moodley K, Angel CE, Glass M, Graham ES (2011) Real-time profiling
of NK cell killing of human astrocytes using xCELLigence technology. J
Neurosci Methods, 200: 173–80. PubMed: 21781988.

12. Unsworth CP, Graham ES, Delivopoulos E, Dragunow M, Murray AF
(2010) First human hNT neurons patterned on parylene-C/silicon
dioxide substrates: Combining an accessible cell line and robust
patterning technology for the study of the pathological adult human
brain. J Neurosci Methods 194: 154-157. doi:10.1016/j.jneumeth.
2010.09.022. PubMed: 20933004.

13. Grimsey NL, Moodley KS, Glass M, Graham ES (2012) Sensitive and
accurate quantification of human leukocyte migration using high-
content Discovery-1 imaging system and ATPlite assay. J Biomol
Screen 17: 386-393. doi:10.1177/1087057111428985. PubMed:
22140120.

14. Pleasure SJ, Page C, Lee VM (1992) Pure, postmitotic, polarized
human neurons derived from NTera 2 cells provide a system for
expressing exogenous proteins in terminally differentiated neurons. J
Neurosci 12: 1802-1815. PubMed: 1578271.

15. Zeller M, Strauss WL (1995) Retinoic acid induces cholinergic
differentiation of NTera 2 human embryonal carcinoma cells. Int J Dev
Neurosci 13: 437-445. doi:10.1016/0736-5748(95)00025-C. PubMed:
7484214.

16. Miyazono M, Nowell PC, Finan JL, Lee VM, Trojanowski JQ (1996)
Long-term integration and neuronal differentiation of human embryonal
carcinoma cells (NTera-2) transplanted into the caudoputamen of nude
mice. J Comp Neurol 376: 603-613. doi:10.1002/
(SICI)1096-9861(19961223)376:4. PubMed: 8978473.

17. Trojanowski JQ, Kleppner SR, Hartley RS, Miyazono M, Fraser NW et
al. (1997) Transfectable and transplantable postmitotic human neurons:
a potential "platform" for gene therapy of nervous system diseases. Exp
Neurol 144: 92-97. doi:10.1006/exnr.1996.6393. PubMed: 9126157.

18. Lu W, Maheshwari A, Misiuta I, Fox SE, Chen N et al. (2005)
Neutrophil-specific chemokines are produced by astrocytic cells but not
by neuronal cells. Brain Res. Dev Brain Res 155: 127-134. doi:10.1016/
j.devbrainres.2005.01.004.

19. Goodfellow CE, Graham SE, Dragunow M, Glass M (2011)
Characterization of NTera2/D1 cells as a model system for the
investigation of cannabinoid function in human neurons and astrocytes.
J Neurosci Res 89: 1685-1697. doi:10.1002/jnr.22692. PubMed:
21674570.

20. Ransom BR, Ransom CB (2012) Astrocytes: multitalented stars of the
central nervous system. Methods Mol Biol 814: 3-7. doi:
10.1007/978-1-61779-452-0_1. PubMed: 22144296.

21. Molofsky AV, Krencik R, Ullian EM, Tsai HH, Deneen B et al. (2012)
Astrocytes and disease: a neurodevelopmental perspective. Genes
Dev 26: 891-907. doi:10.1101/gad.188326.112. PubMed: 22549954.

22. Ke N, Wang X, Xu X, Abassi YA (2011) The xCELLigence system for
real-time and label-free monitoring of cell viability. Methods Mol Biol
740: 33-43. doi:10.1007/978-1-61779-108-6_6. PubMed: 21468966.

23. Diemert S, Dolga AM, Tobaben S, Grohm J, Pfeifer S et al. (2012)
Impedance measurement for real time detection of neuronal cell death.
J Neurosci Methods, 203: 69–77. PubMed: 21963366.

24. McAlpine FE, Lee JK, Harms AS, Ruhn KA, Blurton-Jones M et al.
(2009) Inhibition of soluble TNF signaling in a mouse model of
Alzheimer's disease prevents pre-plaque amyloid-associated

Cytokine Induced Astrocyte DEATH

PLOS ONE | www.plosone.org 12 December 2013 | Volume 8 | Issue 12 | e84269

http://dx.doi.org/10.1007/978-1-61779-452-0_3
http://www.ncbi.nlm.nih.gov/pubmed/22144298
http://dx.doi.org/10.1038/nri3265
http://www.ncbi.nlm.nih.gov/pubmed/22903150
http://dx.doi.org/10.1172/JCI58644
http://www.ncbi.nlm.nih.gov/pubmed/22466658
http://dx.doi.org/10.1002/jnr.21088
http://dx.doi.org/10.1002/jnr.21088
http://www.ncbi.nlm.nih.gov/pubmed/17061254
http://dx.doi.org/10.1002/glia.10259
http://www.ncbi.nlm.nih.gov/pubmed/12898703
http://dx.doi.org/10.1016/j.it.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22926201
http://www.ncbi.nlm.nih.gov/pubmed/21939706
http://dx.doi.org/10.1016/j.brainres.2007.06.020
http://www.ncbi.nlm.nih.gov/pubmed/17644078
http://www.ncbi.nlm.nih.gov/pubmed/21641029
http://www.ncbi.nlm.nih.gov/pubmed/21781988
http://dx.doi.org/10.1016/j.jneumeth.2010.09.022
http://dx.doi.org/10.1016/j.jneumeth.2010.09.022
http://www.ncbi.nlm.nih.gov/pubmed/20933004
http://dx.doi.org/10.1177/1087057111428985
http://www.ncbi.nlm.nih.gov/pubmed/22140120
http://www.ncbi.nlm.nih.gov/pubmed/1578271
http://dx.doi.org/10.1016/0736-5748(95)00025-C
http://www.ncbi.nlm.nih.gov/pubmed/7484214
http://dx.doi.org/10.1002/(SICI)1096-9861(19961223)376:4
http://dx.doi.org/10.1002/(SICI)1096-9861(19961223)376:4
http://www.ncbi.nlm.nih.gov/pubmed/8978473
http://dx.doi.org/10.1006/exnr.1996.6393
http://www.ncbi.nlm.nih.gov/pubmed/9126157
http://dx.doi.org/10.1016/j.devbrainres.2005.01.004
http://dx.doi.org/10.1016/j.devbrainres.2005.01.004
http://dx.doi.org/10.1002/jnr.22692
http://www.ncbi.nlm.nih.gov/pubmed/21674570
http://dx.doi.org/10.1007/978-1-61779-452-0_1
http://www.ncbi.nlm.nih.gov/pubmed/22144296
http://dx.doi.org/10.1101/gad.188326.112
http://www.ncbi.nlm.nih.gov/pubmed/22549954
http://dx.doi.org/10.1007/978-1-61779-108-6_6
http://www.ncbi.nlm.nih.gov/pubmed/21468966
http://www.ncbi.nlm.nih.gov/pubmed/21963366


neuropathology. Neurobiol Dis 34: 163-177. doi:10.1016/j.nbd.
2009.01.006. PubMed: 19320056.

25. Pineau I, Lacroix S (2007) Proinflammatory cytokine synthesis in the
injured mouse spinal cord: multiphasic expression pattern and
identification of the cell types involved. J Comp Neurol 500: 267-285.
doi:10.1002/cne.21149. PubMed: 17111361.

26. Chakraborty S, Kaushik DK, Gupta M, Basu A (2010) Inflammasome
signaling at the heart of central nervous system pathology. J Neurosci
Res 88: 1615-1631. PubMed: 20127816.

27. Keene SD, Greco TM, Parastatidis I, Lee SH, Hughes EG et al. (2009)
Mass spectrometric and computational analysis of cytokine-induced
alterations in the astrocyte secretome. Proteomics 9: 768-782. doi:
10.1002/pmic.200800385. PubMed: 19132682.

28. Lambert C, Desbarats J, Arbour N, Hall JA, Olivier A et al. (2008)
Dendritic cell differentiation signals induce anti-inflammatory properties
in human adult microglia. J Immunol 181: 8288-8297. PubMed:
19050245.

29. Harkness KA, Sussman JD, Davies-Jones GA, Greenwood J,
Woodroofe MN (2003) Cytokine regulation of MCP-1 expression in
brain and retinal microvascular endothelial cells. J Neuroimmunol 142:
1-9. doi:10.1016/S0165-5728(03)00251-0. PubMed: 14512159.

30. Hedtjärn M, Mallard C, Hagberg H (2004) Inflammatory gene profiling in
the developing mouse brain after hypoxia-ischemia. J Cereb Blood
Flow Metab 24: 1333-1351. doi:10.1097/01.WCB.
0000141559.17620.36. PubMed: 15625408.

31. Croitoru-Lamoury J, Guillemin GJ, Boussin FD, Mognetti B, Gigout LI et
al. (2003) Expression of chemokines and their receptors in human and
simian astrocytes: evidence for a central role of TNF alpha and IFN
gamma in CXCR4 and CCR5 modulation. Glia 41: 354-370. doi:
10.1002/glia.10181. PubMed: 12555203.

32. Dong Y, Benveniste EN (2001) Immune function of astrocytes. Glia 36:
180-190. doi:10.1002/glia.1107. PubMed: 11596126.

33. Nedergaard M, Verkhratsky A (2012) Artifact versus reality--how
astrocytes contribute to synaptic events. Glia 60: 1013-1023. doi:
10.1002/glia.22288. PubMed: 22228580.

34. Combes V, Guillemin GJ, Chan-Ling T, Hunt NH, Grau GE (2012) The
crossroads of neuroinflammation in infectious diseases: endothelial
cells and astrocytes. Trends Parasitol 28: 311-319. doi:10.1016/j.pt.
2012.05.008. PubMed: 22727810.

35. Minami M (2001) Cytokines and chemokines: mediators for intercellular
communication in the brain. Yakugaku Zasshi : Journal of the
Pharmaceutical Society of Japan 121: 875-885. doi:10.1248/yakushi.
121.875. PubMed: 11766402.

36. Xi B, Yu N, Wang X, Xu X, Abassi YA (2008) The application of cell-
based label-free technology in drug discovery. Biotechnol J 3: 484-495.
doi:10.1002/biot.200800020. PubMed: 18412175.

37. Xi B, Wang T, Li N, Ouyang W, Zhang W et al. (2011) Functional
cardiotoxicity profiling and screening using the xCELLigence RTCA
Cardio System. J Lab Autom 16: 415-421. doi:10.1016/j.jala.
2011.09.002. PubMed: 22093298.

38. Graham ES, Woo KK, Aalderink M, Fry S, Greenwood JM et al. (2013)
M1 Muscarinic Receptor Activation Mediates Cell Death in M1-HEK293
Cells. PLOS ONE 8: e72011. doi:10.1371/journal.pone.0072011.
PubMed: 24023725.

39. Csuka E, Morganti-Kossmann MC, Lenzlinger PM, Joller H, Trentz O et
al. (1999) IL-10 levels in cerebrospinal fluid and serum of patients with
severe traumatic brain injury: relationship to IL-6, TNF-alpha, TGF-
beta1 and blood-brain barrier function. J Neuroimmunol 101: 211-221.
doi:10.1016/S0165-5728(99)00148-4. PubMed: 10580806.

40. Quagliarello VJ, Wispelwey B, Long WJ Jr., Scheld WM (1991)
Recombinant human interleukin-1 induces meningitis and blood-brain
barrier injury in the rat. Characterization and comparison with tumor
necrosis factor. J Clin Invest 87: 1360-1366. doi:10.1172/JCI115140.
PubMed: 2010549.

41. Persidsky Y, Zheng J, Miller D, Gendelman HE (2000) Mononuclear
phagocytes mediate blood-brain barrier compromise and neuronal
injury during HIV-1-associated dementia. J Leukoc Biol 68: 413-422.
PubMed: 10985259.

42. Alvarez JI, Cayrol R, Prat A (2011) Disruption of central nervous
system barriers in multiple sclerosis. Biochim Biophys Acta 1812:
252-264. doi:10.1016/j.bbadis.2010.06.017. PubMed: 20619340.

43. McCandless EE, Piccio L, Woerner BM, Schmidt RE, Rubin JB et al.
(2008) Pathological expression of CXCL12 at the blood-brain barrier
correlates with severity of multiple sclerosis. Am J Pathol 172: 799-808.
doi:10.2353/ajpath.2008.070918. PubMed: 18276777.

44. Farkas E, Süle Z, Tóth-Szuki V, Mátyás A, Antal P et al. (2006) Tumor
necrosis factor-alpha increases cerebral blood flow and ultrastructural
capillary damage through the release of nitric oxide in the rat brain.
Microvasc Res 72: 113-119. doi:10.1016/j.mvr.2006.05.007. PubMed:
16854437.

45. Kleine TO, Zwerenz P, Graser C, Zofel P (2003) Approach to
discriminate subgroups in multiple sclerosis with cerebrospinal fluid
(CSF) basic inflammation indices and TNF-alpha, IL-1beta, IL-6, IL-8.
Brain research bulletin 61: 327-346.

46. Pommepuy I, Terro F, Petit B, Trimoreau F, Bellet V et al. (2003)
Brefeldin A induces apoptosis and cell cycle blockade in glioblastoma
cell lines. Oncology 64: 459-467. doi:10.1159/000070307. PubMed:
12759546.

47. Kikuchi S, Shinpo K, Tsuji S, Yabe I, Niino M et al. (2003) Brefeldin A-
induced neurotoxicity in cultured spinal cord neurons. J Neurosci Res
71: 591-599. doi:10.1002/jnr.10479. PubMed: 12548716.

Cytokine Induced Astrocyte DEATH

PLOS ONE | www.plosone.org 13 December 2013 | Volume 8 | Issue 12 | e84269

http://dx.doi.org/10.1016/j.nbd.2009.01.006
http://dx.doi.org/10.1016/j.nbd.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19320056
http://dx.doi.org/10.1002/cne.21149
http://www.ncbi.nlm.nih.gov/pubmed/17111361
http://www.ncbi.nlm.nih.gov/pubmed/20127816
http://dx.doi.org/10.1002/pmic.200800385
http://www.ncbi.nlm.nih.gov/pubmed/19132682
http://www.ncbi.nlm.nih.gov/pubmed/19050245
http://dx.doi.org/10.1016/S0165-5728(03)00251-0
http://www.ncbi.nlm.nih.gov/pubmed/14512159
http://dx.doi.org/10.1097/01.WCB.0000141559.17620.36
http://dx.doi.org/10.1097/01.WCB.0000141559.17620.36
http://www.ncbi.nlm.nih.gov/pubmed/15625408
http://dx.doi.org/10.1002/glia.10181
http://www.ncbi.nlm.nih.gov/pubmed/12555203
http://dx.doi.org/10.1002/glia.1107
http://www.ncbi.nlm.nih.gov/pubmed/11596126
http://dx.doi.org/10.1002/glia.22288
http://www.ncbi.nlm.nih.gov/pubmed/22228580
http://dx.doi.org/10.1016/j.pt.2012.05.008
http://dx.doi.org/10.1016/j.pt.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22727810
http://dx.doi.org/10.1248/yakushi.121.875
http://dx.doi.org/10.1248/yakushi.121.875
http://www.ncbi.nlm.nih.gov/pubmed/11766402
http://dx.doi.org/10.1002/biot.200800020
http://www.ncbi.nlm.nih.gov/pubmed/18412175
http://dx.doi.org/10.1016/j.jala.2011.09.002
http://dx.doi.org/10.1016/j.jala.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22093298
http://dx.doi.org/10.1371/journal.pone.0072011
http://www.ncbi.nlm.nih.gov/pubmed/24023725
http://dx.doi.org/10.1016/S0165-5728(99)00148-4
http://www.ncbi.nlm.nih.gov/pubmed/10580806
http://dx.doi.org/10.1172/JCI115140
http://www.ncbi.nlm.nih.gov/pubmed/2010549
http://www.ncbi.nlm.nih.gov/pubmed/10985259
http://dx.doi.org/10.1016/j.bbadis.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/20619340
http://dx.doi.org/10.2353/ajpath.2008.070918
http://www.ncbi.nlm.nih.gov/pubmed/18276777
http://dx.doi.org/10.1016/j.mvr.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16854437
http://dx.doi.org/10.1159/000070307
http://www.ncbi.nlm.nih.gov/pubmed/12759546
http://dx.doi.org/10.1002/jnr.10479
http://www.ncbi.nlm.nih.gov/pubmed/12548716

	Exposure to Inflammatory Cytokines IL-1β and TNFα Induces Compromise and Death of Astrocytes; Implications for Chronic Neuroinflammation
	Introduction
	Methods
	Differentiation of NT2 astrocytes
	Culture and Stimulation of NT2-Astrocytes
	Intracellular staining in NT2-astrocytes
	Phenotypic analysis of differentiated astrocytes
	Measurement of secreted cytokines using cytometric bead arrays
	ATP measurements
	xCELLigence technology and application protocol
	Quantification of nuclei
	Statistical analysis

	Results
	GFAP expression in differentiated NT2 astrocyte cultures
	Time-Course of Inflammatory Cytokine Secretion of NT2 Astrocytes by TNFα and IL-1Β
	Astrocyte adhesion is compromised by chronic treatment with TNFα and IL-1β, but not by other pro-inflammatory mediators
	Compromise of astrocyte adhesion induced by TNFα and IL-1β occurs in a concentration-dependent manner
	Progressive loss of adhesion correlates with astrocyte compromise
	IL-1β and TNFα induce nuclear condensation, cleaved caspase-3 expression and death of NT2-astrocytes

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


