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Astrocytes respond to environmental cues, including
changes in temperatures. Increased deimination,
observed in many progressive neurological diseases, is
thought to be contributed by astrocytes. We determined
the level of deimination and expression of peptidyl argi-
nine deiminase 2 (PAD2) in isolated primary astrocytes in
response to changes on either side (31�C and 41�C) of
the optimal temperature (37�C). We investigated changes
in the astrocytes by using a number of established
markers and accounted for cell death with the CellTiter-
Blue assay. We found increased expression of glial fibril-
lary acidic protein, ALDH1L1, and J1-31, resulting from
increased incubation temperature and increased expres-
sion of TSP1, S100b, and AQP4, resulting from decreased
incubation temperature vs. optimal temperature, suggest-
ing activation of different biochemical pathways in astro-
cytes associated with different incubation temperatures.
Mass spectrometric analyses support such trends. The
PAD2 level was increased only as a result of increased
incubation temperature with a commensurate increased
level of deimination. Actin cytoskeleton and iso[4]LGE, a
lipid peroxidase modification, also showed an increase
with higher incubation temperature. Altogether, these
results suggest that temperature, as an environmental
cue, activates astrocytes in a different manner on either
side of the optimal temperature and that increase in dei-
mination is associated only with the higher temperature
side of the spectrum. VC 2015 Wiley Periodicals, Inc.
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Astrocytes respond to environmental cues, including
physicochemical stimuli, such as temperature, pressure,
lack of oxygen, and hydrogen ion concentration, and bio-
chemical stimuli, such as cytokines and other biological
signals. The responses of astrocytes are often designed to
protect the neuronal system from damage or to promote
repair after injury (Ridet et al., 1997). A greater under-
standing of the effects of these stimuli in an integrated

fashion for the whole body will provide insight into the
effects of different factors in normal function as well as
their aberration in diseased states.

Physiochemical factors, such as pressure, hypoxia,
and pH and temperature changes, have been shown to
have greater specific effects in certain neurological diseases
than in others. For example, intraocular pressure is critical
to the development of irreversible blinding neurological
diseases such as glaucoma (Ahmed et al., 2001) and pres-
sure and hypoxia are associated with different types of
neurological strokes (Sambandam et al., 2004; Zhang
et al., 2014). Exposure to either side of the spectrum of
temperature from the optimal temperature may result in
trauma to the neuronal system. For example, a significant
proportion of individuals suffering from multiple sclerosis
(MS) experience worsening of neurological symptoms as
a result of elevated body temperature. A rise in tempera-
ture induced by exercise has been noted to worsen neuro-
logical conditions in these patients (Guthrie and Nelson,
1995). Subjecting patients to a transient rise in tempera-
ture up to 40�C (hyperthermia) was found to have some
temporary beneficial effects. However, this also has been
linked to severe neurological complications; therefore,
the practice is no longer used (Berger and Sheremata,
1982). Conversely, therapeutic hypothermia (controlled
reduction of a patient’s core temperature below 36�C;
Polderman and Herold, 2009) is widely used after trau-
matic brain injury, with beneficial effects. The central
nervous system (CNS) has many different types of cells
performing vastly different functions. These cells respond
to physiochemical and biochemical cues differently.
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Astrocytes are the most abundant cell type in the CNS,
becoming activated in response to many CNS patholo-
gies, such as stroke, trauma, and neurodegenerative dis-
eases (Pekny and Nilsson, 2005). Astrocytes have been
shown to be a major source of inflammatory cytokines,
such as interleukin-6 and tumor necrosis factor-a, after
brain injury (Gruol and Nelson, 1997; Martin et al.,
2001).

Deimination refers to the conversion of protein-
bound arginines into protein–citrullines catalyzed by a
family of enzymes called peptidyl arginine deiminases
(PADs). It is a long term, irreversible posttranslational
modification that is catalyzed principally by PAD2 in the
CNS (Vossenaar et al., 2003; Mowen and David, 2014).
Elevated deimination has been associated with CNS tis-
sues in neurodegenerative diseases such as MS, glaucoma,
and Alzheimer’s disease (Wood et al., 1996; Bhattacharya
et al., 2006b; Nicholas, 2013; Bradford et al., 2014).
Astrocytes have been the cell type to which elevated dei-
mination has largely been attributed (Enriquez-Algeciras
et al., 2013). The effect of mechanical stress and hydro-
static pressure on astrocytic deimination has been previ-
ously investigated (Yu et al., 2004; Algeciras et al., 2008).
However, the effect of temperature on astrocytic deimi-
nation remains to be studied. Understanding the responses
of individual cell types with respect to isolated physico-
chemical parameters will help in deciphering the precise
contribution of the cells to integrative responses of the
organ and eventually the organism. However, to dissect
the responses of individual cell types within the milieu of
tissue or in a mixed batch of cells is extremely difficult.
Isolated and enriched cell culture offers insight into the
effect of such parameters. Astrocytes, the most numerous
kind of glial cell in the brain, are normally considered to
have a supportive role to neurons. However, it is now
accepted that astrocytes function as key players, participat-
ing in synaptic formation and aiding in tissue repair.
When exposed to trauma or pathological conditions,
astrocytes become activated, a process known as reactive
gliosis/activation.

Astrocytes are thought to undergo activation in
response to environmental temperature fluctuation. How-
ever, whether the underlying biochemical pathways or
protein expression as well as deimination is uniformly
activated on either side of the optimal growth tempera-
ture has not been investigated. This study presents our
experimental results of changes in established astrocyte
markers, PAD2, and deimination in astrocytes subjected
to exposure to temperatures on either side of the optimal
temperature.

MATERIALS AND METHODS

Tissue Preparation

Astrocytes were isolated from surgically dissected cerebral
cortex according to published methods (Gregorios et al., 1985).
Briefly, cortices were dissected from 7-day-old C57/Bl6 mice,
making sure to remove the meninges and blood vessels. Tissue
pieces of about 1 mm3 were transferred to a 15-ml centrifuge

tube. The minced tissue was incubated with 0.25% trypsin/
EDTA solution at 37�C for 10 min. Digestion was stopped by
adding Dulbecco’s modified Eagle’s medium 1 10% fetal
bovine serum; (FBS) 1 40 mg/ml gentamicin, and the tissue
homogenate was plated onto poly-L-lysine-coated eight-cham-
ber slides (Nunc, Rochester, NY). The medium was changed
regularly, and, after 10 days, when the cell layers became stable,
the medium was changed to one containing horse serum
instead of FBS. At this stage, most cells were astrocytes. The
microglia were removed from this mixed culture by incubating
with 0.5 mM dibutyryl cAMP after day 14 to yield >95% pure
astrocyte cultures. Cells were expanded by replacing the
medium once per week. Enrichment of astrocytes was con-
firmed by immunostaining with antibodies against Iba1, which
stains microglia as well as macrophages, and glial fibrillary acidic
protein (GFAP), a marker of astrocytes.

Astrocytes (1 3 105 cells/well) were cultured on top of
an 18-mm-circle microcover glass inside 12-well plates. Cells
were divided into three groups, each with an incubation of 1 hr
at 31�C, 37�C, or 41�C, followed by a stabilization period of
24 hr at normal temperature (37�C). The cell culture incubators
were checked to make sure that there was no variability in tem-
perature during the 1-hr treatment. All animal experiments
were performed according to protocols approved by the Institu-
tional Animal Care and Use Committee at the University of
Miami.

Cell Viability

Cell viability was measured with the CellTiter-Blue assay
(Promega, Madison, WI) by adding the CellTiter-Blue reagent
to the wells (20 ll reagent to each 100 ll medium in a 96-well
plate) for 4 hr, followed by quantification with an ELISA plate
reader. The manufacturer’s protocol was followed by measuring
fluorescence as readout at 590 nm. Cell viability was compared
among treatments and normalized to that of untreated cells.
Triplicate wells without cells served as negative controls to
determine background fluorescence.

Immunohistochemistry

The cells were subsequently fixed in 4% paraformalde-
hyde on coverslips for 30 min, permeabilized with 0.2% Triton
X-100 in 13 phosphate-buffered saline (PBS) for an additional
30 min, and blocked in PBS containing 0.2% bovine serum
albumin (BSA). Labeling of the cells was performed with anti-
bodies selected from the literature as being expressed in reactive
astrocytes. Briefly, they were probed with antibodies for GFAP
(mouse monoclonal; BD Biosciences Pharmingen, San Diego,
CA), aquaporin-4 (AQP4; goat polyclonal; Santa Cruz Bio-
technology, Santa Cruz, CA), rabbit polyclonal anti-iso[4]-
LGE2 (Govindarajan et al., 2009), monoclonal antibody against
recombinant PAD2 (Koike et al., 1994), anti-ALDH1L1 anti-
body–astrocyte marker (rabbit polyclonal; Abcam, Cambridge,
MA; Foo and Dougherty, 2013; Boesmans et al., 2014), anti-
glutamine synthetase (rabbit polyclonal; Sigma-Aldrich, St.
Louis, MO), antiastrocytomas low-grade antibody (J1-31;
mouse monoclonal; Abcam; Predy et al., 1988; Malhotra et al.,
1995; Garcia et al., 2003; Shuangshoti et al., 2009), anti-S100b
protein (mouse monoclonal, clone 4C4.9; EMD Millipore,
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Billerica, MA), thrombospondin (TSP1; mouse monoclonal;
Abcam), antipeptidyl–citrulline IgM, clone F95, for direct mea-
surement of citrullination (mouse monoclonal; Millipore), and
anticonnexin 43 (Cx43; mouse monoclonal; Invitrogen, Carls-
bad, CA). The secondary antibodies, anti-mouse, anti-rabbit, or
anti-goat, were coupled with fluorescein isothiocyante (FITC),
Alexa 594, or Cy5. After incubation with secondary antibodies,
the cells were stained with 40,6-diamidino-2-phenylindole
(DAPI) for 45 min. The cells were stained with phalloidin (rho-
damine–phalloidin; 1:100 dilution in 13 PBS for 5 min) to
observe changes in the actin filaments. After staining of the
cells, the coverslips were inverted and placed on slides, sealed
with Vectashield (Vector Laboratories, Burlingame, CA), and
subjected to confocal microscopy on a Leica (Exton, PA) TCS-
SP5 laser scanning confocal microscope. Negative controls con-
sisted of cells incubated with secondary antibody alone. For
confocal image quantification, the area for measurement was
demarcated in ImageJ, allowing normalization of the area
parameter. The intensity of the DAPI signal was used for deriv-
ing a normalizing intensity factor, which was applied to other
signals measured.

Quantitation

For Western blotting, proteins extracted from astrocyte
cultures (10 mg) were resolved by SDS-PAGE on 4–20% gradi-
ent gels, transferred to a polyvinylidene fluoride membrane,
and blocked overnight in 5% nonfat milk. Membranes were
probed with monoclonal antibody against PAD2 (a research gift
from Prof. Hidenari Takahara, Ibaraki University, Ibaraki,
Japan; Takahara et al., 1989; Terakawa et al., 1991). The other
antibodies were GFAP (mouse monoclonal; BD Biosciences
Pharmingen), AQP4 (goat polyclonal; Santa Cruz Biotechnol-
ogy), rabbit polyclonal anti-iso[4]LGE2 (Salomon et al., 1999),
anti-ALDH1L1, an astrocyte marker (rabbit polyclonal;
Abcam), antiglutamine synthetase (rabbit polyclonal; Sigma-
Aldrich), antiastrocytomas low-grade antibody (J1-31; mouse
monoclonal; Abcam), Slit1 (rabbit polyclonal; Abcam), TSP1
(mouse monoclonal; Abcam), and antipeptidyl citrulline IgM,
clone F95, for direct measurement of citrullination (mouse
monoclonal; Millipore). Primary antibody–antigen complex
was detected with an appropriate secondary antibody. Proteins
were visualized with a chemiluminescence kit (ECL; GE
Healthcare, Piscataway, NJ). Blots were probed with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; mouse
monoclonal; Chemicon, Temecula, CA) as a loading control.
Western blot images were scanned, and intensities were deter-
mined in ImageJ. P< 0.05 was considered statistically signifi-
cant. Quantitative Western blotting results were confirmed
with IR-700 dye-coupled secondary antibody (nonamplified
signal capture) in the Odyssey infrared imaging system (LI-
COR Biosciences, Lincoln, NE).

For quantification of image fluorescence, a group consist-
ing of three independent observers recorded the intensity of the
fluorescence on a scale of 1–10, where 1 was weakest fluores-
cence and 10 was the strongest fluorescence.

ELISA was also conducted. Briefly, plates with astrocytic
proteins from the cultures were incubated (1:1,000) at 37�C for
1 hr. Then, the plates were blocked with 0.2% BSA in PBS and

incubated at 37�C for 1 hr. The supernatant was discarded, and
the plate was washed with PBS. Primary antibodies in 1:500
dilutions to anti-iso[4]LGE2, PAD2, GFAP, citrulline (F95),
J1-31, ALDH1L1, S100b, and AQP4 were added, and the
plates were incubated at room temperature for 1 hr. After that,
the supernatant was discarded, and the plate was washed with
PBS three times. Secondary antibody coupled with alkaline
phosphatase was used for a 1-hr incubation. The plate was then
washed with PBS, incubated with phosphatase substrate (100
ml/well) in diethanolamine buffer (pH 7.5), and quantified at
405 nm on a plate reader (BioTek Synergy HT; BioTek Instru-
ments, Winooski, VT). A similar analysis was performed with a
primary rabbit polyclonal GAPDH loading control antibody
(Sigma-Aldrich). Immunoreactivity was normalized to GAPDH
immunoreactivity.

Mass Spectrometry

For mass spectrometry analysis, protein bands separated
on 4–20% SDS-PAGE were excised and subjected to gel diges-
tion. Briefly, protein bands were destained with HPLC-grade
acetonitrile and water (1:1) and 100 mM ammonium bicar-
boante (HPLC-grade water), reduced with dithiotheritol, and
alkylated with iodoacetamide. Proteins were isolated with
sequencing-grade trypsin (0.1 mg/20 ml N-ethyl morpholine),
pulled out with three washes (twice with HLPC-grade acetoni-
trile and water [1:1] and once with HPLC-grade pure acetoni-
trile), and then subjected to speed-vaccing to dry the proteins
to prepare for mass spectrometry analysis. Resulting peptides
were loaded onto an analytical Betabasic C18 capillary chroma-
tography column (2.1 3 100 mm) packed with 3 lm C18
reversed-phased resin (Pierce Biotechnology, Rockford, IL).
Peptides were ionized and eluted into a linear ion trap accord-
ing to the following linear HPLC gradient: 0–20 min A (15%),
B (85%); 20–25 min A (5%) and B (95%); conditions were held
from 25 to 43 min; then 43–47 min A (97%) and B (3%) going
to initial conditions at a flow rate of 250 ll/min (mobile phase
A: 100% water/0.1% formic acid; mobile phase B: 100% aceto-
nitrile/0.1% formic acid). Spectra were acquired with a Q-
Exactive mass spectrometer (Thermo Fisher Scientific, Wal-
tham, MA). During LC-tandem mass spectrometry (MS/MS)
analysis, the mass spectrometer performed data-dependent
acquisition with a full mass spectrometry scan between 450 and
1800 m/z, followed by three MS/MS scans (30% collision
energy) on the three most intense ions from the preceding mass
spectrometry scan. Data acquisition was performed by using
dynamic exclusion with a repeat count of 2 (for 30-sec repeat
duration) and a 45-sec exclusion duration window. All MS/MS
spectra were searched (Mascot; Matrix Science, Boston, MA) in
Swiss Prot database. Searches of database entries were unre-
stricted and allowed a maximum of two missed cleavages. These
methods are well established in our laboratory (Parikh et al.,
2011).

Statistical Analysis

All experiments were performed at least three times. Sta-
tistical analyses were performed in IBM SPSS version 21 (IBM,
Armonk, NY). Results are reported as mean 6 SEM for at least
three independent experiments. Data were subjected to
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Student’s t-test or ANOVA, followed by post hoc least signifi-
cant difference (LSD) testing. The level of statistical significance
was set at P< 0.05.

RESULTS

The isolated and enriched astrocyte cells from a single
pool grown at 37�C were divided into three groups for
the following experiments. Each pool was subjected to an
incubation of 1 hr at 31�C, 37�C, or 41�C, which was
followed by a 24-hr stabilization period at 37�C. The
rationale behind this experiment was to develop a quanti-
tative estimate of the effect of environmental short-term
exposure to temperatures outside normal on optimal
growth and on the number of viable astrocytes. Although
long-term exposure to isolated cells is expected to result
in more nonviable cells, shorter exposure to temperature
on either side of 37�C may or may not change the num-
ber of cells. A significant change in number of viable cells
would contribute to deimination changes. To understand
better and account for such changes, it was necessary to
adopt this experimental design. This design is applicable
to tissue and at the whole-organ level for determining
whether a shorter temperature change in the outside
world would result in a change in cell viability when the
tissue, organ, or organism has subsequently been brought
back to normal or optimal temperature. Identical astrocyte
cell aliquots were utilized to probe for cell viability with
incubation temperature by using the CellTiter-Blue assay
(Fig. 1). We found that <5% of cells were nonviable at
37�C (normothermic condition), whereas 10% and 35%
of cells were nonviable with exposure to 31�C (hypother-
mic) and 41�C (hyperthermic), respectively. Thus, only
marginal loss of viability was observed under hypothermic

conditions, whereas a substantial increase in nonviable
cells was found to result from exposure to hyperthermic
compared with normothermic conditions (Fig. 1). Only
the live astrocytes (excluded by trypan blue assay) were
used for immunohistochemical analyses.

Immunohistochemical analyses were performed
with established biochemical markers and subjected to
assessment of cellularity with nuclear staining, gross astro-
cytic morphology, actin filament staining, and assessment
of GFAP independently for each pool of cells analyzed.
GFAP serves as an activation marker for astrocytes; how-
ever, because each group of cells may undergo a different
degree of activation and because of inherent variability in
epitope exposure and degree of antigen–antibody reactiv-
ity, each pool and each panel was subjected to staining for
GFAP and DAPI independently. Immunohistochemical
analyses revealed greater fluorescence intensity for GFAP
in cells subjected to 41�C than in those subjected to
37�C, and 31�C showed the lowest intensity for GFAP
across all pools of the astrocyte cultures (Fig. 2). Intensity
of phalloidin and lipid peroxidation product iso[4]LGE
immunoreactivities showed a parallel trend, suggesting
that the measure of activation by GFAP is commensurate
with actin cytoskeleton expansion and accumulation of
isolevuglandin peroxidation products (Fig. 2). The ration-
ale for these experiments was to determine specific pro-
teins that undergo significant alteration in expression
resulting from temperature changes with simultaneous
determination of their localizations.

Immunohistochemically, the astrocyte activation
markers TSP, AQP4, and S100b showed an opposite
spectrum pattern from GFAP and ALDH1L (Fig. 2). In
fact, TSP, AQP4, and S100b showed increased fluores-
cence intensity at 31�C with progressive decrease at 37�C
and 41�C; the exact opposite was true for GFAP and
ALDH1L (Fig. 2).

To obtain a measure of how astrocyte function
might be affected by different temperature incubations,
we performed an assessment of gap communication func-
tion by staining with the gap junction protein Cx43.
Although Cx43 is not a direct measure of astrogliosis or
astrocyte reactivity, it can be used as a measure of gap
function communication (Theodoric et al., 2012). We
found that gap function communication was impaired or
reduced at the high-temperature incubation (Fig. 3A).

Astrocyte processes contact many neural synapses
per cell, and, to measure how temperature incubation
might have affected the interaction with their surrounding
environment, we measured the astrocytic process length.
We found that only after the hypothermic treatment the
length of the processes was significantly reduced com-
pared with normothermic conditions (Fig. 3B). The
rationale for these experiments was to determine some
measurable cellular function in vitro that is affected by
changes in environmental temperature.

PAD2 showed its lowest level at 31�C, with pro-
gressively increased levels at 37�C and 41�C. As expected,
these results paralleled those for deimination, a measure of
PAD2 activity (Fig. 2).

Fig. 1. Determination of cell viability with the CellTiter-Blue assay.
Identical pools of astrocytes (n 5 3,000) subjected to incubation at
31�C, 37�C, and 41�C (depicted as hypothermic, normothermic, and
hyperthermic, respectively) for 1 hr were subjected to assessments of
cell viability. The results are mean 6 SEM from three independent
experiments. P values were determined with Student’s t-test and
found to be nonsignificant. Percentage of nonviable cells was esti-
mated from total number of cells used for initial plating.
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Fig. 2. Astrocytes evaluated for expression of activation markers, PAD2,
and deimination as a consequence of incubation at optimal and subopti-
mal temperatures. Astrocytes were probed after 1 hr of incubation at the
indicated temperatures. Immunohistochemical analysis used antibodies
against the antigens indicated: GFAP (FITC) and double labeling with
PAD2 (Cy5; A,A0,A00), anticitrulline (Alexa 594; B,B0,B00), anti-
ALDH-1L (Cy5; C,C0,C00), and TSP1 (Cy5; D,D0,D00). Immunohisto-
chemical analysis with antibodies against GFAP (FITC) and double
labeling with AQP4 (Alexa 594; E,E0,E00), S100b (Alexa 594; F,F0,F00),

and phalloidin (Cy5) and antiiso[4]LG2 (Alexa 594; G,G0,G00). H:
Quantification of intensity of immunohistochemistry fluorescence as
determined by three independent observers. Fluorescence was recorded
on a scale of 1–10, with 10 5 maximum fluorescence. Data were sub-
jected to ANOVA, followed by post hoc LSD. Values are expressed as
mean 6 SEM from three independent experiments. *P< 0.05,
**P< 0.005, P< 0.001. Scale bars 5 50 mm in A–C00,G–G00; 25 mm in
D–D00; 150 mm in E–F00. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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ELISA (Fig. 4A,B) and Western blot analyses (Fig.
4C,D) also showed the progressive increase in GFAP or
ALDH1L and J1-31with an increase in temperature from
31�C to 41�C. Astrocytes are likely to undergo activation
concomitant with increased metabolic activity from 31�C
to 41�C. The increase in GFAP and ALDHL1 from 31�C
to 41�C is consistent with activation of astroyctes and
increased metabolism, respectively. Astrocyte activation is
also associated with expansion of cell size; thus, a cytos-
keletal protein such as J1-31 is expected to show an
upregulation. A caveat is that J1-31 shares epitopes with
GFAP, which is clearly upregulated on astrocyte activa-
tion; thus, the possibility that the current observations are
due to overlapping GFAP epitopes (Garcia et al., 2003)
cannot be entirely ruled out. A reverse trend was found
for TSP, AQP4, and S100b, supporting the findings of
semiquantitative immunohistochemistry (Fig. 2). Astro-
cytes subjected to trauma have been shown to demon-
strate reduced intra- and extracellular TSP-1 and reduced
AQP4 levels (Zhao et al., 2005; Nesic et al., 2006; Jaya-
kumar et al., 2014), consistent with our observation of
the same from the exposure to higher temperature.
Reduced levels of AQP4 are usually associated with
increased S100b secretion. For maintenance of overall
constant level, it has been shown that, with some envi-
ronmental parameters, increased secretion is consistent

with decreased intracellular protein level for S100b,
which is parallel to the higher temperature affecting astro-
cytes in a similar fashion (Zanotto et al., 2013).

PAD2 and deimination showed commensurate
increases from 31�C to 41�C. The lowest temperature in
this study also led to very little or basal levels of PAD2 and
deimination. Quantification of both Western blots and
immunofluorescence is presented in Figures 2H and 4E.

To investigate whether other proteins also show
selective increased expression at 31�C, 37�C, or 41�C, we
performed mass spectrometry analysis (Fig. 5), the results of
which suggested that this indeed was the case. The DEP
domain-containing protein 5 (DEPDC5) was found to
have higher expression on either side of the optimal tem-
perature of 37�C. At 37�C, the expression of DEPDC5
was minimal. On the other spectrum, there were some pro-
teins that were associated only with normothermic condi-
tions (37�C), such as dynein heavy chain 10, putative DNA
helicase INO80 complex homolog 1, the small subunit
processome component 20 homolog UTP20, and
nucleosome-remodeling factor subunit BPTF.

Some of the proteins upregulated only during
hyperthermic conditions were ankyrin 1 (Okada-Ogawa
et al., 2009) and ATP-binding cassette subfamily A mem-
ber 5 (Kim and Halliday, 2012), whereas some proteins,
such as serine/threonine protein kinase SMG1 and CLIP-

Fig. 3. Assessment of gap junction connectivity and astrocytic process
length. A: Astrocytes were evaluated for expression of gap junction pro-
tein CX43 after incubation at optimal and suboptimal temperatures.
Astrocytes were probed after 1 hr of incubation at the indicated temper-
atures. Immunohistochemical analysis used antibodies against indicated
antigens: GFAP (FITC) and double labeling with CX43 (Cy5).

Enlarged areas depict insets for each panel. B: Quantification of astro-
cyte process length after each temperature incubation period. Values are
expressed as mean 6 SEM from three independent experiments. Data
were subjected to one-way ANOVA, followed by post hoc LSD.
*P< 0.05. Scale bars 5 100 mm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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associating protein 1, were found to be highly expressed
under hypothermic conditions (41�C). The proteins
shown in Figure 5 fall basically into four broad categories:
1) transcription factors and/or DNA metabolizing pro-
teins, 2) enzymatic proteins, 3) proteins associated with
energy metabolism, and 4) proteins associated with cellu-
lar transport. Some sort of modulation in all of these cate-
gories is expected; for example, temperature should
upregulate some and downregulate other transcription
factors. The same would be applicable to DNA metabo-
lizing enzymes, whose actions are associated with up- or
downregulation of proteins, such as those associated with
eu-heterochomatin formation. Many and varied enzy-
matic proteins are modulated beyond optimal tempera-
ture; for example, serine–threonine kinase is upregulated
at lower than optimal temperature, potentially to increase
signaling and survival. Transport-associated proteins, such

as dynein, are downregulated on either side of optimal
temperature, as would be expected. Energy metabolism
proteins, such as succinate dehydrogenase and ATP-
binding proteins, are upregulated at 41�C but not at
lower temperatures. The upregulation of energy metabo-
lism proteins suggests that more energy production is
required to maintain homeostasis or synthesis of proteins
and factors that nullify the deleterious effects of higher
temperature exposure even for a short period. Many
garbage-disposal enzymes, such as ubiquitin hydrolase, are
also upregulated subsequent to short-term exposure to
41�C, perhaps to clear the aggregated or damaged pro-
teins formed as a result of exposure to high temperature.

DISCUSSION

The central nervous system in mammals and humans is
composed of many cell types that have different functions.

Fig. 4. Confirmation of level of activation markers, PAD2, and deimi-
nation with quantitative methods. A: ELISA analyses of astrocytes sub-
jected to different-temperature incubation treatments: 31�C (blue bar),
37�C (red bar), and 41�C (green bar) with antibodies as indicated. B:
ELISA analyses of astrocytes subjected to different temperature incuba-
tion as for A, with indicated antibodies. Values are expressed as mean 6
SEM from three independent experiments. C: Western blot analyses of
astrocyte extract (10 mg) probed with antibodies as indicated show astro-
cyte markers upregulated after hyperthermic treatment. D: Western blot

analyses of astrocyte extract (10 mg) probed with antibodies as indicated
show markers upregulated after hypothermic treatment. Data were sub-
jected to ANOVA, followed by post hoc LSD. E: Quantification of
Western blotting immunoreactivity (average of three readings) in ImageJ
and normalized to GAPDH. After normalization, a two-tailed one-sam-
ple t-test was performed to compare each mean with the reference value
of 1.0. Values are expressed as mean 6 SEM. *P< 0.05, **P< 0.005,
P< 0.001. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Astrocytes often serve as responders to environmental
cues. They also play supporting and protective roles for
neurons. The exact response to the environmental cues,
such as environmental temperature or alteration in tem-
perature, of astrocytes in the complex milieu of tissue is
difficult to decipher. Either spectrum of optimal tempera-
ture has an effect on the cells. The effect of temperature is
also realized on the whole body, particularly in pathologic
or stress situations. For example, hyperthermia exacerbates
frequency of spastic tremors in MS patients. Hypothermia
applied almost immediately and locally brings about a
beneficial effect on survival in traumatic brain or other
neuronal injury. Hypothermia reduces cerebral oxygen
consumption by a rate of approximately 6% per 1�C
change in temperature, allowing preservation of poten-
tially viable brain tissue for longer periods (Froehler and
Ovbiagele, 2010; Wu and Grotta, 2013). Furthermore,
free radical formation and inflammatory responses are
inhibited during hypothermia (Globus et al., 1995).
Hypothermia, on the other hand, has been found to be
damaging under conditions such as cerebral ischemia, in
which it causes neuronal damage and glial activation
(Kim et al., 2014). Hyperthermia is also associated with

conditions in which there is uncontrolled heat produc-
tion, such as malignant hyperthermia, cerebral hemor-
rhage, and drug-induced hyperthermia, among others.
Astrocytes are one of the prominent cell types responding
to these temperature effects. We have previously shown
the effect of mechanical stretch on PAD2 expression and
deimination in astrocytes. Astrocytes and immature oligo-
dendrocytes have been found to be major contributors to
elevated and aberrant deimination following neuronal dis-
eases (Akiyama et al., 1999; Bradford et al., 2014).

This study used isolated astrocytes from the cerebral
cortex to examine the effects of temperature incubation in
these cells. We speculate that results from these investigations
will expand our understanding of what might occur in MS
patients who have been exposed to excessive heat. Adverse
effects, including increased frequency of spasm, have been
documented in MS patients exposed to high heat or subopti-
mal heat for some duration (Guthrie and Nelson, 1995;
Flensner et al., 2011). Astrogliosis and astrocyte reactivity are
two of the hallmarks of this disease; therefore, we embarked
on an investigation to determine whether there is a link
between astrocyte reactivity and temperature in isolated
astrocytes subjected to elevated-temperature incubation

Fig. 5. Proteins identified by mass spectrometric analysis.
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treatments. Our in vitro analyses with two different
approaches showed 37�C to be the optimal temperature,
with a deviation from this temperature on either side being
suboptimal for indirect estimate of intercellular communica-
tion and subcellular process formation. We used expression
of CX43 as an indirect estimate of intercellular communica-
tion in astrocytes, as reported elsewhere (Theodoric et al.,
2012); this was our first approach (Fig. 3A). In the second
approach, we measured astrocyte cellular processes or
filopodia-like structures, which also demonstrated 37�C to
be the optimal temperature (Fig. 3B). Intercellular commu-
nication and process formation may underlie important bio-
logical function at integral levels of function for astrocytes in
whole organisms. If the in vitro results hold true in vivo,
then the effect of temperature on these functions would be
expected to affect biological neuronal function at a whole-
organism level, which remains to be demonstrated.

The whole organism is a very complex system. Even
tissues are quite complex, with thousands of parameters
acting as multivariates against a single determinable param-
eter; hence, we require an understanding of some of the
environmental effects on simpler systems, which the iso-
lated cells represent. The integration of information
derived from isolated systems may not add linearly but
may provide important insight for appropriate fitting in an
increasingly complex system of tissues, organs, or whole
animals. Published studies render it abundantly clear that
MS or demyelinating diseases are affected by environmen-
tal temperature (Leavitt et al., 2012; Meier and Christo-
doulou, 2012; Romberg et al., 2012). However, at
present there is no suitable, well-characterized model sys-
tem for determination of environmental effects, especially
temperature, that can be readily translated into demyeli-
nating diseases or MS. When model systems are devel-
oped, the information learned from isolated systems will
be readily available for testing the hypothesis. Conversely,
a potential in vitro system could be the use of astrocytes
derived from MS or from an established spontaneous
model of demyelination that captures MS-like features in
ND4 (Mastronardi et al., 1993; Enriquez-Algeciras et al.,
2011) or TCR2D2 (Bettelli et al., 2003) mice and control
mice and subjecting them to environmental factors to
characterize them with respect to deimination changes.
Deimination has been implicated in neurodegenerative
diseases (Asaga and Ishigami, 2001; Acharya et al., 2012;
Jang et al., 2013) and glaucoma (Bhattacharya et al.,
2006a,b). Deimination is a posttranslational modification
in which protein-bound arginine is converted into citrul-
line by one of the PADs (Vossenaar et al., 2003). Our pre-
vious work with the retina and brain of a demyelinating
mouse model provides some understanding of the occur-
rence of both hypo- and hyperdeimination in different
cell types (Enriquez-Algeciras et al., 2013).

We have found hypodeimination to occur in neu-
rons and hyperdeimination to be associated with astroglial
cells. Therefore, assuming that those astrocytes were acti-
vated during the disease process and were hyperdeimi-
nated as well, we wanted to investigate whether
deimination could serve as a reactive astrocyte marker.

We found that, in agreement with our hypothesis, the
astrocytes exposed to higher incubation temperature dem-
onstrated an increase in deimination as well as in the
expression of PAD2, the enzyme responsible for this reac-
tion. Our results suggest that astrocytes undergo two
qualitatively different degrees of activation. One, at
lower-temperature TSP, demonstrates an increased
expression of TSP, AQP4, and S100b that shows an
increase in expression of up to 40% at 31�C compared
with the optimal normothermic condition of 37�C (Fig.
2). On the other hand, markers such as GFAP, ALDH1L,
and J1-31 may undergo a progressive, up to 90% increase
in expression from 31�C to 41�C. These groups of activa-
tion markers closely follow the increased expression pat-
tern shown by cytoskeletal markers such as actin and lipid
peroxidation product iso[4]LGE. PAD2 and deimination
undergo a progressive increase with an increase in tem-
perature from 31�C to 41�C, the lowest being at 31�C,
suggesting that aberrant dysregulation associated with ele-
vated deimination is more likely to occur under hyper-
thermic conditions than under hypothermic conditions.
This is consistent with long-term complications found in
MS patients subjected to hyperthermic conditions or
hyperthermia treatment. The damaging effects of hyper-
thermia, usually accompanied by gliosis (Kim et al.,
2014), and the beneficial effects of hypothermia, concom-
itant with reduced gliosis, have been shown after CNS
injury or in degenerating diseases, such ischemic prolifera-
tive retinopathy (Rey-Funes et al., 2013). However, the
genes or proteins underlying these damaging or protective
processes remain completely unknown. The present work
is a first step toward identifying proteins whose expression
is altered because of changes in environmental tempera-
tures. We envisage that this is the first step toward ascer-
taining the role of proteins or specific genes and their
biological function with respect to temperature effects.
Identification of astrocyte proteins when the cells are
exposed to hypo- or hyperthermia will provide insight
into their role in CNS function. Additional high-
throughput genomic, proteomic, and metabolomic
experiments will provide further information on and
insight into the full spectrum of changes that astrocytes
undergo as a consequence of changes in incubation tem-
perature and will expand our understanding of underlying
biochemical changes associated with changes in such
environmental parameters.
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